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YK 519.6

NAEHTUPUKALIUA OBBEKTOB
YITPABJIEHUS C ITIOMOLIBIO BEHIECTBEHHOI'O
HUHTEPITIOJIALIUOHHOI'O METOJA

Aumponos A. T., Yooo A. C.
340 «2neCu», Tomck,
e-mail: technid@elesy.tomsk.su, asu@ie.tusur.ru

Kaxxapiii U3 TpaguIIMOHHBIX U COBPEMEHHBIX METOOB HACHTHU(UKAINH
UMEET OMpeIeNIeHHbIE JOCTOMHCTBA, JII000E M3 KOTOPHIX MOXKET OKa3aThCs pe-
LIAIOIIAM B YCIOBHAX KOHKPETHOM 3aJayd. JTO OTHOCHUTCS B IIOJIHOW Mepe K
OJTHOMY W3 JBYX Beaymux mMeTonoB pacueta CAY (u maeHTHUKANNH, B YaCT-
HOCTH) — MeToay nepenarounbix GyHkiui (I1D) Ha ocHOBe MpeobpazoBaHMit
Jlarmmaca u @ypbe. OCHOBHAsI MPUBJICKATEIBHOCTh METO/IA 3aKJII0YAETCS, BUAU-
MO, B 3aMEHE CJIOKHBIX omnepanuii ¢ QyHKUUSIMU BpeMEHU OoJiee MPOCTHIMU
NENUCTBUAMHU B 00J1aCTH H300pakeHuil. B Toxxe Bpemsi MeToa umeeT crenuduye-
CKYI0 OCOOEHHOCTb, KOTOpasi BBI3BIBAET OIPECIICHHbIC 3aTPYIHEHUS U Jaxe
OrpaHUYMBaET 00J1acTh ero npumeHeHus . OHa cBsi3aHa ¢ HAJIMYMEM B IOJTydae-
MBIX H300paXEHUSX KOMIUIEKCHOW WJIM MHUMOU niepemMeHHoi. C 1eNblo CHUXe-
HUS BO3HUKAIOLIUX TPYIHOCTEU MPUXOAMUTCS BBOJUTH JOMOJHUTEIBHBIN 3Tarl,
OCYIIECTBIISIONUN TIepexo1 K (DYHKIMSIM BEIIECTBEHHOTO aprymenta. [Ipume-
paMH MOTYT CIY>XHUTh Pa3JINYHbIE YAaCTOTHBIE XapPaKTEPUCTHKU — aAMIUIUTY/I-
HbIe, (pa3oBbIic U Ap. MexX My TeM yIOMSIHYTHIN JOMOTHUTEIBHBINA dTAll Iepexoaa
K BEIIECCTBEHHBIM (DYHKITUSIM, SIBJISISICh 1O CYTH CBOEHM BCIIOMOTATEIbHBIM, MO-
JKET O0Ka3aThbCs, B PSAE CIIy4yaeB, BECbMa CJIOKHBIM M, KaK CIEJICTBUE ITOTO, U
cam Mmetoj. Cpenr moI0OHBIX METOJOB HanOoJIee pacpoCTpaHEHbl YaCTOTHEIE,
CBSI3aHHBIC C TIOJa4Yei Ha BXOJl 00OBbEKTa yIpaBieHUS MPOOHBIX TAPMOHUYECKHUX
CUTHAJIOB U MOJIyYEHHUEM Ha 3TOM OCHOBE YaCTOTHBIX XapakTepucTtuk OV, nudo
C MOJYYEHUEM ATUX XAPAKTEPUCTUK IO IKCIIEPUMEHTAIBHBIM YaCTOTHBIM WIIN
UMITYyJIbCHBIM QYHKIUsIM. Hanuune MHUMOI nepeMeHHOM U 371eCh MOXKET BJIH-
ATh HA CIIOKHOCTb BbIYMCICHUI. OTHUM U3 MyTEl YCTPAHEHUS 3TOr0 HEJOCTaT-
Ka SBJISICTCS IIPUMEHEHHE BELIECTBEHHOIO HWHTEPHOJSILUOHHOIO METOoAa
(BUM) [1].

HHTepnonsuuoHHble METOABl YI00HO KiacCUUIIMPOBATh MO O0JaCTH
PACIIOJIOKEHUS Y3IIOB.

1. Bce y3m1b1 pacnionoKeHbl HA MHUMOW OCH.

2. Y3116l — NOJIOKUTENbHBIEC BEIIECTBEHHBIEC YKCIIA.

3. Y311BI COBIANAIOT C MOJKOCAMH CUCTEMBI.

4. Y3en KpaTHOCTH n B Ha4aJle KOOPAUHAT.
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OcoOblil UHTEpeC MPEACTABISIOT ABE NEePBbIX Ipynnbl. OOe OHU UCIOJIb-
3yI0T HHTErpajibHOE IpeoOpazoBanue Jlamiaca

F(p)=[f(@t)-e™dt, p=5+jo, (1)

KOTOpPOE CTAaBUT B COOTBETCTBUE (HyHKIUU-OpUTHHATY f(f) n3obpaxenue F(p). B
YaCTHBIX ciydasx, korga o=0 wim @=0, MOKHO MOJYYUTh YaCTOTHOE MPEJCTaB-
nenue F(jw) nnu BemectBeHHyto QyHkuuto F(0), o €/C, «f, CX0.

OcHoBoii BUM sBnsieTcst BEIIECTBEHHOE HHTETPAJIbHOE ITPEe0Opa3oBaHue

F(8)= T f(t)-edt, §e[C,0],C20. (2)

®opmyna (2) cTaBUT B COOTBETCTBHE (GYHKIUH-OpUTHHANY f(f) GyHKIHIO-
n3zobpaxenue F(0). 3Hauenue napamerpa C JOKHO BBIOMPATHCS U3 YCIOBUS
CXOAMMOCTH HHTerpana (2). YciaoBusl CyLIECTBOBAHHS U €AUHCTBEHHOCTH
byaknun F(0) HaKIaIpIBAIOT OTPAHUYCHUS HA OPUTHHA f(1):

— ¢yHKUUA f{(f) 1 ee TPOU3BOIHBIE TOKHBI ObITh HETIPEPHIBHBIL;

— A(£)=0 s Beex t<0;

— dyHKUUA () JOTKHA YIOBIETBOPATH YCIOBHIO

[lf@fat <o,

eciu B (2) npunsaro C=0.

dopmyna (2) MoxkeT ObITh MoJydeHa K3 (HOpMyIIbl IPSIMOTO Mpeodpaso-
Banus Jlamnaca (1) npu 3ameHe KOMIUIEKCHOW MEpEeMEHHON p=4J+j @ Ha BelecT-
BEHHYIO O.

BemectBenHoe oJ-npeoOpa3oBaHue 00JaJae€T PAIOM CYIIECTBEHHBIX C
MPAKTUYECKON TOYKU 3PEHUSI CBOMCTB.

1. ®yaknun F(JO) mmeroT rpaduueckoe MpeAcTaBiIeHuE. JTO JAeNaeT UX
HaTJSAHBIMU, OTpaxkasi OMpe/IeIeHHbIE 0COOCHHOCTH Ha MI0CKoCTH. s mimo-
CTpalii 3TOrO0 CBOMCTBA paccMOTpUM opuruHan f(t)=Ae ™, o>0. Ero o
N300paKeHNE HAWJETCS IO BBIPAKEHUIO (2)

A
S+a

F(5)= IAe‘me_&dt =
0

Torna rpadguueckoe npeacrasienre GyHkuuu F(O) Oyaer uMerh BU, OKa3aH-
HBII Ha puc. 1.
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F(o)

Puc. 1. I'padux ¢pynkuuu F(9).

PaccmaTtpuBaemoe cBOMCTBO 0OecrieunBaeT BbICOKYIO HArJSAHOCTh U JI0-
HOJTHUTEJIbHYI0 BO3MOKHOCTh aHAJIM3a KaK MCXOJHBIX JAHHBIX, TaK U IMOJIydae-
MBIX pe3yJIbTaTOB.

2. Oyukumo F(0) MOXKHO MOIYYUTh HE TOJNBKO MPSIMBIM MyTEM, HCTOb-
3ys popmyiy (2), HO U KOCBEHHbIM, KOTJla M3BECTHO M300paxeHue no Jlamnacy
F(p). B atom ciiywae dynkuus F(0) Haxoautcs myteMm GOpMabHON 3aMEHBI p
Ha O. JlaHHOe 00CTOATENBCTBO MO3BOJSIET HMCIOJB30BaTh IIMPOKHM CHEKTP
CIIPAaBOYHBIX MaTepHaJoB MO MpeoOpa3zoBaHuto Jlamnmaca, 4yTo uYpe3BbIYAIHO
BaYKHO C MPAKTHYECKOM TOUKU 3PEHUS.

3. s ynxumit (1) u F(O), rae f(t) = F(J), cupaBeyIMBO TaKk Ha3bIBae-
MO€ «TIEPEKPECTHOE CBOMCTBOY», COCTOSAIIEE B TOM, UYTO MpPHU OOJIBIINX 3HAUYEHU-
X O m3o0paxkenue F(J) xapakTepu3yeT MOBEICHNE OPUTHHAIA HA HAYATHLHOM
ydacTke BpeMeHHu. M1 Hao00poT, mpu MasbiX 3Ha4eHUsAX O GyHkius F(J) xapak-
TepU3yeT MOBEJCHUE OpUTrHHaia f(f) MpeuMyIIeCTBEHHO Ha KOHEYHOM MHTEpBa-
ne BpeMeHu . [Ipu pemreHun npuOIMKEHHBIX 3a/1a4 JaHHOE CBOMCTBO OKa3bIBa-
eTcsl OYeHb BaXKHBIM, T. K. TIO3BOJISIET NIEpepacipeiesiaTh MOrPEIHOCTh B obiac-
TH BPEMEHH, MCTOJIb3Yys] WHTEPIOIAIUOHHBIA MEXaHU3M B 00JacTu u300pake-
HUM.

[TonsiTue BelecTBEHHBIX (PYHKUMH-U300pakeHuid F(J) pacnpocTpaHsier-
Csl HA CUTHAJIBI BXOJIa M BBIXOJIa JMHEHHOW TMHAMUYECKOW CUCTEMBI U Tepesa-
TOYHbIE (PYHKIMH BXOI-BbIXOA. Ilepemarounble (QyHKUMHM B TEPMHHAX O -
npeoOpazoBaHusi MOTYT OBITh MOMYYEHBI, KaK YK€ OTMEYajoch paHee, IBYyMs
cnocobamu. IlepBrlif U3 HUX MpenrnoyiaraeT HEMOCPEACTBEHHOE MCTIOIh30BaHUE
BbIpakeHus (2). Torma, B cooTBeTcTBUM C omnpeaeneHueM, 11D MoxeT ObITh
Ipe/icTaBlieHa Kak OTHolIeHHe u300pakeHus V(o) BBIXOJIHOTO curHana )(f) K
n300pakeHnI0 X( ) BXOTHOTO CUTHAmA X(7)
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y()edt

_Y(9)
" XG)’ 3)

W) =
x(t)e " dt

S, 8 [ot—38

rae y(f) u x(¢f) yAOBIETBOPSIOT MPUBEJIECHHBIM BbIlle yciaoBusiM. [lomyueHnHoe
BbIpakeHHUE (3) MoIy4yniio Ha3BaHUE BeulecTBEHHOM [1D.
Jlist cucteM ¢ COCpeOTOYEHHBIMU MapaMeTpaMu IepeAaToyHble (PyHK-
1y 1o Jlamacy sBISOTCS APOOHO-pallMOHAILHBIMY BHUJIA
W(p)= b,p" +bm_1p’”‘j1 +..+b,
ap’+a,  p" +.+1

, n=zm.

B sToM cityuae BemecTBeHHbIE epeaarounbie GyHKuu (3) OyayT uMeTh
BUJT
Y(5) _b,6"+b, 5" +..4b,
X@) a8 +a 5" 4.+l
WK, IPY HAJIMYMH B CUCTEME MHTEIPUPYIOMHX U IU((HEPEHIIUPYIOIINX 3BCHb-
eB,

W)= , n>m, (4)

m m—1
W(§)= b;115 +bnr1§ __:_---+b0 , ngn’ V:O, 1, 2___,
5 (a,6"+a, 5" +...+1)
i m m—1
W(é.):é‘ (bmé‘ +bm*1§_1 +...+b0)’ nSn, /J:O, 1’ 2.
a,0"+a, 0" +...+1

n-1

Ecmn Bup namnacoBou 1@ wm3BecTeH, TO mEpexoq K €€ BEIIECTBEHHOMY
aHaAJIOry OCYILECTBIISIETCA JOCTATOYHO ITPOCTO — IYTEM 3aMEHbI KOMIUIEKCHOU
HEPEMEHHOM p Ha BEILIECTBEHHYIO O.

B oOmiem cinyuae mpu perieHud 3ajadyd UACHTU(UKAIMM MOKHO BblJe-
JUTh 1Ba ciydas [3]. B mepBom ciydae cTpyKTypa U mapameTpbl 00beKTa HEHU3-
BECTHbI. B Takoil cuTyalnum HEOOXOIMMO ONPENEIUTh KaK CTPYKTYpYy OOBEKTa,
TaK M €€ ImapaMeTpbsl. Bo BTOpOM cirydae roBOpAT O MapaMETPUUECKON UIECHTH-
¢dukanuu win 00 WACHTUPHUKAIMN B Y3KOM CMBICIIE, KOTJa ONpPEACICHUIO TOI-
JIeXKAaT JTUIIb 3HAYEHUS! TapaMEeTPOB MOJENIN 00BEKTA YIIPABICHUS.

[TycTh naH JUHEHHBINA HENpEPbIBHBIA CTAllMOHAPHBIM OJHOMEPHBIA 00B-
eKT ynpasiieHud. byneM cuutarh, 4TO M3MepsieMble CUTHaibl x(f), y(f) HE co-
nepxkat nomex. Cxema Takoro o0beKTa MpejcTaBlieHa Ha puc. 2.

x(t) OO0BeKT y(t)
’ yIpaBJICHUS ’

Puc 2. Cxema oO6bekTa ynpasieHHus B (OpMe «BXOA-BBIXO.

Bxonno#t x(f) u BeIXOJAHOM Y(f) CUTHAJIBI yJOBIETBOPSIOT BCEM HEOOXO-
JTUMBIM YCIIOBUSIM CYIIECTBOBAHHUS BEIIECTBEHHBIX M300pakeHuit X(0) u Y(0)
COOTBETCTBEHHO. Torjga BELIECTBEHHAas IepefaTouyHas (QyHKOus OOBEeKTa
yIpaBiieHus OyJeT IMETh BUJ
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Wob,-ec,(a‘)=%. 5)

B ciiyyae 00BEeKkTOB ympaBieHHsS C COCPEAOTOUYEHHBIMU MapaMeTpaMu
bynxus W(0) sBnserca qpoOHO-paloHaIbHOM BUaa (4).

Torpa 3agavya mapaMeTpuieckoil uaeHTuPpuKauuu OyaeT BKIYaTh B ce-
0s1 cienyrolee:

1) onpenenenre Mo U3BECTHBIM CUTHANIAM X(¢) U V(f) YUCTICHHBIX XapaKTe-
puctuk (UYX) obnexra ynpasnenus {7, (5,)}, ;

2) Bbuuciaenue (1o HaiaeHubM {7, (6,)}, ) HapaMeTpoB ay, b; , k=1, 2,

bject
..n,j=0,1,.. m BemecrBeHHOU [1® (4) npu U3BECTHBIX 3HAUCHUSAX CTEIICHEN
M ¥ 1 TIOJTMHOMOB YUCIIUTEIS U 3HAMEHATEIS.

st pa3pabotku metoguku ompenenenuss UYX o0bekTa ympaBieHHUsS

W hyee: (6;)}, TO DKCIIEPUMEHTAJIbHBIM JAaHHBIM IPUMEM B Kay€CTBE BXOJHOTO
BO3JICHCTBUSI €IMHUYHBIA CTYINEHUYAThId curHan x(7)=1(f), n3o0pakxeHue KOoTo-
poro cormiacHo (2) 6yner uMeTh BU]T

X(5)= j1(t)~e-5’dr =é, Se[C,o], C>0.
0
Torna u3 BeipakeHus (5) moaydnm
Wobject (5) = 5 ’ Y(é) = 5 ’ Hobject (5) > (6)
(8) - n300paKeHHE NEPEXOAHON XaPAKTEPUCTUKU O0BEKTA £,y (1) .
(5) ¢

roe H

object

C yyetom (2) MOXKHO TOTy4UTh (POPMYITY CBSI3H U300pakeHus H

object

IEPEXOJHON XapaKTEPUCTUKOW 00bEKTa yIIPABIEHUS /1, (1)
Hobjecl (5) = '[hobject (t) : eibydl’ 5 € [C7 00]7 C > O .
0

B stom ciiyyae (6) 3anuinercs B BUIe

W (3)= 8- [ ()¢ dt, 5e[C.0) C>0. (7)
0

Ha ocHoBe BbipaxkeHus (7) MOKHO HATH UCKOMYIO YHCICHHYIO XapaKTe-

pUCTUKy {W,,..(5,)},, - DIEMEHT KOTOPOM ONPEAENAETCS BbIPAKEHUEM

W e (3,) =6, [ (e dt, i=1..7. (8)
0
B peasibHBIX yCIOBUAX MPHU UCTIOIB30BAHUM [UGPOBON TEXHUKHU (YHKITUS

Pypee, () TIPEACTABIIAET COOOM COBOKYIHOCTh CBOUX 3HAYeHWu h(z,),r=1,2, ..,

N, N<oo, IO3TOMY BEJIMYUHY W,

object

(6,) u3 BeIpakeHus (8) ciienyeT ucKaTh Ha OC-

HOBC YMCJICHHOI'O MHTCTPUPOBAHMA. Tak B HpOCTGfIIHGM CJIydac, Korja HCIIOJIb-
3yC€TCA MCTOA MPAMOYT'OJIBHUKOB, ITOJIYYHUM

N
Wobject (51) = 5,‘ Z h (t,) : e—ﬁ,-tr Atr . (9)
r=1
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Takum oOpazom, pacuetHas ¢opmyna (8) mo3Boiser Hatu UYX wuccre-
nyemMoro oowekta. I'paduyeckoe mpencTaBieHUE UYMCICHHOW XapaKTEPUCTUKU
MOKET UMETh BUJ| pelieTyaTor GyHKUUHU, NpeACcTaBlIeHHbIA Ha puc. 3. Kak Bua-
HO W3 pucyHka, UX mnpejacraBiser coOOW KOHEUHBIH HaOOp HUpp U MOTOMY
yA00Ha JIJIs1 KCTIOJB30BAHMS B KQU€CTBE MOJENIA B BBHIUUCIUTEIBHBIX CPEJCTBAX
U CUCTEMaX.

F(o)

TTT?@U:

Puc. 3. Bun unciieHHON XapakTepuCTUKU 00BEKTA.

Jlist uctionbs3oBanust popMyiibl (9) HY)KHO 3HATh HECKOJIBKO €€ Mapamer-
POB: 3HAYCHHS y3JIOB MHTEPIOJUPOBAHUS O;, IIAT UHTETPUPOBAHUS Af,, YUCIIO
YIEHOB CyMMbI N (BBIOOPKY 3KCIIEPUMEHTANIbHBIX JAHHBIX ).

Ha BTopoii sTane napamerpuyeckoil uieHTuGUKauu He0OX0IMMO MOTy-
quTh K03 duimentsl BemecTBeHHOU 1D (4). CoctaBUM cUCTEMY JIMHEHHBIX
anreopanyeckux ypaBHeHuil (CJIAY) oTHOCUTENBHO HEM3BECTHBIX KO3 UIIM-
eHTOB ai, by, k= 1,2, ..n,j=0,1,..m:

b 8" +b 5" +.+b,

Wabl.ect(@.)= - — , i=l.ng. (10)
ao, +a, 0, +.+1

n=1""i

3nech neBas yacth CJIAY — Haiinennsie, corsacHo (9) anemenTsl UYX o0bekTa
ynpasienus. Yucno ypaBuenuit 7, Bxonsmux B CJIAY onpenensiercs no dop-
Myse n=n+m+1, OJJHAKO BEJIIMYUHY 7] MOXXHO YMEHBIIUThH, IPUHUMAs BHUMa-
HUE anpuopHOe 3HaHue KorpduirenTa b, (BeIuurMHa yCTaHOBUBUIETOCs 3Haye-
HUS MEPEeXOAHON XapakTepUCTUKH o0bekTa). [lomydueHHbIe B pe3yibTaTe pellie-
HHA cucTeMbl ypaBHeHuH (10) 3HaueHHs k0d3()(UIMEHTOB a;, b; N HalIEHHOE
3HaueHue b, ABIs0TC Kodppunuentamu sewecmeaennon 11D. Jlnga nepexona k
namacoBoit [Id mocTtaTodyHO 3aMEHUTH BEIISCTBEHHYIO O Ha KOMIUICKCHYIO p.
Pemienue, moiaydyeHHOE Ha 3TOM 3Tare MOXKET ObITh MPUOIMKEHHBIM M3-3a Ha-
JUYUSl TOTPEIIHOCTEH U B ATOM CBSI3U HEOOXOJIMMO BBIOpaTh KpUTEPUM aJleK-
BAaTHOCTH MOJIEJIN OOBEKTY U C €r0 MOMOUIBIO MPOBEPUTH MOJYUYEHHOE PEIICHHUE.
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B o0miem ciydae onieHKy nosiaydeHHoro Ha ocHoBe BUUM pernienus 3agauu
UACHTU(DUKAIIMI MOYKHO OCYIICCTBIISITh:

1) B 0051acTH BELIECTBEHHBIX U300paKeHU;

2) BO BpeMEHHOM 00J1acTH.

B oGmactu n3o0pakeHuil Takas 3ajada CBOAUTCS K MOJYYCHUIO M OIICHKE
byHKIIIU

AW (6) =W 1o (8) = W04 (6)

r0€ Wopjeed 0), Winode(6) — COOTBETCTBEHHO TOYHAs M HaiJIeHHAs B pe3yJbTaTe
penieHus 3a1a4n uaeHTudukanuu nepegatounsie pynkiuu OV,

Torna xpuTepuii aIeKBaTHOCTH MOJIEIH OOBEKTY MOXKHO MIPUHSATH B BUJIC

max AW (5)|<d, (11)

5,<5<w
rie d — 3ajJaHHasi BeJINYUHA.

OnHako Ha NpakTUKE NpU aBTOMaTHueckod Hactpoiike CAY ¢yHKuus
W(5) sBnsercs HeusBecTHOUW. Kpome Toro, B psie cilydaeB MOMKET OKa3aTbCs,
YTO HalJIEHHOE pelIeHue yAoBieTBopseT kputeputo (11) B obmactu nzoodpaxe-
HUI, HO TIPU ITOM HE 00ECHeUnBaETCs 3aJaHHasi TOUHOCTh B 00JIACTH BPEMEHHU.
B aT0i1 cBsI3u 1enecoo0pa3HO OIEHUBATh pPEIICHHE B O0JIACTH BPEMEHH, T. €.
BTOPBIM criocoOoM . JIjist 3TOro BBEIeM B pacCMOTpeHUe (DYHKIIHIO OIIUOKHU

Ah (t) = h’()bject (t) - hmodel (t) ’

rae h_,,(t)- nepexoanas xapakrepuctuka moaenu OY.

mode

Torna kputepuil aICKBaTHOCTH MOJICNIN OOBEKTY MOXKET UMETh BU/T

A= %M < Ay s
1€0.1, hobject (t)

rae Ayo, — JAOIMYCTUMAs OTHOCHUTEIIbHAS OITMOKA MACHTH(DUKAIIAH.

HoctounctBoM kputepus (12) sBISIETCS €ro HarJISIIHOCTh, MPOCTOTa B
UCTIOJIb30BAaHUU U TapaHTHsI TOTO, YTO MOJAETh 00bEeKTa OYJET COOTBETCTBOBATh
00BEeKTy B 00nacTu BpeMeHH. BBIOTHEHNE TaHHOTO KPUTEpUs MPU PEIICHUH
3a/layu MapaMeTpUdecKoll HIeHTU(PUKALKMK TO3BOJISIET FOBOPUTH O €€ 3aBep-
nieHHocTu. B cutyanuu, koraa tpedyemoe pelieHrue He HaiieHo, CIeayeT u3-
MEHUTH 3HAYCHUE y3Jla O; U BHOBb MOBTOPUTH MPOLIEIYypy pacuera Koddduru-
eHToB [ID (4). [Tocne HeCKONBKUX MOJIOOHBIX UTEPAIMN MOXKHO MOJIYYUTh pPe-
HIEHHE, KOTOpOoe yaoBieTBOpsAeT kpureputo (12). [Ipopomkas utepauuu, MOKHO
MOJIYYHTh PEIICHUE, MUHUMHU3HPYIOIIEe apamMeTp A pHu APYTUX PaBHBIX yCIIO-
BUSX. B TO e Bpems cieayeT BBIACIUTD MPAKTHYESCKH BAKHYIO U PEATBHYIO CH-
Tyalyo, Korja mpu JIO0bIX 3HAUYCHUSAX O; ychoBue (12) He MOXeT ObITh BbI-
MOJIHEHO. DTO BO3MOXKHO B JIBYX Ciy4asix. Bo-mepBbIX, OTHOCUTENIbHAS OIHOKA
A HEe MOXKET 0Ka3aThCsA MEHbBIIE 3aJJaHHON BETUYHHBI A,,, U3-32 HU3KOTO MOPS/I-
ka BeIOpaHHO 11D W(p). Bo-BTOpHBIX, U1 ipuHsToro nopsaka I11d W(p) okasa-
Jach MaJiOH JOMyCTUMAasi OTHOCHTENbHAS OmuoKa A4,,,. B 11enom oba ciaydas ot-
pakaroT OJHO M TO K€ ABJIEHHE, CYTh KOTOPOT0 WIUTIOCTPUPOBAaHA rpaduKaMu
Ha puc. 4. (4,,,=0,05, cTpykTypa Mojeliel OTpaxeHa CIEAYIOUUM 00pa3oM -

(12)
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Wy, TIE bua- IMOPAAOK IIOJTMHOMA YHUCIUTECIIA U 3HAMCHATCIIA, COOTBCTCTBCH-
HO). PaCCMOTpCHI/I€ 9TUX CIIYy4YacB IIOPO3Hb MO3BOIACT BBIACINTE IIYTH IIPEOO0-

JIEHUs 3aTpyAHEHUs: HeoOxoaumo b0 yBenuuuth nopsgok [ID W(p), nubo
CHU3HUTH TPEOOBAHUS IO TOYHOCTH, YBEJIMYUB 3HAUCHUE A ).

Metod: minimal

| E—— T
0251 Metod: minimal

Puc. 4. MuanMu3anust OTHOCUTEIBHOUN OLIHOKH A ;.

JIns1 TOsSICHEHUSI U3JIOKEHHOTO MaTepuaia pacCCMOTPUM MPUMEP PELICHUS
3a/1aud uJieHTUUKaIY, pealtn3oBaHHbil B cucreme MATLAB.

B kauecTBe 00BbeKTa ynpaBieHUsl B3AT MOJIEIbHBIA MPUMEp, MEePEXoaHas
XapaKTEPUCTUKA KOTOPOTO MPUBEAEHA HA PUC. 5.

Object
14

o
o

Amplitude, m\y

o
@

0.4}

o2k

Time.s

Puc. 5. IlepexonHast XapakTepUCTUKA MOJEIBHOIO IIPUMEPA.
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Tao0mmma 1.

OOBEKT yIpaBICHHUS.
ITAPAMETP: 3HAUYEHUE:
Nwms daiina TpeHios: S@1@5@W12.mop
YcranoBuBIieecs 3HadeHnue, (mV): 0.99817
Bpewmst ycranoBienus, (¢): 5.2476
Cwmemnienne HyJs, (en): 0
Ilepeperynuposanue, (%): 4.9633
Ilepuon kBanTOBaHU, (C): 0.097177
[Tonb30BaTenbckoe Bpems, (C): 9.9121

C yderoM HM3J0KEHHBIX 3aMEYaHM K MUHUMHU3ALUU KpUTEpUs aJeKBaT-
HOCTH, 337a4y uAeHTUUKAIMK OyJeM pemiath BEIOOpOM HanboJiee ONTUMaib-
HOW CTPYKTYPBI MOZENH (3Tall CTPYKTYpHOU uaeHTUuKanun). J(elicTBUTENBHO,
ONTHUMAJIBHBIA BHIOOP MOJIEIH MOXKHO OCYIIECTBUTH, UMESl JaHHBIE O XapakKTe-
PHUCTHUKAX Pa3UYHBIX N0 CTPYKType Mozaeneil. O0beKT umeeT HeOobIoe (0KO-
10 5 %) , mepeperyaupoBanue, 0e3 3ama3bIBaHUsI, C BPEMEHEM IEePEXOTHOTO
npouecca 0koio 5 cekyHa. OxumaeMm MOJEIUPOBAHUE 3TOr0 0OBEKTa C 3ajaH-
HOW TOYHOCTBIO MOJENIMH 2-T0 mopsiaka. [lotpedyeM oT Mojenu OTHOCUTENb-
HOM ommOku uaeHTugukanuu He donee 0.05.

Pe3ynbTarsl uaeHTHUKALMK TIPEICTaBIEHbI Ha puc. 6—9 u B Tadm. 2.

Metod: minimal ' ! !

Metod: minimal T T

Metdd: minimal

Puc. 6.- 30HbI y3710B HUHTEPIIOJMPOBAHNUS IS TOJ00PAHHBIX MOJEIEH.
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Tao0mma 2.
ITonoOpanHbIe MOJEIH.

Puc. 7. MonenupoBanue oobekra [1D Bumga Wy,

Homep monenu no nopsuky: 1 2 3
W nentudukatop MOJIETIH: 1 2 3
JleBplli  y3€1 MHTEPHOJISLMU: 0.2382 0.38113 0.47641
PobGacTHBIN y3€] HHTEPHOJSAIINN: 0.47641 0.59075 0.85754
Kpurepuii agexBaTHOCTH 0.12807 0.071825 0.0086163
[IpaBblil y3€s1 WHTEPHOJIALNU: 2.8465 2.8203 2.8346
[TpuBenenHas 30Ha nenbTa (%): 91.25 85.3333 82.5
Koapuument nonmunoma 1D a3: 0 0 0
Koaddurment nonmunoma T1D a2: 0 0.41424 1.4213
Koadumment nonmmuaoma 1D al: 1.6453 1.4262 1.7096
Koadbdunment nonnaoma 1D b2: 0 0 0
Koaddumment nonmunoma 110 bl: 0 0 0.45063
Kospduument nonmunoma 1D b0: 0.99817 0.99817 0.99817
Object modeling
141
12}
L e
E 08k E ietss(object)
§ : — Nypiekt’ S@1@5@W12.mop
% L | - :'-"\7"7': C=0.12807
Eos i  Value . ,=0.
: Y(p)=0.99817
i X(p)=1.6453 s +1
02} §
%1 2z s 4 5 s 7 & s 10
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Object modeling

141
12+
|
EEemswmnnsna o w e - orpapintit) DRSNS SRSUNNENCE R S e
! i
! 1
1 1
E_ 08F i |t 5loblect)
é’ : — Ngpiert’ 3@1@5@W12.mop
3 : model* V02
E 06 | A: Valuelss)=0.071 825
! Y{p)=0.99817
i X(p)=0.41424 s2 +1.4262 s +1
1 T
04+ i !
! 1
! 1
[ |
1 1
1 1
02r i !
i |
L |
! 1
1 1
0 | I I [ [ | I 1 1 ]
0 1 2 3 4 5 6 7 8 9 10
Time,s
Puc. 8. MonenmupoBanue oobekta [1D Buga Wop.
Object modeling
14
12+
] E———————— - L SR
_______________________________ _i__:_______________________________
|
1 1
E_ 08 ||t loblect)
ﬁ : — Byt 5@1@5@W12.mop
a : model* V¥1
Eosl i A: Value =0.0086163
! Y(p)=0.45063 s + 0.99817
i X(p)=1.4213 s +1.7096 s +1
1 T
041 i1
[
1 1
.
[
1 1
02r o
(]
[
.
1 1
0 | I | 1 [T | I 1 1 ]
0 1 2 3 4 5 6 7 8 9 10
Time,s
Puc. 9. MonenupoBanue oowvekra [1D Buna Wis.
MOI[GJIB}O, OTBC‘Ia}OHIeﬁ 34lTaHHOMY KPpUTCPHUTIO AJICKBATHOCTHU

(0.0086<0.05), sBnsieTcst MojieNIb BTOpOTro nopsijika Buaa W,. [Ipu menee xect-
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KUX TpeOOBaHUAX K KPUTEPUIO aJI€KBATHOCTU MOJIETH O0BEKTY, CTPYKTypy 11D
MOYHO YIIPOCTHUTb.

3a paMKU JaHHOW CTaTbH BBIXOJSAT BOMPOCHI 00€CIeUeHUsl YCTOMYMBOCTH
MojieNiel, BOIIPOCHI CBSI3aHHBIE C BHIOOPOM 3aKOHA pacHpenesieHus y3J0B WH-
TEPHOJUPOBAHUS M BHIOOpA 3HAUYECHMS y3Jia I NMEepBOM (Kak MpPaBUIIO MPUMEp-
HOUM wuTepanuu), uaeHTuPUKauuu OOBEKTOB YIpaBiICHUS C TPAHCIIOPTHOW 3a-
JIEPKKOM, UACHTU(PUKAIIMK B YCIOBUAX MOMEX. AJITOPUTM UACHTUDUKAIIMK OTI-
THUMH3UPOBAaH U MPOBEPEH C MOMOILIBIO cpencTtB monaenupoBanuss MATLAB u
pealin30BaH Ha BCTPOCHHOM MHTEJUIEKTyallbHOM perynarope. Heobxonumo 3a-
METUTb, YTO IIPUMEHEHHME HAMHU BEIIECTBEHHOIO WHTEPHOJIALMOHHOTO IIOKA
OPUEHTHPOBAHO HA PEATU3ALUIO PETYJIATOPA 2-TO HOPSAKA C CAMOHACTPOMKOM B
MOMEHT BKJIIOYEHMs. Peann30BaHHBIN B HACTOALIEE BPEMS aJTOPUTM HJICHTH-
¢ukanmu TpeOyeT MMEHHO TaKOW OpraHu3alud peryisTopa. TemM He MeHee
KJIacC OOBEKTOB, KOTOpPbIE HE OTHOCATCA K TEXHOJOTMYECKH HEMPEPBIBHBIM,
JNOCTAaTOYHO BenuK. Cienyer cka3aTb, 4TO HET TEOPETUYECKUX OTPAHUYEHUN U
3HAUYUTENBHBIX TEXHUYECKUX TPYAHOCTEH B NPHUMEHEHWE BEIIECTBEHHOI'O HH-
TEPHOJSLUOHHOTO METOJa I UACHTU(UKAIIMN 00BEKTOB, HAXOSAIINXCI B pa-
004YeM YCTaHOBUBIIIEMCS PEKUME.

JIumepamypa

1. T'onuapos B. M. BenieCTBEHHBIM MHTEPIOISIUOHHBINA METOJI CHHTE3a CUCTEM
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Bepcuret, 1995.— 108 c.

2. Hopg P., buwon P. CoBpeMeHHbIE cucTeMbl ynpasieHus.— M.: Jlaboparo-
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3. /bsaxonos B., Kpyenos B. MATLAB. Ananu3, uieHtTudukanus u MOJEIUpO-
BaHue cucteM. CnennanbHbii cripaBouHUK.—CII0.: [Tutep, 2002.— 444 c.
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YK 004.42:519.612

KAHOHM3ALIIUA MATPUILI ITPOU3BOJIBHOI'O PASMEPA
CPEJACTBAMM MATLAB

Acanoe A. 3., Axmemsanos U. 3.
Kamckuii 2ocyoapcmeennviil norumexnuueckuti uncmumym, Habepeocnvie Yennul,
e-mail:asx@asan.chelny.ru

Beeoenue

Peiiennie 3aa4 yrpaBiieHHS] MHOTOMEPHBIMU U MHOTOCBSI3HBIMU CHCTE-
MaMH CONPSKEHO CO 3HAYUTENIBHBIMU TPYAHOCTSIMU. MHOIrME KIACCUYECKHE
MOJIXO/Ibl U METOJIbI, UCIIPAaBHO «pabOTaBUIME» B Clly4ae OJHOMEPHBIX CHCTEM
(SISO cucremsl), okazanoch, HE MEPEHOCITCS HA OOIMM MATPUYHBIA CIydai,
penieHus i MaTpu4IHbIX (OoJiee yem ouH BXoA/Bbixoa, MIMO cuctemsl) cuc-
TeM MOTYT 00jajaTh KauyeCTBEHHO MHBIMHU cBoicTBamHm [1]. Tak, 3amaya obec-
NEYEHUs 3aJJaHHOr0 PACMOJIOKEHUS HAa KOMIUIEKCHOM IJIOCKOCTU HYJIEH CHCTe-
MBI, JOCTaTOYHO JieTko pemaemast st SISO cuctem, s MIMO cuctem BeTpe-
YaeT MHOrJAa HENPEeOoI0JIMMbIE TPYIHOCTH. B Toxe Bpems 3ajada oOecredeHus
TpeOyeMoro pacmpeeieHus MOJI0COB Ha KOMILIEKCHOM IUIOCKOCTH B Kilacce
CUCTEM C HECKOJBKMMH BXOJaMU MOXET UMETh HEOTPAaHWYEHHOE YUCIIO pelle-
Huil. CyliecTBYIOT U ipyrue nmpo0saemsl aHanu3a u cuare3a MIMO cucrem.

OnHUM U3 COBPEMEHHBIX M BeChbMa MEPCHEKTUBHBIX MOJXO0JIOB K pellie-
HUIO LEJIOr0 Psiia 3a/1ay TEOPUH CUCTEM (MOJEIUPOBAHKE, YIIPABICHUE, AHAIN3
cuHTe3, HabmoJaeHue u T. 1.) B kiacce MIMO-cuctem sBisieTcsl TEXHOJIOTHUS
BJIOKeHUs cucTteM [2]. Texnonorus (MeToMKa) BIOKEHHUSI CUCTEM OCHOBaHA Ha
UCIOJIb30BAaHUU COBPEMEHHBIX PE3yJIbTATOB alreOpbl YaCTHBIX B 3ajadyax aHa-
mu3a u cuHte3a MIMO nunamuudeckux cucteM. DGh(HEKTUBHOCTh MPUMEHEHHUS
TEXHOJIOTUM BJIOXXEHUS NPOWUIIOCTPUPOBAHA HA PAAE 3a1ay, MPAKTUYECKH
BECbMa TPY/IHO PEIIAEMBIX KIACCUYECKUMU METOJaMu |3, 4].

CyTb TEXHOJOTUH BJIOKEHHS CUCTEM 3aKIIFOUAECTCSl B MPEJICTABICHUU UC-
ClIeTyeMON NUHAMUYECKOW CHUCTEMBl B CHEIHAIBbHOM (popMe ¢ Mociaeayronm
BBINIOJIHEHUEM psiia MPeoOpa30BaHMI C TaK HA3bIBAEMOW NPOOJIEMHOW MaTpu-
el 1 MaTpullaMy BiIOXeHUs. B pe3ynbrare pemieHue 3a1aun nNpeacTaBiseTcs B
BHUJIE CUCTEMBI MAaTPUYHBIX YpaBHEHUN. B nanpHenemM BO3MOKHO HUCIOJIb30Ba-
HUE Pa3JIMYHBIX CHOCOOOB PEIICHUS MOJYYCHHBIX MATPUYHBIX YpaBHEHUH, HO
HaubOosee F((PEKTUBHBIM CUUTAETCS MOJYyYCHHE aHAIUTUYECKOTO PEUICHUsS Tak
KaK IMO3BOJISIET ONUCATh BECh Kjacc pemeHuid. Kpome Toro, Takoil moaxon mo-
3BOJISIET ONPENEINUTD YCIOBUS CYLIECTBOBAHUS PELICHUMN.

JI71s1 aHaTUTUYECKOrO PEMIEHUSI MATPUYHBIX YPABHEHUM IUPOKOTO Kilacca
OB TIPEVIOKEH HOBBIM MeTON [2, 5], Ha3BaHHBIM aBTOpPAMHU METOJ0M KaHOHH-
3al[ui, OCHOBHBIMHM 3JIEMEHTAMU KOTOPOTO SIBJIAIOTCSA TaK HA3bIBAEMBIE MPABBI
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Y JIEBBI MaTPUYHBIE NEJIUTEIN HYJISI MAaTPULLbL, JIEBBIN, IIPABbIi U CBOJAHBINA Ka-
HOHU3ATOpbl MaTpuipl. HecMoTpst Ha UACHHYIO IIPOCTOTY STUX HOBBIX BBEJIICH-
HBIX MTOHATUH, OCTaeTCs MPoOIeMa HaXO0XKIEHUS STUX CHEIUATbHBIX MATPUUHBIX
KOHCTPYKIIMH sl MATPULL IIPOU3BOJIBHOIO pa3Mepa.

B nanHoil pabote npeanaraercs nporpaMMHas peaiu3anus IIaHILEeTHOrO
croco0a BBIYMCIIEHUS JIEBOTO M IIPABOI'0 MAaTPUUHBIX JENUTEIEH HyJIs, IPaBoro,
JIEBOr0 U CBOJHOIO KAHOHU3AaTOPOB MaTPHULBI IIPOM3BOJIBHOIO pa3Mepa WU
[IPOCTO — IIPOTPaMMHAs pealn3alusd KaHOHU3AIUU MaTpPULbl IIPOU3BOJIBHOIO
pasMmepa.

OcHo6HblEe NOHAMUA MemOo0a KanoHu3auuu wampuusbl

B cooTrBercTBUM € [5] OCHOBHBIE MOHATUS METOJAA 3aKJIFOYAKOTCS B Clle-
IYIOILEM.

[IycTe nana npousBoJibHAas MaTpuna 4 pazmepa mxn.

VTBepxKaaeTcs, 4To MOKHO Hoao0paTh Takylo marpuiy A, comepixa-
IIyI0 7 CTPOK U IPOU3BOJIBHOE 4MCIO ¢ >0 cTONOIOB, YTO BCErja OJHOBpE-
MEHHO BBINOJIHAIOTCS TOXKAECTBO U J1BA HEPABEHCTBA

A4*=o0,,,, A#0,,, A“=%0,,, (1)

rne 0, — HyneBas MaTpuua pasMepa i x k. Ecnu nonobparh Takyro MaTpuily
HEBO3MOYHO, TO Y MaTpuLbl A IPABBIA AETUTENb HYJII OTCYTCTBYET. DTOT (PaKT
MOKHO OTpakaTh 3allUChbio A° =0, , Toyaras, 4To TaKoW JETUTENb HYJIS Tpe-
CTaBJysgeT co00I MAaTPHUILy C HYJIEBBIM YUCIOM CTOJIOLOB, T. €. ¢ =0.

Matpuna A" HaseIBaeTCS npasuim Oenumernem HYs MATPHUIET A.

o R
Yalne Bcero MoaraioT, 4To MpaBblii geautens Hyist 4 matpuibl A ume-
€T pasMep nxr, U MAKCUMAJIbHBIN, T. €. PABHBIN 7, , PAHT.

AHAJIOTMYHO C YYETOM CHMMETPUU BBOJIUTCH J1e6blll Oenument Hyna A
pasmepa r, xm.
VTBepkKIaeTcst, YTO MOKHO MOA0OpaTh TaKyk MaTpHIly A, coiepiKa-
IIYI0 MPOU3BOJBHOE YHCIO v>0 CTPOK U m CTOJOLIOB, YTO BCErJa OJHOBpE-
MEHHO BBINOJIHAIOTCS TOXKAECTBO U IBa HEPABEHCTBA
A*4=0,, A=0 . A" =0 . 2)
Ecnu nopobpaTh Takyro MaTpHILy HEBO3MOXKHO, TO Yy MaTpUllbl A JIEBbIH
JEUTENb HYJIS OTCYTCTBYET, YTO MOXKHO OTPaXkaTh 3amuchio A" =0, , moiarasi,

vxn? mxn’

Oxm >
YTO TaKOW ACIUTENh HYJS MPEACTaBIsACT COOOW MATPHIy C HYJIEBBIM YHCIOM
CTPOK, T. €. v=0.
Marpuiia A" Ha3bIBaE€TCS J1e6blM Oequmenem Hy/is MaTPULLI A.
N3BectHO [6], uTOo sr0Oast maTpuiia A B OOIIEM cllydae MOXKET OBITh
MPEJICTABJICHA B CIIEAYIOIIEM BUJIC:

1 0
A — Tl‘:l |:0 r rx(n—=r) }Tv — ]-;:lAVY'; , (3)

O(m—r)x(n—r)

(m—r )xr

797



Tpyout 11 nayunotl konghepenyuu «Ilpoexmuposatie uHICeHePHbIX U HAYYHBIX npunodicenuti 6 cpeoe MATLABy

rae 7, ¥ T, — MaTpulbl Mpeodpa3oBanus 0a3ucoB, /, — €IMHUYHAS MaTPHLA

Ir Orx(n—r)
pasMmepa rxr, r=rank A, A = .
0 O(m—r)x(n—r)

[{eHTpaJIbHYIO MATpPHUIly B TIPABOM YacTH MPHUHATO HA3bIBaTh MATPUIICH B
KaHOHMYECKUX Oazucax. J[yig paccMoTpeHHoro ciaydas (3) xapakTepHO HaJIM4Ke
000uX IeTUTENeH HyIs, KOTOPhIE B HCXOAHBIX 0a3ucax MOYKHO 3aIlMCaTh B BHJIC

(m—r )xr

L R -1 Orx(n—r)
=, .. I1.]r, A" =T . 4)
m—r )Xr r y X I

[TnanmerHsi croco® QopMupoBaHUS JEAUTENEd HyJS MPOU3BOIBHOM
MaTpULbl OCHOBaH Ha MCIIOJIb30BAaHUM JIEIUTENCH HyJsl B KAHOHUYECKHUX Oa3u-
cax.

JUIsl HaxOKJEHUs WCKOMBIX HENHTeNIeld HyJsd Marpuua 4 JOINONHIETCS
IBYMSI €IMHUYHBIMA MaTpULIAMU CJIEBA U CHU3Y TaK, 4TO IOJIy4aeTCsl KOHCT-

PYKIIMA TUIA TUIaHmeTa (Ho popMaIbHO OHA HE SIBISIETCS MaTpUIleH):
1

m mMxXn

I

Ha »Tolf KOHCTPYKIMM BBIMOJHIIOTCS 3JIEMEHTapHbIE ONepaluu Mpeoo-
pa3oBaHUs CTPOK U CTOJIOIIOB MAaTpPUIbl 4 ¢ OTHOBPEMEHHBIM IIPe0Opa3oBaHuEM
CTPOK U CTOJOLIOB MPHJIETAOMIUX €AMHUYHBIX MaTpull. lloa snmeMeHTapHBIMU
oTepaIusIMH 371eCh MIOHUMAETCS] YMHOKEHHE CTPOKHU (CTOJI011a) Ha YKCII0, CMEHA
MECTaMHU JIBYX CTPOK (CTONOIOB), MOOaBieHHE K CTPOKE (CTONOIy) apyroi
CTpoKH (cTo1011a), YMHOKEHHOU Ha unciio. [{ens npeoOpa3zoBanuil 3aKI0uaeTcs
B MIPUBEJICHUN MAaTPULbI A K 3alIUCU B KaHOHUYeckux Oa3ucax (3). Torna 6y10ku
NEPBOHAYANIFHO €AMHUYHBIX MATPHUI] HAITPOTUB HYJIEBBIX OJIOKOB MAaTpUIbl A'
OyAyT conepkaTh NEIUTENH HyJs MOJHOro panra. Jlesee matpuiel A' Oyzaer
PacToJIOXKeH JIEBBIM JENUTENh, & HIKE — TPaBBIi JIEIUTENh, T. €. MaTpUYHAs
KOHCTPYKITUS—TUIAHIIIET TTPUHUMACT BUJ

A* 1 .
rxXm r rx(n—r)
4L
(m—r)xm O(rf—r)xr O(m—r)x(n:r) (5)
~r —z .
lAnxr Anx(n—r) J

OTcyTcTBHE HYJEBBIX CTPOK W/WIM HYJEBBIX CTOJIOIIOB y Marpuilbl A'
OyJleT COOTBETCTBOBATh TOMY, UTO MaTpuila A HE UMEET JIEBBIX WU/WJIM TPaBbIX
JEIIUTEICH HYJIA.

Marpuiipl, CTOSIINUE CIEBAa U BHU3Y KOHCTPYKIHH (5), B KauecTBe 0JIOKOB

~

cozepKaT HEKOTOphle Marpuibl A° M A" MakCUMalbHOIrO paHra, paBHOIO

rxm nxr

paHry r ucxomaHoit matpuilel A. CpaBHuTenbHbIN aHanu3 (3) U (5) mokasbIBaeT,
YTO CYIIECTBYET CIEIYIOIINE B3aNMO3aBUCHMOCTH:

798



Cexyusa 3. Ilpoexmuposanue cucmem asmomMamuyecko20 ynpasieHus u pecyiuposanus

r=2 1 r'=lar 1

[Ipsmoyrosbabie Matpunsl A° u A" panra r, OIHOBpEMEHHOE YMHOKe-
HUE Ha KOTOpbIE ClieBa  crpasa 1o Gopmyne A’ A A" =]  npuBoauT mps-

rxm mxn nxr

MOYTOJIbHYIO MaTpully A paHra r K €eIMHUYHON MaTpuLue /,, IpUHATO Ha3bIBaTh
COOTBETCTBEHHO 1€6bIM U NPABLIM KAHOHU3AMOPAMU.

Martpuily pasmepa nxm, oOpa30BaHHYIO ISl MIPSIMOYTOJIbBHOM MaTpHUIbI
A pa3Mmepa m X n W paHra r IpOU3BEACHUEM €€ IIPABOTO U JIEBOTO KAHOHHU3ATO-

poB mo ¢popmysie A = A A° TPUHATO HA3BIBATH CBOOHBIM KAHOHUZAMOPOM

nxr rxXm

MaTpuubl A.

Takum 00pa3zoM, J1r000K MaTpule 4 MOKHO MOCTaBUTh B COOTBETCTBHUE B
TPOiiKy MaTpull, BKIIOYAIOIIYIO NeBblii A" u mpasbiii A® nemurenu nyns, a
TaKKe CBOAHBINA KaHoHmsatop A, A — (A, A4,A"), npuaem sra Tpoiika B
o011eM cirydae HeeTMHCTBEHHAS.

Taxast Tpoiika MaTpHl] XapakTepHU3yeT «BHYTPEHHIOIO CTPYKTYpy» Mat-
pULBL A:

_ BCe JIMHEHHO 3aBHCHMbIe KOMOMHALME CTPOK — A ;
_  BCe JIMHEHHO 3aBUCHMbIC KOMOHHAIINH CTOIOIOB — A~

- COBOKYIHOCTb JIMHEHHO HE3aBUCUMbIX KOMOMHAIINI CTPOK U CTOJIOLOB — 4.
IpeacTaBieHne MPOM3BOIBHON Matpuisl A — (A-, A, A" IIPUHATO
Ha3bIBaTh KAHOHU3AYUEL MATPULBI.
[Ipu pemieHnn MaTpUYHBIX YPABHEHUN yKa3aHHas TPOMKAa MaTpULl 3HAYU-
TeJNbHO UH(pOpMaTHUBHEE paHTOBbIX KpuTepues (Kponekepa — Kamenu u T. 11.).

Ilpumep npumenenusn npouedypor Canonize

PaccMoTpuM nprMeHeHHe pa3pa00TaHHOW (YHKLUMH JUIsl pEeUIeHUs MaT-
pHUYHOTO YpaBHCHUSA AX =B, TAe

12330 [26]
36736 78
A=|2 4 6 6 0, B=|52
12330 26
0 0 4 1 2] 26|

Jloka3aHo [S5], 4TO Tako€ YpaBHEHUE UMEET PEUICHHUE TOJIBKO MPHU BBIMOJ-

—L
HEHUU ycloBUsA A B=0 (ycClOBHUE Pa3pelIMMOCTH JIEBOCTOPOHHETO MaTPUYHO-
ro ypaBHeHus1). Knacc pemieHuidi MaTpU4HOTO ypaBHEHHS OIMCHIBAETCS COOT-
HOIIIEHUEM

(X), =4B+4 u,
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rie x — MPOU3BOJIbHAS (YUCIOBAask WM MOJMHOMHUAIIbHAS) MaTpUIA TOAXOMs-
1iero pasmepa (B JaHHOM ciiydae pazmepa 2x1).
[Tpumenenue ¢pynkuun Canonize (A) gaet cieAyoolme pe3yiabTaThl.

-2 —1.3636 |
1 0
ZL{_z 0 10 0}, A =l 0 -081818],
-1 0010
0 12727
_O 1 .
[1 -3 6]
1 0 0 0 0 0 0 0
A= 15 05 0 0 0 , A =lo 1 -3,
0.54545 —0.18182 0 0 —0.090909 0 0 1
0 0 0]
[—0.22727 0.40909 0 0 —0.54545 |
0 0 0 0 0
A=|-0.13636 0.045455 0 0 0.27273
0.54545 —0.18182 0 0 —0.090909
0 0 0 0 0 |
Torz[a PCUICHUC YPAaBHCHUA IIPUHUMACT BU:
—0.22727 040909 0 0 -0.545451[26]| [-2 -1.3636
0 0 0 0 0 78| |1 0
<X>ﬂ=ZB+?1Ry= —0.13636 0.045455 0 0 0.27273 ||52|+| 0 —0.81818 {”‘}
0.54545 —0.18182 0 0 —0.090909|(26| | 0 12727 |**
0 0 0 0 0 |[26] |0 I
[ 11.818 | [—244,—-1.36364, |
0 Hy
=| 7.0909 |+| -0.818184,
~2.3636 1.2727 u,
L 0 1L Hy i

HenocpencTBeHHO MOACTaHOBKOM JIETKO IIPOBEPUTh, YTO MPHU JIFOOBIX
3HAYECHUAX g, U 4, TIOJIYYEHHOE PEIICHHUE yAOBIETBOPSET NCXOAHOMY MaTpUy-
HOMY YPaBHEHHUIO.

3aknrouenue

Pa3paboTaHHBIi TPOrpaMMHBIA MOAYJIb MO3BOJIICT B aBTOMATHU3UPOBAH-
HOM PEXHUME OCYIICCTBIIATh KAHOHU3AIMIO MATPHUIl TPOU3BOJIBHOTO pa3Mepa,
YTO IO3BOJIIET (DOPMHUPOBATH BECh KJIACC PEIICHWA MATPUYHBIX ypaBHEHHM.

[TporpamMmHBIil MOYJIb MOXKET OKa3aTh CYIIECTBEHHYIO MOMOIIb MPU PEIICHUU
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3aa4 aHaJIn3a U CMHTC3a CHUCTEM YIIPABJICHUA C HUCIIOJIBb30BAHUCM TCXHOJIOI'MU
BJIOXCHUA CUCTCM.
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Ilpunooscenue 1.
Ilpocpammnan peanusayua naanuiemno20 cnocoda KAHOHU3AUUU

JInctunr IIporpaMmbl _(byHKL[I/II/I.
function [al _,ar ,al,ar,ac] = canonize(a);
%CANONIZE - kaHOHW3a1Msi MaTPUIL{

% [al_,ar_,al,ar,ac] = CANONIZE(a) - kaHOHU3aL Ul MATPHUILBI 2 IJIAHIIETHBIM CIIOCO00M,

% Pe3yJIbTATOM BBINOJHEHHS SBJISIIOTCS MATPHIIBI:

% NPaBbIii Je/IUTe/1b HYJ/I ar_; JeBbli Je/uTe]ab Hy s al_;

% NPaBblii KAHOHU3ATOP ar; JIeBbI KAHOHU3ATOP al; cBOAHDBIII KAHOHU3ATOP ac.

% Pe3yabTaToM BBIYMCICHUNH KAKUX-TH00 U3 YKA3aHHBIX MATPHI MOI'YT ObITh IIyCThle MATPUIIbI
try

rnk = double(rank(a));
catch
warning('He ynajoch BLIYHCJIHUTL PAHT 32JaHHON MaTpulbl. PaHr OyaeT NPpUHAT paBHBIM HaHMeHbIIeMY pazMepy

MaTpuubI')
rnk = min(size(a));
end
if rnk ==
error("MaTpuua uMeeT HyJ1eBOii paHr');
end
% YCTAaHOBKA COOTHOLIEHHUS PAa3MePOB MATPULBI H €€ PaHra
if isequal(size(a,1), size(a,2), rnk)
rflag = 0; % MATPHIA NOJHASA
elseif (rnk == size(a,1)) & (size(a,1) < size(a,2))
rflag=1; % MATPHLA [OJTHOT0 CTPOYHOI0 PAHIa (PaHI = YHCJIY CTPOK)
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a=a';
elseif (rnk == size(a,2)) & (size(a,1) > size(a,2))
rflag = 2; % MAaTPHIIA TIOJTHOTO CTOJIOI0OBOr0 paHra (PaHr = YHCIy CTOJI010B)
elseif rnk < min(size(a))
rflag = 3; % PaHr MAaTPUIIbI MeHbIlIe MUHMMAJILHOIO pasMepa
end
%
% MHULIMAIM3A1UsI IONOJTHEHHI K MaTpHlle a B BU/ie eIMHUYHBIX MaTpull b u c(c1eBa u cHU3Y)

b = eye(size(a,1));
¢ = eye(size(a,2));

% MOMCK HYJIeBbIX CTPOK M NepeMelieHne ux "B HU3" MaTpHIbI
% Zr - YUCJI0 HYJIEBBIX CTPOK;
if rflag ~=0 & rflag ~=1

[a,b,zr] = zerostrfind(a,b);

end
% MOMCK HYJIeBBIX CTOJIOLIOB M IepeMelleHUe X B "'MpaBblii Kpaii' MaTpUUbI
% ZC - YHCJI0 HYJIeBbIX CTOJI0LO0B

if rflag ~= 0 & rflag ~=2
[a,c,zc] = zerostrfind(a',c');

a=a';
c=c';
end
%
% npeodpazoBaHue MATPHI B CHMBOJILHOE NPe/ICTABIEHHE
if ~isnumeric(a)
b = sym(b);
¢ =sym(c);
end
%
zr = 0;
zc =0;
% NpuBeJeHne MATPUIbI K BepXHeMy TpeyrojbHomy Buay (a(i,j)=0, i>j)
for 1 = 1:min(size(a)-[zr zc])
if (a(Ll) == 0) % eCJIM BelYLIUIi 3JIeMeHT paBeH HYJII0

% NOMCK MEePBOro HEHYJIEBOr0 dj1eMeHTa B I-ToM cT0/1011e U onpeiejieHHe HOMepa CTPOKH M, B K-POM OH HaiiieH
m = find(a(l+1:size(a,1),l) ~= 0)+1;

% €CJIM HeHYJ1eBOii 2JieMeHT B 1-ToM cT0/1011e HHzKe BeAYIIero 3JIeMEeHTA He Hali/IeH...
if isempty(m)
% ... TO OH UIETCcs B I-Toii cTpoKe MpaBee BeAylIero djeMeHTa
m = find(a(l,]+1:size(a,2)) ~= 0)+l;
% ecJIM HaliieH, TO I-ThIi U M-ThI  CTOJIOLBI MATPHIl 4 M C MEHSIIOTCS MeCTAMM
if ~isempty(m)
m = m(1);

a = rcintrchange(a,l,m,'c');
¢ = rcintrchange(c,l,m,'c");

else
% HHAYe OTCOPTHPOBKA HYJIEBBIX CTPOK
rows = l:size(a,1)-zr;
[a_,b_,m]=zerostrfind(a(rows,l:size(a,2)-zc),b(rows,:));
a(rows,l:size(a,2)-zc) = a_;
b(rows,:) =b_;
Zr = 7r + m;

% €CJIM BCe OCTABINHECS] CTPOKH - HyJIeBbIe, TO MePexo] K ciIeAyIomeMy dTamy
if m == length(rows)

break
else

%  WHa4ye MOMCK HEHYJIEBBIX 3JIeMeHTOB B |-Toii cTpoke u mepeMeHa Mectamu 1-Toro 1 m-Toro cToJI010B
m = find(a(l,]+1:size(a,2)-zc) ~= 0)+1;
m = m(1);
a = rcintrchange(a,l,m,'c'");
¢ = rcintrchange(c,l,m,'c");
end
end
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else
% ecJId HeHYJIeBOii 3JieMeHT ObLI HaliieH B I-ToM cT0/1011e HUIKe Be1YIEero 3jieMeHTa
m = m(1);

a = rcintrchange(a,l,m);
b = rcintrchange(b,l,m);
end
end

% npoueaypa HCKJIIYeHUs

k = I+1:size(a,1)-zr;

if ~isempty(k)
tmp = a(k,l)./a(L1);
a(k,l:size(a,2)-zc) = a(k,l:size(a,2)-zc)-tmp*a(l,l:size(a,2)-zc);
b(k,:) = b(k,:)-tmp*b(l,:);

end

end

% NpHBeJleHHe MaTPUIbI K IMaroHaiabHomMy Buay (a(i,j)<>0, i=j; a(i,j)=0, i<>j, i,j<=rank(a))
for 1 = 1:min(size(a)-[zr zc])

k = I+1:size(a,2)-zc;

tmp = (a(l,k)./a(L1));

a(:,k) = a(:,k)-a(:,l)*tmp;

c(:,k) = c(:,k)-c(:,)) *tmp;
end

% BCe 2JIeMEHTHI B0JIb INIaBHOI quaroHaum = 1
1 = 1:min(size(a)-[zr zc]);

tmp = a(L,)”-1;

a(Ll) = eye(length(l));

b(l,:) = tmp*b(l,:);

%
% npeodpazoBaHie MAaTPUIILI 00PATHO B YMCJI0BOE NMpecTaBIeHHe (€CIU BO3MOKHO)
try

a = double(a);

b = double(b);

¢ = double(c);
catch

disp('MaTtpuia He sIBJIsieTCS YHCJI0BOIT');
end
%

% ecau rflag =1, To MaTpuusl b 1 ¢ B3anMHO MeHsIeM MeCTaMH H TPAHCTIOHHPYeEM
if rflag ==

% MOCTPOeHNEe BHIXOAHBIX MAaTPHII
al = b(1:rnk,:);

al_ = b(rnk+1:size(b,1),:);

ar = ¢(:,1:rnk);

ar_ = c(:,rnk+1:size(c,2));

ac = ar*al;

function [x,y,num]=zerostrfind(q,s);

% zerostrfind nouck HyJIeBBIX CTPOK B MATPHULE ( U NIePeCTAHOBKA UX ""BHU3'" MAaTpPHULbI;

%  COOTBETCTBYIOIME NEPECTAHOBKH IPOBOJATCH U ¢ MAaTpHLeii s

%  KOJHYECTBO CTPOK MATPHII  H S I0JIZKHO COBNIAJATh

% X WYy -noay4yaemble NocJe nNepecTaHOBOK CTPOK MATPHUIbI, NUM - KOJIHYeCTBO Hali/IeHHBIX HYJIEeBbIX CTPOK
%

d =ssize(q,1);

% k - BekTop-crouben, conepsxammii Homepa HEHy/1eBbIX ¢cTPOK MATPULIBI
k = find(~all(q' == 0)");
% num - KOJIMYeCTBO HYJIEBBIX CTPOK MATPHIBI (
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num = d-length(k);

if ~isempty(k)
% HyJIeBble CTPOKH IlepecTaBJIAIOTCS "BHH3" MaTpHIBI
x = [q(Kk,:); zeros(num, size(q,2))];
% CTPOKH MATPHIBI S, COOTBETCTBYIOLIHE HY/1eBbIM CTPOKAM MaTPHIbI ¢, NepecTaBJsiioTcs "'BHU3"
s _=s;
s_(k,2) =1I;
y = [s(k,2); s_I;
else
X=q;
y=s;
end
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YK 62-50

O CHHTE3E MOJAJIBHOT'O YIIPABJIEHUA BO
MHOI'OBXO/JHBIX TMHEUHBIX CUCTEMAX B CPEJE
MATLAB

Acmwvikosuy U. K., Oscsannurxos A. B.
benopycckuii 2cocyoapcmeennuiti mexnonocuueckuti ynusepcumem, Munck, benapycus,
e-mail; aik@bstu.unibel.by

3amaya MOJAIBHOTO yIpaBlieHus (YMpaBlIeHUs CIEKTPOM) SIBISIETCS OJI-
HOM U3 OCHOBHBIX 33Jl1a4 B KQUECTBEHHOW TEOPUHU YIPaBICHUS JIMHEHHBIMU U~
HAMHUYECKUMH CUCTEMaMH. Ee CyTh COCTOUT B BBIICHEHUU BO3MOKHOCTH C IIO-
MOIIBIO JINHEHHOM 00paTHO CBSA3M 00ECHEUYUTh MPOU3BOJIbHBIN CIEKTP B 3aMK-
HyTOU cucteme. YacTHBIM ciaydyaeM 3TOW 3aJayM sIBISIETCS 3ajada cTaOuin3a-
U, T.€. KOTJa AJi1 HENPEPbIBHOM CUCTEMBI HEOOXOAMMO OOECHEeYHUTh BECH
CHEKTP B JIEBOM MOJYIIOCKOCTH, a AJIA JIUHEHHOW JUCKPETHOM CUCTEMBI B €U~
HUYHOM Kpyre. MaTeMaTndeckud CTpOro 3ajJada MOJAJbHOIO YIPABICHUS IJIS
OOBIKHOBEHHBIX MHOTOBXOJIHBIX JIMHEWHBIX CHCTEM C MOJHON uHOpMaluei
obla chopmyrpoBaHa u perieHa B padore [14] B 1967 roay. B Heit Obuto 10-
Ka3aHO, YTO KPUTEPUEM Pa3PEIIMMOCTH 3TOW 3aJlauu SIBISETCS IMOJHAs yNpaB-
JSIEMOCTh PAacCMAaTPUBAEMOM CUCTEMBI, T. €. BBINOJIHEHUE KpuTepus Kaimana
[1,7,8]. PeanbHOE HaxoxaeHHEe KOX(PPHUIIMEHTOB peryisaropa, 00ecrednBaroIe-
ro Tpedyemoe pacmpeneiieHue CIEKTpa, BCTPEYaeTcsi ¢ OONBIIUM YUCIOM BhI-
YUCIUTEIbHBIX TPYJHOCTEH, CBSI3aHHBIX, YACTUYHO C TEM, YTO HEMOCPE/ICTBEH-
HBII pacyeT TpedyeT penieHus] HETMHEMHOM CUCTEMBI YPaBHEHMIA.

B kmaccuyeckoii Teopun ympaBieHHs 3Ta 3a/ada Oblia MOJHOCTHIO MPO-
aHAJIM3MPOBAHA U pEIIEHa sl OOJHOBXOAHBIX cucteM [1]. B mpoctpancTBe co-
CTOSIHMI Tak»Ke JUIsl He€ alrOPUTM CYILECTBEHHO MPOILE, TAK KaK B ’TOM Cllydae
MOJIHASl YIPABJISIEMOCTh 03HAYAET HEBBIPOXKICHHOCTh MATPUIILI YIIPABISIEMOCTH
[8] 1 BO3MOXKHOCTB CBEJIEHUSI CUCTEMBI K TudPepeHnanbHOMy YPaBHEHUIO n-
ro nopsiaka. Ha 3Toit ocHOBe pa3paborana dopmyna Akkepmana, [2,5] 1o ko-
topoit B cpene MATLAB Haxoaat kodphuMeHTs MOJAIBLHOTO PETYJISATOpa U
KOTOpasi ycoBepiieHcTBOBaHa B paboTe [10]. OCHOBHBIM 3JIEMEHTOM B 3TOM
clly4ae SIBJISIETCS UUKIMYHOCTD [7,8] mpOCTpaHCTBA COCTOSIHUN CUCTEMBI OTHO-
CUTEIIbHO BEKTOPA BXO/IA.

JI1s1 MHOTOBXOJHBIX CUCTEM CUTyalusl 3HAUYUTENBbHO cioxHee. Eciu Mat-
pHUIla CUCTEMBI SIBIISICTCS ITUKIWYHOM, T. €. CHCTEMa MOXET OBITh yIpaBisiemMa
OJIHUM BXOJIOM, TO TOTJIa 3aJlauy cpa3y CBOJST K OJIHOBXOJHOM 3aiaue [1] u uc-
noJib3yT crangapTHbie anroputmsl [1,10]. Ho ecnu Matpuiia cucteMsl He siB-
JE€TCA MaTPULIEN ITPOCTOU CTPYKTYPBI, TO 3TO HEBO3MOKHO.
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OpuruHajibHOE JOKa3aTEIhCTBO BO3MOXXHOCTH MOJIAJLHOTO YIPABJICHUS
OMUPAETCsl Ha JIEMMY O BO3MOYKHOCTH C MOMOIIBIO JUHEHHOW OOpaTHOM CBSI3U
MPUBEJICHUS] UCXOJHOM CUCTEMBI K CUCTEME YIPaBIIeMON OJHUM BXOJOM. DTa
JemMMa BIepBble Oana JokazaHa B [14] u MHOro pa3 moBTOpeHa B APyrux pado-
Tax (moapoO6HocTH cM. B [8]). OHa MO3BOJISET pacdyeT MOJAIBHOTO PETyNIITOpa
JUIsl MHOTOBXOJ/IHOM CHUCTEMBI CBECTH K PacueTy peryssitopa s OJHOBXOJIHOMN
cucteMbl. Ho mipu 3TOM CyIIeCTBEHHO OTpaHUYMBAETCS CBOOOJa BHIOOpa KO-
(GUIIMEHTOB perynaTopa, Tak Kak MaTpHuIila OOpaTHOMW CBsi3U OyJeT UMETh eu-
HUYHBIN paHr, KCTaTH, TaK K€ KaK U IIPU HETIOCPEJICTBEHHOM CBEJAEHUU K OJTHO-
BXOJIHOM CHUCTEME. YMEHBIIEHUE KOJIMYeCTBa CBOOOAHBIX KOAG(OUIIMEHTOB B
MaTpuIle OOpaTHOM CBSI3W MPUBOJIUT K IMOTEPE BO3MOXKHOCTH MapaJIEIHHOTO
peuieHus Apyrux 3ajaad, HanpuMmep, 3a7a4 PeKOHCTPYKIIMH, WU PaCIIEIUMOCTH
[8]. DToro HegocTaTKa MOKHO M30€KATh, €CITU UCIIOIH30BATh MPUBEICHUE MHO-
TOBXOJIHOW YIIpaBIIsieMOM CUCTEMBI K KaHOHUYecKoi popme bpyHoBckoro [8].

3ajada yrpaBlieHUs] CLIEKTPOM CYIIECTBEHHO YCJIOXKHSIETCS, €CJIU YUUThI-
BaTh HEMOJHOTY MHGOPMAIMU B pealbHbIX CUCTEMax, T. €. paccMaTpuBaTh 00-
paTHYIO CBsA3b MO BbIXOy. OKa3bIBAECTCS, YTO MPU ITOM MOXKHO TOYHO pacrpe-
JIEIUTh TOJBKO YacTh COOCTBEHHBIX YMCEN JUIsl OJHOBXOJHBIX CUCTEM, a IS
MHOTOBXOJ/IHBIX CHUCTEM TOJy4YEHbl Pa3IU4HbIC JOCTATOYHBIE YCIOBHUS BO3MOXK-
HOCTH IOJHOTO MoJalibHOTO ynpasieHus [11, 12]. Jlng peanbHOro pacuera cra-
TUYECKUX PETYJIATOPOB HUCIOIB3YIOT METOMAbl ONTUMHU3ALUU [2], METOABI JU-
HeliHoU anreOpsl [10—12], muHEHbIE MaTpUYHBIE HEPABEHCTBA U IIPOCTPAHCTBO
nepexoAaHbix Gynkiwmii [13]. Tak Bce aaropuTMbl HCHOIB3YIOT JOCTATOUYHbBIE YC-
JIOBUS CYIIECTBOBAHMS PETYJISATOPA, TO UX MPUMEHEHHE K KOHKPETHBIM CHUCTE-
MaM HE€ rapaHTHpPYEeT XOPOIIEro pe3yJjbTara, 4To MOKa3aHO Ha mpumepe B [2],
Ho, kak otmeueno B [12], 3Ta 3aiaya eiie aajgeka OT MOJHOTO pelieHus. YKa-
KEM, UYTO €CJIM CHCTEMa IMOJHOCThIO YIpaBisieMa M MOJIHOCThIO HaOIr0JaeMa,
TO, WCIONb3Ys, TMOO0 HaOmoAarenu, JM00 TUHAMHYECKHE PEryJsTOPbl MOYKHO
o0ecreynTh MPOU3BOJIbHBIN Hamepe]l 3aJaHHbIA CIIEKTP B 3AMKHYTOM CHCTEME,
HO COOTBETCTBYIOILLUE PETYIATOPHI OYAYyT UMETh JIOCTATOYHO CIOXHYIO CTPYK-
Typy [8]. 3amauu MoAaJIbHOTO YNPaBJICHUS pacCMaTPUBAIOTCA W IS Oosiee
CJIOKHBIX KJIACCOB CHUCTEM, B YACTHOCTH, JJII CUCTEM C OTKJIOHSIIOUIMMCS apry-
MEHTOM [9], 1eCKpUNTOPHBIX CUCTEM [6], THOpUIHBIX cucTeM [15], roe u3meHs-
€TCsl KaK MOCTaHOBKA 3aJa4M, TaK U BUJ PEryJSITOPOB. Tak Kak BCE alrOPUTMBbI
TpeOyIOT OOJIBIIIOE YUCIIO MATPUYHBIX OMNEPAIMM, TO UX BBITOJHO PEATU30BbI-
BaTh B cpene MATLAB [2-6, 13,15].

B noxnaze noaydeH aaropuTM pacuera MOAAIBHOTO PEryJisiTopa €IMHNY-
HOTO M MojHOro panra B cpene MATLAB, npuBeieHbl YHCIEHHbIE TTPUMEPHI,
omHcaHa alTOPUTMHUYECKAss BO3MOXKHOCTH TIOJTYYEHUsS KAaHOHUYECKHUX (HOpM
bpynoBckoro u JlyenOeprepa ajisi MOJHOCTHIO YIPABISIEMBIX CHCTEM U pac-
CMOTpEHa 3ajia4a CTa0MIN3aluu IS JIMHEMHBIX CUCTEM C MOJHOW MH(pOpManu-
eil.
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Pacuem mooanvnozo pecyniamopa eOUHUUHO20 panza

[Tycth nMeeTcs OOBIKHOBEHHAsI JIMHEIHAs yIpaBisieMasi CUCTeMa CO MHO-
I'MMU BXOJaMU

x(t) = Ax(t) + Bu(t) , (1)
II€ x —n-MEPHBIA BEKTOP COCTOSIHUS, u — 7 -MEPHBIN BEKTOP YNPABJICHHUS, A
U B — NOCTOSHHBIE MaTpPUIBI COOTBETCTBYIOIIUX Pa3sMEPOB, ONPEICIIAIONINE

CTPYKTYpYy OOBEKTa yIpaBJ€HUsI W BXOAHOIO yCTpoiicTBa. MaTpuua B cuuTaeT-
C MaTpuUed MOJHOrO paHra, T.€. rankB=r, B IPOTUBHOM CIIy4ae HUMEIOTCA
JUIIHKE ynpaBieHus. bynem paccMarpuBarh 3aMblkaHue cucTeMbl (1) muHen-
HBIM PETYJISATOPOM
u(t) = Ox(t) . (2)
Tak kak cCOOCTBEHHbIE YHCIA, MPUHAJJICKAIINE HEYINPaBIsEMON YacTH,
WHBAPUAHTHBI OTHOCUTENIBHO 00paTHOM cBsi3u (2), TO cucTeMa Mpearnosaraercs
IIOJIHOCTBIO yIpaBisieMoil no Kanmany, T. €. Marpuua ynpaBiIIEMOCTH HMEET
IIOJIHBIM PaHr, Uin
rankP =rank[B: AB: A’B:.... A" 'Bl=n. (3)
Onpenenenne 1. Cucrema (1) Ha3bIBaeTcs MOJANbHO YHPABIAEMOU
(ympaBiisieMo#l CLIEKTPOM) C TIOMOIIBIO peryisTopa (2) ecnu ajs ao00ro Hare-
pell 3aJaHHOTO COTJIACOBAHHOTO HA0Opa KOMIUICKCHBIX YMCET A’ = {u, 1, .10, }

CYIIECTBYET rxn MaTpulla Q Takas, 4TO CIEKTp 3aMKHYTOU cucTtemsl (1), (2),
T. €. Ha0Op COOCTBEHHBIX YHCENl MATPHUIBI A+ BQ COBIATAET CO MHOXECTBOM

A
Kak oTmedanoch BbllIe, AJisl pa3pelIMMOCTH 33aJja4l MOJAJILHOTO YIIpaB-

JIeHUs] HEOOXOIMMO U JOCTATOYHO BBIMOJHEHUs ycioBus (3). PeanbHblil pacuet
perynsitopa (2) TpeOyeT GopMyIHpPOBKH 3a7aul YIPABJICHUS CIIEKTPOM Kak 3a-
Ja4M YIpaBJIeHUs: Kod(PPUIMEeHTaMU XapaKTEPUCTHUECKOTO TIOJIMHOMA U TPH-
BEJICHUSI CUCTEMbl K KaHOHHMYECKOW yrpaBisieMoit ¢opme [10-12]. D10 merko
BBITTOJIHSIETCA J1JIsI OTHOBXOAHOM cucTeMbl [ 10] 1 1t cuCTEeMBbI ¢ MaTpHUILIECH TTpo-
CTOM CTpPYKTypbl. B mocinegHem ciydae noka3aHo [8], 4TO Takas cHcTeMa
yIpaBisieMa OJHUM BXOJOM, MPUYEM BXOJTHOW BEKTOP MOXKET OBITh B3ST U3 JIU-
HEITHON 000JI0UKH CTOJIOIOB MATPUIIBL B .

Pacuetr oOpaTHO# CBSI3W B 3TOM CIJIy4yae BBINOJHSAEM IO CIEAYIOIIEMY ajro-
pUTMY:
1. Haxoaum matpuily ynpasisieMOCTH P U npoBepsieM yciioBue (3).
2. IIpoBepsieM, SIBJISIETCS JTU MaTPHUIIA CUCTEMBI A IIUKINYECKOM.
3. Ecmu 1a, To HaxoquM b € L(B), Ul KOTOPOTO BBIIOIHAETCS ycloBHe (3).
4

JInst moJiydeHHON OJTHOBXOJHOM CHCTEMbl HaxXOAUM KOA(DPUIIUCHTHI PEeryJis-
TOpa, 00ecreunBaroero TpeOyeMblid CIIEKTP B BUIE u(f) = q'x(¢).
5. OxonuareapHO moaydaeM MaTpuity O =[x q' eJMHHYHOTO paHra.

Jlnis peanu3anuy yKa3aHHOTO ajrOpUTMa MOKHO BOCTIOIB30BaTHCS BCTPO-
eHHbIMU (QyHKIMAME ntakeTa Control System Toolbox cucremst MATLAB.
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1. B ywacTHOCTH, AJIsl HAXOXACHUS MATPHUIIBl YIPABISIEMOCTH MOKHO BOCTIOJIb-
30BaTbcs (GyHKUMEH ctrb, koTopas hopmupyer MaTpuily ynpaBiseMOCTH TS
MOJENH B MpocTpaHcTBe cocTosinuil ctrb(A,B). Ycnosue (3) npoepsiem ¢
nomoIibio pyakuun rank(ctrb(A,B)).

2. TlpoBepka HMKJIMYHOCTH MATPHUIBl A OCYIIECTBIISIETCS MO CIETYIONIMM 3Ta-
nam.

— HaxoguMm ¢ momombio QyHkIMM €ig(A) BEeKTOp COOCTBEHHBIX 3Haue-
Huil Matpuiel A. Eciu coOCcTBeHHbIE YMcia Pa3InyHbl MEXKAY COOOM
TO MaTpuIa A [UKJIMYECKasl.

— Ecnu B pe3ynbpTaTe BHIIOIHEHUS 3Tana | HEKOTOpble U3 COOCTBEHHBIX
YHceNl OKa3bIBAIOTCS KpaTHBIMU ompezenseM KopaaHOBY KaHOHHUYE-
cKyro (popmy st MmaTpuna A ¢ nomomibo GpyHkuuu jordan(A).

— Ecnu B Heil Bce 010K OTHOMEPHBI TO MaTpulia A IUKINYECKasl.

— B nporuBHOM ciiyyae maTpuua A He SBISIETCS MaTPULEH ITPOCTOU
CTPYKTYPBHI.

3. Co3maeM BeKTOp b € L(B) KaK JMHEHHYI0 KOMOMHALMIO CTOJOILOB MATPHIIGI
B ¢ gocrarouno npocThiMH KO3 (GUIIMEHTaMH, KOTOpPhle O0O03HAYUM Kak
BEKTOp / U KaK B MyHKTe | mpoBepseM ycloBUE MOJHON yrpasisiemocTu. Ec-
JIM OHO HE BBITIONHAETCSA, TO U3MEHAEM JIt000# 13 KOd(DPHUITMEHTOB JIMHEHHON
KOMOMHAITMU U BHOBB IIpoBepsieM ycioBue (3).

4. Jlns cuctemsl (A,E) HaXoJuM KO3 (UIIMEHTHl MOJAIBHOTO PEryJsiTopa C

oMol komaHasl acker(A,b,p), Wiau, Kak mpeaaokeHo B [5], KOMaHJbI

place.
5. IlpumeHsiss MaTpUYHOE YMHOXEHHE TMOJdy4aeM TpeOyeMblil perysisiTop

u®)=0x(t), tne Q=Ixq".

Ecnu matpunia cucteMsl He SABISIETCS LUKIMYECKOM, TO CHUCTEMA HE MO-

KET ObITh YIPABISIEMOM OJHUM BXOJOM, U MPEABIAYIIUNA aITOPUTM HE MpUMe-
HuM. Ho nmoxasano [14], uto mpu BeimosHeHuU yciaoBus (3) moutu mrodas 00-
paTHas CBS3b NMPUBOJAWT K LIMKIAYECKOW MATPHULE, T. €. IPUMEHUB PETYIATOP
u(t)=0,x(t)+v(t) MOXHO pelIaTh 3aJady MOJAJIbHOI'O YHIPaBJICHUS IO BBIIIE
npuBeACHHOMY aroput™My. [Ipr 3TOM OKOHYATENBHBINA PETYIATOP OyIeT NUMETh
BUI O=0, +/xq . B 1aHHOM cily4ae Mbl IMeeM CBOOOy B BhIOOpE MaTpHIbl Q,,
3a CYET KOTOPOU MOYKHO ONTUMU3UPOBATH B KAKOM-TO CMBICIIE MOJAJIBHBIN pe-
T'YJISITOP, XOTS 3TO MOYKHO CHEJIaTh TOJBKO HMCIOJIB3Ysl Pa3jIU4YHbIE alIrOPUTMBI
npsiMoro nepedopa.

Pacuem mooanvnozo pezynamopa noanoz2o panza

JIns MHOTOBXOJHBIX YIIPABIIIEMBIX CHCTEM aHAJIOTOM KaHOHUYECKOU
ynpasisieMoil Gpopmbl ABIseTCS KaHOHU4YecKas ¢opma bpyHOoBckoro, kotopas
uMeeT OJIOYHBIN BUJA U CTPOUTCS MPHU MOMOIIU BbIOOpA TMHEHHO HE3aBUCHUMBIX
BEKTOPOB M3 MaTPUIIbl YIIPABISIEMOCTH P . ITOT BEIOOP MOXKHO MPOBOAUTH JBY-
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Msi crtoco0aMu U, COOTBETCTBEHHO, MOIy4yaTh ABE KaHOHMYeckue (opmsl. [lep-
BbII aNropuT™ npeioxeH Jlyenoeprepom ( moapoOoHocTu cM. B [8]) U cocTOUT
B CJIEIYIOILEM.

[lycte Matpumia B B cucteme (1) cocTouT u3 BEKTOpPOB b,,b,,....b.. ITH
BEKTOpPBI TOJIAratOTCsl JIMHEWHO HE3aBUCUMBIMH, T. €. MaTpHIAa BXOJIOB HMEET
NOJIHBIN paHr. [yt BeKTopa b, HaXOAUM MaKCUMAaJIbHOE YUCIIO k, JTUHEHHO He3a-
BHUCHMBIX BEKTOPOB B II€TIOUKe b, Ab, A°h,,...,A""'b,. Jlanee paccMaTpuBaeMm Iie-
HOYKY b, Ab, A°b,,...,A""'b, b, Ab, A’b,,...,A""'b, ¥ HAXOAUM MAKCHUMAIBHOE k,, IPU
KOTOPOM 3THU BEKTOPbI JMHEWHO HE3aBHUCUMBI. TakuM 00pa3oM, BBLACIUM U3
MaTpPHUIIbl YIPABISIEMOCTU P HA0Op n IMHEMHO HE3aBUCHUMBIX BEKTOPOB B BUJIE

L=[b, Ab, A’b,,...,A""'b, b, Ab, A’b,,...,A""'b,..b Ab A’b,,...A""'b ] . 4)

Jns co3znanus matpullbl npeoopaszoBanus L B cucreme MATLAB Moxer
OBITh UCIOJIb30BaHA IIUKIMYECKas MPOIieypa B MPOIECCe BBINOJHEHUS KOTOPOM
IPOMCXOAUT JONOJHEHHE MATPHLbBI BEKTOp — CTONONOB Buma A'b, 10O

MOJTyYEHUSI HEBBIPOKICHHOW MATPUIIBI.

Hanee, BoimonHuB B cucteme (1) 3ameHy nepeMeHHOHN z(f)= Dx(t), 4TO
MOXHO CJIeJIaTh C IMOMOIIBIO BCTpOeHHOM (GyHKIMU SS2SS, MBI npuBeaeM ee K
KaHoHH4ecKkor (opme Jlyenbeprepa, KoTopasi UMEET CJICIYIOMHNN BU MaTpUy-
HOU mapsl (4, B), rae

00 .. 0 —-a 00 . 0 -« .. .
1 0 0 - 0 0 .. 0 -a .. .
0 1 0 -a 0 0 0 -a —a,
0 0 1 —a;l 4, 0 0 0 —afl 5 -a,
0 0 0 0 0 0 0 ajl . -a,
0 0 0O 0 1 0 -a, —a,
i 0 0 0 0 0 1 —ajﬁz —Q, >
0 0 1 - riJrnz—l : B i:|+n2—1

O O 0 _ar:+)z,.

1 _a::+n,+l

0 1 ar:+n,+2

0 0 0 0 0 0 0 0 O 1 —a,, |
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0 ... 0

0 O 0
n

0

01 ... 0

- 0O 0 ... 0
B= n,

0 0 0

0
n,

_0 0 ... 0

AHaJIOTUYHAas MpoLeaypa AJIsl CUCTEMBI C OJJHAM BXOJOM PEAU3YETCS C
nomo1bio BctpoeHHou pyHkinun CANON.

Ho s 3aga4 MOAAIbHOTO yNpaBiI€HU W JJIs 33J1a4 PEKOHCTPYKIUU 00-
jee ynoOHOM siBhsieTcs kKaHoOHU4Yeckas popma bpyHOBckoro, kotopast mojaydaer-
csl caeayomuM oopa3zom. M3 matpulibl ynpaBiseMoCcTd P BHauajie BbIOMparoT
BEKTOPBI b,,b,,...,b,, 3aTEM JIMHEMHO HE3aBHUCUMBIE IO MX MOIYII U3 BEKTO-
pOB Ab, Ab,,...,Ab, , nanee U3 BEKTOPOB A°h, A’b,,...,A’h, ¥ TaK 0 TE€X IOP, MIOKA
HE TOJy4UM HA0O0p U3 n JIMHEMHO HE3aBUCUMBIX BEKTOPOB B BHJIE

D =[b, Ab, A’b,,...,A""'b, b, Ab, A’b,,...,A""'b,..b, Ab. A’b.,...,A""'b.], (5)

TA€ YUCna n,,n,,...,n, AHAEKChl KpoHekkepa [8] maTpuuHoM napsl 4,B. [ns atux

yucen OyJeM MonaraTh, YTO OHU PACIOJIOKEHBI B MOpsAKEe yObIBaHUSA, T. €.

n,>n,>..2n, , IPU4EM BO3MOXKHO, YTO HEKOTOPBIE MHIEKCHI KpoHEeKkepa pas-

HbI euHALEe. ECIM 3TO HE BBINOJIHAETCS I UCXOJTHOW MaTpPULbI B, TO BBINOJ-

HSIEM IepeHyMepalnio BxonoB. [lo maTpuiie D cTpouM Matpuily npeodpa3oBa-
Husg T B popme

T:[t1 t2"'tnl tnl+1"'tn|+n2 tn1+n2+1"'tn—l tn]

rne t,=b,, t,,, =b,,t, =b, a OCTAJbHBIC BEKTOPbI MATPUIBI T €CTh JMHCUHBIC

KOMOMHAIMM BEKTOPOB Marpullbl D u3 (5). BhINOMHUB B MCXOOHOUW cuCTeMe
nepexoj Kk 0asucy 7, T. €. mpeodpa3zoBaHue z="Tx, MOTYUYUM MATPHULIBI CUCTEMBI
B BUJIC

A]l . A]r 0 0
Bl
A= » Bi=l A=) 0|
B
Arl Arr ' ﬁ?ﬂ ﬂ’/"/
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0 .. 0 0 .. O]
0 1 .. 0 0O .. 0 0 .. 0
o e 0
P75 A=l 1] B7
Bi o o B 0O .. 0 0 .. 0
Ve Vi Vi e Y

[Ipu TakoW CTPYKType MaTpHl] pacuyeT MOJAIBHOIO PEryjaropa IMpOBO-
JUTCS HEMOCPEACTBEHHO NMyTeM MpUpPaBHUBAHUS KOI(D(DHUIIMEHTOB XapaKTepH-
CTUYECKOT0 MOJIMHOMA 3aMKHYTOM CUCTEMBI U JKEJIAEMOT0 XapaKTEPUCTUUECKO-
ro nojuHoMa. Kpome TOro MOXHO B 3aMKHYTOM CUCTEME U3MEHSTh YHCJIO WH-
BapUaHTHBIX MHOTOYIEHOB, pellas TEM CaMbIM 3aJa4y PEKOHCTPYKLHUH, a I
CUCTEMBI C BBIXOJIOM pacCMaTpUBAaTh 3a7ady pacIenuMocTH [8].

Jlist pernieHust 3a1auu CTAOWIIM3AIUY JIJIS TIOJTHOCTHIO YIIPABIIsIEMOM CHUC-
TEMBI OCTATOYHO B KA4YECTBE JKEJIAEMOI'0 XapaKTEPUCTUYECKOTO IMOJIMHOMA 3a-
JaTh YCTOMYMBBIA MOJIMHOM Y PELIATh COOTBETCTBYIONIYIO 33Ja4y MOJAJIbHOTO
yrpayieHud. JJis He NOJHOCTHIO YIPABIISIEMONW CUCTEMBI, C MMOMOIIBIO 3aMEHBI
0a3rca B MPOCTPAHCTBE COCTOSHUM MOHO BBIJICIUTH YIPABIAEMYK0 U He-
yIOpaBIsieMYI YacTH U €CJIM HeyIpaBiisemMasi 4acTh yCTOMYMBA, T. €. €€ COOCT-
BEHHBIE YHCJIa JISKAT B JICBOM YaCTH KOMIUIEKCHOM IIJIOCKOCTH, TO CTaOMIM3H-
pOBaTh YIpaBJIsIEMYI0 4acTb. MOXKHO TaKk)Xe pacCMaTpUBaTh 0OPAaTHYIO CBS3b I10
BBIXOJ1y, UCTOJIb3ysl pa3OreHue MPOCTPAHCTBA COCTOSIHUM CHCTEMbl Ha YEThIPE
MOAMPOCTPAHCTBA, T. €. IPUBEJICHHE CUCTEMBI (1) ¢ BBIXOAOM y(¢) = Cx(¢) + Du(t)

K BUAy [8]:

51 Al 1 Al 2 Al3 A14 fl B 1 fl

: 0 4, 0 4 B

|- 2 |2 || 2 u, y=[0 C, 0 G] |4 Du. (6)
‘):3 0 0 A33 A34 53 0 53

454 0 0 0 A44 54 0 54

[Ipu 3ToM moxHO ucnonb3oBaTh koMmaHabl SS2SS, CANON, CTRBF,
OBSVF, xoTtopbie MO3BOJISIOT NEPEXOAUTH OTACIBHO K KAHOHHMYECKOW ympaB-
asieMoi popMe M KaHOHMUYECKOH HaOtoaemoit popme. CTpykTypa cuctemsl (6)
MO3BOJISIET ClIENaTh BHIBOJ], YTO OOPATHOM CBSA3BIO MO BBIXOTY MOKHO U3MEHSIThH
TOJIbKO COOCTBEHHBIE YHCIA, MPUHAJJICKAIINE TOJHOCTHIO YIPABISIEMOU H
MOJIHOCTHIO HAOII0aeMOM YacTH.

Kak oTMeuanoce BblIlIIe, 3a/1a4l YIIPaBICHUS! CIIEKTPOM ISl CUCTEM C TI0-
CIIEICHICTBUEM U JECKPUNTOPHBIX CUCTEM TPEOYIOT OOJBIIOro 00bemMa MaTpHy-
HBIX OTepaluii ¥ mo3ToMy UxX ynooHo pemats B cpene MATLAB, Ho ans aToro
HE0O0XO0MMO pa3paldaThiBaTh KOHKPETHBIE TPOTPAMMBI.
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YAK 510:681.3

3BPUCTUYECKUI METO/I CHUHTE3A IPOTPAMMHOI'O
YIIPABJIEHHWSI B TMHEWHOHU 3AJTAYE
BBICTPOAENUCTBUA

Agonun B. B., Mypromun C. M.

Mopoosckuii cocyoapcmeennwiii ynusepcumem, Capawck,
e-mail: afoninv(@freemail. mrsu.ru

B pabore paccmarpuBaeTcsi CUHTE3 MPOrPaMMHOTO YNpaBICHUS AJIs JIH-
HEIHBIX CTAIMOHAPHBIX OOBEKTOB HAa OCHOBE PEILECHUS HEIWHEHHBIX OOBIKHO-
BEHHBIX Tu(depeHInanbHbIX ypaBHeHUH. [loHMMast o CHHTE30M IpOrpamMm-
HOTO YIIPaBJICHUS MO OBICTPOACHUCTBHUIO OIPEIeTICHE MOMEHTOB MEPEKITIOYCHHS
MaKCHUMAaJIbHOT'O JIOMYCTHUMOIO YIPaBJIEHUS, TPAJIULHUOHHO 337a4ya CBOJIUTCSA K
pEelIeHHIO anreOpandecKux HeITUHEHHBIX cucTeM. Kak u3BeCcTHO, METO/IbI pellie-
HUS CJIOKHBI M HE BCEr/la pa3pelirMbl HA MHOXKECTBE JEHCTBUTENBHBIX YKcell. B
paboTe B MPEANOI0KEHUH CYIIECTBOBAHUS MOJOKUTENbHBIX PEIICHUH Ipejia-
raercs ONpeeNATh MOMEHTHI IEPEKIIOUEHUS YIIPABIISIFOIIETO BO3IEHCTBUS KAaK
CTallMOHApHOE PEIICHNE CUCTEM HEIMHENHBIX AUPPEpEeHINaTbHbIX YPABHEHUH.
B paGore mpumeHeH METOJ PEIICHHS >KECTKUX cHucTeM Iud@epeHIrnaabHbIX
ypaBHEHUH, peajn30BaHHBIN udepe3 BcTpoeHHble (yHkiuu cpeasi MATLAB.
Pe3ynbTarhl 4YMCIEHHOTO MOJIEIMPOBAHUS MOKAa3all BBICOKYIO 3((PEKTUBHOCTD
JUIA 337124 10 5-TO mopsijika BKIIOUYUTENbHO. Mojenu 00beKTOB NMOopsaKa BhIIIE
5-ro (nnu 4-ro) OOBIYHO COJEPKAT MAJIbIE OCTOSIHHBIE BPEMEHU, KOTOPBIMU B
IPAaKTHYECKUX MPHIOKEHUAX MmpeHeOperaoT. B nannoit padbore monaenu oObeK-
TOB BBICOKHX MOPSAAKOB 3aMEHSAIOT MOJENBIO 5-TO MOpSAKa C MOCIETYHOIINM
IPUWIOKEHUEM CHUHTE3UPOBAHHOIO YIPABISIOMIETO BO3JAEHCTBUS K HCXOIHOU
MOJIENIM BBICOKOTO Tnopsnka. IIpeanonaraercsi, 4To paccMaTpuBaeMble OObEKTHI
SBIIIOTCS UHEPLUMOHHBIMU, T. €. TAKUMH, JJI1 KOTOPBIX KOPHU XapaKTePUCTUIEC-
CKOTO YpaBHEHHS €CTh OTPULIATENIbHBIE IEHCTBUTENIBHBIE YUCIIA.

1. Illocmanoeka 3a0auu

[Tonaraem, 4To paccMaTpuBaeMbie OOBEKTHI YIPABICHUS SBISIOTCS 00b-
ektamu SISO, T. €. ¢ OJHUM BXOJIOM M OJHHMM BBIXOJIOM. MaTteMaTuueckas Mo-
JIeNTb TAKUX OOBEKTOB TpENCTaBisieTcs au0o mudpepeHnnansHbBIM YpaBHCHHEM
BBICOKOTO MOpPsJIKa BUJa

d"x(t)
n + al’lfl n—1
dt dt
an60 cucteMoil tuddepeHInanbHbIX YpaBHEHHM

M+...+al%+dox(f)=bmu(t)a (L.1)
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% = Az(t) + Bu(t), (1.2)
() =Cz(), (1.3)
rne a, i=0,n—1, b — nocrossHHble KO3PPuientsl, 4, B, C — NOCTOsH-

HBbI€ MaTPUIIbI pa3MepoB nx n, nx1, 1xn, COOTBETCTBEHHO, )(f)— BBIXOJI CHC-
TeMmbl (1.2), KoTopblil cooTBEeTCTBYET X(¢) ypaBHeHus (1.1).

[Tepexon ot (1.1) k (1.2) HeogHO3HAYEH, HO U3MEHEHUE BO BpPEMEHU
byukiuu x(¢) xak pemenus (1.1) u y(¢) B (1.3) MOXHO cAenaTh UICHTUYHBIM.

OT10 OyAeT BBIOJHATHCS B Cllydae, KOT/1a KOPHU XapaKTePUCTUYECKOTO ypaBHe-
Hus (1.1) u cobcTBennbie uncna matpuiibl A B (1.2) onHu U Te e, U TPero-
JIO’)KMM, YTO OHU OTPHUIATEIbHBIC JICHCTBUTEIBHBIC U pa3IMUHbIC. XapaKTepu-
CTUYECKOE YpaBHEHHUE ISl TOUCKA KOPHEH (COOCTBEHHBIX YHCEI) UMEET BU/I;

n n-1
s"+a, " +..+as+a,=0, (1.4)

rne a;,, i=0,n—1,ectb kodp¢puLUEeHTH AUPPEPEHINATBHOIO YypaBHE-
Hus (1.1).

B panbHeiiieM u3n0xeHUH OyJeM paccMaTpUBaTh 3aJady, MPUMEHU-
tenbHO K (1.1). B 3amage 00 onTUManbHOM MO OBICTPOICHCTBHIO YIPaBICHUU
TpeOyeTcsi mepeBecT OOBEKT (CUCTEMY) U3 OJHOTO COCTOSIHUSI B APYroe MmpH
JOIYCTUMOM YIPaBJICHUH 32 MUHUMAaiIbHOE BpeMmsi. KOHTpoisib cocTosiHus ocy-
niecTBisiercs 3a koopauHatol x(¢) B (1.1). CunTaeM rpaHv4YHbBIE YCJIOBHUS IO

BCEM HEOOXOIUMBIM KOOpPJMHATAM WJIU MEPEMEHHBIM COCTOSHUSA 3aJaHbl, MPU-
YeM MPUHUMAEM, YTO
x(0)=0, x(T)=x,>0, (1.5)
rae 7 — MCKOMOE MUHUMAJILHOE BPEeMsl TIEPEBO/IA.
Ha ynpaBienne HakmaaplBaeTCsl BYXCTOPOHHEE CUMMETPUYHOE OTpaHU-
YeHHUE:

lu(n|<U,, (1.6)
rac U m — MAaKCUMAJIbHO AOITYCTUMOC YIIPaBJISIIOIICE BOS,HCfICTBI/IG.

2. IIpeonocwvliku peuwienus 3a0auu TUHEHHO20 ObICMPOOEIiCM U

OnTtumanbHOE yrpaBlieHUue s ChOpMYITUPOBAHHON 3a7]a4l MOXKET OBITh
HalJICHO Ha OCHOBE IPUHIMIIA MakcuMyMa. Kak W3BECTHO, B ciiydyae JIMHEUHON
3a/la4il ONTUMAJIBHOTO YIIPABJICHHS MPUHIIMI MaKCUMyMa MPEACTABIISIET COOOM
HE TOJIBKO HEOOXOAMMOE, HO M JOCTAaTOYHOE YCIOBHE ONTHMAILHOCTH, €CIH
BBITIOJTHSACTCS TaK Ha3bIBAEMOE YCJIOBHE OOIIHOCTH MOJOXKEHUs. J{JIs1 TMHEWHBIX
CTallUOHAPHBIX CUCTEM YCJIOBUE OOIIHOCTH TMOJIOKEHUSI COBIAIAET C YCIOBUEM
yrpasisieMocTd 1o Kanmany, koraa Juist IOJHOW YIPABISIEMOCTH CUCTEMBI BUA
(1.2) HE0OX0AMMO U TOCTATOYHO, YTOOBI

rank|B AB A°B ... A"'B|=n, 2.1)
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r7ie n— pa3MepHOCTb cucTembl (1.2).

st chopmynpoBaHHOM 3a1aun OBICTPOJAEHCTBUS LIEIECO00PA3HO MPU-
MEHUTh TeopeMy 00 # HHTepBajlaX B COOTBETCTBHM C KOTOPOW ONTHUMAaIbHOE
yHOpaBJICHUE NPEACTABISIET COOOW KyCOYHO-IIOCTOSIHHYIO (YHKIMIO, KOTOpas
npuHuMaer 3HadeHus U, , umeer He Oonee n —1 mepekinoueHui, T. €. He 00-

JICC 71 MHTCPBAJIOB 3HAKOIIOCTOAHCTBA MAKCUMAJIBHOTO YIIPABJICHUA Um, rac

n — mopsaaok cuctembl (1.2) unu nopsanok auddepeHImaiIbHOro ypaBHEHUS
(1.1). MoxHO Takke Mmokasarh, 4To ycyioBue (2.1) mns copmyaupoBaHHOH 3a-
a4y Bcerga BbIMoyHseTcs. [103TOMy ¢ TOUKHM 3peHUs] CHHTE3a IMPOrpaMMHOTO
ONTHUMAJIBHOTO YMpaBleHUs TpeOyeTcs ONMpeneTuTh KOHKPETHOE YHUCIO WHTEp-
BaJIOB B 3aBUCHUMOCTU OT T'PAHUYHBIX YCIOBUH U MOMEHTBHI MEPEKIIOUCHUS C
+U, na —U, . Ilpu 5TOM 15 rpaHuuHBIX ycinoBui (1.5) 3HaK nmepBoro MHTeEp-

BaJia Oy/IeT MOJIOKUTEIbHBIM [1].

Jlns onpenesieHrss MOMEHTOB IEPEKIOYEHUs ¢, ¢, , ..., [, MOXKHO IpHU-

n

MEHUTh METOJI CTHIKOBAHUS perieHuil nuddepeHnaibHOro ypaBHEHUs CO 3Ha-
KOIMEPEMEHHOM MpaBoil yacThio. B pe3ynpraTe OyAeT mojiydeHa cucTeMa Heslu-
HEWHBIX (TPAHCIEHAEHTHBIX) YpaBHeHUN Buaa [1]:

n—1
L (1) 08 omatn g (1) 23 (<1 e 4 (~1)" =0 2.2)
mem k=1
i=L2,...,n,
rpe n — IOPAHOK CHUCTEMBI, «; — KOPHH XapaKTCPUCTHUYUCCKOTO YPABHCHUA

(1.4). OtHowenue b, /a, npencrabisger co0oi k03pPULNEHT ycuneHns 0Obek-

Ta, KOTOpBI 0003HauuM depe3 K . SICHO, UTO HauMHas ¢ 1 = 2, CUCTEMA MOXKET
OBITh penieHa TOJIBKO YHMCICHHBIMH METOJAaMHU PEUIEHUS HEJIMHEWHBIX aireo-
panvecKux ypaBHEHHH (ciy4yail 7 =1 MOYHO CUMTaTh TPUBUAIBHBIM U B IOCIIE-
IyIoIleM He paccMarpuBaetcs). Kak mpaBuio, st pemieHust cuctem Bujaa (2.2)
HE0OX0IMMO 3aJaBaTh HayalbHyI0 oOsacTh moucka. Hampumep, B8 MATLAB
JUISL PEIICHHs] HETMHEHHBIX CUCTEM YPAaBHEHUN MOXET MPUMEHATHCS (DYHKIUS
fsolve, BTOpbIM BXOJHBIM IapaMETPOM KOTOPOM KakK pa3 SBIIIETCS HAYAJIbHBIN
BEKTOp noucka. B ciyyae npumenenust pyHkiuu solve, 1111 KoTropoid He TpeOy-
€TCsl HayalbHBIM BEKTOP MOMCKA, MOTYT BO3HUKATh MPOOJIEMbI C PEIICHUEM IS
3a/1a4y 2-ro mopsijika, He TOBOPS y»Ke 0 0oJiee BBICOKUX MOPSIAKOB, KOTJIa KOPHU
XapaKTepUCTHUUECKOTO YpaBHEHUS] MMEIOT 3HAYUTENIbHBIN pa3zbpoc. 3amaya Ko-
HEYHO YIPOILAETCs, €CIU IPEAIoIaracMoe pelieHue JIOKAIU30BaHO B J0CTa-
TOYHO y3KOH 00slacTu. DT 00JacTU YacTO ONPEIEINIAIOT U3 U3BECTHBIX MPAKTU-
yecKkux cooOpaxkenuii. Ho maxe mpu «xoporei» 00JacTi Ha4aIbHOTO TTOWCKA,
KaK IOKa3bIBAIOT PE3yJIbTaThl MOACIUPOBAHUS, PELIEHUE HE MOXKET OBITh MOJTY-
YeHO MpH 3HAYUTEIHLHOM pa30poce 3HAYEHUH KOpHEH XapaKTepUCTHYECKOTO
ypaBHeHus. Kpome Toro, B crity HeoOoxoaumocTu 3aaanus i fsolve HauanbHoO-
ro BEKTOpPA MOMCKA, PE3YyJbTaThl MOT'YT MOJYy4aThCs TaKKe pa3HbIM B 3Toil cBi-
34 B IaHHOM paboTe 1aeTcs ONMMCAHNUE IBPUCTUYECKOTO METO/Ia PELICHUS 3aJauu
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OBICTPOACHCTBHUSI, KOTOpPAs B OMMMCAHHOW MOCTAHOBKE SIBJISICTCS 3a7a4eil BhIUKC-
JUTEIBLHON MaTeMaTuku. MoxeT ObITh, MEPBOE YIIOMHUHAHUE 00 ATOM METOJIE
ObL10 1aHO B [2]. B COOTBETCTBUU € 3TUM 3BPUCTUUYECKUM METOJO0M IpodiieMa
pelIeHUs] HEJIMHEWHBIX ajreOpanvyecKkux ypaBHEHUN 3aMeHsieTcsl MpoOieMoit
pemenus 3agaun Komm s HelnuMHEHHBIX AuddepeHnaibHbIX ypaBHEHUN 0e3
MOMCKA «HAMITYYIINX» Ha4aJbHbIX MPUOIUKEHUN.

3. épucmuueckuii memoo peuieHus JTUHEUHOU 3a0auu Oblcmpooelicmeust

CyTb mpeiaraeMoro 3BPHUCTUYSCKOTO METOa PEIICHHS 3a/1aul OBICTPO-
JEUCTBUS 3aKJII0YaeTCsl B TOM, UTO ajredOpanueckas HelUHeHas cucrtema (2.2)
3aMeHseTcs Ha cuctemMy nudepeHnnanbHbIX YpaBHEHUN BUIA:

ZN TSN S D
dt b, U k=1 o

m m
i=ln; j=Ln,
rae ¢, j=Ln— GyHKIMS HE3aBUCUMOTO apryMEHTa ¢ JIJIs j—20 MOMEHTA ITie-

PEKITFOUEHHUS HCKOMOT'O ONTUMAIBHOTO MO OBICTPOICUCTBUIO YIIPABICHHUS.
NuTterpupoBanue cucreMsl auddepeHanbHbIX ypaBaeHuit (3.1) npoBo-
JUTCS IPU HYJIEBBIX HAYAJIbHBIX YCJIOBUSX, T. €. IpH ¢,(0)=0, j=1,n .

YcTaHoBuBILIEECS pPEIIEHUE CHCTEMbl AU(QPepeHIInanbHbIX YpaBHEHHMA
(3.1) mpuHHUMaeTCs Kak pelieHue aaredpandeckoi cuctemMsl ypaBHenuit (2.2). B
COOTBETCTBUM C TEOPUEH ONTUMAJIBHOIO MO OBICTPOJAEHCTBUIO YIPABICHUS JIH-
HEWHBIMU OOBEKTaMU [3] MOXKHO yTBEpKAaTh, 4YTO cHOpPMYJIUpPOBAHHAS 3aj1a4a
OBICTPOJICHCTBUS UMEET pElIeHUE WM UMEET pelleHre alredpanyeckasi CUCTe-
Ma ypaBHeHH# (2.2). [Ipyroe neno, 4TO BBIYUCIHUTENbHBIE METOJbI HE BCEra
MO3BOJISIIOT HAWTH 3TO pemieHue. To ke caMoe MOKHO CKaszaTh U O mpoliemax,
CBSI3aHHBIX C MHTETrpupoBaHueM nuddepennuanbupix ypaBuenuit (3.1). Ho kak
MOKA3bIBAIOT PE3YJIbTATHI MOAEIUPOBaHUs cucteMa (3.1) Kak MpaBUIIO CTPEMHUT-
Cs K CBOEMY CTAallHOHAPHOMY COCTOSIHHUIO, T. €. IPAKTUYECKH BBIXOJUT HA yCTa-
HOBUBIIMICS peXUM. [10 MHEHHIO aBTOPOB BO3MOXHOCTh JTOCTH)KEHHS YCTaHO-
BUBILIETOCS] PEKUMAa 3aBHCHUT IVIABHBIM 00pa30M OT TOTO YHMCIEHHOI'O METOJa, C
MIOMOIIIbIO KOTOPOTO OCYIIECTBIISIETCS UHTETPUPOBAHUE CUCTEMBI AU QepeHiu-
anbHbIX ypaBHeHUH (3.1). AHanu3 MOKa3bIBAeT, YTO LIETIECO0OPA3HO MPUMEHSITh
METOJ[bl MHTETPUPOBAHUS JKECTKUX CHUCTEM IuddepeHIInanbHbIX YpaBHCHUI.
Hanpumep, B cpene MATLAB 3T0 MOXHO clenaTb Ha OCHOBE peIIATENs
odelSs. Bo BcskoM ciydae 3TOT pemiatesib okazajicsi HanboJiee mpeArnouTUTEb-
HBIM TIPU UHTETPUPOBaHUU cucTeM Buza (3.1). s mHKeHepHBIX NPaKTUYECKUX
MPUJIOKEHUN aBTOpamMu OblIa paspadorana nporpamma B MATLAB, ¢ momo-
IIbI0 KOTOPOM MOYKHO OCYIIECTBJISITh CUHTE3 MPOrPAMMHOIO yIpPaBJIEHUS, OI-
THUMAJIBHOTO 110 OBICTPOICHCTBHUIO.
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CrnenyeT 3aMEeTUTh, YTO MPU UCIOJIb30BAHUH BEIYUCIUTEIBHBIX MPOrPaMM
HEO0OXO0IMMO MPOU3BOUTH MACIITAOMPOBAHUE BXOJIHBIX JAHHBIX U MOJy4aeMbIX
pe3yJbTaTOB (MPU «OOJBIINXY» WM «MaJIbIX» 3HAYEHUSX MOCTOSIHHBIX BPEMEHU
UX CIIeyeT YMEHbIIUTH (YBEJIIMYUTh) B KAKOE-TO KPaTHOE YUCIIO pa3).
Mopenupyomuili - allrOpuT™, 3aJI0KEHHBIA B MIPOTpaMMy HCCIEI0BaHUsA,
3aKJIF0YAETCS B CIEAYIOLIEM.
1) 3amaroTcst mapaMeTphl 3a/1a4u:
— IOCTOSIHHBIE BPEMEHH aIllepUOAUYECKHX 3BeHbeB 1-ro mopsaka T1,
T2, ...,
— xoapunuent ycunenus K,
— MaKCcUMaJbHO aonyctumoe ympasienue Um (cMm. 1.6),
— ’KeJlaeMoe 3HauYeHHE BBIXOHON KOOPAMHATHI 00BheKTa Xn (cM. 1.5).
2) 3ajmaroTcs mapaMeTpbl MHTETPUPOBAHUS CUCTEMBI (3.1)
— HHTtepBan unTerpupoBaHus (J0CTaATOYHO OOJIBIION),
— HyneBoil HauanbHbII BEKTOp cOCTOSTHUS it cucteMsl (3.1), coot-
BETCTBYIOIIUI YHCIIy BBOAUMBIX NMOCTOSIHHBIX BPEMEHH HCCIENYe-
MOTO O0BEKTa WJIM Pa3MEPHOCTH MaTpUIlE COCTOSHUS MPHU ONuUca-
Huu (1.2),
3) Bpraucnstorcsl ycTaHOBUBILIHMECS 3HAUCHUS pelieHui cuctemsl (3.1),
4) CopTupyloTCcsi 1O BO3pPACTaHHWIO YCTAHOBUBIIMECS PEUICHUS CHCTEMBI
(3.1), xoTOopble NPUHUMAIOTCA 3a HMCKOMBIE MOMEHTBHI IMEPEKIIOYECHUM
t,,t,,...,t,(Baporpamme tl, t2, ..., tn),

5) ®opmupyetcsi ucciaeayeMas MOJENb B BUJE MPOU3BEIEHUS IMepeaaTou-
HBIX (QYHKIMI C 3aJaHHBIMH MOCTOSIHHBIMU BpEMEHU U KO3 PUIIMEeHTOM
YCUJICHUSL.

6) [IpeobpazoBaHre MOJEH K OMMMCAHHUIO B IPOCTPAHCTBE COCTOSTHHIA.

7) K uccnemyemoii Moaenu 00beKTa MPUKIAABIBACTCS peleHHOE YIIpaBICHUE
C MOMEHTAaMHU NEPEKIIOUECHUN ¢, f,, ..., I

0
8) ITocTpoeHune mepexoaHOro MmpoIecca I UCCISTyEeMON MOJIeTH,
9) BeIuuciaseTcss OTHOCUTENbHAS TOTPEITHOCTh BBIXOJa MOJEIN OOBCKTa B
3aJTaHHOE COCTOSIHHE X1.

[Tporpamma (ckpunT-daiiia) aHaiIu3a ¥ CHHTE3a IIPOrPpaMMHOTO YyIIpaBJie-
HUS, ONITUMAJIBHOTO TI0 OBICTPOICHCTBHUIO, IPUBOJAUTCS B MPUIIOKEHUN 1.

B kauectBe minmocTparuu pabOTHl IpPOrpaMMbl HMDKE TMPHUBOJATCS pe-
3yJbTAaThl MOJCIUPOBAHUS 3a7a4d OBICTPOACHCTBUS IS 00BeKTa 5-r0 M 8-ro
TTOPSITKOB.

Jlns oO6bekTa 5-ro mopsiaKa:

MHNOCTOSHHBIE BPEMEHMU:

T1=0.1
T2 =2
T3=3
T4=5
TS=11
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KO2O®PUIHUEHT YCHJIEHHUSA K =12

JOIIYCTUMOE YIIPABJIEHUE 11O MOAYJIIO Um = 12
JIEBOE 'PAHUYHOE YCJIOBHE x(0) =0

ITPABOE I'PAHUYHOE YCJIOBHE xn = 34

OBBEKT 5-T'0 IOPAIKA
MOMEHTBI NEPEKJIIOUEHUM J1JISI OFBEKTA 5-I'0 IIOPSIJIKA::
t1=7.79462
t2=11.63
t3=14.9202
t4=15.5839
t5=15.68
MAKCUMAJIBHOE OTHOWEHUE ITIOCTOSHHBIX BPEMEHU
OBBEKTA 5-ro HIOPAKA: 110
OTHOCHUTEJIBHASA ITOT'PELHTIHOCTb: 0.0000%
JuarpamMMbl U3MEHEHUs PEIIEHUM COOTBETCTBYMOIIEH cuctembl (3.1) u

NIEPEXOHOTO Mpoliecca MpUBEIeHBI Ha puc. 1, puc. 2.

Search of Switch time

p—
....... M., [t
14} ] 20
——— xs[t]
x,(0)
4
e, g x xsit:l
101
&
o
I S S——
T g
L]
Erg 7
1
H
a8y
i
il
2 td
D 1 1 L L
] 200 400 00 200 1000

Argument

Puc. 1. Pemmenne cuctemsl (3.1) 1 Moenn 00bEeKTa 5-T0 MOpsIIKa.
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Transient process: Experimental xn=34.0000, True xn=34.0000

35+ B

System output
— — [N (-] 5]
= 4] = a3} =
1 1 1 1

[ay]
T
1

] 1 1 1 1 1 1 :
0 2 4 B 5] 10 12 14 16

Time

Puc. 2. Tlepexoanoii mporiecc st MOAeH 00bEKTa 5-T0 MopsiIKa.

Jns o0bekTa 9-ro mopsiika MpeArnoaaraeTcs, 4YTo MOCTOSIHHBIE BPEeMEHU
4-X 3BEHBEB SBJISIIOTCSI HA TIOPSIIOK MEHBIIIE, YeM OCTaJbHbIE TTOCTOSIHHBIE Bpe-

MCHH.

INOCTOSAHHBIE BPEMEHMU:

T1=2

T2=3

T3=5

T4 =12

T5=15

T6=0.1

T7=0.2

T8 =0.24

T9 =0.47

KO2®PUILHUEHT YCUJIEHUSA K = 12

JOIIYCTUMOE YIIPABJIEHUE 11O MOAYJIIO Um =12
JIEBOE T'PAHUYHOE YCJIOBHE x(0) =0

ITPABOE I'PAHUYHOE YCJIOBHE xn = 34

OBBEKT 9-ro IIOPAJIKA
MOMEHTBI NEPEKJIIOUEHUM JIJISI OFBEKTA 5-I'0 IIOPSIKA:
t1=13.4609
t2=20.4276
t3=26.9095
t4=28.9508
t5=30.0244

MAKCHUMAJIBHOE OTHOIIEHHUE INIOCTOAHHBIX BPEMEHMU JJIsA
COKPAIIEHHOM CUCTEMBI: 7.5

MAKCUMAJIBHOE OTHOIIEHUE MOCTOSAHHBIX BPEMEHU UCXOITHON

CUCTEMBI: 150
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HOPSIIOK MCXOHOM CHCTEMBI: 9
MOPSIJOK COKPAILEHHOI CUCTEMBI: 5
OTHOCHUTEJBHAS IOTPEHIHOCTb: 0.0074%

JlnarpamMmpl, BU3yalIu3UPYIOLIAE PELICHUS COOTBETCTBYIOLIEH CHUCTEMBI
(3.1) u mepexoIHBIN MpoOIEeCC JJIsl UCXOAHON MOACIH 9-T0 MOpsIKa, MPUBEICHBI
Ha puc. 3, puc. 4.

Search of Switch time
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Puc. 3. Pemienne cucremsl (3.1) s cokparieHHOM Moaenu 9-ro mopsiaka.

Transient process: Experimental xn=33.9975, True xn=34.0000

I E
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System output
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Puc. 4. Tlepexoanplii Iporiecc B MoJieiu 00beKTa 9-T0 Topsiika.
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3aknrouenue

IIpennoxeHHbI 3BPUCTUYECKUNA METOJ CUHTE3a IPOTPAMMHOIO YIIpaB-
JeHUsl B JIMHEHHOM 3ajadye OBICTPOJNEUCTBHS C MCIOJIb30BAHMEM BCTPOCHHBIX
byukuit cucrembl MATLAB Ha B3rJs11 aBTOPOB MOKET 3(DPEKTUBHO MPUMeE-
HATHCA B MH)KEHEPHBIX pacyeTaxX. ECTECTBEHHO JOKHBI YUUTHIBATHCS OCOOCH-
HOCTH pemaeMoi 3amauu. [Ipexkae Bcero 3To Kacaercs mapaMeTpoB OOBEKTa
YOpPaBJICHUS, T. €. MIOCTOSHHBIX BpeMeHU U Koddduiuenta ycwienus. B cury
TOTO, YTO MpaBas 4acTh quddepeHnnansubix ypaBHeHu# (3.1) comep uT mo-
JIOKUTETbHBIE CTETICHH SKCIIOHEHIIMAIBHBIX (PYHKIUN, TO OYEBUIAHO, YTO TMPHU
OOJIBIINX UM MaJIbIX 3HAYEHUAX MOCTOSHHBIX BPEMEHU BEJIUYMHA SKCITOHEHIIN-
ATBHBIX (DYHKITMI MOXKET JUIsl KOMITBIOTEPA MPEACTABIATh OCCKOHEYHOCTh WIIH
HOJIb. B 3TO# CBsI3n HEOOXOMUMO TPOW3BOAUTH Pa3yMHOE MacIITaOupOBaHHUE,
KOTOpPOE 3aKJII0YaeTcsl B ciaeAyromeM. Eclii MoCTOsSsHHbIE BpEMEHHU «OYE€Hb Be-
JUKW», TO UX MOXHO Ha KpPaTHYI BEIWYUMHY YMEHBIIUTh. [Ipu 3TOM cnenyet
NPEeAYyCMOTPETh YBEIMUYCHHUE HA TY K€ KPAaTHYIO BEJIMUUHY MMOJTYy4aeMbIX MOMEH-
TOB MEPEKIIOUCHHS] ONTUMAIIBHOTO ynpaBieHus. M, cCOOTBETCTBEHHO, €CIH ITO-
CTOSTHHBIE BPEMEHU «OYEHb MAJIbD», TO UX MOXHO Ha KPAaTHYIO BEJIMYHMHY YBE-
JIMYUTh, & 3aTEM YMEHBIIUTh HA Ty K€ CAMYIO BEJIMYMHY 3HAYEHHUS TIOIy4YaEeMbIX
MOMEHTOB MEPEKIIOYEHUS ONITUMAIBHOTO yIpaBieHus. Pe3yiabTaTel MoaenIupo-
BaHUs, TIPOBEJICHHBIC aBTOPaMHU, IMOKA3aJIM, YTO MOXKET OBbITh CIEAYeT U3MEHSThH
BBOJIUMbBIEC JTAHHBIE — IOCTOSIHHbIE BPEMEHHU HA HE3HAYUTEIbHYIO BEIUYUHY,
4YTOOBI HE MPOU3OIIEN CPBIB BBIUUCIUTEIHHOTO Mpoliecca. ABTOPHI MOJIb30Ba-
JUCh TOTOBBIMH BCTpoeHHBIMHU (GyHKIMssMH MATLAB. MoxeT ObITh ciemyeT
3aIporpaMMHUpOBaTh pelieHue cuctemsl (3.1) mo 0osee COBpeMEHHBIM METOIaM
YUCJICHHOTO MHTETPUPOBaHUS MU PEepeHIINMATEHBIX YPaBHEHUN.

Jumepamypa

1. Aumomonoe FO. I'. ABTOMaTH4ECKOE yIpaBJICHNUE C IPUMEHEHUEM BBIYMCIIH-
tenbHbIX MamuH.— JI.: Cyanpomrus, 1962.— 340 c.

2. Agonun B.B. O6 0HOM 3BPUCTHUECKOM TOJIX0JI€ YUCIEHHOTO PEIIeHUs JTU-
HEWHOU 3a/1aun OBICTPOJEHCTBUS //DNEKTPOHUKA U WH(POPMAIIMOHHBIE TEX-
Honorun—2003: C6. Hayuy. Tp.— Capanck: CpeaHEBOIKCKOE MaTeMaThue-
ckoe obmectBo, 2003.— C.115-124.

3. Houmpseun JI. C., bormanckuu B. I'., 'amxpenuoze P. B., Muwenxo E. @.
Maremaruyeckass Teopusi ONTUMaNbHBIX npoueccoB.— M.: Hayka, 1969.—
384 c.

Ilpunoscenue 1

clear,close all

cle

h1=inputdlg({'Input constants of time','Input K','Input Um','Input xn'},'fast 5',1,{",",",""});
nn=length(hl);

h11=ones(nn-1,1);
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J=0;
for I=2:length(h1)
J=J+1;
h11(J,1)=str2num(char(h1(I,1)));
end
fprintf("\n\t HIOCTOSHHBIE BPEMEHM:\n')
rr=str2num(char(h1(1,1)));
for JJ=1:length(rr)
fprintf("\t T%d = %g\n',JJ,rr(JJ))
end
Yo==-m=mmmmmmm - Election of the order ----------------———-
h2=1./str2num(char(h1(1,:)));
h22=sort(h2);
if length(h22)<=5
hi=h22';
else
p=0;
hi=ones(5,1);
for I=1:length(h22)
p=p+1;
hi(p)=min(h22);
k1=find(h22==min(h22));
h22(k1)=[];
if p==
break
end
end
end
%
fprintf("\n")
global K Um xn
K=h11(1);
Um=h11(2);
xn=h11(3);
fprintf("\t KOOPUIIUEHT YCUJIEHUS K = %g\n',K)
fprintf("\t JOITYCTUMOE YIIPABJIEHHUE 11O MOAYJIO Um = %g\n',Um)
fprintf("\t JEBOE TPAHUYHOE YCJIOBHE x(0) = 0\n')
fprintf("\t IPABOE TPAHUYHOE YCJIOBHE xn = %g\n',xn)
%% %0 %% %0 % %o %0 %o %0 %0 %o %0 %0 %o %0 % %o %0 %o %0 %0 %o %0 % %o %0 % %o %0 %o %0 %0 %o %o

if length(hi)==
fprintf("\n\t OB BEKT 2-I'O TIOPS/IKA\n")
hi=-sort(-hi);
global al a2
al=hi(1);
a2=hi(2);
T=[0 20000];
x0=zeros(2,1);
[t,x]=odel5s(@fast20,T,x0);
Yo Switch time
T1_N=sort([x(end,1),x(end,2)]);
t1=T1_N(1);t2=T1_N(2);
fprintf("\t MOMEHTHI IEPEKJIFOUEHWM:\n")

for I=1:2

fprintf('\t t%d=%g\n',I,T1_N(I))
end
Yo-------—-—-—- Switch diagram
figure(2),

plot(t,x(:,1),'r--",'linew',2),grid off,hold on,
plot(t,x(:,2),'k-.",'linew',2)
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set(gcf,'color','w"),

legend("\bf x_1(t)',"\bf x_2(t)',5)

xlabel("\bf Argument'),ylabel("\bf Functions')
title("\bf Search of Switch time")

hold off

Yo=--=mmmm - Transient process -----------—---—--—--—-
T1=1/a1;T2=1/a2;

s=tf('s");

wi1=1/(T1*s+1);
w2=K/(T2*s+1);
Wi12=wl*w2;

s1=ss(W12);

global ABCD
[A,B,C,D]=ssdata(s1);
Yo--=--mmmmmmmmm - 1-st interval
T=[0 t1];
x0=zeros(length(A),1);
[ttl,x]=0de45(@f_ast,T,x0);
DU=D*Um*ones(length(ttl),1);
y=x*C'+DU;

Yo--==-mmmmmmmem - 2-nd interval
TT=[t1 2];

x02=x(end,:);
[tt2,x2]=0ded4S5(@f_ast2,TT,x02);

DU2=-D*Um*ones(length(tt2),1);

y2=x2*C'+DU2;

fprintf("\t OTHOIHEHUE INOCTOSHHbBIX BPEMEHMU: %g\n';max([T1 T2])/min([T1 T2]))
fprintf("\t OTHOCHUTEJIBHAS ITOT'PEIIHOCTb: %1.4f%s\n',abs(xn-y2(end))/xn*100,'%")
%o —=mmmmmmmmmmme- Diagram
figure(22),
plot(ttl,y,'linew',2),grid off,hold on,

plot(tt2,y2,'linew',2),line([0 t2 t2],[xn xn 0],'linew',2,'linestyle',":','color','r")

ylim([0 xn+0.1*xn])

title(["\bf',sprintf('Transient process: Experimental xn=%g, True xn=%g',y2(end),xn)])
set(gcf,'color','w")

xlabel("\bf Time"),ylabel("\bf System OQutput')

%% %% % %0 % %o %0 %o %0 %0 %o %0 %0 %o %0 % %o %0 %o %0 %0 %o %0 %0 %o %0 % %o %0 % %0 %0 %o

elseif length(hi)==
fprintf("\n\t OB BEKT 3-I'O ITIOPSIKA\n")
hi=-sort(-hi);
global al a2 a3
al=hi(1);a2=hi(2);a3=hi(3);
T=[0 30000];
x0=zeros(3,1);
[t,x]=0del5s(@fast30,T,x0);
Yo----——-mm——- Switch times
T1_N=sort([x(end,1),x(end,2),x(end,3)]);
t1=T1_N(1);t2=T1_N(2);t3=T1_N(3);
fprintf("\t MOMEHTBI IEPEKJIJFOUEHUM:\n")

for I=1:3

fprintf("\t t%d=%g\n',,T1_N())
end
Yo--mm-mmmm - Switch diagram
figure(3),

plot(t,x(:,1),'r--",'linew',2),grid off,hold on,
plot(t,x(:,2),'k-.",'linew"',2)
plot(t,x(:,3),'b:','linew',2)
set(gcf,'color','w"),

legend("\bf x_1(t)',"\bf x_2(t)',"\bf x_3(t)",5)
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xlabel("\bf Argument'),ylabel("\bf Functions')
title("\bf Search of Switch time")

hold off

T1=1/a1;T2=1/a2;T3=1/a3;
T1_3=[T1,T2,T3];

fprintf("\n\t MAKCUMAJIBHOE OTHOUIEHUE MNOCTOSIHHBIX BPEMEHMU:
%g\n';max(T1_3)/min(T1_3))

Yo Transient process

s=tf('s");

wi1=1/(T1*s+1);
w2=K/(T2*s+1);
w3=1/(T3*s+1);
W123=wl*w2*w3;
$3=ss(W123);

global ABCD
[A,B,C,D]=ssdata(s3);

% 1-st interval
T=[0 t1];

x0=zeros(length(A),1);

[ttl,x]=0de45(@f _ast,T,x0);

DU=D*Um*ones(length(tt1),1);

y=x*C'+DU;

% 2-nd interval

TT=[t1 €2];

x02=x(end,:);

[tt2,x2]=0ded5(@f ast2,TT,x02);

DU2=-D*Um*ones(length(tt2),1);

y2=x2*C'+DU2;

TTT=[t2 t3];

% 3-d interval

x03=x2(end,:);

[tt3,x3]=0ded45(@f_ast,TTT,x03);

DU3=D*Um*ones(length(tt3),1);

y3=x3*C'+DU3;

fprintf("\t MAKCUMAJIBHOE OTHOHMIEHUE MNOCTOSHHBIX BPEMEHHU: %g\n',;max([T1 T2

T3])/min([T1 T2 T3]))

fprintf("\t OTHOCHUTEJIBHAS ITOTPEITHOCTb: %1.4f%s\n',abs(xn-y3(end))/xn*100,'%")

Yo--mm-mmmm - Diagram

figure(33),

plot(ttl,y,'linew',2),grid off,hold on,

plot(tt2,y2,'linew',2),

plot(tt3,y3,'linew',2),

line([0 t3 t3],[xn xn 0],'linew',2,'linestyle’,':','color','r")

ylim([0 xn+0.1*xn])

title(["\bf',sprintf('Transient process: Experimental xn=%g, True xn=%g',y3(end),xn)])

set(gcf,'color','w")

xlabel("\bf Time"),ylabel("\bf System Output')

%% % %% % %0 %0 % % %0 Y% %6 %0 %0 %0 %0 %0 %o %6 %6 %0 %0 %0 %0 Yo %0 %6 %0 %0 %0 %0 %0 % %o

% 4 order

elseif length(hi)==
fprintf("\n\t OB BEKT 4-I'0 ITIOPSIKA\n")
hi=-sort(-hi);
global al a2 a3 a4
al=hi(1);a2=hi(3);a3=hi(2);a4=hi(4);

T=[0 90000];

x0=zeros(4,1);

[t,x]=odel5s(@fast40,T,x0);

Yo Switch time

T1_N=sort([x(end,1),x(end,2),x(end,3),x(end,4)]);

t1=T1_N(1);t2=T1_N(2);t3=T1_N(3);t4=T1_N(4);

824



Cexyusa 3. Ilpoexmuposanue cucmem asmomMamuyecko20 ynpasieHus u pecyiuposanus

fprintf("\t MOMEHTbI HEPEK/IIOUEHMI:\n")

for I=1:4

fprintf("\t t%d=%g\n',,T1_N())
end
Yo-----m=mmm- Switch diagram
figure(4),

plot(t,x(:,1),'r--",'linew',2),grid off,hold on,
plot(t,x(:,2),'k-.",'linew',2)

plot(t,x(:,3),'b:','linew',2)

plot(t,x(:,4),'gx",'linew',2)

set(gcf,'color','w"),

legend("\bf x_1(t)',"\bf x_2(t)',"\bf x_3(t)","\bf x_4(t)',5)
xlabel("\bf Argument'),ylabel("\bf Functions")
title("\bf Search of Switch time ')

hold off

T1=1/a1;T2=1/a2;T3=1/a3;T4=1/a4;

T1 4=[T1,T2,T3,T4];

Yo=mmmmmmmmmmmm e Transient process ---------------------
s=tf('s");

wl1=1/(T1*s+1);

w2=K/(T2*s+1);

w3=1/(T3*s+1);

w4=1/(T4*s+1);

W1234=w1*w2*w3*w4;

s4=ss(W1234);

global ABCD

[A,B,C,D]=ssdata(s4);

Yo----——-—-——- 1-st interval --—---—--—-—-————-

TO=[0 t1];

x0=zeros(length(A),1);

[tt]l,x]=0de45(@f _ast,T0,x0);
DU=D*Um*ones(length(ttl),1);

yl=x*C'+DU;
Yo=mmmmmmmmmmm 2-nd interval
TT=[t1 €2];

x02=x(end,:);
[tt2,x2]=0dedS5(@f_ast2,TT,x02);
DU2=-D*Um*ones(length(tt2),1);
y2=x2*C'+DU2;
Yo---------——- 3-d interval
TTT=[t2 t3];
x03=x2(end,:);
[tt3,x3]=0ded4S(@f_ast,TTT,x03);
DU3=D*Um*ones(length(tt3),1);
y3=x3*C'+DU3;
Yo-----—-—-—- 4-th interval
T12_4=(t3 t4];
x04=x3(end,:);
[tt4,x4]=0dedS(@f ast2,T12 4,x04);

DU4=-D*Um*ones(length(tt4),1);

y4=x4*C'+DU4;

fprintf("\n\t MAKCUMAJIBHOE OTHOUIEHHUE IMOCTOSHHBIX BPEMEHMU: %g\n',;max([T1 T2 T3
T4])/min([T1 T2 T3 T4]))

fprintf("\t OTHOCHUTEJIBHAS ITOT'PEITHOCTb: %1.4f%s\n',abs(xn-y4(end))/xn*100,'%")
%Yo------------ Diagram
figure(44),
plot(ttl,y1,'linew',2),grid off,hold on,
plot(tt2,y2,'linew',2),
plot(tt3,y3,'linew',2),
plot(tt4,y4,'linew',2),
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line([0 t4 t4],[xn xn 0],'linew',2,'linestyle',':','color','r")
ylim([0 xn+0.1*xn])
title(["\bf',sprintf('Transient process: Experimental xn=%g, True xn=%g',y4(end),xn)])
set(gcf,'color','w")
xlabel("\bf Time'),ylabel('\bf Output System"')
%% %0 %% %0 % %o %0 %o %0 %0 %o %0 %0 %o %0 % %o %0 %o %0 %0 %o %0 % %o %0 % %o %0 %o %0 %0 % %o
Yo —=—-mmmmmmmm- 5 order
elseif length(hi)==
hi=-sort(-hi);
Yo=--m=mmmmmmm - Transfer function design
s=tf('s');
w=1;
for J=1:length(rr)
w=w*1/(rr(J)*s+1);
end

Yo---===-mm=——- System modeling
sN=ss(W);
global A B
[A,B,C,D]=ssdata(sN);
if length(A)==
fprintf("\n\t OFBEKT 5-I'O ITIOPS/IKA\n"')
elseif length(A)>5S

fprintf("\n\t OBBEKT %d-ro IIOPSIJIKA\n',length(A))
end
%

global al a2 a3 a4 a$
al=hi(1);a2=hi(2);a3=hi(3);a4=hi(4);a5=hi(5);
T=[0 50000];
x0=zeros(5,1);
[t,x]=0del5s(@fast50,T,x0);
T1_N=sort([x(end,1),x(end,2),x(end,3),x(end,4),x(end,5)]);
Yo---===-mmm——- Switch times
t1=T1_N(1);t2=T1_N(2);t3=T1_N(3);t4=T1_N(4);t5=T1_N(5);
fprintf("\t MOMEHTHI IEPEKJIJFOUEHUH JIJISI OFBEKTA 5-I'0 ITOPSIJIKA:\n')
for I=1:5
fprintf('\t t%d=%g\n',,T1_N(I))
end
Yo-----—---———- Switch diagram
figure(5),
plot(t,x(:,1),'r--",'linew’,2),grid off,hold on,
plot(t,x(:,2),'b:','linew',2)
plot(t,x(:,3),'m-.",'linew',2)
plot(t,x(:,4),'go",'linew"',2)
plot(t,x(:,5),'kx','linew',2)
set(gcf,'color','w"),
legend("\bf x_1(t)","\bf x_2(t)',"\bf x_3(t)',"\bf x_4(t)","\bf x_5(t)',5)
xlabel("\bf Argument'),ylabel("\bf Functions')
title("\bf Search of Switch time")
hold off
T1=1/a1;T2=1/a2;T3=1/a3;T4=1/a4;T5=1/a5;
T1_5=[T1,T2,T3,T4,T5];
if length(rr)==
fprintf("\n\t MAKCUMAJIBHOE OTHOHIEHUE INOCTOAHHBIX BPEMEHU OBBEKTA S5-ro
HOPAJKA: %g\n',;max(rr)/min(rr))
elseif length(rr)>5
fprintf("\n\t MAKCHUMAJIBHOE OTHOLIEHHUE TIOCTOSHHBIX BPEMEHU JIA
COKPAIIIEHHOM CUCTEMBI: %g\n',max(T1_5)/min(T1_5))
fprintf('\t MAKCHUMAJIBHOE OTHOIIEHUE IIOCTOSIHHBIX BPEMEHH WCXOJHOM
CUCTEMBI: %g\n',;max(rr)/min(rr))
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fprintf('\t IOPSIJTOK UICXOJHOM CUCTEMBI: %d\n',length(rr))

fprintf('\t IOPSIJTOK COKPAILIEHHOM CUCTEMBI: %d\n',length(hi))
end
%o----——-—-—- 1-st interval --—---—--—-—-————-
TO=[0 t1];
x0=zeros(length(A),1);
[tt],x]=0de45(@f_ast,T0,x0);
DU=D*Um*ones(length(ttl),1);
yl=x*C'+DU;
Yo=mmmmmmmmmmm 2-nd interval
TT=[t1 €2];
x02=x(end,:);
[tt2,x2]=0dedS(@f_ast2,TT,x02);
DU2=-D*Um*ones(length(tt2),1);
y2=x2*C'+DU2;
Yo---------——- 3-d interval
TTT=(t2 t3];
x03=x2(end,:);
[tt3,x3]=0ded4S(@f_ast,TTT,x03);
DU3=D*Um*ones(length(tt3),1);
y3=x3*C'+DU3;
Yo-----—-—-—- 4-th interval
T12_4=(t3 t4];
x04=x3(end,:);
[tt4,x4]=0dedS(@f ast2,T12 4,x04);
DU4=-D*Um*ones(length(tt4),1);
y4=x4*C'+DU4;
%o----——-—-—- 5-th interval
T12_5=(t4 t5];
x05=x4(end,:);
[tt5,xS]=0ded4S(@f_ast, T12_5,x05);
DUS=D*Um*ones(length(tt5),1);
y5=x5*C'+DUS;
Yommmmmmmmmmm Relative error
Error5=abs(xn-y5(end))/xn*100;
fprintf("\t OTHOCHUTEJIBHASI IIOT' PEITHOCTb: %1.4f%s',Errors,'%")
%o------------ Diagram
figure(55),
plot(ttl,y1,'linew',2),grid off,hold on,
plot(tt2,y2,'linew',2),
plot(tt3,y3,'linew',2),
plot(tt4,y4,'linew',2),
plot(tt5,y5,'linew',2),
line([0 t5 t5],[xn xn 0],'linew’,2,'linestyle','":",'color','r")
ylim([0 xn+0.1*xn])
title(["\bf",sprintf('Transient process: Experimental xn=%1.4f, True xn=%1.4f",y5(end),xn)])
set(gcf,'color','w")
xlabel("\bf Time'),ylabel("\bf System output')
end

Ilpumeuanue

B npuBeneHHoO#l mporpaMMe ecTh CCbUIKM Ha M-(yHKLMH, ONMMCHIBAIOLIME IpPaBble 4acTU
muddepeHIManbHbIX ypaBHeHuH (3.1) u ypaBHEHHUIA, IO KOTOPBIM MPOU3BOIUTCS IOCTPOCHUE
MEPEeXOTHOTO Tporiecca. DTu M-(yHKIIMU 3[1eCh HE MPUBOJIATCS, T. K. JIO0OM MOJIb30BATEIh
MATLAB camMoCTOSTEeIFHO MOKET UX OIHCATh.
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YAK 681.511.3

NCITIOJIb3OBAHUE METOJA KAHOHM3AIIUUA ITPHU
CHUHTE3E CUCTEMbI YITPABJIEHUA MHOI'OCBA3HbBIM
OBBEKTOM HA OCHOBE TEXHOJIOI'MA BJIOXEHUSA

Axmemsanos U. 3.
Kamckuii cocyoapcmeennsiii nonumexunuyeckuil uncmumym, Habepeoicnuvie Yennwoi,
e-mail: insurz@mail.ru

1. Beeoenue

TexHOJ0rusl BIOKEHUS SIBISETCS OTHOCUTEIBHO HOBBIM HalpaBICHHEM
TEOPUHU CUCTEM, MHTEHCUBHO pa3BUBAEMbIM B mocienHue roasl [1, 2]. OcHoB-
HBIMH OCOOCHHOCTSMM TEXHOJIOTUH SBJISIOTCS:
® YHUBEPCAIbHOCTb, TO €CThb IIPUMEHUMOCTH JUIsI PEIICHHS LIMPOKOIO
KJIacca 3a/1a4 TEOPUH YIPABIICHHUS], CBA3aHHBIX C aHAJIM30M, CUHTE30M,
UICHTU(UKALUENH CUCTEM U IP.;

® HAINpaBJIECHHOCTh Ha 337a4M, B KOTOPBIX OOBEKT SABJISIETCSI MHOTOCBSI3-
HBIM;

® [OJIydYEHUE YCIOBHUM, OJHO3HAYHO OMNPEICISAIOMMNX HAIMNYHE WIA OT-
CYTCTBHE PELIECHUs pacCMaTpUBAEMON 3a1a4H;

® I[IOJy4YEHHUE MAaTEMaTU4YECKH TOYHOI'O PELICHUsS 3aladd, KOTOpOE MO-
KET ObITh E€IMHCTBEHHBIM WJIM HPEJCTaBISITH COOOM Kilacc >KBUBa-
JICHTHBIX peuleHui. B mocneqHem ciydyae TeXHOJIOTHUS OOECreurBaeT
MIOJIyYEHHUE MApaMETPU30BAHHOIO OIMCAHNUS KJIacca PEIICHUIA.

[TocTanoBka paccMaTpuBaeMoOM 3aaul MOXKET MPEACTaBIATh COOOU 3a-
NUCAaHHYIO0 B MPOU3BOJILHOM GopMme cucteMmy ypaBHeHui. VMcrnonbpzoBanue Bio-
KEHHsI CHCTEM IO3BOJIAET MPeoOpa3oBaTh HCXOJHYIO CHCTEMY YpaBHEHHH K
CHUCTEME, COJep>Kalleil TOJNbKO JIMHEHHBbIE W/WIN OWIWHEHHBIE MaTPpUYHbBIE
ypaBHeHus [3]. Pemrenne 3anaum CBOOUTCA K MOJYYEHHIO PELIECHUS TaKOW CHUC-
TE€Mbl ypaBHEHUH. B mpuHuuIe, aias 3TOW e MOXKHO MCIOJIb30BaTh JIOObIE
JNOCTYIHBIE METOJbI, HallpUMEpP, ACTEPMUHAHTHBIE METOJbl, OCHOBAHHBIC Ha
npaBwie Kpamepa [4], mubo yuciaennbie Metoasl [5]. OgHAKO 3TUM METOJIaM
IPUCYIIA OTPAHUYECHMUSI, CBA3AHHBIE JTUO0 ¢ HU3KOHN 3(P()HEKTUBHOCTBHIO PELICHUS
YPaBHEHUH BBICOKOTO MOpsiiKa, TM00 ¢ HEBO3MOKHOCTBIO MOJIyYEHUS PELICHUS
B QHAJIUTUYECKOM BHUJE.

MeTo KaHOHU3AIMH, MPEUIOKEHHBIN B [6, 7], m03BOIsET 3P(HEKTUBHO
peniath MaTPUYHBIE YPABHEHMS C BO3MOXHOCTBIO aHAJIMTHYECKOTO MCCIIEI0BA-
HUs noiydaeMoro pemenus. CyTb MeTOAa CBOAUTCS K IMPEACTABICHUIO pelle-
HUS MAaTPUYHOTO ypaBHEHUsS B BHJE (OpPMYII, COAEPKAIINX CHEIHMATbHbIE MaT-
pUYHBIE KOHCTPYKIIMH: JIEBBIE U IIPaBbl€ JEIUTEIN HYJIS, JIEBBIE, IPABbIE, CBO-
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Hbl€ KAHOHU3ATOPbl MAaTPULl, BXOASAIINX B YpaBHEHHE. DTU (HOPMYJIbI ONMUCHIBA-
10T, BO-IIEPBBIX, YCJIOBHUS Pa3pelIMMOCTH YPaBHEHHM, BO-BTOPBIX, MPEACTABIIS-
I0T B MapaMETPU30BAHHOM BHUJE BECh Kjacc pelieHuil. MeTon KaHOHU3aLMH
NPUMEHHUM I PEUIEHUsS OJHOCTOPOHHHX, ABYCTOPOHHMX JIMHEWHBIX MaTpU4-
HBIX YpaBHEHUH, a Tak)Ke ISl PEIICHUs Pa3IMYHbIX BUIOB OUIMHEHHBIX ypaB-
HECHUM.

MeTtoa KaHOHM3AIMKM YA00EH TaKkKe B BHIYUCIUTENBbHOM IIaHe. st ero
VICIIOJIB30BAHUS B MPOLECCE PEUICHUS Pa3JIMYHbIX 33]1a4, CBSI3aHHBIX C PELICHU-
eM MaTpu4HbIX ypaBHeHuil, B cpene MATLAB paspaborana mporpamma [§],
BBINIOJIHAOIIAS] KAHOHU3ALUIO MaTPHIL IPOU3BOJIBLHOTO pa3Mepa.

B nanHOi1 paboTe paccMaTpuBaeTcsl KOHKPETHBIA METOJIUYECKHUI TpUMEp
pelIeHusl 3aJa4yd CUHTE3a CHUCTEMbI YIPABIICHUS MHOTOCBSI3HBIM OOBEKTOM C
IPUMEHEHUEM METO/1a KAHOHHU3ALUH.

2. @opmanvHoe peutenue 3aoauu

OOBeKT YIIpaBJICHUA 3adaH MOJCIIBIO B IIPOCTPAHCTBC COCTOSIHUH

x = Ax + Be, x(t,) = x,,
(D)
y = Cx,
rae x € R” — BEKTOp COCTOSIHUS 00BeKTa, £ € R’ — BEKTOP BXOJHBIX CHUTHA-

70B, ¥ € R" — BEKTOP BBIXOAHBIX CHTHAJIOB, MAaTPHUIIBI KOG UIHEHTOB 4 U B

OTIpEeCISAI0T JUHAMUUYECKHE CBOMCTBA OOBEKTA.

PaccMoTpuM /1B€ CTPYKTYpBI YIIPaBICHUS:

1) ympaBieHue ¢ NpeAKOMIIEHCATOPOM M PETYJIATOPOM B LeH 0OpaTHON
cBsa3U (OC) o coCTOSIHUIO, ONMUCBIBAETCS] YPABHEHUEM

e=G(pl—K(p)x, 2)

rae u € R’ — BEKTOp YIPABIAIOINX BO3NeHCTBUH, G(p) — MaTpuuHas mepe-
natouHas QyHKIus npeakomneHcatopa U K(p) — MaTpudHas meperaTodHast
bynkuusa perynstopa B uenu OC 1no cocTosHUIO (MPEeAnoaaraeTcs, 4To BEKTOp
COCTOSIHUS TIOJIHOCTBIO JOCTYIIEH MPSAMOMY H3MepeHHto). CTpyKTypa CHCTEMBI
npeAcTaBieHa Ha puc.l, a.

L 5Gp) | £ 3B |4 c s u Ui

K(p)

a o

Puc. 1. CtpyKTypHBI€ CXEMBI 3aMKHYTBIX MAaTPUUHBIX CUCTEM.

2) ymnpaBieHHE ¢ KOMIEHCATOPOM BXOJHOTO CHUTHAlla U PEryJsTOPOM B
nenu OC 1o COCTOSHUIO, ONUCHIBAETCS YPABHEHUEM
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£=G'(pfu-K(p)), (3)
rae G'(p) — maTtpuuHas nepenatodnasi GyHKIMS KOMIIEHCATOpa BXOJHOTO CUT-
Haja o0ObEKTa yNpaBieHUsl. DTOMY YpPaBHEHHIO COOTBETCTBYET CXxeMa Ha puc.l,
0. B panHoii pabore OyAyT paccMaTpuBaThCsl TOJNBKO PETYJISIPHBIE 3aKOHBI
ympasieHus, T. €. Matpulibl G(p) u G'(p) KBaapaTHbIe U OOpaTUMBIE.

Llesns cuHTE3a ompenenuM B BUAE 3aJaHHBIX PEaKUHUN 3aMKHYTOM CHUCTE-
MBI Ha HEHYJIEBbIEC HAYaIbHBIE YCIIOBHS U Ha YIPABJISAIOIIEE BO3ICHCTBUE

0
y=Ey(plu+E(p),, (4)
e £ u E;) — MaTpHUYHbIE NEPEAATOYHbIE (PYHKIMHU, ONUCHIBAIOLIUE XKelae-

MbI€ BBIHYXJICHHYIO M CBOOOJHYIO COCTAaBJISIOIINE MOBEACHHUS CHCTEMBI. Pe-
3yJNbTaTOM PEIICHHUs 3aJaui CUHTe3a OyAeT HaX0KJIeHHE HEU3BECTHBIX MATPHII
G(p) u K(p), wn G'(p) u K(p) nist nepBoi U BTOpOH CTPYKTYpP 3aKOHA yIIpaBlie-
HUSI COOTBETCTBEHHO, TaKMX, YTOOBI MaTpUUHbIC TIepeaaTouHbie QYyHKIUHU B (4)
MPUHSUIIH JKeJTaeMbIe 3HAUCHMS.

[TpuMeHeHre TEXHOIOTUN BIOXKEHHSI CUCTEM JUIsl CHHTE3a 3aKOHA yIIpaB-
JIeHUsI IEPBOM U3 paccMaTpPUBAEMbIX CTPYKTYpP NMPUBOJAUT K CIIEAYIOIIEH CUCTe-
M€ MAaTPHUYHBIX JINHENHBIX YPAaBHEHUN

E(p)BK(p)=C - EX(p)p, - 4),

E)(p)BG(p)=E;(p)
OTHOCHUTENBHO Heu3BecTHbIX MaTpull G(p) u K(p). 3nech I, — equHUYHAS MaT-
puLa pazmepa nxn.

JlanHasi cucTemMa COJAEPKUT JBa JIEBOCTOPOHHUX JUHEUHBIX MATPUUYHBIX
ypaBHEHUS, KaKJI0€ M3 KOTOPBIX MOXKET pemiaThcsi He3aBucuMo. Mcmonb3yem
METOJi KaHOHU3AIMU B COOTBETCTBUU C [7] mis pemieHus cucteMsl (5). B pe-
3yJIbTaTe MOJYYUM BBIPAKEHUS JJI BBIYMCICHHS] HCKOMBIX MAaTPHI] B BUJIE

(), =[E2(p)B)C- EX(pXpL, - 4)+ EX(p)B 1.

)

— ©)
———R
(G), =|E) (P)BE; (p)+E}(P)B 4,
a TaKKe yCJIOBHS Pa3PENIMMOCTH YPaBHEHUM
—— L
EX(p)B (C-EXpXpl, - 4)=0, o

— L
0
E)(p)B E;(p)=0.
B (6) 7 u u— npousBosibHBIE JPOOHO-pAIIMOHABHBIE MOJTMHOMHAILHBIE MaT-
PHUIIBI IOAXOASAIINX pa3MEPOB. 3/1ech U nanee B PopMysiax MPUHSTHI CIIETYIO-
ue 0003HAYEHNSA: AN HEKOTOPOH MaTpuisl D mon obosHaueHusmu D, D" n

R 9] v o
D IMMOHUMAIOTCA CBOAHBIM KAHOHU3ATOP (KaHOHI/I3aT0p), JICBBIX U IIPpABBIN IC-
JINTCJIN HYJIAA MaTPHUIbI D COOTBETCTBEHHO.
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Matpuiibl, BBIYUCIEHHBIE IO opMynam (6), SIBASIOTCA PEIICHUEM CUCTe-
MBI (5) TOJIBKO B TOM ClTydae, €CIu BepHbI ToxecTBa (7). B mpoTuBHOM ciydae
cucrema (5) HEe UMEET pellICHU.

Jl7ist BTOpO# CTPYKTYphI 3aKOHA YNPAaBIICHUS aHAJIOTMYHBIM 00pa3oM Io-
JydeHa CUCTEMa YPaBHEHHUI OTHOCUTEIBHO HEM3BECTHBIX MaTpull G'(p) u K(p)

Ey(p)K(p)=C—-E)(pNpl, - A), (8)

E;(p)=E,(p)BG'(p).
B nanHOl cucteMe ypaBHEHUSs, TaKXKe Kak U B (5), SBIAIOTCA HE3aBUCHUMBIMH.
CpaBHuBas cuctemsl (5) u (8) JEerko 3aMeTHThb, YTO YpPaBHEHUS AJIsI MaTpUIL
G(p) u G'(p) coBnagaror,
G'(p)=G(p). ©)
@opMynbl 111 UCKOMBIX MaTpHIl, MOJIYYEHHbIE METOJIOM KaHOHU3AIUH,
UMEIOT BU/T

— <R

(K(p), = Ex(p)c-E2pXpL, - 4)+ Ex(p) .

(10)
R
(@(p)), =|E(p)BEL +E)(p)B n.
YCIIOBUS PAa3PEIIUMOCTH YPaBHEHHI
—F)L
E'(p) (C-E°(p)pI, - 4))=0, )

— L
0 u
E)(p)B E;(p)=0.
VYcnoBus pazpemnmoctd (7) u Bropoe ycnoBue (11) sBasitorest Toxaect-
BaMH B MPAKTHUYECKU 3HAYUMOM CiIydae, Korjaa rank E;) (p)B)Z m, ", clieloBa-

L
TEJIBHO, E;) (p)B =0. AHamornuHo nepBoe u3 ycioBuii (11) cTaHOBUTCS TOX-

JIeCTBOM, eciu rank(E (p)) >m.

4. Oovexm ynpagienusn u mpedosanus K cucmeme ynpaeieHus

B kauectBe 0oOBeKTa ympaBieHHS PaCCMOTPUM MHOTOCBSI3HYIO CHUCTEMY
YETBEPTOI'0 MOPAJIKA, 33JaHHYI0 MOJEJBIO B MIPOCTPAHCTBE cocTosiHuit (1), rae
MaTPHITBI KOA(DPUITUEHTOB TPUHUMAIOT 3HAYCHUS

(01520 04226 09063 0.0960) [-00320 0 —0.1]
e ~18.6430 —1.06 1.6 0 5 —1.8740 —8.9660 1
| 17570 —0.1530 —0.1360 O [ | —1460 0304 0 |
0 1 ~46630 0 | 0 1280 -1
01 00
C= .
00 0 1
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[lenu ynpaBiieHHs ONpeaeanuM B BUJE JBYX KEJIaeMbIX MaTPUYHBIX IEepe-
JTATOYHBIX (PYHKIUI

k 110 o0 210 0 ( 101)( 3)
+ u + + +
E)(p)=| * Lb Elp)=|” RS
0 0 0
p+3 p+3 (p+3)p+10)

5. Pewuenue 3a0auu cunmesa

Jlyis cuHTE3a 3aKOHa YIPaBJICHUS MHOTOCBSI3HBIM O0OBEKTOM pa3paboTaHa
nporpamma, npeacTasistomas coooi ckpunt Ha si3bike MATLAB. Jluctunr ee
npusegeH B [IpunoxeHuu. B BhIUMCIEHUSAX KCMONB30BAHO CHUMBOJIBHOE TMpE-
CTaBJIEHUE APOOHO-PAIMOHAIIBHBIX MOJIMHOMHUAIBHBIX MAaTpPHUIl; B CUMBOJIBHOM
BUJIE 3a7aHbl onieparop Jlamnaca p, a Takke 3JIEeMEHThl IPOU3BOJIbHBIX MaTPHL.
CKpHUIIT BKITIOYAET MPOLIETypbl CHHTE3a 3aKOHOB YITPaBJICHUS ISl CUCTEM C pac-
CMOTpEHHBIMU cTpyKTypamu (3) u (4).

CuHTe3upyeM 3aKOH YIPABJICHUS JIJIsl CUCTEMBI CO CTPYKTYPOM, COOTBET-
cTBytomei (3).

Ha nepBom 3Tame BBINOJHSAETCS NPOBEPKa ycioBui pazpemumoctu (7),
JUISL YETO BBIYUCIISIETCS] IPOU3BEACHHE

1.874 8.966 1

0 | p+10 p+10 p+10
E(p)B = 0 128 1
p+3 p+3
3aTeM BBINIOJIHAECTCS KaHOHH3anusa HOqueHHOﬁ MaTpHIbIL:
~3.2042
—— L ——R
EXp)B =| ], E)(p)B =| 0.7813 |,
1
~5.3362(p+1) —11.213-3.7378p |
0
E)(p)B = 0 2.3438+0.7813p
0 0

3amuch | ]Oxz 3[€Ch U JaJiee 03HAYAET, YTO COOTBETCTBYIOIIAs MaTPHULIA UMEET

HYyJIEBOM pa3Mep. JIEBbIN nenuTens HyJisl B JAHHOM CIy4dae HE CYILECTBYET, ClIe-
JIOBaTeNIbHO, 00a YCIOBUS pa3peiiMMOCTH (7) BBITOTHSIIOTCS.

CrneayroomuM marom sBisieTcsl BbluKciieHne matpuibl K(p) no gopmyie
(6), mpexacrapistomel co0ol CymMMy YacTHOTO M OOIIEro pelieHud MepBOro
ypaBHEHUs cuctemsl (5). BHauase BeIUMCIIAETCS YACTHOE pELICHHE
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9.9482 -8.5084 16.576 —-11.213
K= 0 0.7813 —3.643 2.3438

b

0 0 0 0
3aTeM 00IIee peleHrne, BKIIOYAIOIIEe AIEMEHTHI TPOU3BOJILHON MAaTPHUIIBI
—3.2042
Kn =| 0.7813 [7711 My s 7714]°
1

Torpa penienne nepBoro ypaBHeHus (5) MpUMET BUJI MHOXKECTBA, MTOPOXK-
JAEMOTI0 DJIEMEHTaMU ITPOU3BOJIBHOW MATPULIBI 77

K=K+K, =
9.948-3204p, —8.508-32047, 16576-32047; —11213-32047,] (13
=| 0781y, 0.7817, +1)  —3.643+0.781p, 2.344+0.781y,
T Ty 3 Ths

Jlanee aHaOrM4YHBIM CIIOCOOOM BbIuMcigeTcss Matpuiia G(p) B BUIE CyM-
MBI YaCTHOTO PEIICHUS

2
05336 37378 37370 +3:1428p +1.4276 |
(p+3)p+10)
G(p)=| © 0.7813 0.7813p
p+10
0 0 0
1 0011ero pemel;m
~3.2042
G,=| 07813 [, ty, ts]-
1

B pesynbTaTte BbIpakeHHe I MATpUIbI npeakomieHncaropa G(p) mpuHUMAET
BHJ] MHOXECTBA, MTOPOKIAEHHOTO TPOU3BOJILHBIMH 3JIEMEHTAMU MaTPULBI L

G{p)=G+G, =

: ]
0534-3204, ~3.738-3204, —3.204,3.73gL *3 1P T1428
(p+3)\p+10) 13)
= 0781y, 0.78 14, +1) 0781210+ (p Ly
p+10
/'lll Mz /L£l3
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Boipaxxenust (12) u (13) NOJHOCTBIO OMMCHIBAIOT KJIACC PEIIEHUI CUCTe-
MbI ypaBHeHUH (95).

Ha 3aBepiarorieM starne oCyIiecTBISETCS BHIOOp KOHKPETHBIX 3HAYCHUH
nckoMmbix Matpull G(p) u K(p) myTem omnmpeaesieHus: 3JIEMEHTOB MPOU3BOIbHBIX
maTpull 77 1 4. O4EeBUIHO, UTO 3Ta MPOLEAYpPa MOKET IPOBOJAUTHCS JUISL KX 10
MaTpULbl HE3aBUCHMO.

Tenepp BBIMOIHUM CUHTE3 3aKOHA YIPABIECHUS O0BEKTOM B COOTBETCTBUU
c (4). TpeOyercs HallTH pelIEHUE CUCTEMbI MATPUYHBIX YPAaBHEHUH (8).

Ha mepBom 3Tare mpoBepsiroTCs YCIOBHSI Pa3pelIuMOCTH CUCTEMBI ypaB-
Henuil. [lepsoe u3 ycnosuii (11) coBnagaer ¢ nepbiM ycioBueM (7). s Toro,
yT0OBI BTOpOE ycaoBue (11) crano ToxaecTBOM, 10CTATOYHO, YTOOBI Y MaTpPHULIbI

E} ( p) OTCYTCTBOBAJ JIEBBIM JEIUTENb HYJA. /[ 3TOro BBINOJHMM KaHOHMU3a-

U0 MAaTPUITHl FE ;‘ ( p):

__ L
p+3
Ey(p) _[ ]0><2’ Ey(p) = _ p 4
p+10
: (14)
p+10 O
E;‘(p): 0 p+3|
0 0

OueBUIHO, JIEBOTO AETUTENS HYIIsl ) ( p) He cyliecTByeT. Takum oOpazoM, Jist

3aJaHHBIX MaTpul £ ;) ( p), E] ( p) CUCTEMa ypaBHEHH (§) UMEET pelieHue.

[To dopmyne (10) u ¢ yuetom (14) BeIUUCISIETCS MaTpHIlAa PETyIATOpa
K(p) B BUJe MHOXKECTBA PKBUBAJICHTHBIX 3HAUYEHUM, MOPOKICHHOTO IJIEMEHTA-
MU MPOU3BOJILHON MaTPUIIBI 1
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K(p)=K+K,(p)=

_18643 894 16
1 —4663 3|+ -——F

0

1

p+3

0 0 0 p+10
1
I 18643p+5593+m, 894p+2682-n, l.6p+4.8—n,;, /¥y
- p+3 p+3 p+3 ﬁ
_ _ P _pHl0+pny,  4663p+4663+pn; 3p+30-pn, .
p+10 p+10 p+10 p+10
Th Thy Ths Tha

[7711 Ty Ths 7714]:

[To ¢opmyne (10) HaXOaUTCS peIIEHHE BTOPOTO YPaBHEHUST CUCTEMBI (8)
oTHocuTenbHO Matpuilbl G'(p). BenenctBue paBeHcTBa (9) BbIpakeHue s
MHOecTBa MaTpuil G'(p) coBmazer ¢ (13).

[IpoBepka MpaBUILHOCTH MOJYYEHHOTO PEIICHUS] U B IEPBOM, U BO BTO-
poM citydasix nmpou3BojauTcs noactaHoBkod Marpuu G(p) u K(p), G'(p) u K(p)

COOTBETCTBEHHO B (POpPMYIIBI AJisi NEPEeNaTOYHBIX (YHKIUN Eg (p), E] (p)

[TpoBepka Mmokasajia, YTO HalJCHHBIC PEIICHUS ICHCTBUTECILHO 00ECICUMBAIOT
IIOJIHOE COOTBETCTBHE IMApaMETPOB CHHTE3UPOBAHHBIX CHCTEM JKEJIaeMBbIM Tpe-
OOBaHUSM.

6. 3axnwouenue

B nanHOIl paboTe HA KOHKPETHOM METOJMYECKOM MpPHUMEpPE CHUHTE3a 3a-
KOHOB yIPaBJIEHUS MHOTOCBSI3HBIM O00BEKTOM HJUTFOCTPUPYETCS UCIIOJIb30BAHKE
MeToJa KaHOHU3AIMU Ui A()PEKTUBHOTO PEIICHHUS JTUHEWHBIX MaTPUUYHBIX
ypaBHEHHM Kak B OOIIeM BHJE, TaK M B MAaIIMHHBIX pacueTrax B Cpeje
MATLAB. Meton oGecrieurBaeT, BO-IIEPBBIX, MOJYYECHUE COOTHOIICHUH, OTH-
CBHIBAIOIIMX BECh KJIACC DKBUBAJECHTHBIX PEIICHUN 3aJau, BO-BTOPBIX, (GOPMHU-
pOBaHUE YCIOBHI pa3pelIMMOCTHA CUCTEM JIMHEHHBIX MATPUYHBIX YPAaBHECHUIA.

Meton KaHOHU3AIMU 3HAYUTEIHHO TMOBBIMIACT A()PEKTUBHOCTH HUCTOJIb-
30BAHUSI TEXHOJIOTMU BJIOKEHUS CHUCTEM ISl PEIICHUS MPAaKTUYECKUX 3a]ad
TEOPUU YIIPABJICHUS.
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EKTUPBOAHUE MHKXECHEPHBIX U HAYYHBIX NpuiioxkeHuil B cpene MATLAB» . —
M.: UITY PAH, 2004.

Ilpunoscenue 1.

Jlucmunz ckpunma 011 cunmesa cucmemuvl ynpagjieHus oovekmom (1).
% CKPHMNT AJH CHHTE3A YIIPaBJICHUA MHOTOCBA3HBIM JIHHEHHBIM 00bE€KTOM
% B cKpHUNTe HCNOJIb3YIOTCS MOJb30BaTeIbCKHE PYHKIMH:

%
%
%
%
%
%
%
%

canonize KAHOHHM3aLHs MAaTPHIL
createsymarray Bcrnomorar. ®yHkuus, (popMupyeT MATPULY CHMBOJIbHBIX
3JIEMEHTOB 32JaHHOI'0 pa3Mepa
symkoefdeclare Bcnmomorar. @yHkuus, GopMHpPYeT CHHCOK CUMBOJILHBIX
3JIEMEHTOB MATPHIbI B TEKCTOBOI NEePpeMEHHOM

CHUMBOJIBHOC IIPEICTABJICHUE olI€paTopa Jlanjaca

syms p

%

MaTpUlbI MOAEC/IN 00beKTa peryJjupoBaHusi B IIC

a=[-0.152 0.4226 0.9063 0.096; ...

b=
=[0100; 000 1];

(o}

-18.643 -1.06 1.6 0; ...

-1.757 -0.153 -0.136 0; ...

01-4.663 0];

[-0.0320 -0.1; -1.874-8.966 1; -1.46 0.304 0; 01.28 -1];

d = zeros(size(c,1),size(b,2));

% ¢opmanusanus tpedoanuii k CY: popmupoBanne odpasos

%

sKMIID o cBoOOIHOI cocTaBJIsIONIEi

e0y = [0 1/(p+10) 0 05 0 0 0 1/(p+3)];
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% KMII® 10 BbIHYKICHHOM COCTABJISIIOLIEH
euy = [1/(p+10) 0 1/(p+3)/(p+10); ...
0 1/(p+3) p/(p+3)/(p+10)];

%BbIOOP CTPYKTYPbI CHHTE3MPYEMOI'0 3aKOHA YIPaBJIeHNS
variant=1;

switch variant
case 1
% CHHTe3 10 BbIH. U CB00. COCTABJISIIOIINM.
% cTpyKTypa ¢ npeakomMnencatopom u peryasitopom B nenu OC (matp. K(p) n G (p))

% mpoBepka ycJ0BHI pa3pemIMMOCTH CHCTEMbl MATPUYHBIX YPaBHEHU I
e0yb = e0y*b;
e0yb = simplify(eOyb);
%  kanonm3aunus e0yb
[eOybl ,eOybr ,eOybl,e0ybr,e0ybc] = canonize(eQyb);
%  ecau JgeBblil gequTesab Hyas e0ybl  He cymecTByer, 3HAYMT 00a yCJOBHS TOXKAECT-
BEHHO BbINOJIHAITCS
if ~isempty(eOybl )
% 1 ycioBue
condl = e0ybl_*(c-e0y*(p-eye(size(a,1))-a));
cond1 = simplify(cond1);
% 2 ycaoBue
cond2 = e0ybl_*euy;
cond2 = simplify(cond2);

else
condl =0;
cond2 = 0;
end
if cond1 ~=0

error('YcioBue pa3penIMMOCTH NePBOT0 YPAaBHEHHUS He BbINOJIHSAETCS');
end
if cond2 ~=0

error('YcioBue pa3pemInMOCTH BTOPOr0 YPAaBHEHHS He BbINOJIHACTCS');
end

% Bbrunciaenue matpun G u K

% mepBoe ypaBHeHHe
% YacTHOe pelieHue
k = e0ybc*(c-e0yb*(p*eye(size(a,1))-a));
% o0u1ee pemieHne
if ~isempty(eOybr )
% (opMHpOBaHHE M MHULMAJIU3ANUSA CUMBOJIbHBIX MATPHUI U UX 3JIEMEHTOB
nu = sym(createsymarray([size(eQybr _,2) size(a,2)],'nu'));
symlist = symkoefdeclare(nu,'n');
eval (['syms ' symlist])

837



Tpyout 11 nayunotl konghepenyuu «Ilpoexmuposatie uHICeHePHbIX U HAYYHBIX npunodicenuti 6 cpeoe MATLABy

k1 = eOybr_*nu;
end
% ¢opMHpOBaHMe NOJHOT0 MHOKeCTBa pPeryJasiTopos K (p)
K=k +Kkl;
K = simplify(K);

% BTOpOE YypaBHeHHe
% 4YacTHOe peleHue
g = elybc*euy;
% o0uiee pemeHne
if ~isempty(eOybr )
% ¢opMupoBaHMe U MHULIUAIU3AUUSA CUMBOJbHBIX MATPHI] H HX 3JIeMEHTOB
mu = sym(createsymarray([size(eQybr _,2) size(euy,2)],'mu'));
symlist = symkoefdeclare(mu,'mu');
eval (['syms ' symlist])

gl = e0ybr_*mu;
end
% ¢opmMupoBaHue MOJHOT0O MHOKECTBA MPeIKOMIIEHCATOPOB G(p)
G=g+gl;
G = simplify(G);

% TnpoBepKa NMPaBUJIbHOCTH PellIeHUst

%  ¢opmyna MII® ot H.y. K BBIXOAY
ely = c*(p*eye(size(a,1))-a+tb*K)"-1;

e0y_ = simplify(eQy );

%  ¢dopmyaa MII® ot Bxoa K BBIXOAY
euy_ = c*(p*eye(size(a,1))-a+b*K)*-1*b*G;
euy_ = simplify(euy );

case 2
% CHHTE3 10 BLIH. H CB00. COCTABJISIIOIIHM.
% cTpykTypa ¢ komnencatopom u peryiasatopom B nenu OC (matp. K(p) u G' (p))

% npoBepka ycJ0BHI pa3pemIMMOCTH CHCTEMbl MATPUYHBIX YPABHEHHU I
eOyb = ely*b;
e0yb = simplify(eOyb);
%  kanonm3aunus etfb
[eOybl ,eOybr ,eOybl,e0ybr,e0ybc| = canonize(eQyb);
%  ecuu JeBblil AequTesb Hyas eQybl He cymecTByeT, 3HAUMT ycJIOBHE CTAHOBHTCHA %o
TOK/1eCTBOM
if ~isempty(eOybl )
% 1 ycaoBue
condl = e0ybl_*euy;
cond1 = simplify(cond1);
else
condl = 0;
end

if any(any(cond1 ~= 0))
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error('YcioBue pa3pemIMMOCTH NEPBOT0 YPaBHEHHUS He BhINOJIHSETCS');
end
%  BbIYHCJIeHHe MATpHIbI KoMneHcaTopa G ' (p)
% 4acTHOe peleHue
g = etfbc*etfuy;
% o0uiee pemeHne
if ~isempty(eOybr )
% ¢opMupOBaHMe U HHULIUAIU3ALUSA CUMBOJbHBIX MATPHI] H HX 3JIeMEHTOB
mu = sym(createsymarray([size(eQybr _,2) size(euy,2)],'mu"));
symlist = symkoefdeclare(mu,'mu');
eval (['syms ' symlist])

gl = e0ybr_*mu;
end
% ¢opmMupoBaHue MOJHOT0 MHOKECTBA KOMIIEHCATOPOB G' (pP)
G=g+gl;
G = simplify(G);

%  mnpoBepKa yCJOBHIl pa3pemInMOCTH BTOPOT0 YPaBHEHHUSI
%  KaHOHHM3aLMs euy
[eul ,eur ,eul,eur,euc] = canonize(euy);
if ~isempty(eul )
% 2 ycaoBue
cond2 = eul_*(c-e0y*(p*eye(size(a,1))-a));
cond2 = simplify(cond2);
else
cond2 =0;
end

% aHaJIM3 yCJOBHH Pa3pelIMMOCTH BTOPOr0 YPaBHEHHSA
if any(any(cond2 ~= 0))
error('IlepBoe yci10BHe pa3pemiuMOCTH BTOPOT0 YPABHEHHS He BBINOJIHACTCH');
end
%  BBIYHMCJICHHE MATPHIbI PeryJasTopa B nenu odpaTHoi cBsi3u K (p)
% 4acTHOE pelleHue
k = euc*(c-e0y*(p*eye(size(a,1))-a));
% o0uiee pemeHne
k1 = zeros(size(k));
if ~isempty(eur )
% ¢opMupOBaHMe U HHALIUAIM3ANUS CHMBOJIbLHBIX MATPHI] H HX 3JIeMEHTOB
nu = sym(createsymarray([size(eur_,2) size(a,2)],'nu'));
symlist = symkoefdeclare(nu,'nu');
eval (['syms ' symlist])

k1l =eur_*nu;
end
% (opMupOBaHHE MOJHOI0 MHOKECTBA PeryJasTopos K (P)
K=k +Kkl;
K = simplify(K);
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% npoBepka NPaBUJIbHOCTH peLIeHHs
%  ¢opmyaa MII®D ot H.y. K BbIXOAY
ely = c*(p*eye(size(a,1))-a+tb*G*K)*-1;
e0y = simplify(eOy );
%  ¢opmyaa MII®D ot BXxoJga K BBIXOAY
euy = c*(p*eye(size(a,1))-at+tb*G*K)*-1*b*G;
euy_ = simplify(euy );
end
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YAK 681.513.3:519.711.3:681.3.06

MOJAEJINPOBAHHE HH@POBQFI
IJIEKTPOI'MIPABJIMYECKOMU CIEIALIINN CUCTEMBI C
CUJIOBBIM I'MAPOINUJIMHAPOM B CPEJIE MATLAB

baynun B. I, [lleeyos H. B.
QI'VIl « BHUU «Cuenany, Kospos, Braoumupckas oon.,
e-mail: signal@kovrov.ru

Onekrporuapasnuyeckue ciensimue cuctembl (OI'CC) ¢ cUOBBIM 1U-
JUHIPOM TOJYYWIIA IIUPOKOE MPUMEHEHHUE JUIsl MepeMelleHus pabouux opra-
HOB MAaHUIYJISITOPOB Pa3IMYHBIX MAIIUH OJiaroAapsi TaKUM UX JOCTOMHCTBaAM
KaK Majble Beca U radaputhl, O0bIIas yAeIbHAs MOIIHOCTh, BO3MOXHOCTb CO-
€AMHEHUS UCTIOJIHUTEILHOTO JBUTATENST — THAPOIUINHIPA HETTOCPEACTBEHHO C
pabourM OpraHoM MaHUITYJISATOpa 0€3 MPOMEXKYTOUHON MEXaHWYECKOU mepesa-
yu. BmecTe ¢ TeM 1S THAPONIPUBO/IA C UCTIOJIHUTEIBHBIM THAPOLUIUHIPOM Xa-
PaKTEPHBI CIETYIONINE HETOCTATKU:

— HaJIMYMe U3MEHSIONIETOCs B 3aBUCUMOCTH OT yTia MOBOpOTa paboyero
OpraHa MaHUITYJISITOPA MEPEIATOYHOTO OTHOIIEHUS B CUJIOBOU LIETIH;

— Hajgu4he OOJBIIOTO U M3MEHSIOMErocss oobema pabouel KHUIKOCTH,
3aKJIFOUEHHOM B MOJIOCTAX TUAPOLMIIMHPA.

M3mMeHeHne nepeaToyHOro OTHOILICHUS! CUJIOBOM LIENM MPUBOAMUT K H3-
MEHEHHI0 Kod(dduimeHTa nepeaadn, a Takke K I3MEHEHUIO COOCTBEHHOM Pe3o-
HAHCHOM YacTOTHI THApoNpuBoaa. M3MeHeHne 00beMOB pabouell KUAKOCTH B
MOJIOCTSIX TUAPOUMIIMHIPA TaKKe BbI3BIBAET H3MEHEHUE COOCTBEHHOW pe30-
HAaHCHOW YacCTOThI TUJponpuBoAa. TakuM oOpa3oM, THAPOIPHUBOJL C UCIOIHU-
TEJIbHBIM LUJIUHIPOM MPEICTABISET COO0M CUCTEMY C MEPEMEHHBIMU MapameT-
pamMu, 4TO 3aTpyaHsieT cuHTe3 BhicokoauHaMuuHbIX DI'CC Ha 6asze ruapomnpu-
BOJIa C UCIIOJHUTEIbHBIM ITUIUHIPOM. B CBsi3U ¢ 3TUM BBIOOP CTPYKTYpPHI U Ta-
paMeTpoB KoppekTupyromux ycrpoilcts OI'CC ¢ CUIOBBIM THAPOLMIUHIPOM
11e1ecCO00pa3HO MPOBOAUTH HA OCHOBE MaTeMaTH4eckoro mojaenupoBaHus. Of-
HUM M3 HauOoJiee YJIOOHBIX CPEACTB JUIsl PEIICHUS STOM 3a/1auMl SABIISIETCS MAKET
Simulink, Bxoasmuit B cuctemy nporpaMMHbIX cpeacts MATLAB.

Kak nokazanu uccnegoBanusi O1'CC ¢ cUiioBBIM TUIpoUInHApoM [1, 2],
oOecrieueHre BBICOKMX JUHAMHYECKUX XapaKTEPUCTUK B TAKUX CHCTEMax BO3-
MOXHO TPU HCIOJIH30BAaHUN HEJTUHEUHBIX KOPPEKTUPYIOLIUX YCTPOMUCTB, KOM-
MEHCUPYIOIINX U3MEHEHUE NEPEAAaTOUYHOTO0 OTHOIICHUSI CIIOBOM 1ienu. J[aHHbIe
KOPPEKTUPYIOIIHNE YCTPOUCTBA MOTYT OBITh peain3oBanbl B OBM, ocyiects-
JISIFOIIEH YTIPaBICHUE MAHUITYJIITOPOM.

B o0mem ciayuae matematudeckas Mozenb nudposoit II'CC ¢ cunoBbsiM
HWJIUHIPOM BKJIIOYAET MaTEMaTUYECKyI0 MOJIeNIb THAPONPHUBOJA C CHIIOBBIM
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HWJIUHIPOM, MATEMAaTHYECKYI0 MOJIENIb AHAJIOTOBBIX KOPPEKTUPYIOUIUX YCT-
pOMCTB, MaTeMaTHYECKYIH0 MOJeNb LHU(PO-aHATIOrOBOrO mpeoOpazoBaTes
(LIAIT) u anropuT™m ympapiieHHs MPUBOAOM MAHMITYJISITOPA, Peau3yeMblid B
OBM.

JluHaMuKa CHJIOBOM 4YacTU THUAPONPHUBOAA OOBEMHOTO PEryJMpoBaHUS,
BKJIFOYAIOIIEW PETYJIMPYEMBII HACOC M WCIIOJHUTEIbHBIA THIAPOLUUINHAD, OMU-
ChIBA€TCSl YPABHEHHUSIMU PACXOJOB B MOJIOCTSIX BBIIBH>KCHUSI M BTSTUBAHUS TU-
POLMIIMHApPA U YPABHEHUEM MOMEHTOB Ha Bally Harpy3ku [3].

YpaBHEHUs pacxoA0B B MOJIOCTAX BBIABUKEHUS | U BTATUBAaHUS 2 UMEIOT
CIICIYIOLINM BUL:

Oui()= Q) = Qyu(1) = O () = SPAL() + O,y (p, (D)), (D)
OQoa(t) = =0, (1) = Qpo(t) + Qo) + SPAL(1) + O, (P, (1)) 2)
rie Qei(?), Oe(t) — nedopmaliioHHbIE PacXoibl paboueii )KUJIKOCTH B MOJOCTSIX
BBIIBMOKEHUSI | M BTATMBaHUSA 2 MpPU U3MEHEHMHM B HUX JaBiieHUs; Oy (f) —
reomerpudeckas nogauda Hacoca; Qyi(f), Oyo(f) — pacxolsl yTedeK U3 MOJI0CTEN
BBIBMKEHUST M BTATUBAHUA, (Oye1(?), Oea(f) — pacxojsl, ompeesieMble KOM-
npeccueil u JekoMrpeccuen paboyeil KHAKOCTH MPU MPOXOXKIECHUU €€ depes
Hacoc; S — TUIOMAh MOPITHS CHJIOBOTO THAPOIMINH/APA; p — orepaTop Aud-
dbepennupoBanns; AL(f) — TepeMelIeHrne MTOKa CHUJIOBOTO THAPOIMIUHAPA;
p1(?), p2(f) — naBneHus B TMOJOCTSIX BBIABMXKEHUA W BTAruBaHus; QO (pi(?)),
Om(p2(f)) — momaya BCIOMOTraTeILHOIO HAcOCa, 3aBUCSINAs OT JABJICHUS B CO-
OTBETCTBYIOIIEH MOJOCTH TUIPOIIUINHIPA.
['eomeTpuueckas mojiaua Hacoca OMPEACIISIETCS 10 BHIPAKEHUIO:
0,.(1)=wQ,(Me(t) 3)
r7ie W — XapakTepHbI 00beM Hacoca; () — CKOpOCTh BpallleHHsI Bajia HAaCco-
ca; e(f) — mapaMmeTp peryJIrpoBaHUs HAcOCa.

JledopmanioHHbIE PacXOabl B TIOJOCTSIX BBIABIIKEHUS W BTATUBAHUS OII-

PEAEISIOTCS IO BBIPAKECHUSIM:

0.(1)= Vlg) P 4)
0= ) 5)

rae Vi(t), Vo(f) — Ttexymme oObeMbl MOJOCTEH BBIABMKCHHS W BTATUBAHUSA,
E — 00beMHbIN MOAYJb YIPYTOCTH paboveil )KUIKOCTH.

Pacxonpl yredexk u3 mosocred | M 2 mpomoOpUHMOHAIBHBI JABJICHUSM B
ATUX MOJIOCTSAX U ONPEACIIAIOTCS YPaBHEHUAMMU:

O,1)=K,p,(1), (6)
QyZ(t) = Kyp2(t) ) (7)
riae Ky — ko3 puuueHT yreyek.

Pacxonet On1(pi1(?)) u Om(p2(f)) BcmoMorareabHOro Hacoca ONpeIeIII0OTCS
3aBUCHUMOCTSIMU:
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0 npu py(t)2 pyp>
in(pl(t)): KBcn(pnm_pl(t)) npu pnm_[gi<pl(t)<pnm’ (8)
0.
QBT npu pl(t)< pnm _Km;
0 npu py(1) 2 Py
QHZ(}?Z(t)) = KBcn(pnm _pZ(t)) npu pnm - ]gBT < pZ(t) < pnm’ (9)
_ QBT
QBT npu pZ(t) < pr[m K :

B Beipakenmsix (8) u (9) npursITH 0003HaUeHUS: (5 — MaKCUMabHAs Mmojavya
BCIIOMOTATEILHOTO HACOCA; Py m — MaKCUMaIbHOE JaBJICHUE CHUCTEMBI TOITUT-
KH;, Ky — KO3 OUITUEHT pacXoqHOM XapaKTEPUCTHUKNA CUCTEMBI TIOITUTKH.

Pacxogamu, 00ycCIIOBIEHHBIMM KOMIIPECCUEHN U JIEKOMITpeccuen padodeit
KUIKOCTH TPU MPOXOXKICHUU €€ Yepe3 HAcOC, BBUIY UX MaJION BEJIMYUHBI, B
ypaBHeHusx (1) u (2) MmoxxHo npeHedpeub. Torna ¢ yueroM BoipaxkeHuit (3)-(7)
ypaBHEHUSI PACXOJ0B B MOJIOCTSX BbIABMKEHUS U BTsAruBaHus (1), (2) npumyt
CIICIYIOLINM BUL:

D o )= W, e~ K, py (- SpALO+ 0, (). (10)

Vf) o) = w8, e®)— K, py )+ SPAL + On(pa(®)). (1)
VpaBHeHHE MOMEHTOB Ha Bajly HaIPYy3KH:

[p:(t) — po()1gSR = Jp*p(t) + M sign Q1) + M, cos (1) (12)

I/l g — YCKOpPEHHE CBOOOJHOTO MajJieHusi; R — IUIeHo Nepeiayu yCUIus TUJ-
pounnauHapa; J — MOMEHT MHEPLUHU Harpy3Ku OTHOCUTENIBHO OcH Hand; ¢(f) —
yrojl IOBOPOTa HArpy3ku; M., — MOMEHT TpeHHUs Harpy3ku; M, — MOMEHT
HEYPaBHOBEIIEHHOCTU Harpy3ku; (2(f) — TeKyIlas yrioBasi CKOPOCTb JBUKECHHUS
Harpys3KH.

[Ine4yo nepenauu ycunus TUAPOLMIIMHIPA IIPU CXEME MPUBA3KU, IIPUBE-
JNEHHOM Ha puC. |, pacCUnTHIBAETCS 1O BBIPAKEHUIO:

R="Fsin(p+p,) . (13)

rae a, ¢, L — nmapaMeTpbl OpUBS3KH CHIIOBOTO THAPOLUUIUHIPA; (¢ + @) — yroma
P BEPIIMHE CHIIOBOTO TPEYrOJIbHUKA, COBHAJAONIIEN C OChIKO BpAICHUS Ha-
TPY3KH.
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[lonocTh BEIABUIKEHUSA

Puc. 1. Cxema npuBs3KM CHJIOBOTO TUAPOLMINHAPA.

JInvHa CUI0BOTO TPEYrOabHUKA L OnpeAensieTcs 10 TEOPpEME KOCUHYCOB:

L:\/a2+c2—2acxcos((o+¢)n). (14)
Toraa nepeMenieHre MToKa CUJIOBOTO TUApouanHapa AL(t):
AL(t)= L(1) L, (15)

rae Lo — JUIMHA CTOPOHBI CHJIOBOTO TPEYTOJIbHHMKA TP MOJTHOCTHIO BTSHYTOM
mToke (yroa ¢g= 0°).

OObeMbl TIONIOCTEH BBIABMKCHHUS | W BTATHBAHUS 2 ONPEACTSIOTCS IO
BBIPKCHUSIM:

Vi) =Vipin + SAL(2) (16)
VZ(t):V2max _SAL(t) b (17)
rac Vlmin — MHUHUMAJIBLHBIN 06’BeM ITIOJIOCTU BBIABHUKCHMUS, V2max — MaKCH-

MaJbHBIH 00bEM MOJOCTH BTSITUBAHUS.

M3meHeHne nogaun Hacoca OCYIIECTBISETCS 32 CUET IEPEMELIECHUS PETY-
JUPYIOLIEr0 OpraHa — JIFOJIbKA MEXaHU3MOM YIIPaBJIEHUs, COCTOALINM U3 DJICK-
TPOMarHuTa U ABYXKacKaJHOro rugpoycuiaurensd. llepBbiil kackan ruapoycCcuim-
TeJsl MPEACTABISIET COOOW YCHIIMTENh THIIA COIUIO-3aciiOHKa. BTopoil kackan
BKJIFOYAET MCIIOJIHUTEIbHBIE THAPOLUMIMHIAPEl U 30J0THUKOBBIA THApPOpacIpe-
JIeNUTENb, YIPABIAIOMMN Tonadel paboyeil >KUAKOCTH B THIPOLMIHHIPHI.
I'maponryMHAPEI OCYIIECTBIISIOT HEIOCPEACTBEHHOE YIIPABICHUE TOJIOKEHUEM
JIOJIBKM Hacoca. MexaHW3M ynpaBJ€HHs TAKKE HMEET NATYHUK IOJIOKECHHS
JIOJBKU ¢ KO3((dHUIMEeHTOM nepenaun K, ¥ I1aT4UK CKOPOCTH JIIOJIBKH C KpY-
TU3HOHU K.

JlnHamMuKa MexaHu3Ma yIpaBJ€HUs OMKMCBIBAETCS CIIEAYIOLIEH CUCTEMOMU
YPaBHCHUU:

— ypaBHEHHUEM HaIpsKEHUN Ha OOMOTKAX 3JIEKTPOMarHuTa:

U, () =(T,,p+DR,i, (1), (18)
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rae U, (f) — HampsbkeHue Ha OOMOTKax JJICKTPOMArHuTa; iy(f) — TeKylee
3HAUYCHHE TOKa B OOMOTKaX 3JEKTPOMArHuta; 1,, — DJIEKTPOMarHuTHas MOCTO-
SIHHasl BPEMEHU DJICKTPOMAarHuTa; R.,,, — COMPOTUBJIECHHWE OOMOTOK AJIEKTpOMar-
HUTA;
— ypaBHEHHEM MOMEHTOB, IEUCTBYIOIIMX HA POTOP IEKTPOMATHUTA!
(JouP* + Foup+C, e, ()= Kii, ()~ h K p (D) , (19)
rae J,, — MOMEHT MHEPIMU POTOpa C 3aKPEIUVIEHHOW HA HEM 3aCIOHKOW; [,y —
KO3(PPUIIMEHT MOMEHTa BSI3KOIO TPEHHUs, ACHCTBYIOIIETO Ha POTOP 3JIEKTPO-
marnuta; C,, — JKECTKOCTb MPY>KUHBI 3aCIIOHKH, IPUBEJICHHAS K POTOPY dJIEK-
TPOMAarHuTa; d,,(f) — yroj MOBOpPOTa POTOpa dJAEKTPOMArHurta; K; — Kod(d-
(GUIIMEHT MOMEHTA JJIEKTPOMArHuTa; /i, — PacCTOsIHUE OT OCH BpalleHUs po-
TOpa JIEKTPOMArHUTa C 3aKPEIJICHHON Ha HEM 3aCJIOHKOM 710 JIMHUM YCTaHOBKH
corell MepBOro Kackaga rujipoycuiutens; K, — ko3QQGUIUEHT TuApoAUHAMU-
YECKOTO COMPOTHUBIICHUS MOBOPOTY POTOpPA 3JIEKTPOMATHUTA; p.(f) — mepenan
JABJICHUH B TIEPBOM KacKaJle THAPOYCHIIUTEINS;
— YpaBHEHUEM PaCXOJ0B IEPBOTO KaCKaa:
fipy() =K ha,, () - K, p/1), (20)
rze f; — IUIOIIa b TOPIA 30J0THHUKA; Y(f) — TeKylllee MOJIOKEHUE 30JI0THUKA;
K, — Ko>(ppuuueHT ycuieHus o pacxody nepBoro kackana; K, — xo3pou-
IIUEHT KECTKOCTH PACXOJIHON XapaKTePUCTUKH;
— YpaBHEHUEM CHII, IEUCTBYIOIIUX HA 30JI0THUK:

(m,p*> + F,p+C, +C,)y(0) = f,p. (1), (21)

rze m, — Macca 30J10THUKA; F, — ko3 dunueHt Baskoro tperus; C, — KecT-
KOCTb MPYXUHBI 30J10THUKA; C\; — TUAPOJINHAMUYECKAS )KECTKOCTD 30JI0THUKA;
— YPaBHEHUEM PACXOJIOB B TUAPOLMIIMHIPAX MEXAHU3MA YIIPABJICHUS:

(KL,) FK,)pa(t) = Koy(0) — fpz(0), (22)

CXK
rae Ko — Kod@duueHt cxumaeMocTH; Ky, — KOdPQHUIUEHT yTeuek; py(f)
— JIaBJICHUE B NOJIOCTH TMAPOLMINHAPA JIOJIbKY; Ko — K03 uuueHT ycuie-
HUSL TI0 Pacxojly BTOPOTrO Kackaja; f; — IUIOUaAb MOPIIHS TUIPOLMIMHIPA
JIOJIBKY; Z(f) — TeKyllee MoJIoKeHUE MOPIIHS THIPOLMIIMHPA JIIOJIbKY;
— ypaBHEHUEM CWJI, JIECHCTBYIOIIMX Ha MOPIIEHb THAPOLMINHIPA JIOJIb-
KM Hacoca:
2
(myp” + F,p+C.)z2()= f,p, ), (23)
IZi€ My, — Macca MOJBIKHBIX YacTed THAPOIMIMHIPA JIIOJIbKHU; Fi — KO3(]-
(GUIMEHT BA3KOIO TPEHHS B TMIAPOUMIUHApPE JHOIbKHU; C. — JKECTKOCTh MpYy-
KUH TUJIPOLIMIIMHPA JTFOJIBKH.
YroJ moBOpoTa JOJIBKH HAcOCa al,(f) ONPEAEISIETCS. BBIPAXKEHUEM:
z(t)
a,0="". (24)
r7ie h — MJe4o NPUIIOKEHUS CUIIbI THAPOLUINHIPA.

845



Tpyout 11 nayunotl konghepenyuu «Ilpoexmuposatie uHICeHePHbIX U HAYYHBIX npunodicenuti 6 cpeoe MATLABy

[TapameTp perynupoBaHHs Hacoca OMPEAEISIETCS 10 YPaBHEHHUIO:

e(ty= 2, 25)
JImax
TA€ Olypay — MAKCUMAIIBHBINA YTOJI IOBOPOTA JIFOJIBKH.

MaremaTtudeckass MOJEIb THUAPONPUBOJA C CUJIOBBIM IIJIMHAPOM, CO-
cTaBliecHHass u3 OnokoB maketa Simulink Ha ocHoBanuu ypaBHeHuit (3)—(25),
npuBeneHa Ha puc. 2-9. Ilpu cocTaBlieHHMH MaTeMaTUYECKOW MOJEIU TUAPO-
npuBojia B makeTe Simulink Takke y4TEHBI €CTECTBEHHbIC HEJTUHEHMHOCTH TH/I-
pOIPHBO/IA: OTPAHUYEHUE MEPENAaa IABICHUS B THIPOMAruCTpAIISIX Mpeaoxpa-
HUTEJILHBIMU KJIallaHAMU, OTPAHUYEHHE MEPEMEIICHUN 3aCJIOHKM U 30JI0THUKA
MEXaHU3Ma yIpaBlIeHUs Hacoca. YHMCIEHHbIC 3HAYCHUS TTapaMEeTPOB MaTEMaTH-
YECKOM MOJENN COOTBETCTBYIOT THAPOINPHUBOIY, COCTOSIIEMY M3 Hacoca
H16PJIM u rugponuiavHapa ¢ iomaabo mopiiHs 176 cM’. Harpyska rugpo-
NPUBOJA XAPAKTEPH3YETCS MOMEHTOM HHepuud J=178830 Kr'M’, MOMEHTOM
HEeypaBHOBEIIEHHOCTH M,,,=160 kH-M 1 MomenTOM Tpenus M,,=20 kH-Mm.

=1 MaTemaTHueckan MoLenab LHPpoBoA ITCC C CHADBBIM TUADOUHAWHLPOM/MaTEMATHYECKAN MOREL TWAPONPH BOLA C CHAOBLIM UMAWHLPOM = M [=] E3
File Edit View Simulaion Fomat Tools

Dz R&|see =) = | @

TIapamET PEry MPOBSHHA Nepena, Aas neHw

‘ J
M en L} CHOPOETE WTOKA TAPOLUNKHAPE

Usm Napametp ] napanerp pen, P1.p2 | —bulpipz  CKOPECTE UTOKE TMapOUMANHERa
Usm
¥ron Harpyax 2 )

La ¥ 10N HARY KM

Uoc ex

METEMATMHECKSA MOAENE.

e e BNOK P2 WEHMA Yjae HEHIA

PACXOA0E B MAPOMAMCTRANSRX BNOK REWEHKA P& EHEHWIA
CHETEME! "HECOC- MEROLMIMHAR" MOMEHTOE Ha BaNy HAMYHM

Uac non

3 %

CHOPOCTE HAMY3KM

BNOK PACUETS NEPEAATOHHAM
OTHOWEHWA CHACEDH LSt

Feady [T12x% [oded5 P

Puc. 2. Matematnueckas MoJi€Ib THAPOIPUBOJA C CUIOBBIM LIWJIMHAPOM.

846



Cexyusa 3. Ilpoexmuposanue cucmem asmomMamuyecko20 ynpasieHus u pecyiuposanus

[Z] Maremaruveckas mogenb uudposoii ITCC ¢ CUADBDIM rUAPONMAMHAPOM/M aTEMAaTHIECKas MOREnb IMLPONPU BOAA C CHADBHIM wiauiapom /W aremaruvecxan . [M[E] E3

File Edit iew Simulstion Format Tools

DeE&E| dae =2y =&

CKOpOCTh WTOKA

h 4
=

1h
Z

BNok BLIHCToHHE Nepe-
MEILEHIA 1 CKOPOCTH
\UTOKE TUAPOLWTMHA-

POB MMk @p

1/h

st Aam P A3
PC Pc
Bnok BelMMCNEHNA Enok BeIMMCNEHMS
yrMa nogopoTa nepemeLyeHrA
JACNOHKM 30NOTHHKE
Ready

>

Unc ck
KT

MNapameTp

TAlmax  perymuposanun

[156%

|oded5 A

Puc. 3. MaremaTnueckas MOZCIIb MCXaHU3Ma YIIPABJICHUS.

=] Maremaruueckan mogens uudposoi ITCC © CHADBLIM MHAPOULHAWHAPOM/... /M ATEMATHUECK AN MOLENL MEXAHHSMA YnpaBaeHus /b Aok BuMMCAenus yraa nosopor... [EI[E] B3

File Edit “iew Simulation Format Tools

[Oema | Fea=r=h =

Gaint Dead Zone
1DDI: 7 /:
U
0.025+1 il >
- Pt o+ 1 1
KiRam > N - - w1 )
- Sum? = = A3m
Sum3 1dam Integratart Inteqrator2
Sum1
0T plu
Pc
hc Kr
Ready [153% |od=d5

Puc. 4. biok BbIUMCIIEHUS YTJIa TOBOPOTA 3aCIIOHKH.
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ﬁMmeMaﬂmacxaq mMofent uupposof ATCC ¢ CHADBLIM MUAPOUMAMHAPOMS. /M aTeMaTHIECKan MOfENb MEXaHMSMA ynpasaeHun/B ok Bouucaenus nepemewenu. . [[=] B3
Elle Edit “iew Simulation Fomat Tools

DsEs|s=e=zr = &

. [/,
—-@‘ AN

Gainl Dead Zone

A sumt 10Kk fr 8
K
he a 1/Mz Integratort Integratorz
Pt
O«
Ca+Cra,
108000
Ready 22z |odeds v

Puc. 5. biok BblKCIIEHU ITIEpEMEILIEHUS 30JI0THUKA.

E!Maremarmecxan Moaent uHPposod ATCC ¢ CHADBLIM MHAPOUHAWHAPOM/.../M aTeMaTHYECK A MOLEAL MEXAHH3MA YnpaBaenun/B ok BuuMcaenHn nepe- mewen... =] E3

File Edit “iew Simulation Format Tools

[Oe®m & FeEa=r= =

——

CHOROCTE WTOKS

Ko

k@ Irtegrator

z
Dead Zonel Integratar3

@Jﬂ:

Cy

Gain2 Dead Zane2

T 14
" LIV

Ready [113% |odz45 4

Puc. 6. biok BeIYHMCIIeHUSs IEpEMENICHHSI U CKOPOCTH IITOKA THAPOLMIMHIPOB JIOIbKH.
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ﬂMaTeMaTwmcKaﬂ mMonent undposod ITCC ¢ CHADBLIM MMAPOUHAHHAPOM/M aTEMATHIECKas MOLEAL MMAPONPH BOAA C CHAOBLIM UHAWHAPOM /B nox pewenus ypa... =] B3 ]

File Edit “iew Simulation

Fammat  Tools

D& dee=zr =

»
@» > »in
Ll
CKOpPOCTH WTOKA g Out?
THAPOLUMAMHA RS 5 B In2
mul =
Subsystem
Sum2 Dead Zonet
oo
NapameTp
PEryNMPOBaHNA Gaini
X 2.5 N (1)
- P1-p2
293 P P In1 N
Out?
CKOpPOCTE . P 12 - :l_
(keI E{aet] lal Subsystemn —
sum3 L
Wmin SO
6710 +
—
5
L + Ll
B
1.26688 = N
s L
= sum1
16145 +
W2max Sums
Ready a1z |odeds v

[Z]Maremaruueckan Mogent wioposoi ITCC ¢ CHAOBBIM FHAPOUHAMHAPOM/... /B 0K PEUIEHHA YPAEHEHHA DACHOAOE B TUAPOMArUCTPANAK CHCTEMBI "HACOC-THAPOL. ..

Ele Edi View Simulation Fomat Tgols

[N REIE =R S

[_(o]] !
Pazeepryts

In1

-,

In2

Ready

[204%

[odeds

< /
— 1 < @4 e
+ o
Saturation1 Kecn Sum3
QBT Pnm
Ky
%4
> : 14000 L %
L gl -
+ > E— (1)
E Integrator1 out
Sum2 Product1

6)

Puc. 7. bnok pemienus ypaBHEHUN PacXxoJ0B B MAruCTPaIiX CUCTEMBI
«HACOC-TUAPOLMIUHIDPY.
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=] Maremaruseckan mogent uipposoi 3TCC C CHADBLIM MHAPOUMAMRAPOM/MaTEMATHYECKAR MOLEAL THIPONPH BOAA C CHADBLIM uuaunapom /Baok pewenws ypa... =] B4 ||
Fie Edit View Simulstion Fomat Tesls
Dema| =y = &

R
G
Sign
—— | Product:
»
Product2 ; x
b CKopOcTE WToKA
Rl 20000 rmapoUMnMHapa
MTR
——
» CHOPOCTE
Harpy3in
>
P1-P2 1 1
X > 14178830 = » - »{ 2
- i e aries
Yron
m - 144 Integrator? Integrator2 Harpyskm
J Surmnl
176
= Product1
roduc 160000 cos |
MMy
Fieady [164% odeds 4
Puc. 8. biok pemnienus ypaBHeHU I MOMEHTOB Ha BaJly Harpys3KHu.
[&l

1
Marematuicckasn monent unposod ITCC ¢ CHAOBLIM rMAPOLHAMHAPOM/M AT EMATHICCKaA MOLEAL THAPANPH BOAA © CHADELIM uunurapor /Enos pacwera nep... [BIE] B3
File Edt View Simulaton Fomat Taols

D& sesa]r =@

[

TapameTp NpHEA3KK
CUNOBOTD LHUNUHAPS

1.40322
a
[

0.83251
Co—
¥ron
Harpyskm
Sumf

(242

Fieady [134%

odeds

Puc. 9. biok pacyera nepeaToO4YHOrO OTHOIIEHUS CUJIOBOM LIETIH.

Matematuueckas mozens nudposoit I'CC ¢ CHUIOBBIM THAPOLMINH-
IpoM, peanu3oBaHHas B makere Simulink, mpuBenena Ha puc. 10. CoctaBHbIE
yacTu MateMatndyeckoi Mmoaenu DI'CC: alroputm ynpasieHUs, peajiu3yeMbli B
OBM, marematndeckas mopenb I[AII, maTtemaTtnueckas MoOJellb aHAJIOIOBBIX
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KOPPEKTUPYIOIMIUX YCTPOUCTB C BXOJSAIIMMHU B HUX CyOOJIO0KaMU MPUBEACHBI HA

puc. 11-16.

ﬁMateMamueckan moaens LHppoBod ITCC C CHADBLIM rHAPOUHAMHAPOM

Tol=|

Eile Edit Wiew Simulation Format Tools

[Oema === = a

Paccomacos aHie
Zero-Order
Hold1 Quartizer1
= ,/_\ Uos ex Uos e
0035 > _r"' >kj W Paccorn
Y
BxopHoe Uy undp P Uy ungp U P LUuan Ugm [mfie] Usm VTON HATPYIEH [r—
BOIAENCT EHE
o vron warpyn
Use non Uoe nen
AITOpHTI YrpagneHna, MaTeMaTHYECKR A MaTemaTiyeckaa MaTemaTideckan
peanMayensi & 3EM moaens LAN MORENE SHENOMOBEIX MOAENE MARoTPR
KOPREKTHRYIO ULt BOAA G CHI0G b
YoTROACTE LAMHARaM
Quartizer? Zero-Orcer
Hald2
Ready N[ |odeds

Puc. 10. MaremaTtuueckast mozeins nugpposoit II'CC ¢ cri10BbIM THAPOLMINHAPOM.

[ MaremaTuueckan Mogenb widposoi ITCC © CHAOBEIM MMAPOLMAHHAPOM/ANN OPHTM YNPEBAEHHA, peanusyembii B IBM [_ O] =] l
File Edit Yiew Simulation Fomat Tools
[Demag| sEaloa]r = | &
Paream I e _l 15 ~
Gaint Quantizer! o
Quantizez Gainz
Produstt
» / ,l 7 > It
Yiron Hampy / ]
e
Dead Zone2 Gain3 — 2 Uy uwdbp
AnropMTI GanGnERMA T pargmaropT
Y03 thebnupenToR
FomneC UM |
From al s
HarpyaKK "7 —l E »
Quantize® Saind
Product2 il
Sron vapyHM  CHOPOSTE HApYSEN
Andepentupyone-crmaznsaonee
veTpofieTto
< |
Fieadly 103 [oded5 7

Puc. 11. Anroputm ynpasinenusi, peanusyembiii B OBM.
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ﬂMmeMaﬂwecxaq Mogent uudposoi ITCL © CHAOBBIM MMAPOUMAHHAPOM/AArOPHTM YNPABNEHHA, peanusyembii B IBM JAnropurm emuncaenns koa dpgpuumento... =] E3
File Edit Yiew Simulation Fomat Tools

O @ma| e ==y =

/
"7 " T =
Dead Zone1 Quantizer1

Kkn
Sum2
1) }{-0.218

Yron . |_>
Harpyskm , > Gain1 *
X |
N ’»ﬁ’_% Einm D
i Kike
Gain2 Quantizer2
Product1 ’-> +
1 Sum1
Constant1
Fieady [183% |oded5 4

Puc. 12. Anroputm BerunciaeHus K03(pPUIHEHTOB KOMITEHCALINH.

ﬂMmeMaﬂwecxaﬂ mMonent uidposoi IMCL © CHAOBBIM MHAPOUMAHHAPOM/AArOPHTM YNPaBNeHUA, peanusyembid B IBM /duddepenunpyowe-craaxnsanwee yc... =] B3
File Edit “iew Simulation Fomat Tools

o ®ma| P =r=y =
+
yron - ! 10 g P
Harpyskm . - CropocTb
Sumi Gain2 Quantizer2 Harpyaku
I +
Gaint [P+
Sum2
Unit Delay1
1
Kl = L
Quantizer1
Fieady |204% [oded5 4

Puc. 13. Iuddepenuupyromie-criakuBaroiiee yCTpOrUCTBO.
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E!Marema‘ru-mcnan monent uHeposof ITCC ¢ CHAOBLIM MHMAPOUHAHHAPOM/AANOPHTM YNPABAeHUA, peanusyemboidt 8 IBM /W - perynaropl = [_ O] x]
File Edit ‘iew Simulation Format Tools

D& &=z o R
HE AN = L|01
> s (DO
Switch 0.002 Trm g
Sumz Out1
Knun2
b 1l 00—l 1
In2 . »
Abs1 1T i Fd
Sum1 Unit Delay1 Uorp=0.196
Fieady 168 |od=d5 i
Puc. 14. Marematuueckas monens [IU-perynstopa.
E!Maremanwecxaa mogent wupposod ITCC ¢ cunoBbiM ruapounmuHapom/Maremaruveckan mogens LLAN = [_ O] =]
Flle Edit “iew Simulation Fomaf Tools

DeEs | s=a|=z=r = |[&

1) »JJJ"I 50.9 >

Uy umcbp

Quantizer Kuan Umax = 10B

Ready

[216% [oded5 7

Puc. 15. Maremaruueckas moaenb LIAIL
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ﬂMaTeMaTmecKaﬂ monens uddpoeoii IMCC ¢ CHADBLIM MMAPOUHAHHAPOM/M aTEMaTHYECKas MOAENb AHANOMDBLX KOPPEKTHPYIOWHE YCTPORCTE * [_ O] x]
File Edit “iew Simulation Format Tools
D& sy =R
Sum2
Transfer Foni
ot ck
0.00085
o ) TS
B 0.00705s+1(
Larp = 108 Gain2
g 14
Gaind
Uoc non
= 0o7a |4 {3 )
»
Ll
4>{ 108 > » T

h 4
h

Uyan Gaind Uorp = 188
0.1%9

Gaint Uorp = 10B

Sumi

Uam

Fieady [137% |odzd5

Puc. 16. Marematuueckasi MOJI€NIb aHAJIOTOBBIX KOPPEKTUPYIOIIUX YCTPOUCTB.

Hcnonb3oBanue makera Simulink mo3Bonuio mogo0paTh mapameTpsl aj-
rOpUTMa YIpaBJICHUs, pealn30BaHHOTO B OBM, 1 aHajI0roBbIX KOPPEKTUPYIO-
[IUX YCTPOUCTB, 00ecreunBarOINX TpeOyeMble JTMHAMUYECKUE XapaKTePUCTUKH
OI'CC. I'padhuku mepexoqHBIX MPOIECCOB, XaPAKTEPHUIYIONINE TUHAMUYCCKUC
xapaktepuctuku 1udposoit II'CC, nomydeHHbIe B pe3ysbTaTe PacYETOB C HC-

noip30BaHueM naketa Simulink, npusenens! Ha puc. 17-20.
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s | Paccornacosanue =

Puc. 17. I'padux oTpaboTKH paccoraiacoBaHMUs.

(alll'lapamerp PErYAHpPoOBaHUA HEE

Puc. 18. ITapameTtp perynupoBaHus Hacoca.
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s |Nepenan nasnenua =

Puc. 19. Hepenaﬂ AaBJICHUS B THAPOMATruCTpaJIsIX CUCTEMBI «HACOC-TUAPOTUIIUHAP .

s | Cropo =

Puc. 20. CxkopocTb IBUKEHUS HATPY3KH.
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HUHTEI'PALIUA MATLAB C KOHTPOJUIEPOM SIMATIC U
OAHOIIVIATHBIMMU CIIEKTPOMETPAMMU CEPUUA SBS

bvicmposzopos C. B., Cynvoicenxo I1. C., @aodees I'. B.,
OAO «Mawunocmpoumenvhwiii 3a8600», Inekmpocmans, Mockoeckas o01L.,
e-mail:yzmsz@elemash.ru

Jlopun A. b., Epmax M. I".

000 «I'pun Cmap HUncmpymenmcy, Mockea,
e-mail:grstar@mega.ru

OTKpBITOE aKIMOHEPHOE 00I1IEeCTBO «MallMHOCTPOUTENbHBIN 3aBOI) —
JauAep B MPOU3BOJCTBE snepHoro Tomiuea (TBIJI — TennoBbaensonmx sie-
MEHTOB JJIsI aTOMHBIX 3JeKTpocTaHIuid, ADC) U OJHO U3 KPyMHEUIIUX Mpo-
MBIIIJIEHHBIX Npeanpudatuii B Poccun. OT0 npeanpusarue, pazpadarbiBaroliee U
BBIITyCKaroOIee MPOAYKIIMI0 MUPOBOTO YPOBHsI; Kaxbii Aecsateiii TBOJI, pado-
tatouii Ha ADC Bcero mupa, MpOU3BEICH B DJEKTPOCTAIU. 3HAYUTEIIHLHOE
BHUMAaHHE Ha NPEINPUATUHN yAENseTCS MPUOOPHOMY KOHTPOJIIO, KaK B MpoIlecce
IIPOU3BOJICTBA — TEXHOJOTMYECKOMY — TaK U BBIXOJHOMY, IIPU IIPEAbABICHUN
OPOAYKIMH 3aKa3uuKy. OOIEeCTBO C OTpaHUYEHHONW OTBETCTBEHHOCThHIO «['puH
Crap HHCTpyMeHTC» — BEOyIIMA POCCUMCKUNA TMPOU3BOAUTEND SAEPHO-
bu3nUecKoil U3MEPUTEIILHON arapaTypbl, MHOTOJIETHUN MapTHEp «MammHo-
CTPOUTEIBHOIO 3aBOJa» B 00JIACTM aBTOMAaTU3alMM MPOU3BOACTBA. B HacTos-
IeM JOKJajie COOOIIaeTcs O PElICHUH JBYX 3aJad, CBS3aHHBIX MEXIy CO00i
opuentanueil Ha cucremy MATIJIAD u oOieit HanmpaBlIeHHOCTBIO HAa TPUMEHe-
HUE X PEe3yabTaTOB IS pa3BuTus ckanepos TBOJI [1].

[lepBasg U3 HUX — opraHm3anusi cBsizu Mexay cucremon MATIIAB u
koHTposuiepoM SIMATIC ¢upmer SIEMENS. Ha «MamuHocTpouTenbHOM 3a-
BOJI€» HAKOIUICH OOJIBIION M YCHEIIHBIA ONBIT MPUMEHEHHS ITUX KOHTPOJUIEPOB
JUISl YTIPABJIEHUS JOCTATOYHO CJIOKHBIMU HCIIOJHUTEIbHBIMA MEXaHU3MaMHU.
KoHTposiepbl OTCIEKUBAIOT COCTOSHUE JATYMKOB TMOJIOKEHUS (COCTOSTHUSA),
BKJIIOYAIOT B TpeOyeMoM pexume (M BBIKIIOYAIOT, pa3yMeeTcs) I1aroBble U pe-
BEPCUBHBIC JBUTaTEIM, YHPABIAIOT NMOJAAYEH CKATOrO BO3/lyXa B ITHEBMaTH4Ye-

CKH€ CHCTeMBbl W T.J. [IpuMep yCTaHOBKH, YINpaBIsEeMON KOHTPOJLIEPOM
SIMATIC — puc. 1.
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Puc. 1. Ckanep TBOJI KTC-407.

TunuuyHas nporpaMma KOHTPOJUIepa MPECTaBIISIET U3 ¢e0s COBOKYITHOCTh
0JIOKOB — «00pabOTYUKOBY, COJIEPIKAHUE OTACIBHOTO OJI0OKa MOXET OBITh J0-
BOJIbHO CJIOKHBIM. Hampumep: npoBepuTh, KAKOBA MCXOJHOE COCTOSIHHE BCEX
WCIIOTHUTEIBHBIX YCTPOUCTB (KOH(PUTYpaIHs); €CiIu KOHPUTrypaius «IpaBuiib-
Has», BKIIOYATh B OIPEICIICHHOM IMOCIEA0BATEIbHOCTA HCIIOJHUTEIIBHBIE MeE-
XaHU3MBI, OTCJICKHUBAs MPU ITOM MU3MEHEHHs] KOH(PUTYypaIliy B OXHIAaHUHA Ha-
CTYIUICHUS] HEKOTOPOTro coObITHsA. MIHOTIa HAa KOHTpOJUIEp Bo3jiaraercs u odpa-
00TKa BCEX pe3yJbTATOB M3MEPEHUN C BBIJAYEH pe3ybTaTa; OJHAKO YaIle dTH
orepalyy BO3JIAraloTCid Ha OTHAEIbHYIO (LIEHTPaJbHYIO) MporpaMmy. Y aA00HO
OpraHu30BbIBaTh OOMEH JIaHHBIMH MEXIY KOHTPOJUIEPOM M LIEHTPAIBHOM Mpo-
rpammoit nocpenctBoM COM-texHONIOTHH. A B T€X HEPEAKUX CIydasx, KOrja
[EHTPaJIbLHON IIporpaMMe TPeOYyeTCs BBIMOJHSITh CEPhEe3HbIC BHIYUCIICHUS, €CTe-
CTBEHHO IporpamMMupoBaTh HenocpenactBeHHO Ha MATJIAB e, ucnosnb3ys ero
BBIUMCIIUTENBHBIE BO3MOXKHOCTH. [Ipouenypa MATIJIAB «actxserver» mpenoc-
TaBJISIET, BOOOIIE TOBOPSI, IOCTYN K MHTep(deiicy KoHTpoJuiepa:
>> pt = actxserver ('SiemensHMI.PTRT")
pt=

COM.siemenshmi.ptrt
>> invoke(pt)

GetlInstance = [string, string, handle] GetInstance(handle, string, string)

ShowWindow = void ShowWindow(handle, int32)

Load = void Load(handle, string, int32)

Quit = void Quit(handle)
>> Load(pt, 'C:\SIEMENS\PROTOOL\work\otmer200\TDOP\PRO.fwd', 0)
>>gs]1 ='VAR'
s2 ='Len_Stolb'
sl =
VAR
s2 =
Len_Stolb
>> [s3, s4, var| = GetInstance(pt, s1, s2)

??? Invalid handle object.
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OpmHako, Kak BUJHO, camas Mojie3Hast (PyHKIUs okazajlach HEpabOTOCIO-
coOHOM. MBI BBILIUIM U3 MOJIOKEHUS, HanucaB wrapper Ha C++, UCOJIb30BaHKE

KOTOPOT'O MO3BOJIMIIO OPraHU30BaTh TPeOyeMbIii OOMEH JaHHBIMMU:
>> pt = actxserver ('"PtToMLPTML.1'")
Load(pt,'C:\Siemens\Step7\S7proj\Rar_2\TDOP\PRO.fwd', 1)
pt.ClassName = 'VAR'

pt.InstanceName = 'C_Mode'

C_Mode = pt.Instance;

pt=
COM.pttoml.ptml.1
pt=
COM.pttoml.ptml.1
pt=

COM.pttoml.ptml.1
invoke(C_Mode)
SetValue = void SetValue(handle, Variant, int32, int32)
GetValue = [Variant(Pointer), int32] GetValue(handle)
GetValueType = int16 GetValueType(handle)
SetIndexedValue = void SetIndexedValue(handle, int32, Variant)
GetlndexedValue = Variant(Pointer) GetIndexedValue(handle, int32)
GetMaxIndex = int32 GetMaxIndex(handle)
>>
>> SetValue(C_Mode,1,0,1)
C_Mode.Value
ans =
1
>> SetValue(C_Mode,0,0,1)
>>(C_Mode.Value
ans =
0
Btopas 3amauya — wunterpauusi cucrembl MATJIAB ¢ oaHomiaTHBIMU
cnekrpomeTpamu pupmbl «I'pur Ctap». CriekTpoMeTpsl (Ipyroe Ha3BaHHE —
MPOLIECCOP UMMYJIbCHBIX CUTHAJIOB) MPEJICTABISIET U3 ce0sl IIaTy paclIupeHus,

cranaapra [SA miu PCI — puc. 2.
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Puc. 2. beicTpoelicTBYOIIMIA OJHOIUIATHBIN criekTpoMeTp SBS-67.

[IpeacraBnenHslii HA pUCyHKE IPUOOP pazpaboTaH Mo 3akazy «MariuHo-
CTPOUTEIHHOTO 3aBOJ[a» CIEUUATBHO NIl TPUMEHEHUH, TPEOYIOMMX BBICOKOM
MPOITYCKHON CIIOCOOHOCTH U MPHU BBICOKMX BXOJHBIX 3arpy3kax. MoxeT nmpume-
HATHCA KaK C MOJYNPOBOJHUKOBBIM, TaK U CO CUUHTUIUISIITMOHHBIM JIETEKTOPOM
u3nydennit. [1pu ucnonbp3zoBanuu cUHTIILIATOPOB Ha ocHOBEe Nal (TI) paboro-
CIIOCOBHOCTD COXPAHSAETCS IPH 3arpy3kax g0 2,5%10° mmm/c, a MakcCHMasbHas
IPOMyCKHas crocoGHocTh 2*10° ummn/c (ompeensercss TOIbKO BPEMEHEM Bbl-
CBEUMBaHMs CUUMHTHILIATOpA). [Iporieccop nMeeT mmpokoe NMpUMEHEHHE B MHO-
TOKaHAJBHBIX cucTeMax. PakTUYecKu pa3pabOTaHO LEJI0e CEMEHCTBO CIEKTPO-
meTpoB — SBS-59, 67, 70. Obmiee mis HUX BCEX MPOTPAMMHOE OOECIICUCHHE
NO3BOJISIET OOBEIUHATh B OJIHOM cHUcTeMe (KOMIMbIOTEpE) A0 32-X CHEKTPOMET-
POB — BIIPOYEM, IIACCU € 00JIee YeM JIBA/ILATHIO CIIOTAMU HaM HE BCTPEYAIHUCh.
[IporpammHoOe obOecrieueHHe COAEPKUT, BO-NEPBBIX, COOCTBEHHYIO O00O0JIOYKY,
T. H. OMYJISITOp aHaju3aTopa (puc. 3).
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-ESBS - Di\MatLab6.5work\Comm'M 1.'‘Poligon'2403N017.sps
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Puc. 3. Omynsarop ananuzaTtopa.

Dta 000J10YKa MO3BOJISET B YACTHOCTH, HUCIIOIH30BATh CIIEKTPOMETP Tpa-
JTUIUOHHBIM 00pa3oM — Kak JjabopaTopHsblid. [{J1s Hac, 0JlHaKO, rOpa3/io BaKHEE
TO OOCTOSITENILCTBO, YTO BMECTE C HUM MOCTaBJsAeTCsI OMOIMOTEKA YIIpaBIICHHUS.
DT0 COBOKYNHOCTh QyHKUMKA Ha CH++, KOTOpbIE MOTYT OBITh BbI3BaHBI U3 0001
porpaMMbl, PUYEM TMepBasi K€ BbI3BaHHAs (DYHKIMS 3arpy’kaeT ApailBep CHek-
TpomeTpa. ba3zoBble GyHKIMU OUOIUOTEKM MBI MEPETPAHCIUPOBAIA K BUIY
mex-dll, 4To Mmo3BOJMIIO HaM YyHpPaBisATh MHOTOKAHAJIBHOM CIEKTpOMETpHYE-
CKOM cucteMoi HemocpencTBeHHO U3 cpeabl MATIIAD — u B m060i1 MOMEHT
noydaTth B pabouyro oomacte MATJIAB TpeOyemyro CIEKTPOMETPHUYECCKYIO

uHGOpMAITHIO:
>> shshvon(0,1100)
Sbs00 HVOned % Iloausnu BbICOKOE HATIPSIZKEHUE
>> a=sbsgetspectra(0); bar(a)
Sbs00 GetSpectra mrows=512
>> hold on % Iloay4uniau ciektTp U mocrpousu (bar) rpapux
>> a=shsgetspectra(0); plot(a,'r')
Sbs00 GetSpectra mrows=512
% Iloy4n/iu CIeKTp Yepe3 HEKOTOpoe BpeMs,
% u nocrpousu (plot) rpagux
>> sbsstop
Sbs00 Stoped % OcTanoBujn Hadop
>> shsgetgain(0)

??? HepocTaTOYHO BBIXOJHBIX aPryMeHTOB. % Omudka, HaMepeHHO.
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Ommnoka B ==> D:\MATLABG6.5\work\Comm\M_L\Poligon\SBSGetGain.dll
>> g=sbhsgetgain(0)
Sbs00 GetGain *pGain=60.000000
% Teneps — npasuibHo. [loyyaem Tekyliee 3Ha4YeHHE YCHICHUS.
g=
60

>> sbssetgain(0,100)

Sbs00 SetGain *pGain=100.000000
>> g=shsgetgain(0)

Sbs00 GetGain *pGain=100.000000

g =
100
>> % W3MeHnIH yCHJIeHHe U yOenJIuCh B ITOM.

HaOpanHble cieKTphl MpeCcTaBiIeHbl Ha puC. 4.

-} Figure No. 1 [_ ¢
datin Ilpapka Bua Beraspte Yrunarer Oxuo ITomonm
lozda/ yaAr/ppo

10000

8000

6000

4000

2000

Puc. 4. CriekTpsl, IOCTPOEHHBIE BO BpEMS POBEACHHON CECCUU.

[TpoBenennast paboTa SBISETCS, Ha HAI B3MJIsL, 0a30i It pa3pabOTKu
CKaHUpyrommx cucrtem ¢ onopoit Ha MATIJIAB.

Jumepamypa

1. Bvicmposzopog C. B., Ilyreman FO. C., Cynvorcenxo I1. C., Uepesux B. M.,
Hoeukosa U. B., ®@aoees I'. B. Poccuiickue ckanepbl TBOJI: moctmxeHus,
npoOJieMbl, nepcrnekTuBbl // CHEeKTpOMETpUUECKUN aHaimu3. AmnmapaTtypa u
o6padotka nanabx Ha [I9BM.— O6nunck: 'IIUITIK, 2002.
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YAK 517.977.5

OCOBEHHOCTU PELIEHUSA 3A1AY
CPEJHEKBAJIPATUYHOI'O CUHTE3A B CPEJIE MATLAB

Bepemen E. 1.

Canxm-Ilemepbypackuii 2ocyoapcmeennviil ynusepcumem, Cankm-Ilemepbype,
e-mail:veremei@vrm.apmath.spbu.ru

1. Beéeoenue

[Ipu paccMOTpeHUN MPAKTUYECKUX BOMPOCOB UCCIIEIOBAHUSA, TIPOEKTUPO-
BAaHUS U KOMIIBIOTEPHOTO MOJICJIMPOBAHUS CUCTEM YIIPABICHUS JUHAMHUYECKUMHU
00BEKTaMH IHMPOKO MCHOJB3YIOT TEOPUIO CPEAHEKBAAPATUUHON ONTUMU3AIIIH.
B ee ocHOBe Jie’)kaT MareMaTUYECKHE METOABI U aJrOPUTMBI ITOMCKA JIMHENHBIX
PEryIsTOPOB, 00ECIEYNBAIOIINX MUHUMYM CPEIHEKBAIPATUYHBIX (HYHKIIMOHA-
JIOB JUISl CUCTEM, ITOABEPKEHHBIX BO3JCHUCTBUIO CTAllMOHAPHBIX BHELIHHUX BO3-
MYILEHUH CIy4alHOr0 Xapakrepa.

HecmoTtpst Ha oTHOCUTENBHYIO TPYOOCTh KOMILIEKCA MCIOJIb3YEMbIX Ma-
TEMAaTUYECKUX MOJEJIEH, ATOT MOJAXOJ IIMPOKO PAaCHPOCTPAHEH B CHIIy CBOEHU
JIOCTATOYHOU aJICKBATHOCTH OOBEKTUBHOW PEATBbHOCTH, YTO MOJTBEPKIACTCS
OOoraTbIM OIBITOM €ro MPaKTUYECKOTO MpUMeHeHHud. J[ake B caMbIX CIIOXKHBIX
CydasiX CpEIHEKBaJpaTU4yHas ONTUMHU3AIMS JAaeT OMNpPEACNICHHYI0 HH(pOopMa-
IIMI0 O CBOMCTBAaX OOBEKTa, KOTOpass MOXKET OBbITh MOJIE3HON MPU UCIIOIh30Ba-
HUU 00JIee TOHKUX U TIIYOOKHUX METOJO0B TEOPUH YIIPABIICHHUS.

B cBsA3M ¢ TeOpeTHUYECKOW MU MPAKTUYECKOW 3HAYMMOCTBIO JAHHOI'O Ha-
npasiieHus, HaurHas ¢ 40-xX roJI0B MPOILJIOro BeKa, €My MOCBSIIATIOCH OOJIbIIOE
KOJIMYECTBO OINMYyOJIMKOBAaHHBIX HAYUYHBIX palbOT, Cpelld KOTOPBIX IIUPOKYIO M3-
BECTHOCTh NpuoOpenu Takue MoHorpaduu, kak [1]-[4]. Ocobas ponb npuHaj-
JISKHUT NUKITY paboT, nmpeactaBieHHOMY kHUTOHU [S]. Ero aBTOpHI chopmupoBa-
1 3G (HEKTUBHBIN €UHBIN MOAXO0/] K PEHICHUIO psAlla 3a7ad CpeaHeKBaApaTuy-
HOM onTumMu3anuu. OnpeeeHHoe pa3BUTHE 3TOr0 MOAX0a ObUIO MPETI0KEHO
B cTaThsix [6]-[8] Ha ocHOBe crenuaabHON (HOPMBI MPEACTABICHUS ONTUMATh-
HBIX PELICHUH, YIMPOUIAIOMIEH MX KAYECTBEHHOE HMCCIEHOBAHUE U YUCIICHHBIN
TIOWCK.

B coBpemeHHOll TpakTOBKE (HhOpMaIU30BaHHBIX 3a7ad4 O HaXOXJICHUU
CTaOMIM3HUPYIOMINX 3aKOHOB YIIPABJICHUS 0CO00€ BHUMAHHE YJIENAETCS IpH-
KJIAJJHOW BETBU TEOPUU ONTHMM3ALUU 10 HOPMAaM MPOCTpaHcTB Xapau H, u

H o * AHaIUTHYECKHUE U YKCJICHHBIC MCTOAbI ATOM TCOPUHU IMPHUMCHUTCIBHO K

npoOieMaM yTpaBJICHHs JOCTATOYHO IITUPOKO MPEACTABICHBI B PSIIC H3BECTHBIX
MoHoOTpaduii, B yacTHOCTH — B padotax [9]-[11].

864



Cexyusa 3. Ilpoexmuposanue cucmem asmomMamuyecko20 ynpasieHus u pecyiuposanus

BricokoaddekTrBHAs peanu3alus YKa3aHHBIX METOJIOB OCYIIECTBIICHA B
matematudeckor cpene MATLAB. CooTBeTcTBylOIIEE MpOrpaMmMHoOe obecte-
YEHUE BXOJUT B COCTaB TPeX MakeToB NpukiIagHbix mnporpamm (IIIII): u-

Analysis and Synthesis Toolbox ( #-Tools), Robust Control Toolbox (RCT) u

LMI Control Toolbox (LMICT).

Bce ykazanHble makeThl B TOW WIKM HHOM Mepe CBA3aHbl ¢ OCHOBHBIM [1I111
Control System Toolbox, npeacrasmistomum B cpene MATLAB unctpyMenra-
pui Uil MOJEIMPOBAHMS, aHAIM3a U CUHTE3a cUCTeM ymnpaBieHus. OIHAKO B
ornuuue ot Control System Toolbox, rie B OCHOBHOM IPHBJIEKAIOTCS KJIacCH-
YECKUE MHKEHEPHBIE U MAaTEMAaTUYECKUE METOJbl TEOPUH YNPABICHUS, MTAKETHI
paccMaTpUBaEMOU 371€Ch TPYMIBI 0a3UPYIOTCS HA COBPEMEHHBIX TOX0JIaX, IMO-
JYYUBIINX CYIIECTBEHHOE PA3BUTHUE 32 MOCIETHUE JECATUICTHS.

NucTpyMeHTallbHBIE CPEACTBA MAKETOB JAHHOW IPYNIIEI B OCHOBHOM pea-
JU3YIOT BBIYUCIUTEIBHBIE METOJbI ONTUMU3AIUU JUHAMUYECKUX CHUCTEM IIO0
HOpMaM IpOCTpaHcTB H, u H . OTu METOABI UCIIOJIB3YOTCS ISl YIIPOILIECHHUS

MaTeMaTHUYeCKUX MoJiele OOBEKTOB, JUIsl CHHTE3a ONTHUMAJbHBIX 3aMKHYTBIX
CUCTEM U JUIsl pelIeHHs 3a7a4 Mo 00ecneueHuto podacTHON yCTOMYMBOCTH U PO-
0acTHOrO KauecTna.

B cBs3u ¢ HammuumeM BechbMa 3((HEKTHBHON aNTOPUTMHUYECKON U TpO-
I'PaMMHOW MOAJNEPXKKHU 3amad H, m H_ -OonTUMH3aluu BO3HUKAECT €CTECTBEH-

HBI/ BOMPOC O BO3MOKHOCTH €€ MCMOJIb30BaHUS U JIJI1 PELICHUS 3a/1a4 Cpe/IHeE-
KBaJpaTUYHOTO CHHTEe3a. B TeopeTnueckom acmekTe 3Ta npobdiiema o0Ccyx aacT-
Csl CPAaBHUTEJIBHO JAaBHO — B KaueCTBE MPUMEPOB MOXKHO MPUBECTU pabOTHI [§]
u [12], a coBpeMeHHBIN B3IJIs] Ha UCTOPUIO BOIIPOCAa B U3BECTHON Mepe mpej-
cTaBjieH B MoHorpaduu [14].

OcHOBa CBSI3M MEXIy ABYMs pacCMaTpUBAEMbIMU HAIpaBJICHUSIMH CO-
CTOWT B TOM, 4TO 0a30Bas 3aja4ya CpEIHEKBAAPATUIHOTO CHHTE3a SIBIISCTCS Ya-
CTHOM CUTyallMeH, OTHOCALIEHCA K TCOpUHU [ ,-ONTUMU3ALUN JIMHEHHBIX CHC-

TCM YIIPABJICHUA. B cBs3u ¢ aTUM 06111351 NICOJIOTHA ITOUCKA 3JICMCHTOB C MHU-
HUMAJIBHBIMM HOMAaMH B IPOCTPAHCTBC H2 MOKET OBITH HMCHOJIB30BaHa Ipun

GbOpMHUPOBAHNY  CIICIMATU3UPOBAHHBIX ~ AJITOPUTMOB  CPEIHEKBAIPATHIHOTO
cuHTe3a. O HAKO AIbTEPHATUBHBIN MOJX0]l C HEMOCPEICTBEHHBIM UCIIOIb30Ba-
HUE YHMBEPCAJIBHBIX CPEACTB [, -Teopuu, peann3oBaHHbIX B cpere MATLAB,

3/1eCb HE BO3MOKEH, MOCKOJIbKY CUTYallUsi HOCUT CYIIECTBEHHO BBIPOKICHHBIHI
XapakTep MO0 OTHOIICHHIO K 3THM CPEICTBAM.

TeM He MeHee, CylIEeCTBYET NMPUHLUMIHAIbHAS BO3MOXKHOCThH IMPEOAOIIe-
HUS yKa3aHHOW TPYJIHOCTHU 3a CYET pEeryJisipu3aliy 3aJadydl CpeJHEKBaJpaTHUy-
HOTO ONTUMAJIBHOTO CUHTE3A.

B cBs13u ¢ 0OTMEUEHHBIMU OOCTOSTEILCTBAMHY IIETISIMU TAHHOW pa0OTHI SIB-
JSFOTCS:

a) popMHUpOBaHUE CHEIUATU3UPOBAHHOTO anroputma pemeHus SISO 3a-
Jla4u CPEAHEKBAAPATUUHOIO CUHTE3A;
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0) perymnspusaius 3ajlaud JJisl IPUBJICUCHUS K €€ PEIICHUI0 YHUBEPCAIb-
HBIX cpeacTB H,-ontumunsanuu cpeasl MATLAB;

B) BBISBJIICHHE OCOOEHHOCTEH HCIOJIb30BAHUS PA3IMYHBIX METOJIOB, pea-
JIM30BaHHBIX B CPEJI€, U COIOCTABJIEHUE CIICLIMATIM3UPOBAHHOIO U YHUBEpPCAIb-
HOT'O ITOJXO/IOB.

2. Illocmanoexka SISO 3a0auu cpeonexeaopamuyHozo cuHmesa

Paccmorpum LTI monens oObekTa ynpaBieHHs, MPEACTaBICHHYIO AU}-
(bepeHIanbHbIM YpaBHEHUEM

A(p)y = B(p)u + (1), (1)

rie Yy — CKalisipHas u3MepsemMasl MEepeMEHHas, U — CKaJIAPHOE YIpaBJIEHUE,

A(p), B(p) — mnonuHOMBI cTeneHeid n u m < n—1 COOTBETCTBEHHO OT OTepa-

topa auddepennupoBanuss p=d/dt, ¢@(t) — BHEIIHEE CKAJIIPHOE BO3MY-

niaroniee BosaencTerue. B kauecTBe Bo3MylleHnid OyeM TpUHUMATh ClIy4YalHbIe
CTalMOHApHbIE (PYHKIIMU BPEMEHH, YJIOBIETBOPSIOIINE IPrOANUECKON TUIOTE3E
Y UMEIOIIME HYJIEBOE MAaTEMATUYECKOE OKUIAHUE.
Hapsiny ¢ ypaBHeHueM o0bekTa, OyJieM paccMaTpuBaTh MaTEMaTHYECKYIO
MOJIEIIb PETYIISATOpA
u=w(p)y, (2)
rne W(p)=W,(p)/W,(p), W,,W, — NOAUHOMBI.

[TockonbKy 3amanue peryisitopa (2) B MUHUMAaIbHON pealii3alii OJIHO-
3HAYHO OMpeEeNsIeTcs ero nepenarounon Gpyuakmueit W(s), B manpHeimem Oy-
JIeM OTOXKJIECTBJISITh MHOXECTBA PEryJSITOPOB BHAA (2) MU UX NEepeaaTOUYHbBIX
byHKIHA.

B xauecTtBe donycmumozo mHodxcecmea 0yneM NpUHUMATh COBOKYITHOCTb
Q" c Q cmabunusupylowux peryaaTopoB:

Wef2:Reo, <0, A(5,)=0, A(s)=A(s)W,(s)—B(s)W,(s),

i = Ldeg A(s) O

rae (2 — MHOXECTBO APOOHO-pallMOHAIBHBIX (DYHKIMH C BEIIECTBEHHBIMU KO-
apunmenTamu, A(s) — XapaKTePUCTUUECKUIN TOTUHOM 3aMKHYTOM CHCTEMBI.

*

JIJIsl OLIEHKH KadecTBa MPOLIECCOB BBEAEM B PACCMOTPEHHUE JBA BapHaHTA
KOHMPOIUPYeMbiX TIEPEMEHHBIX :
a) BEKTOPHYIO [IEPEMEHHYIO

(Y@
&(t) = k() ) 4)
0) CKaIsIpHYIO IEPEMEHHYIO
2(t) =Y () + K (1) | (5)

3nech k — HEKoTopas MoJoXKHUTENIbHas KOHCTaHTa (k €[0,0)).
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C ucnoyib30BaHUEM YKa3aHHBIX MEPEMEHHBIX MOXXHO BBECTH YHUCIIOBBIE
XapaKTepUCTUKN KadyecTBa MPOIECCOB YIpaBJeHUs] B 3aMKHYTOM cucteme (1),
(2). B yactHOCTH, Ha €€ IBMKEHUAX MOXKHO 33/1aTh CIEAYIOIIUE CpeaHEKBaIpa-
TUYHBIE (DYHKIIMOHAIIBI:

I, = lim j ET(DE()dt = lim - j t{EOET (1)t (6)
T—>0 T 0 T—>0 T 0
I = limljz2(t)dt. (7)
T T 0

C yuetom (4) u (5) BUIHO, UTO 3HAYCHUS ITUX (DYHKIIMOHATIOB COBIIAIAI0T
¥ TIpU TPOYHMX PaBHBIX OJHO3HAYHO OIPEIEIISIOTCS 3allaHueM IepelaTOdHOM

byukiuu perymsropa (2):
I,=1=L0V)=lim" [P+ ohi=<y >+ <> ®
T T 0

HpH 9TOM TpaaAUIIMOHHAA ITOCTAHOBKA 3ada4U CpGI[HeKBa,HpaTI/I‘{HOﬁ OIlI-

%
TUMU3AIUU BBITJISIIAT CIEAYIONIMM 00pa3oM: HAa MHOXECTBE (2 CTaOWIN3u-
pyIOMUX perynsaTopoB Buaa (1) He0OX0IUMO HAWTHU TaKOW, KOTOPBIM JOCTaBJIs-
€T MUHUMYM CpeAHEKBagpaTudHOMy QyHKuuoHany 1, (W) (8):

I,(W)— min. 9)
WeQ

3ameuanue: N3BECTHO, YTO TOYHAs HWXKHSAA IpaHuua (yHKIOUOHana /, Ha yka-

3aHHOM MHOKECTBE JIOCTUTaeTCA.
Teneps chopmynupyeM NOCTaHOBKY 3TOH ke 3ajaud B TepMuHax H,

Teopur. BHauane obparumcs K ¢dyHkuuonany [.(W) (6) u Bocmonb3yemcst
cienyroiei GopMyJoi U3 TEOPUHU CITyYalHBIX CTAllMOHAPHBIX MPOIECCOB:
1 17
T
=— |tr|S.(s)|ds=— | tr|S.(w)|dw, 10
(€)= Julseds= o fuls @] (10)
rae S, — Marpuia CHEKTPaIbHbIX IUIOTHOCTEH BEKTOPHOW MepeMeHHOn &(7).

DTa mepeMeHHasl €CTh Pe3yJbTaT MPOXOXKACHUS CKAISPHOTO CTAIIMOHAPHOTO
CUTHaJIa @(t) Yepe3 JIMHEWHYIO 3aMKHYTYIO CUCTEMY C MEepeJaTOUHON MaTpHIIeH

H(s)=(F,(s) kF,(s))",rne

_ 1 _ W(s)
EO= 0 8eme Y T am B e) (b
[Ipu »TOM criekTpasibHas TUIOTHOCTh CUTHANIA &(f) ompenenseTcs: BhIpaKeHUEM
S ()= H(=5)S,(s)H ' (s), (12)

rae S,(s)=S,(s)S,(—s) — cmekrpanbHas IJIOTHOCTh BXOJAHOTO CHUrHama ¢(f),

npuueM S)(s) — pauuoHalbHas ApoOb, UMEIOLIAasl BCE HYJIHU U IOJKCa B OT-
KPBITOU JIEBOH ITOIYIUIIOCKOCTH.
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[Toacrasnss (12) B (10), monyyum

(7¢)= i Ttr[H(— J0)S,(j@)S,(—jo)H (- jo)|da =

= i Itr[Sl (—jo)H' (—jo)H (—jo)S, (ja))]da) - HHSI‘E

B COOTBETCTBUU C OIPEEICHUEM B3BEIIEHHON [, HOpMBbI MaTtpulel H(s) ¢ Be-
coM S, (s).

Tenepb OTMCTHUM, 4YTO AJIA CJ'Iy‘-IElfIHBIX CTAalIMOHAPHBIX IPOLECCOB, YA0B-
JICTBOPAIOMIUX OProAudICCKOMY CBOP'ICTBy, BBIITOJIHAIKOTCS PaBCHCTBA

1) = lim [ 00t =(£72) =107,

OTKYyJa CJICAYyET, YTO
2
L(W)=|HS,],. (13)
CnenoBaTenbHO, 3a1a4da (9) SKBUBaJICHTHA 3a/1adye O MOMCKE TaKOro CTa-

OWJIM3UPYIOLIETO PETyJISITOpa, KOTOPBIM o0ecrneunBaeT MUHUMYM B3BELICHHOU
H, HOpMBI IepenaToYHON MaTpuLbl /1 (S) 3aMKHYTOH CUCTEMBI.

Tenepr obpatumcs k pyHkunonany /. (7), CBA3aHHOMY C BBIXOJHOM Iie-
peMEHHOU z(?), ABIAIOLIEHCA PE3YIBTATOM MPOXOXKACHUS CIIy4YalHOrO CHUTHaja
@(t) yepe3 JMHEHHYIO CUCTEMY C mepeaarouyHod QyHkuueirt F(s). 3ameTum,
YTO JJIs BO3MYILIEHUN paccMaTpUBAaEMOI0 THIIA, B COOTBETCTBHH C (5), 3Ta
(GyHKUMS TOJIKHA yIOBIETBOPSITH COOTHOLIEHHUIO

F(jo) =|F,(jo) +K|F,(jo) Yael0,0), (14)

rae F, u F, onpenensitores popmynamu (11).

Jlns qucnepcuu nepeMeHHou z(¢) crpaBellJIuBO PAaBEHCTBO

() :2%7 ijZ(s)ds =i TSZ(a))da), (15)

rae S (s)=F(s)F(-s)S,(s) mwm S ()= ‘F(ja))‘2 S,(w) — crnexrpanbHas

TUIOTHOCTH BBIXOJIA.
ITocne noacranoBku S, B (15) nmonydyaem

(°) = i T\F( jo)'S,(@)do=|FS,.. (16)

[TockonbKy BO3MyIIEHUE @(f) YAOBIETBOPSET 3PrOJUUECKOMY CBOMCTBY,
BBIITOJTHAIOTCS. PAaBEHCTBA

T

RN
IZ(W):ll_rg;!z (dt =(2*) = L),
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OTKYyJa CIIEAYET, YTO
L) =|Fs|.. (17)

Takum oOpazoMm, Ha ocHoBaHUM (popmyit (13) u (17) MOKHO yTBEpKAATh,
YTO KJIACCUYECKas 3a/laya CPeIHEKBAaJIPaTUYHOrO cuHTe3a (9) SKBUBAJICHTHA 3a-

Aadc O IMOMCKC MUHHUMYMa HOPMEI HHSIHZ " 3a1a49€ O IOUMCKEC MUHHNMYMa HOPMBI

|81,

cTBY (14). DT0 0O6CTOSITENHCTBO, HECMOTPS HA TO, YTO KJIACCUUYECKUI METOJ pe-
IICHUS 3aJa4M CHUHTE3a IMOJYYEeH CPABHUTEIBHO JaBHO, UMEET CYIIECTBEHHOE
TEOPETUYECKOE U MPAKTHUECKOe 3HaUeHue. B yacTHOCTH, mepexo] K MUHUMH3a-

rne H(s)= (Fy (s) kF, (S))T , @ pyHkus F'(s) yIOBIETBOpSIET paBEH-

A HOPMBI HHS1H2 MO3BOJISIET CBSI3aTh KJIIACCUUECKYIO 3a/1a4y C COBPEMEHHBIMU
YHUBEPCAIIbHBIMU METOJIaMH, peanin3oBaHHbIMU B cpeae MATLAB, a munumu-

3auust HOpMBI |FS) |, OTKpbIBaeT myTh K GOPMUPOBAHMUS CHIELUATH3UPOBAHHOTO

2
AJIropuTMa CHUHTC34, YIIPOITAOIICIO KAYCCTBCHHOC UCCIICIOBAHUC U YHCJICHHBIN
IMOUCK OIITHUMAJIBHBIX PETYJIATOPOB.

3. Cneyuanu3upoeanHvlit Memoo peuieHus 3a0auu cunmesa

[Tycte 3amana LTI monens oObekTa ynpasienus (1), rae ¢(t) — ciyuai-

HBII CTAllMOHAPHBINA 3PrOJUYECKUI MPOLECC, UMEIOIINN HYJIEBOE MaTeMaTHye-
CKO€ 0KUJAHUE U 3aJaHHYIO CIIEKTPaJIbHYIO INIOTHOCTH

5 (2 NONCs)
v T(s)T(—s)
rae N(s) u T(s) — rypBUIEBbHI TOJTUHOMBI.

(18)

Paccmotpum ypaBHeHUE CTaOWUIM3UPYIOIIEro peryiaropa (2) u Oyaem
XapaKTEpHU30BaTh KA4YECTBO TMPOIIECCOB YIPaBICHUS B 3aMKHYTOH CHCTEME
(1),(2) ¢ BeIXOAHOM MepeMeHHOH (5) cpeaHeKkBaIpaTUIHBIM (GYHKITHOHATIOM (8).

YuuThIBas 3KBUBAJICHTHOCTHh 3a/lad MUHUMHU3alWMW (QyHKIHOHANA (8) u
MUHHUMU3AIUU HOpMBI (17), OyzeM MCKaTh ONTUMAJIbHBIN peryystop Buaa (2),
UCXO/Is1 U3 TPeOOBaHUS

I(W)=7x|FS,|; - min , (19)

* ~
e JOMyCTUMOE MHOXKECTBO (2 3amaercs popmyioii (3), a B3BemeHHass HOpMa
nepenatouHoi Gpynkuuu F(s) — popmymoi

5], = - [IFGOT'S, (@do= |- [IFGoy's @do. (o)
T V1

0
3n1ech ‘F ( ja))‘2 onpenensercs paBeHcTBoM (14) ¢ yuerom dopmyi (11).

[Tpu 5TOM MUHUMU3UPYEMbIN (HYHKIIMOHAT MOXHO MPEACTABUThH B SIBHOU
3aBHCHMOCTH OT MepeAaTouHoN GyHKIMN W () HCKOMOTO PerysTopa:
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107) = [IF(jo)' S, (@)do = [ [|F,(jo) +F|F,(jo)]s,(@)do=

2 . 2
1xk W(J“’N S (w)do. @1
[A(jw) = B(jo)W (jo)
OmHaKO OTMETHM, YTO HEMOCPEACTBEHHBIN MOMCK MUHUMYMa (YHKIIHO-
Hasa, MpeAcTaBiIeHHOro B BHUe (21) 3aTpy/HEH B CHILy €ro HEJIMHEWHOMN 3aBH-
CUMOCTH OT GyHKUuu W .
OTmedeHHasi TPyAHOCTh OOBIYHO MPEOI0JIEBAETCS C OMOILBIO BBIMIOIHE-

=

%

HUS TapaMeTpU3alid MHOXEeCTBa (2 OJHUM M3 CIIOCOO0OB, YKa3aHHBIX B pado-
tax [5], [9], [12]. Bocmonb3yemMcsi ciocoOoM, MPUHATHEIM B paboTe [5], cyriecT-
BO KOTOPOTO COCTOUT BO BBEJICHUU BapbUPYEMbBIX QYHKIIUN-TIapaMeTpoB D(s):

D(s) = a(s)F,(s)+ B(s)F,(5). (22)
3necy a(s) u f(s) — noObIe MOJUHOMBI, KOTOPbIE OJTHOBPEMEHHO HE 00pa-
HIAIOTCS B TOXK/IECTBEHHbIE HYJIM U 00€CIEUMBAIOT I'YPBULEBOCTh MOJIMHOMA

O(s) = A(s) f(s) + B(s)a(s) .
3ametuM, yTo QyHKIHUH-IapameTpsl D(s) u nepenatounsie pyHkuuu W(s) B
(2) cBsa3aHbI OUEBUAHBIMU (POpPMYIIaMH
AP -« o2t pw
BO+fS°  A-BW’
[Tpu 3TOM mepenaTouHble (GYHKUUHU 3aMKHYTOH CHUCTEMBI ONpPEAENAIOTCS Cle-
TYIOIIMMU BBIPAKCHUSIMH

F =F (®)=

(23)

B®+ B AD -«

, B, =F(@)= (24)

BBeaem B paccmoTpeHne MHOXECTBO RL ApoOHO-paIiMOHANbHBIX (PYHK-
uuit /(S) KOMIUIEKCHOM MEPEMEHHOM §, KOTOPHIE HE UMEIOT MOJIOCOB HA MHH-

MO ocu. PaccMoTpuM ero moamMHoxkectBo RH, — RL, cocrosiiee U3 CTpOro

IPAaBWIBHBIX PaLlMOHAIBHBIX Apo0Oel C I'ypBULIEBBIMU 3HAMEHATEISIMH, @ TaKXKe
MHOXECTBO RH, C RL pannoHaJIbHBIX IpOOEH C IypBULEBBIMUA 3HaAMEHATENs-

MU, onipeesiemoe hopmyion
RH, ={®@(s)e RL:F (®)e RH,, F,(®) € RH,}.
Kpowme Toro, BBE€IeM B paCCMOTPEHUE MHOKECTBO
Q, ={W(s)e Q" :F,(W)eRH,,F,(W)eRH,}. (25)
HerpynHo nokasats, 4TO COOTHOLIEHUS (23) ONpeAessstoT B3aUMHO OJIHO-
3HAYHOE COOTBETCTBHE MEXTy MHOXKecTBaMu RH n (2.

Hcnonw3yst popmyiisl (24), npeicTaBUM MUHHUMU3UPYEMbIA (DYHKIIMOHAT
(21) B siBHO¥ 3aBUCUMOCTH OT (yHKITMU-TIapameTpa D :

1-7(@) = [[F,(@F,(@)+ P @)F. @), (s)ds. (26)
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31ech U Jlajee 3HaK «—» HaJl pallMOHAIbHOW JAPOObIO0 O3HAYAET 3aMEHYy €€ apry-
MEHTA «§ « HA «— S «.

OTMeTM, 4TO B MCXOJHOU pemraemMoit 31ech 3amade (19), momyctumoe
MHOKECTBO (2 MOKET OBITh C OYEBHIHOCTH CYKEHO 10 {2, TOCKOJBKY, CO-
IJIacHO (25), eMy HNpUHAJIEKUT HCKOMOE PEIICHHE.

Torna, B cuily yKa3aHHOI'O B3aMMHO OJIHO3HAYHOTO COOTBETCTBUSI MEXKIY
MHOXecTBaMu RH, u Q] , onpenensemoro dopmymnamu (23), 3anaga (19) sxeu-

6AJICHMHA 3a1a4¢c
[(®)— min , @, =arg min [(®) (27)

®eRH,
0 IIOUCKE ONTUMAIBHON (pyHKIMU-TIapameTpa D, .
JIist HaxOKeHusl YKa3aHHOW (YHKIIMU TIO0 UCXOJHBIM JTAaHHBIM, ITpeolpa-

3yeM MOJIBIHTETpaIbHOE BhIpaxkeHue B hopmysie (26), KOTopoe MOKHO Mpe/CcTa-
BUTH B BUJIC

F,(®)F,(®)+k’F,(®)F,(@)=(T, -L,O)T, -T,®) + T, (28)
2 4 _ AR ral 2

rae 7 :M, T, :g, T, :k—_, IpUYEM TypBULEB NMOIUHOM G(s) —
oG 0 GG

pe3ynbTaT pakTopu3aluu
k*44 + BB = GG .
C yuetom (28), MuHUMH3UpyeMbIi (yHKITMOHAT (26) IpUHUMAET BUJ

J® J®
(@)= j (T, - L,OXT, - T,®)S,,ds + j 1,S,ds.
0 0

HOCKOJIBKy BTOPOC ClIaracMoc 31€Ch HC 3aBUCUT OT q)YHKHI/II/I D , OIITUMAJIBHOC

pemenne @, 3anauu (27) OqHOBPEMEHHO SBISIETCS PELIEHUEM 3a1a4U
[(®) > min

®<RH,

1 Jjoo o 1 o)
rae [(@)=—— [(T; ~L)(.)S,ds =— [[T;(0) - Ty(0)P(0) S, (w)do.
27 =, 27 °
910, ¢ yueToM (20), MoxKeT ObITh MPEACTABICHO KaK
1@) =|F()8,5)]; = IT,(5) = L)@ )IS, )]
IloncraBisas crona Beipaxenusd 1id 7, u 71, nojry4yuM
(kzaZ B G j ¢
oG 0 ),
OOpaTuM BHUMaHUE Ha TO, YTO TPUBHAJIBLHOTO pEIICHUs 3a7auu, obecre-
YUBAIOLIETO HYJIEBOE 3HAaUeHHUE (DyHKIMOHAJIAa, HA MHOKecTBe RH, Her. JlelcT-

BUTeIbHO, monarass @ =@ = (k*ad — fB)/ GG, nonyanm [(P)=0, omHAKO
@ ¢ RH

+9

2

(@)=

IIOCKOJIbKY BC€ KOpHU noiuHoMa G = G(—s) pacnojioKeHbl B Ipa-
BOMW MOJIYIIOCKOCTH.
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[Tpomomkum mpeoOpazoBanue (ynkiuonana [(@), pasnenuB oba cra-
raeMbIx Ha BeIpakenue (G /G). Ilockonbky HE / GHE =1, umeem
[(@)=|(M —L®)S||; =|MS, = L&S,[;. rze

IV k*ad — B ;G

oG 0
Pa3noxuM mepBoe ciaraeMoe B CyMMY OPTOTOHAJIbHBIX DJIEMEHTOB C II0-
MOILBIO TerumneBa ®,, u rankenesa I, oneparopos ¢ nHgekcamMu M:

[(@)=[6y (S))+ I, (S) =~ LOS |, =[O, (5) - LOS,[; + |15, (S 29)
[locnenHee paBeHCTBO HMeeT MecTO, HOCKONbKy B cuity [, (S,) e RH;
(©,,(S,)—LdS,) e RH, cupasennuso (@,,(S,)-LDS,)) L1,,(S)).

Teneps Haiinem ¢pynkuuu @,,(S,) u 7,,(S,). C 310l Henblo cenapupyem
panroHaNbHYIO Apo0b M (5)S,(s):

M(S)Sl(s):kza(S)A(—S)—ﬂ(S)B(_S) N(s)_ M(s) . R(s)

= , (30
O(s)G(-s) I'(s) QO@)I(s) G(=s) G0
OTKYJla CJIEAYET, UTO
M,(s) R(s)
O,8)=——"7-—,1,0)= . 31
) O(s)T(s) ) G(=s) D

B cootBerctBuu ¢ (30), moctpoum mojguHoM R(s), JJIs 4€TO MpHUBEIEM
MIPaBYIO YacTh K 00IIEeMy 3HAMEHATEI0, TIOydasi IPU dTOM
k?a(s) A(=s)N(s) ~ B(s)B(=5)N(s) = M, ()G(=s) + R(s)O(s)G ()T (5)
OO0o3Hauas uepe3 g; (i=1,n) xopuu mommHOMa G(—s), OTCIOZA HETPYIHO
HAWTHU 3HaYEHUS MOJIMHOMA R(S) B 77 KOMIUIEKCHBIX TOYKAX:

R(gi) —_ B(_gi)N(gi) Q= L_n
A(g)T(g;)
Torna Ha 0a3e HHTEPIIOIAIIMOHHON (hopMmyJTbl Jlarpanika nMeeM:
R(S)ZZG(_S) B(_gi)N(:gi) ’ (32)
= & —S A(gi)T(gi)G (_gi)
rae G'(=g;) =dG(-s)/ds|_, (cunraem, 4to Bce KOPHU g; — MPOCTHIC).

[Tockonbky nmosuaoM R(s) u3BecteH, u3 (31) u (30) cnenyer
k*ad — BB R R
—_Sl i FM(SI)::

oG G G

Tenepb oOpaTUMCsi K MUHUMU3HpyeMOMY QyHKIHOHay (29). ITockonbky

BTOPOE CJIaraéMoe€ He 3aBUCHUT OT mapaMmerpa @, TO MUHUMYM (PyHKIHMOHAIA
o0ecrieynBaeTcs PaBEHCTBOM HYJIO MepBoro ciaraeMoro. [lokaxkem, 4ro 31O
claraeMoe MOKHO OOpaTUTh B HYJIb C MOMOUIbI0 (GYHKIMH @ U3 MHOMKECTBA

RH . leiictButensHo U3 ycnosus @, (S,)— L @S =0 nmeem

@M(Sl):
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_ (k’ad - B)S, - RQ
GGS, '
[Ippu »TOM cCHpaBenIuBBl PABEHCTBA [(kzaz — B)S, —RQ] =g, =0,

i =1,n, a cmegoBarenbHO yuCIUuTENb QYHKIUN D,(s) HALEIO AEIUTCS HA MOJIH-

D,

HOM G(—s). Toraa, mockoJyibky moauHoMbl G(s) u N(s) SBISIOTCSA TypBHIlE-
BbIMU, TO M 3HaMmeHaTelb @,(s) — rypsuneB noiauHoM. Kpome Toro, mpu
R(s) [
G(-s) 2’
T. €. BBINONHAIOTCS yciosust F, (@) e RH ), F,(®) € RH,, OTKyzia ciefiyer, 4ro
®,eRH, .

3Has oNTUMaJIbHYIO (pyHKLMIO-IapameTp @,(s) — peuieHue 3aaauu (27),

@ =@, pynkunonan /(@) npuHuUMaeT KOHEUHOe 3HaueHue [(P,)=

1o ¢opmyie (23) MOKHO HAWTH nepenaTouHyro GyHKIHI0 W, (s) ONTUMaIbHOIO
peryJaropa, peiarniero ucXoauyto 3agaay (19):
W (s) = [A()T(s)R(s) + B(=s)N(s)]/ G(=s)
0 [B()T(s)R(s) - k> A(—s)N(s)]/ G(=s)

rac JCJICHUC Ha ITIOJIMHOM G(—S) B YHUCJIUTCIIC U 3HAMCHATCIIC OCYIICCTBIIACTCA

(33)

Hayeno (6€3 ocTaTka).
OO6paTuM BHUMaHUE Ha TO, UTO BCIIOMOTaTeNIbHBIN moauHoM R(s) (32) u

nepenarouHas yHkuus W, (s) ontumansHoro peryiustopa (33) we 3asucam ot
BBIOOpA MOJUHOMOB (s) U f(s) B hopmyie (22).
[IpoBeneHHbIE MOCTPOEHUS TO3BOJIAIOT CPOPMYIUPOBATH AITOPUTM pe-

HIEHUS 3aJ]a4M CpeHEKBaApaTUYHOro cuHTe3a 1 SISO o0bekra.
B xauecTBe MCXOAHBIX JaHHBIX MPUMEM MOTUHOMBI A(s) U B(s) B Moje-

mu (1) oObekTa ynpaBieHus, TypBULIEBBI TOTUHOMBI N(s) u T(s) B CIEKTpaib-

HOM TIoTHOCTH (18) BHEIIHEro BO3MYIIEHHUSI, a TaKXKe€ 3HAYeHUE Kk BECOBOIO
MHOXUTENS B CpeIHeKBaApaTuuHOM (yHKImoHane (8). Torma st HaX0XAEHUS
nepeaarouyHol GpyHKIMU W, (s) ONTUMAIBHOTO perysTopa HeoOXOaUMO:

1. Boimonmauth Gakropuszanuio noauHoma /.(s):

I.(s)=k*>A(s)A(=s) + B(s)B(=s) = G(s)G(-s), (34)
rae G(s) — rypBuileB noiuHoM, a G(—s) — MOJIUHOM, BC€ KOPHU KOTOPOTO
PaCIOIO0KEHBI B MPABOM MOJIYIIJIOCKOCTA CUMMETPUYHO KOpHIM G ().

2. IlocTpouTh BCiOMOTaTENbHBIN MOJUHOM R(s) 1o opmyJie

N 0(=s)  B(-g)N(g)
K= Z:;‘ g —s Ag)T(g)G'(-g) G2
g (i= 1,n) — xopuu nomusoMa G(—s) (mpen-

rae G'(=g;)=dG(=s)/ds|_, ,
I10JIAraeTCsl, 4YTO BCE OHM SIBJISIIOTCS IPOCTBIMU).
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3. Chopmuposats uucnutens W, (s) n 3HameHatens Wy, (s) nepeaarou-

HOM (PYHKIIMM ONTUMAJILHOTO PETYJISTOpa Mo GopMyiam
A(S)T(s)R(s)+ B(—s)N(s)

Woy(s) = G , (36)
()= B(s)T(s)R(é)(: 5) A(=5)N(s) 7

Jlenenne Ha moauHoM G(—s) 37€Ch BRIMONHSAETCS Halelno (0e3 ocTaTka).
4. OmpenenuTs MUHUMAIbHOE 3HaueHHE [, CpEIHEKBAAPAaTHUYHOIO
¢yHKLIMOHAIa, 00ecrieunBaeMoe perysiTopom u =W, (s)y:
oy s |2
Tk’S (@), R(jw)
W) = j o+ [|Z2=
G(J a)| 0 G(jo)
3ameTuM, 4YTO peanuzaiusa BbruuciaeHud mno dopmynam (34)—~(38) B cpene
MATLAB sBisieTCsl UCKITIOUUTEIBHO MTPOCTOM.

(38)

4. IIpumenenue ynugepcanvnvix memooos H,-onmumusayuu

Bocnonb3yemcs Tem (hakTom, 4To 3aga4da (9) MUHUMHU3aLHUKA CPEIHEKBA-
patuuHoro (¢yHkuuoHana (8) 3KBUBaJICHTHA 33Jja4€ MUHUMHU3AIUU B3BEILICHHOMN
H, nopwmsl (13) nepenatounoit Matpuibl /(s) 3aMKHYTOW CUCTEMBI, ISl KOTO-
POIl BXOJIOM CIIyUT BO3MYLIEHUE (), a BBIXOJOM — mepeMeHHas &(f), onpe-
nensieMmast hopmyiion (4).

Cdopmupyem MaTreMaTHUECKYyI0 MOJIEIb 3aMKHYTOM cuctemsl (1), (2), ko-
TOpast MOKET OBITh MPE/ICTaBlIeHa OJIOK-CXEMOM, N300pakeHHOM Ha puc. 1. Dta
cxema cooTBercTtByeT crangaptHor LTI cucreme, o6pa3oBaHHON € MOMOIIBIO
npoOHo-1uHelHoTro npeoopazoBanus (LFT [9]).

H(s,W)

¢ (1) (9

\ 4
v

P(s)

v

u(t) y(1)
Wi(s)

Puc. 1. brnok-cxema 3aMKHYTOH CUCTEMBI.

Oo6o3Hauenne P(s) Ha puc. 1 COOTBETCTBYET MNEpeAaTOYHON MaTpule

T
00BEKTA YIIPABJIEHHS C BEKTOPHBIM BX0AOM (¢ 1) € R’ M BEKTOPHBIM BBIXO-
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mom (¢ y)' € R®. Dra MaTpuua MOKeT OBITh IOJyYeHA HA 6a3e MOLEIH 00b-
eKTa yIpaBJICHUS B IPOCTPAHCTBE COCTOSHUI
x=Ax+hp+bu,
§=Cux+d.u, (39)
y =cx.
3nech x € R"— BekTOp cocTosiHust 00bekTa, A , h, b, ¢ — IPOU3BOJILHBIE MaT-
PHIIBI COOTBETCTBYIOIIMX Pa3MEPHOCTEH, YAOBICTBOPSIONINE TOXKICCTBAM
det(Es— A, )= A(s), c(Es— A.) ' bA(s) = B(s), (Es— A,) " hA(s) =1,
rae £ — nxn equHu4Has Matpuua. [Ipu 3ToM B COOTBETCTBUH C (4), MaTPHUIIbI
C; 1 d. 0OIHO3HAYHO ONPENENSIOTCS BBIPAKEHUIMH

el
© len e k ‘

3anuceiBast ypaBHeHusa (39) B cranmaptHoil mns cpenbl MATLAB ss-
dbopme, moTyyum

i=Ax+(h! b)(?j,

(k40

OTKyJla CJIeIyeT, 4To nepeaaTounas matpuna P(s)o0bekTa yrpaBIeHUs] MOXKET

(40)

OBITH MPEJICTABIICHA B BUJIC
C 0, |
P(s)=| =% [(Es—A4)(h | b)+| -2Li-2 |,
c 0 0
Ilepenarounsie pynkuun F),, F, 3amxHyrtoil cucremsl (1), (2) oT ¢ K y
U OT (0 K u COOTBETCTBCHHO ompeneistorcs paBeHctBamu (11). Torma mepena-
To4Has Matpua H (s) 3aMKHYTOM CUCTEMBI OT @ K & coryacHo (4) uMeeT BUJ

£, (s)
H(s)= "y__j ,T.e. E=H(s)p.
s
[Tpu 3TOM cpenHEeKBaapaTUUHbIN CUHTE3 Uit 00bekTa (1) cBOAUTCS K 3a1a4e
I,(W)= ||H51||§ - VrVngl (41)

1 oobekra (40), rae MHOXKUTEND S, (s) onpenensercs popmyoit (18).

Jlnst peiieHus 3TOM 3a/ladyd MOXHO TPUBJIEYb YHUBEpCAIbHBIE HHCTPY-
MeHTHI cpeibl MATLAB, ogHako B HUX HE MPEAyCMaTpUBAETCA HAJIUYHME BECO-
BOT'O MHOXHUTENS §,. DTa TPYJHOCTH JIETKO IIPEOA0JIEBACTCS C UCIIOIb30BAHUEM

NoHATHA (popmupyroIIero GpuiabTpa, 3aJaBaeMoro ypaBHeHueM ¢ = S,(s)y B tf-
dbopme, Tae ¥ — Oembli MIyM C €IMHUYHON CIEKTPaIbHOM MIOTHOCTHIO. Oye-
BUJIHO, YTO NEpeaTo4Has MaTpula /, 3aMKHYTOW CUCTEMBI OT BXO/Ia ¥ K BbI-

875



Tpyout 11 nayunotl konghepenyuu «Ilpoexmuposatie uHICeHePHbIX U HAYYHBIX npunodicenuti 6 cpeoe MATLABy

xomy & mpezcrasisiercs BoipaxenueMm H  (s)= H(s)S,(s), nosromy 3anaya (41)
TpaHCHOPMHUPYETCS K SKBUBAJICHTHOMY BapHUaHTy
2 .

12 W)= HH7H2 - Vr,glgn (42)

JUTSI PACIIUPEHHOTO (HOPMUPYIOMIUM (PUIBTPOM OOBEKTA. 3aMHIleM YPaBHEHHUS
ATOr0 00BEKTA B SS-hopMe:

Bt )2l 2Y2)
|

VAN by 10

(?J: Ce 0ng ) * +(9zxzi__¢_j(2}
% ¢ 0, \x, 0 ! 0 \u

3neck, B cootercTBrM ¢ (18), ¢ — crenens nomunoma 7'(s), x, € R?— BekTOp

gx1

(43)

cocrostHust popmupyrouiero ¢punsrpa, A,, b,, ¢, — NPOU3BOIBHBIE MATPHIIbI

COOTBETCTBYIOIIUX Pa3MEPHOCTEH, YIOBIETBOPSIOIINE TOKICCTBAM
det(E,s—A,)=T(s), c,(E;s - Af)_lbfT(s) = N(s),

E, — enuHuYHAs ¢ X ¢ MaTpULa.

st pemienus 3agauu (43) B MPUHIIAIIE MOTYT OBITH MPUBJICYEHBI UHCT-
pymeHTsl H,-ontumusanuy, BKiIrodeHHble B cpenry MATLAB B cocrase I

p-Tools, RCT u LMICT. OgHako nmpu 3TOM CIIEIyeT YYUThIBaTh P NPHUHIIH-
IIUAJIbHBIX JIETAJICH.

[Ipexxne Bcero, OTMETUM, YTO B COOTBETCTBUU C OCHOBHBIMH IOJIOKE-
HusMu H, u H_ Teopuu, MUHUMYM HOpPMBbI MaTpulel H(s) obecrieunBaeTcs

% %
HE Ha MHOXECTBE (2 , a Ha €T0 CyKeHUH (2, < (2 , KOTOpOE OIPENEIAETCS KaK
COBOKYIHOCTb CMPO020 NpasuibHulX JPOOHO-pallMOHATIBHBIX (DYHKIMHI U3 3TOro

MHOXkecTBa. CrietoBaTesbHO, BMECTO 3afauu (42) s yKa3aHHBIX UHCTPYMEH-
TOB JIOITYCTUMOMU SIBJISIETCS 3a7a4a

LO)=|H, [~ inf - (44)

w e_QOc.Q*
B pa6ote [13] Obul0 MOKa3aHO, YTO TOYHASI HWXKHSS TpaHUla QpyHKIHOHANA [,

%
Ha MHOXECTBE (2, B OTIMYME OT MHOXeCTBa (2 , e docmueaemcsi, OJHAKO

CIIPaBeUINBO PABEHCTBO
inf I,(W)=minl,(W)=1,,
we

WEQOCQ*
rze BeiauunHa /, Haxoaurtes 1o gpopmyiie (38). DTo N03BOJSAET YTBEPKAATh, UTO
¢ moMoupl0 MHCTpyMEHTOB cpeabl MATLAB Ha 06a3e peuienust 3amauu (44)
HeNb3s MOJIyYUTh ONTHUMAJbHYIO IepenaTouHyr ¢yHkuuto W, =W, /W,

(36),(37), o1HaKO MOKHO MOCTPOUTH MUHUMUSUPYIOWLYIO NOCTIE008AMENbHOCHIb
nepenaToYHbIX (PYHKIHM, CXOAIIyIocs K Hel. JIo0oil sneMeHT 3Tol mocieno-
BaTEJIbHOCTH MOXHO TPAaKTOBATh KaK O -KBa3UONTHUMAJbHBIA PETYIATOp, TIe
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O — OTHOCHUTEJIbHOE YXYAIICHUE 3HaueHUs (PYHKI[MOHAJA 110 CPABHEHUIO C Be-
IUYUHOM /), 00ecrieunBaeMoe 3TUM PEryJISITOPOM.

Bropas ocobeHHOCTh paccMaTpuBaeMoil CUTyallid COCTOMT B TOM, YTO C
no3uuuii reopun H, u H_ ontumusaumu 3anadu (42) u (44) aeraromces gvipo-

JHCOeHHbIMU, TIOCKOJIBKY B ypaBHEHUAX (43) oObeKkTa paBeH HYJI0 MAaTPUYHBIN
KOA(PPHUIIMEHT, CBA3BIBAIOIIMKN U3MEPSIEMYIO MIEPEMEHHYIO ¥ WM BXOJIHYIO TIepe-
MEHHYIO y. B perynspHoi cuTyaruu 3TOT KO3(PGUIIMEHT TO0JDKEH UMETh I0JI-
HBIM CTOJIONOBBIN paHT [15]. B cBSI3U ¢ ATUM OOCTOSITEICTBOM JJISI PEIICHUS

3a/1aud HEJb3s HEMOCPEACTBEHHO BOCIOJIb30BaThCs PyHKIMsIMU h2syn 13 nake-
ta -Tools u h2lqg u3 makera RCT. [IpuBnedenune ykazaHHbIX UHCTPYMEHTOB

TpeOyeT MPOBEICHUS IPEABAPUTENBHON PETYIISIPU3AIIMY 3a/1a4H.

[Ipocreiimuii crmoco0 peryispu3anud COCTOUT B 3aMEHE YKa3aHHOTO KO-
s duirerTa MajabiM TapaMeTpoM & B ypaBHeHUsX (43), T. €. B mepexoje K Ma-
TEMaTUYECKON MOIeNT 00BEeKTa

_x_ Ax ihcf _x_ n Onxl_i b (7/\]’
|

-
AN by 1044

u
| y (45)
(?): Ce 1O ) X +(93X1_J_‘ff_j(2}
Y ¢ 0, \x; e | 0 \u

IIpu ycnoBum ¢ # 0 TouHas HUXKHSIS rpaHuna pyHkunoHana [,(W) pgocturaer-
Csl HA MHOXECTBE (2, u peuieHue 3anauu (44) miis oobekra (45) ¢ peryisaropom
(2) MoxeT ObITh HEMOCPEICTBEHHO HaWIeHO ¢ momMolibio GyHkiui h2syn wiu
h2lqg. IIpu sToM monydaemast mepegatodnas GpyHkuus W =W (s, &) U COOTBET-

cTBytomiee e 3Hauenne [/ =[(W)=1(g) PyHKIMOHANIA 3aBUCAT OT BEIIUYUHBI

PEryJISIpU3UPYIOIIETO MapaMeTpa.
HerpynHo yOeauThcs B TOM, YTO JIs JIFOOOM YHCIIOBOM MOCIIEI0BATEIb-
HOCTH {¢&;}, CXOASICHCS K HYJIIO IIPH [ —> 00, CIPABEUIUBbI PAaBEHCTBA

Hm{W (s, &, } =W, (s), im{I (&,}=1,. (46)

Takum 00pa3om, paccMaTpuBaeMblii METOJ PEryJsipu3allid HE TOJIBKO
CHUMAaET NpoOJieMy BBIPOKIEHHOCTH, HO M TO3BOJISIET MOCTPOUTH MUHUMU3H-
PYIOLIYIO MOCJIEI0BATEIBHOCTh PETYJISTOPOB, peliaiiux 3agady (44) mis uc-
X0JHOTO 0OBekTa (43).

Kpome ¢ynkmuit h2syn, h2lqg nns pemenust 3agaun cpeaHeKkBaapaTuy-
HOM ONTHUMHU3allUd MOXKET ObITh npuBiedeHa U (Pyskius hinfmix u3 makera
LMICT. OnmHako 3aMeTHM, 4TO YKa3aHHOE BBIIE TPEOOBAHUE IMOITHOTHI paHTa
COOTBETCTBYIOIIETO MATPUYHOTO KOIPUIIMEHTA 37IeCh OTCYTCTBYeT [16]. D10
CBSI3aHO C TE€M, YTO PETYJSpPHU3alUs C MEePEXo0M K 00beKTy Tuma (45) BbINOI-
HAE€TCA aBTOMaThdecku. C OIHOM CTOPOHBI, 3TO JTOCTOMHCTBO, YHPOIIAIOIIEE
NPUMEHEHUE 3TON (YHKLMH, a C IPYroil — HEJOCTATOK, 3aTPYIHSIOIIMNA KOH-
TPOJIb HaJ CTENEHbIO OJIM30CTH K TOYHOMY PELICHHMIO.
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5. Ilpumep pewenun SISO 3a0auu cpeonexeaopamuyHo2o cunmesa

B kadectBe mpumepa, WLTIOCTPUPYIOIIETO MPUBEIEHHBIE B paboTe mo-
XO0JIbl, PACCMOTPHUM 33aJlayy CPEIHEKBAJAPATUYHOM ONTUMM3ALUU JIJIsi POCTEH-
IIeTO JIMTHEWHOTO 00BbEKTa C MATEMATHIECKOW MOJIETHIO

py=u+@(), p=d/dt, (47)
rae @(t) — BO3MYILEHHUE CO CIEKTPAIbHON MIIOTHOCTHIO
4o a’+ B
r (0 +a’ +p*) -4p°0’
[lonaras a =1, f = V3, Beimonuum (bakTopu3aluio CIeKTpa:
16 1 1

51()5(=5) = (57 +2s+4) (s> —25+4)

S, ()=

OTKyaa CIICOYCT, YTO

N(s)=4/r, T(s)=s>+2s+4. (48)
Bynem 3aMbIkaTh 00BEKT (47) CTAOMIN3UPYIOIIMMU PETYIATOPaMHU
u=w(p)y, (49)

paccmaTpuBasi Ha JIBI)KEHMSIX 3aMKHYTOM cuctemsl (47), (49) cpennexsanpa-
TUYHBIN (PYHKIIHOHAT

L,(W)= limlj[yz(t) +ul (Odt =< y* > +<u’ >. (50)
T—)OOZ' 0

[TocTaBuM 3a/1auy CpeIHEKBAAPATUUHOTO CUHTE3A
I,(W)—> min. (51)
WeQ
Jns ee pelleHUs: UMEEM CIIEIYIOIINE UCXOJAHbIe HaHHbIe: A(s)=s, B(s)=1,
N(s)=4/Nr, T(s)=s>+2s+4, k=1,
[Ipexxsie Bcero, BOCHOIB3YEMCS CIELIMATU3UPOBAHHBIM METOAOM, IOJY-

YeHHBIM B paznene 3. Boimonnss noctpoenus no gopmynam (34)—~(37), Haxonum
nepesaTouHyo GyHKIHo W (s) ONTUMAIbHOTO PETYISTOPA:

2
s*+3s+7
Wy(s)= > (52)
s—4
a o ¢opmyie (38) — MUHUMANILHOE 3HAYeHUE (PYHKIIMOHATA!
Iy=1,Wy)=1,,+1,,=0.5918,

rne [ ,=1,(W,)=< y?>=0.1516, I,=1,W,)=<u’ >=0.4402 — 3HaucHus

JUCIIEPCUN KOOPJAMHATHI U yIIPABJIEHU I ONTUMAIBHOW 3aMKHYTOU CUCTEMBI.

OOpaTum BHUMaHHUE Ha TO, YTO MOJIy4YeHHAas nepenatounas Gpynkuus (52)
o0nagaer cleyroNIMMU OY€BUIHBIMU HEJOCTATKAMU, KOTOPHIE XapaKTePHbI IS
ONTHUMAJIbHBIX CPETHEKBAAPATUYHBIX PETYISATOPOB:

— HE SBJSETCS NPaBUIBHOU IPOOKIO;

— COOTBETCTBYET HEYCTOMUMBOMY JIMHEMHOMY TUHAMUYECKOMY OOBEKTY;
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— OMpEeNsieT HyJeBOM paauyc mapa poOacTHOW yCTOWYMBOCTH B IPO-
CTPAHCTBE MapaMeTPOB OOBEKTA.

VYKka3zaHHbIE HEIOCTAaTKU CYIIECTBEHHO 3aTPYAHSIOT MPAKTUYECKYIO pea-
JIU3ALUI0 ONTUMAJIBHBIX PETYJISITOPOB, IOATOMY B padote [13] Obutn npeaioxe-
HbI ONPEJIEIIEHHBIE CITIOCOOBI UX MPEOIOJICHUS.

Crnenyer OTMETUTh, YTO ITOM K€ LIEJIU MO CYIIECTBY MOXKET CIYKUTh U
UCIIOJIb30BaHUE AJIs pelieHus 3anaun (51) yHuBepcanbHbIX CpeACTB [, ontu-

muzauuu cpeasl MATLAB.

Jlns peanuzanuu noaxoja, MpeIoKeHHOro B pasnene 4 1aHHOM paboThl,
chopmupyeM mnporpammy Ha s3bike MATLAB, TekcT kKoTopoill mpuBEIEH B
PUIOKEHUH.

B nepBoM 0i10Kke BBIYMCIAIOTCS BenudyuHsl /), [, 1, A1 ONTUMAIbHOU

0>
3aMKHYTOW CHCTE€MbI, MoiiydeHHoW mno (opmynam (34)—(37). Bropoit 610k
cTpouT dpopMmupyromuit punetp @ =.S,(s)y , TpeTuit 610K — ypaBHEHHsI OOBEK-

Ta ynpanenus (40), 4eTBepThIil OJIOK MOPOKAAET PACHTUPEHHBIA 00BEKT (43).

B nmstoMm Gi10ke ocyiecTBisieTcs MOCTPOEHNE MUHUMHU3UPYIIEH MOcie10-
BaTEJIbHOCTH PErYJSATOPOB I 3aaa4uu (51), yAOBIETBOPSIOMUX YCI0BUIO (46),
nyTeM pemieHus 3aaa4 (44) st 00beKTOB (45) ¢ pa3TUYHBIMU 3HAYCHHUSIMU YHC-
na ¢ . Ilpu stom ucnonb3yercs Gynkius h2syn u3 nakera u-Tools. Beraucie-

HUS TIPOM3BOIATCS JUIsl KOHeUHoro Habopa umcen & =[0.1 0.07 0.05...10°], a

X pe3yJbTaT MPEACTaBICH B CIEAYIOMIeH Tabiuile, coiepiKaiieil 3HadYeHUS
dbynknuonana (50) u ero oTAEIBHBIX claraeMbIx sl 00bekTa (47), 3aMKHYTOTO
CHUHTE3UPOBAHHBIMU PETYJISTOPAMU.

& 1,07) 1,07) LOP)

0
1.0000e-001
7.0000e-002
5.0000e-002
3.0000e-002
1.0000e-002
1.0000e-003
1.0000e-004
1.0000e-005
1.0000e-006
1.0000e-007
1.0000e-008

1.5160e-001
6.5917e-001
4.8041e-001
4.1044e-001
3.4331e-001
2.6055¢-001
1.9002e-001
1.6683e-001
1.5811e-001
1.5451e-001
1.5292e-001
1.5221e-001

4.4023e-001
1.2134e-000
7.1827e-001
6.0968e-001
5.4581e-001
4.9759¢-001
4.6516e-001
4.5207e-001
4.4583e-001
4.4285e-001
4.4146e-001
4.4080e-001

5.9184e-001
1.8726¢-000
1.1987e-000
1.0201e-000
8.8912e-001
7.5813e-001
6.5517e-001
6.1890e-001
6.0394¢-001
5.9736e-001
5.9438e-001
5.9301e-001

AHaM3 TaONMIBI MO3BOJSET 3aKIIOUHMTh, 4TO Npu yciaoBuu & <0.001

YXYI[IHGHI/IG 3HAUYCHUA (bYHKHI/IOHaHa 10 OTHOHOICHUIKO K €TI0 OHTI/IMYMy HEC Hpe-
Bocxoaut 11%.
[TpuBenem nepenarounbie GYHKIIMN CHHTE3UPOBAHHBIX PETYJISITOPOB:
2
~ +2.68s5+5.0
£=001, W(s,e)=— 2 54309 ,
0.0509s° +0.466s5° +1.225 +4.20
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s* +2.90s5 +5.84
5.84-107s> +0.1185> +0.1935 + 4.02°
s +2.97s+6.40
—6.40-10"5> —=0.02775s* +0.397s —4.00
s*+2.995+6.71

—6.71-107 5% —=0.00625s” + 0.708s —4.00
Crpemiienne k nepeaaToyHod GyHKuu (52) npu yMEHBIICHUH BEIUYH-
Hbl & oueBUIHO. IIpu 3TOM BCce CHHTE3MpOBaHHBbIE (PYHKIMU SIBJIAIOTCS Ipa-
BUJIbHBIMU ApO0sIMH, a Tpy ycioBuM ¢ > 0.001 ux 3HaMeHaTenu IrypBULIEBHI.
B wnrore npumeHnenus yHusepcaibHoro /H, mojaxoaa Ha 0asze makera U -

£=0.001, W(s,&)=—

£=0.0001, W(s,&)=

£=0.00001, W(s,e)=

Tools MOXXHO pEeKOMEHAOBaTh PEryJATOp, MOJYYEHHBIH i1 3HAYCHUS
£ =0.001, B xauecTBe KBa3HMONTUMAIBHOIO MO OTHOIIEHUIO K (52). DTOT pery-
JSTOP B SS-(pOopMe JIETKO peanu3yercss U HE 3HAUUTENBbHO YXYIIAeT KaueCTBO
YIPABJICHHS 10 CPABHEHUIO C OITUMYMOM.

[Ilectoii OMOK MpPOrpaMMbl OCYIIECTBIISIET KBa3MONTUMAJbHBINM CHUHTE3
s 3agaum (51) mytem  pemienust 3anaun (44) mis oobekta (43) ¢ MOMOIIBIO
¢byukiuu  hinfmix u3 nakera LMICT. Ilpu s3Tom perynsipu3zaiusi OCyIecTBIIs-
ercs aBroMmaruuecku. Ilepenmarounas ¢yukuus W, (s) CHHTE3UPOBAHHOIO

pEeTyJIsITOpa UMEET BUJL
s*+3.425+7.58

~4.60-107"s* —0.09185> + 0.4665 —4.96°
YTO COOTBETCTBYET CIEAYIOIIMM 3HaueHusAM ¢yHkuuoHana (50) u ero ornens-
HBIX CJIaracMbIX: l,=1,W,)=0.1750, 1,=1W,)=0.4609,

L,=1,W,)=1,+1,=0.6360. OT0oT pe3ynbrar Tak)ke MOKHO TPAKTOBaTh, KaK

W,(s)=

JIOCTATOYHO OJIM3KHUII K ONTUMYMY, OJTHAKO, B OTJIMYME OT MPEAIIECTBYIOIIETO
METO/1a, 3/IECh HET YCTOMYHMBOCTU peryisaropa. Kpome Toro, aBromatuyeckas
perymispu3aius He MO3BOJISIET BIUATH HA CTETNCHb OJU30CTH K ONTHUMAIBHOMY
pemenuto. OgHako 3amMeTuM, 4To QyHKIMI0O hinfmix MOXHO NPUMEHSITH U
JUI. TIOCTPOEHUS MHUHUMM3HUPYIOIIUX TMOCIE€I0BATEIbHOCTEN TaK K€, Kak |
¢dbynkuuo h2syn.

6. Boieoowi

1. Tounoe pemeHne 3aga4u CPEIHEKBAIPATUYHOTO CHUHTE3a MOXHO II0-
JY4YUTh KaK aHATUTUYECKH, TaK U YHCIECHHO, C UCTOIb30BAaHUEM MPEITI0KEHHO-
ro B paboTe crenuain3upoBaHHOr0 oaxoaa Ha 6a3e popmyn (34) — (38).

2. JIast 9MCIeHHOTo PelIeH s 3aJa4l MOKHO IPUMEHUTh YHUBEPCAIbHBIC
IpOrpaMMHBIE CPEJICTBA ONTHMU3ALMU 10 HOpME H,, peanu30BaHHbBIE B CpPEe
MATLAB — ¢ynkuuu h2syn, h2lqg u hinfmix u3 nakero u-Tools, RCT u

LMICT coOoTBETCTBEHHO.
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3. C moMouIpl0 yKa3aHHBIX CPEJCTB HEJb3S MOJYYUTh TOYHOE PEIICHUE
3aJlayl CUHTE3a B CBSI3M C €€ CYLIECTBEHHOM BBIPOXKIEHHOCThIO. OHAKO C uUC-
MOJIb30BAHUEM PETYJIAPU3ALMN MOXHO CTPOUTHh KBA3HOINTHUMAJIbHBIE 3aKOHBI
YIPABJICHUS KaK MPUOIMKEHUS K TOUHOMY PEIICHHUIO.

4. IIpeuMy1IeCTBOM MOIYYaE€MbIX ITPU ATOM KBa3UONTUMAJIbHBIX PEryJis-
TOPOB SIBJIIETCSI BOBMOYKHOCTh MX MPAKTUYECKOW peanu3aluu, KoTopas HE Bce-
I/1a IPUCYILA TOYHBIM PEIICHUSIM.

5. @ynkuus hinfmix aBTOMaTHuecKu BBINOJHSET PEryJApU3ALUI0 pac-
CMaTpUBAaEMOM 3a/auy, YTO YNPOLIAET €€ NMPUMEHEHHE, OJHAKO ISl KOHTPOJIS
KayecTBa MoTy4aeMoro NpuOIMKEHUs KeIaTeIbHO 3HaTh TOYHOE PELIEHHE.

6. C nomomusio Gpynkumii h2syn, h2lqg u hinfmix na 6a3e nmpennoxeHHo-
ro METOJa PEeryJiipu3alu yI0OHO CTPOUTh MUHHMM3UPYIOIIHME IOCIIEI0BA-
TEIbHOCTH KBa3UONTUMAJIbHBIX PETYJIATOPOB, CXOJSALIMECS K TOYHOMY pelle-
HUIO.

7. Haubonee panuoHAJIbHBIM MYTEM MPAKTUYECKOTO pEUIeHUs 3aaad
CPEIHEKBaIPATUUHON ONTUMHU3AIMH CIEAYET CUATATh COBMECTHOE MPUMEHEHUE
B cpene MATLAB crnenuaau3upoBaHHOTO M YHUBEPCAIBLHOIO MOJAXOJ0B, pac-
CMOTPEHHBIX B IaHHOU padoTe.
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Ilpunosncenue

% Mean Square Optimal Synthesis
clear;
format short e;

% 1. Mean Square Optimal System

dnum=conv([7 7],[1 2 4]);

numx=[1 -4]; numu=[1 3 7];

sx=tf(numx,dnum); su=tf(numu,dnum);
Iy0=16*(norm(sx)"2); lu0=16*(norm(su)”2); 10=Iy0+Iu0;
ai(1,1)=0; ai(1,2)=Iy0; ai(1,3)=Iu0; ai(1,4)=I10;

% 2. Shaping Filter
S1=ltisys('tf',1,[1 2 4]); % SISO-system with tf 1/(s"2+2s+4)
SF=sdiag(S1,1);

% 3. Controlled Plant (no Filter)
Ap=0; Bp=[11];

Cp=[101]'; Dp=[00;01; 0 0];
sPlant=pck(Ap,Bp,Cp,Dp);

% 4. Augmented Plant
Paug0=smult(SF,sPlant); [a,b,c,d]=unpck(Paug0);

% 5. Mu-Tools approach
for ep=[0.1 0.07 0.05 0.03 0.01 1e-3 1e-4 1e-5 1e-6 1e-7 1e-8]
d(3,1)=ep; Paug=pck(a,b,c,d);

% h2-Optimal Synthesis
[W1,Gz,Nm]=h2syn(Paug,1,1);
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[nuW,deW]=Ititf(W1); ko=nuW(2); nuW=nuW/ko; deW=deW/ko;

% Closed-loop System
sCl=slft(Paug0,W1,1,1);
% h2-norms
h2J=norm2(sC1);h2y=norm2(ssub(sC1,1,1));
h2u=norm2(ssub(sC1,1,2));
H2J=16*h2J"2; H2y=16*h2y"2; H2u=16*h2u”2;
ai=[ai;ep H2y H2u H2J];
end;
% 6. LMICT approach
[gef,hh,W1]=hinfmix(Paug0,[2 1 1],[0 0 0 1]);
[nuW,deW]=Ititf(W1); ko=nuW(2); nuW=nuW/ko; deW=deW/ko;

% Closed-loop System

sCl1=slft(Paug0,W1,1,1);

% h2-norms

h2J=norm2(sC1); h2y=norm2(ssub(sC1,1,1));
h2u=norm2(ssub(sC1,1,2));

H2J=16*h2J"2; H2y=16*h2y”2; H2u=16*h2u”2;
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YAK 517.977.5

ITPUMEHEHHUE ITAKETA NCD U151 PEHIEHWA 3ATAY
MOJAJIBHOU TAPAMETPUYECKOU OIITUMU3ALINN

Bepemeu E. U., Koposexun M. B.

Canxm-Ilemep6ypackuii 2ocyoapcmeennviil ynusepcumem, Cankm-Ilemepoype,
e-mail: maxik@vrm.apmath.spbu.ru

1. Beéeoenue

Nuctpymentanbubiii maket (UIT) NCD Blockset mpegocrasisieT momab3o-
BATEJII0 IIMPOKME BO3MOXKHOCTH U1l HACTPOWKHU MMAPAMETPOB HEINUHEHHBIX IU-
HAMUYECKUX OOBEKTOB, OOECHEUMBAIOLIMX JKEIAEMOE KayeCTBO MEPEXOHBIX
poreccoB. B kauecTBe cpencrsa uisl JOCTHKEHUS YKAa3aHHOW L€ NMPUHHUMA-
€TCSl ONTUMM3ALMOHHBINA MOJAX0/ ¢ MUHUMM3aUe GyHKiuu mrpada 3a Hapy-
HIEHUE JWHAMUYECKHX orpaHudyeHuid. [Ipy momommy [aHHOTO WHCTPYMEHTA
MOHO HACTpaumBaTh IapaMeTpbl HeauHeWHou Simulink-monenu, B KauecTBe
KOTOPBIX MOXET ObITh 3asBJICHO JI000€ KOJIMYECTBO MEPEMEHHBIX, BKIIIOYAS
CKaJIsipbl, BEKTOPBI U MaTpulibl. OcoOyI0 3HAUMMOCTh UMEET TO 00CTOSTENHCTBO,
YTO B IPOILIECCE HACTPOMKHA MOTYT YUHMTBIBATHCS HEONPEAECICHHOCTH MapameT-
pUYECKOr0 THUIA MATEMAaTUYECKOW MOJEINH, YTO MO3BOJSET CUHTE3UPOBATh PO-
OacTHbBIE 3aKOHbI YIPABIICHUS.

B kauectBe ecrectBeHHoro npumepa npumenenuss NCD Blockset MoxkHO
yKa3aTh apaMeTPUUECKU CHHTE3 3aKOHOB YINPAaBIEHUS TUHAMUYECKUMH O0b-
€KTaMH, ONTUMAJIbHBIX B TOM WJIM UHOM CMbIci€e. OJHAKO 1Jid JOCTATOYHO BaXK-
HOTO KJlacca MOoJ0OHBIX 3a/1a4 UCIOJIb30BAaHUE MOIIHBIX BO3MOXKHOCTEH JIaHHO-
ro MaKeTa MOXET OBbITh 3aTPYJAHEHO KaK B CHIIy ClIeU(PUKN caMHuX 3aj]ad, TaK U
u3-3a ocoOeHHocTel ucnoiab3oBanus 6moka NCD Outport. 910 MOXET BbIpa-
KaTbCsl, HAIPUMED, B CI0KHOCTSIX, CBA3AHHBIX C 33JJaHUEM JIOIYCTUMOTO MHO-
JKE€CTBA U3MEHEHHUSI BapbUPYEMBIX NapaMEeTpPOB, MOAJICKAIINX MMOUCKY. J[aHHBIE
CJIO)HOCTH MOTYT BO3HUKATh HE TOJHKO Ha dTamne (popMaau3aivy 3a/laqu, HO U
Ha ATalle peaau3aluu alropuTMOB ee pelreHust Ha OBM.

B aHanuTHYeCKHX HCCIENOBAHUSAX IOBOJIBHO YAaCTO HCIOJIB3YETCS JIW-
HeifHast MoJienb O0BEKTA, BRICTyHAIOIasi B KauecTBe 0a3bl MPHU CUHTE3€ 3aKOHOB
YIPABJICHHS U HAYAJIBHOM OIleHKe AUHAMUKU. Kak W3BeCTHO, JTFOOBIC TBMKCHUS
JUHEHMHOTro 00BEKTa, M B YACTHOCTH, TaKHE MX IOKa3aTeNId KaK BpeMs Iomnajaa-
HUS B OKPECTHOCTD IIOJIOXKEHHSI PABHOBECHS, MAKCUMAJIbHOE TUHAMUYECKOE OT-
KJIOHEHHE OT HEr0 W JPYIrue CYIIECTBEHHO 3aBUCAT OT PACIIOJIOKEHHUs HYJIEU U
IIOJIFOCOB 3aMKHYTOM cHCTeMBI. [l0 cymiecTBy, COOTBETCTBYIOIIHME TOYKM HA
KOMIUIEKCHOM TIJIOCKOCTM MOXHO TPAaKTOBaTh KaK WMHTETPalbHbIE XapaKTEpH-
CTUKU Ka4yeCTBa, HE3aBUCUMO OT BbIOOpAa KOHKPETHOI'O JIBHKEHHSI, OIpEeIisie-
MOT'0 HaYaJIbHBIMU YCIIOBUSIMU Y BHEIIIHUMU BO3MYIIICHUSIMH.
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Opnaxo no cBoeit mpupoae UIT NCD Blockset He opueHTUpOBaH Ha y4der
TpeOOBAHMI IO PACMONOKEHUIO HYJEH U MOJIOCOB, B PE3YyJIbTATE€ YEro MPOBO-
JMasi C €ro MOMOIIBI0 ONTHUMHU3ALMSA HOCUT JIOKAIBHBIM XApaKTEP, TPUCYIIHNI
TOJIBKO pacCMAaTpUBAaEMOMY KOHKPETHOMY JIBM>KEHUIO. B pesyibrare, mpu nepe-
X0JIe K IPyroMy JBUKEHHUIO, B U3BECTHOM CMBICIIE€ TIOJJOOHOM JAHHOMY, IPOBE-
JICHHAsi HACTPOWKA MapaMeTPOB MOXET IMPUBECTH K CYIIECTBEHHOMY yXyJLIe-
HUIO KayecTa npouecca. [Ipu 3Tom npoBeneHue nepeHacTporKuy 1o psiiy Ipu-
YUH MOXKET 0Ka3aThCs HEXKEIATEIBbHBIM WM HEBO3MOKHBIM.

B cBs13u ¢ 0TMEUEHHBIM 0OCTOSATEIBLCTBOM B padOTE MpeaaraeTcsi METo
peleHns 3aja4 MapaMeTpUYeCKOd ONTUMHU3ALUUMN HEJIUHEUHBIX CUCTEM yIIpaB-
JIEHWs, TIO3BOJISIONIMI HUcnoib3oBaTh Bce npeumytnectBa MIT NCD Blockset ¢
3aBEJIOMbIM YUETOM HHTETPAIbHBIX TPEOOBaHUM, MPEABABISIEMbIX K 3aMKHYTOM
cucteme. Meton 6azupyercss Ha €AMHOW UJICO0JIOTMH MOJIaJbHON MapaMeTpuye-
CKOW ONTUMH3ALNHU JUHAMAYECKUX CUCTEM.

2. Ilocmanoexa 3a0auu MoO0aIbHOI nAPAMEMPUUECKOU ONMUMUZAUUU

OpnHolt u3 HauboJIee MUPOKO UCIIOIB3YEMBIX Ha MPAKTUKE 337a4 ONTUMHU-
3allMM HECTAlMOHAPHBIX PEXKUMOB JIBUKEHUS Ul YIPaBISIEMbIX OOBEKTOB SIB-
JSI€TCS AaHATIMTUYECKUI CHHTE3 JTMHENHBIX PErYJISTOPOB, 00ECIEUNBAKOIINX IKC-
TPEMyM HEKOTOPOTO (PYHKIMOHANA, 33JaHHOTO Ha ABM)KCHUAX 3aMKHYTOW He-
JIMHEWHOU cucTeMsl. [Ipu 3TOM onTMMM3anus OCYyLIECTBISECTCS HA Pa3IMYHBIX
JOIYCTUMBIX MHO>KECTBaX JIMHEHHBIX PEryJsTOPOB, UMEIOLIUX MPOU3BOJIBHYIO
WIN (PUKCUPOBAHHYIO CTPYKTYPY.

B uenom psae cuTyanuii JOMyCTUMbIE MHOXECTBAa (POPMUPYIOTCS Tak,
YTOOBI KOPHU XAaPAKTEPUCTUYECKOTO MOJMHOMA COOTBETCTBYIOLIEIO JIUHEHHOTO
npuOIMKEHUsT ObUTH PACIONIOKEHBI B 33JaHHBIX 00JIACTSIX OTKPBITOM JIEBOH MO-
JYTUIOCKOCTH. Takyto mpobiieMy MOXHO Ha3BaTh 3adaueli MOOAIbHOU ONMUMU-
3ayuu, TOCKOJIbKY OHA B IBHOM BHJIE CBA3aHA C BOIIPOCAMU TEOPUU MOJAJIBHOIO
yrnpasieHus [1].

B kauecTBe MaTeMaTHUECKON MOJENN OOBEKTa YIPABIECHUS PACCMOTPUM
cUCTeMY OOBIKHOBEHHBIX HEJIMHEHHBIX AU(PepeHInanbHbIX YpaBHEHUH B OT-
KJIOHEHUSIX OT HEKOTOPOT'O KOHTPOJIUPYEMOIO IBUKEHUS:

x=G(t,x,u,p), (1)
rne x € E”"— BEKTOp OTKJIOHEHWH COCTOSHUS 00bekTa, u € E” — BEKTOp
YIIPaBIAIONINX BO3ACHCTBHIH, @ € E'— BeKTOp BO3MYIIEHHIA.

[Tpu ycnoBusax x(t)=0, u(t)=0, ¢(t)=0 cucrema (1) HaX0aUTCS B IMO-
JIO’)KEHUU PABHOBECHUSI, YUTO COOTBETCTBYET KOHTPOJIUPYEMOMY JIBHKEHUIO O0B-
exta ynpasieHus. [lycts pynkius G TakoBa, 4to cuctema (1) MOXeT OBbITh JIH-
HEapu30BaHa B OKPECTHOCTU HYJIEBOTO MOJIOKEHUS PABHOBECHUS, YTO MPUBOIUT

K cucTteMe JUHEHHBIX AuddepeHnaibHbIX ypaBHEHUN O0BEKTa YMpaBIICHUS
BUJIA
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X=A(t)x+B(t)u+H(t)p. (2)

Marpuibl cucTeMbl (2) UMEIOT CBOMMHU KOMIIOHEHTAMH COOTBETCTBYIOIIUE Ya-
CTHBIE TNpPOU3BOJAHBIE OT (GYHKUUMU G, BBIYUCIEHHBIE NpU yciaoBHsIX Xx =0,
u=0, p=0.

B nanbheitiiem Oynem mosaraThk, 4to marpuubl A, B, H B (2) — no-
CTOSIHHBIE, TPUYEM CIIPABEIJIUBO PABEHCTBO

rank(B,AB,A’B,..,A"'B)=n,

rapaHTHPYIOUIEE NOJHYI0 yIpaBisieMocTs 1o Kanmany.

B pononHeHue K ypaBHEHHMSIM JIMHEWHOTrO NpuOnmxeHus (2), BBEAEM
ypaBHEHUE H3MEPEHHUs, U Oy/IeM paccMaTpHUBaTh JUHEHHYI0 MAaTeMAaTUYECKYIO

MOJEJIb OOBEKTA B BUE
X=Ax+Bu+ Hop,

3)
y=0Cx.
3necs C— MOCTOSHHAS MaTpHIa, y € E'— BEKTOp M3MepseMBIX KOOPAMHAT, KO-
TOPBIE UCTIOJB3YIOTCS TP (POPMUPOBAHUH PETYIATOPA
u=V(ph)y. (4)
B nocnennem cnydae Oyaem cUuTaTh, 4TO CTPYKTypa MepeaaTouyHON MaT-
puttel V('s,h) puxcupoBaHa, IpHUeM BBIJICICH BEKTOp /1 € E' HacTpanBacMbIX
apaMeTpoB, MOJJISKAIINX BEIOOPY B MPOIIECCE CHHTE3A.
Ha memxennsx cuctemsl (1) mpu yenousx x(0)=x", z(0)=0, ¢(t)=0
3aJ1aIMM HEKOTOPBI HEOTPUIATENbHBIN (PyHKIIMOHAI
Ly =1y (X(t,x)u(1) =1 (V(s,h) =1, (h), )
KOTOPBIN MPU MPOYHMX PABHBIX YCIOBHIX MpPEeBpaIlaeTCsa B PYyHKIUIO BEK-
TOpa /1 HACTpaMBAEMBIX MAPAMETPOB PETYIISATOPA.
Onpeneaenune 1. Perynsarop u=V(p,h,)y Oyaem Ha3blBaTb onmumans-
HbIM TI0O OTHOIIEHUIO K (YHKIIMOHATY (5), €ClM OH SBISIFOTCS CMAOUIUZUDYIO-
WuM M CPEeIIU BCEX CTAOMIM3UPYIOUINX PETYISITOPOB BUAA (4) TOCTaBIsAET BEIH-
ynuHe [, (h) HauMeHblee BO3MOKHOE 3HaUECHNUE.
Onpenenenue 2. 3amadyeil mMo0anbHO20 napamempuieckoco cuHmesa
(mooanvHoU napamempuueckot onmumuzayuu) OyJeM Ha3bIBATh 3a7a4y MOMCKa
HACTPauBaEMbIX IIapaMeTPOB ONTHUMAJIBHOTO peryistopa u =V (p,h,)y, KoTo-

PYIO MOKHO IIPEICTaBUTh B BUIE
Ly =1y(h)—> min, (6)

rJie MHOXeCTBO (2, C £’ NMOMyCTUMBIX MapaMeTpOB TAKOBO, YTO BCE KOPHU Xa-

PaKTEepUCTHYECKOTO MOJIMHOMA 3aMKHYTOM cuctemsl (3), (4) pacnonaraiorcs B
3agaHHoi o0nactu C, KOMIIJIEKCHOM IJIOCKOCTH.

Kak Buano u3 ompenenenus 2, npumenenue anroputMoB NCD Blockset
JUIsl pelieHus 3a1a4u (6) HEBO3MOXKHO 0€3 JOIMOJHUTENbHBIX YCOBEPIIEHCTBO-
BaHUM: JOIMyCTUMOE MHOXECTBO (2,, HE BCerja SIBJSI€TCS r-MEpHBIM Mapasie-
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nenuneaoM. HamoMHuM, YTO MHOXKECTBO U3MEHEHHSI BApbUPYEMBIX ITapaMETPOB
B Osioke NCD Outport 3amaetrcss B BuJie napauiesienuneaa ¢ KOHEUHbIMU HIIH
OECKOHEUYHBIMU T'PAHIMH.

B nanpheiiniem OyJeM cUMTaTh, YTO MHOKECTBO (y TAaKOBO, YTO MUHH-
MaJlbHOE 3HAYEHHE paccMaTpUBAaEMOro (PyHKIMOHANa Ha HEM JaocTuraercs. B
IPOTUBHOM CIIy4ae CIeAYyeT CTaBUTh BONPOC O MOCTPOCHUH MUHUMM3UPYIOIIEH
NIOCJIEOBATENBbHOCTA HACTPAMBAEMBIX NApaMETPOB, OOECHEUYMBAIOLIEH CXOIU-
MOCTh TOCIIEAOBATEIbHOCTH 3HAUCHUN (YHKIMOHAJa K €ro TOYHOM HUKHEH
IpaHMIle, KOTOpasi BCErJa CyIIECTBYET B CHUJIY OFPAaHMYEHHOCTH CHU3Y Ha yKa-
3aHHOM MHOKECTBE.

Jlaaum 1Ba BCIOMOTaTeNIbHbBIX ONPEIECIICHHUS.

Onpenenenune 3. byaem ropoputh, 4To CTPYKTypa perynsropa (4) sBis-
€TCSL NOIHOU, €CITU CTENIEHU NOJIMHOMOB B UHCIIUTENSAX M 3HAMEHATENSIX KOMIIO-
HEHTOB MEpeIaToyHON MaTpulbl V(s,h), a Takke pa3sMEPHOCTh U COCTaB KOM-

MIOHEHTOB BEKTOpa /1 TaKOBHI, YTO C TIOMOIILIO0 BEIOOpa ATOTO BekTopa (T. €. Ha-
3HAYEHUs KOHKPETHBIX BEJIMYMH HACTPAWBAEMBIX MapaMeTPOB) MOKHO oOecte-
YUTb NPOU3BOJIBHBII CHEKTP KOPHEH XapaKTepUCTHUECKOro noauHoma A(s,h)

3aMKHYTON CHCTEMBI.
Omnpenenenune 4. Cmenenvio ycmouyugsocmu noJivuHoMa P('s ) ¢ KOpHAMU

DPi> Py»-ees P, » OYIEM HA3bIBaTh YMCIIO
ds|P(s )]|=—-maxRep.,,
i=l,r

r7ie T — CTeIeHb NMoJiuHoMa P('s ).
3. Botuucaumenvnulit no0xXoo0 K peuwieHuro 3a0a4u

B dacTHBIX cUTyalusx 3alaHusl JOIyCTUMOro MHOXecTtBa (2, C E” B
IPOCTPAHCTBE HACTPAMBAEMBIX MApPaMETPOB, YKa3aHHOTO B OINpPEACNICHUU 2,
MOXKHO MPEAIOKUTH IP(HEKTUBHBIN YHCIEHHBIN MOJX0/, KOTOPbIA M3HAYAIBHO
OpUEHTHPOBAH HA PEILECHUE 33Jaud MOJAIBHOIO CHHTe3a (6) B mapaMmerpuye-
CKOM BapHaHTe. DTOT MOJAX0J 0a3upyeTcsi Ha HENOCPEACTBEHHOM ITOMCKE IKC-
TpeMyMa BbIOOPOM ONTUMAJIBHOTO IOJIOKEHUSI KOPHEH B UX JOMYCTHUMBIX 00-
nactax C, Ha KOMIUIEKCHOM IUIOCKOCTH. B mpocreiilmem BapuaHTe €ro uues
npejcTaBieHa B padote [2].

YTOYHMM MOCTAHOBKY 3a1ayu (6) cuuTasi, YTo 3aJaHHasi CTPYKTypa pery-
asitopa (4) sSBISETCS MOJHOW U BBOAS CIEAYIOIIEE YaCTHOE OMNpeJeseHue J0-
IIyCTUMOT'O MHOXKECTBA (2, :

Q,=\heE : 5(h)eC,, i=ln,}, (7)
rae O,(h) — KOpPHHM XapaKTepUCTHUYECKOro mnojauHoma A (s,h) creneHu n,
3aMKHyTOM cucrtemsl (3), (4), C, — 3agaHHast 00JaCTh HA KOMIUIEKCHOM ILIOC-
KOCTH.

887



Tpyout 11 nayunotl konghepenyuu «Ilpoexmuposatie uHICeHePHbIX U HAYYHBIX npunodicenuti 6 cpeoe MATLABy

O4eBUIHO, UTO MBI UMEEM JIEJIO CO CBOCOOpa3HOM 3a/aueil HEIMHEHHOTO
MIPOrPAMMHUPOBAHMS C JOCTATOYHO CJIOKHO 3aJaHHBIMH IICJICBOW (DYHKIMECH H
orpanndeHusAMHU. OO1Iass Teoprsl 1 KOHKPETHBIC METOIbI HAIPABJICHHOTO TTOHC-
Ka IapamMeTpoB CTAOMIIM3UPYIOLIEr0 3aKOHA YIPABIICHUS ISl HETUHEHHBIX CUC-
TEM B pa3JIMYHBIX BapUaHTaX MOCTAHOBKU 3a/1ay MPUBEIEHBI B MOHOTpadusix
[3], [4]. OnHako B 4acCTHBIX cUTyalusaX 3pOEKTUBHOCTh UX MPUMEHEHUS] MOXKET
OBITH CYIIECTBEHHBIM 00pa30M TMOBBIIIEHA MyTEM TpaHC(hOPMAIMU MTOCTaBJICH-
HOM 3a7]a4M K TEM WM WHBIM BapHaHTaM 3a71a4 Ha O0€3yCIOBHBINA SKCTPEMYM.

[IpakTrka penieHus NPUKIATHBIX 33]a4 TEOPUU yTPABICHUS MTOKA3bIBACT
[5], 9TO cymiecTByeT ompejeieHHasi COBOKYIMHOCTh CTaHJIAPTHBIX O0acTei Ha
KOMITJIEKCHOW TIOCKOCTH, KOTOPbIe Han0OO0JIee 4acTO MCTOIB3YIOTCS TIPU aHAJH-
3¢ U CHHTE3€ CHUCTEM YTpaBIIEHUA. 3/1€Ch MBI PACCMOTPHUM TPU BapHaHTa TaKUX
obnacreit C,,, C,, u C,; n300paXeHHBIX Ha puC. l.

A A
a Ims \\ o Ims
< | g \ ﬂ « >
Cp > C,, >
Res Res
N N
a) 0)
S A
v Ims
o
Cas >
\ Re's
B)
Puc. 1.

Beenem ob6o3naueHuss x = Res, y=1Ims, rie s — NPOU3BOJIbHAS TOYKA

KOMIUIEKCHON TIIOCKOCTH. [Ipu 3TOM opmasibHOE NMpe/ICTaBICHUE YKa3aHHBIX
obJiacTeil UMeeT CICAYIONTUN BUI:

papuant 1: C,=C, ={s=x+yjeC': x<-a}, rne a >0 — 3a1anHHOe
BELIECTBEHHOE YUCIIO;

Bapuant 2: C, =C,, ={S=xiyjeC1 s x<-a, OSyS(—x—a)tg,B},
rae 0< f<7/2 n a>0 — 3agaHHble BEIIECTBEHHbBIE YHCIIA;
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papuant 3: C,=C,, ={s=x+yjeC' : x<-a, 0<y<y(-x-a)},
rae (&) — 3amaHHasi BENIECTBEHHAs HEOTpUIaTeIbHasl (PyHKIIUS BEIeCTBEH-
HOM mepemenHol ¢ € [0, ), mpuuem Takas, uyto (0)=0, a >0 — 3aganHoe

BEIICCTBEHHOE YHCIIO.

O4eBUAHO, YTO TPETHI BapUAHT SBIISIETCS] 0000IIIEHNEM BTOPOTO.

OcHoBa mpejiaraeéMoro mojxo/ia J0CTaTOYHO MPOCTa U COCTOUT B CIIe-
JYIOIIEM: MPHU YCIOBHUH TMOJHOTHI CTPYKTYpPHI perysstopa (4) HeoOXoauMo 3a-

JaTh OJTHO3HAYHOE OTOOpaKEHUE MPOCTpaHCcTBa E” BO MHOXKECTBO KOpPHEH Xa-
PAKTEPUCTHYECKOTO IMOJUHOMA 3aMKHYTOM CUCTEMBI, MIPUHAICKAIINX 3a7aH-
Hoil obnmactu C . [{nst pa3nuuHbIX ciayyaeB 3afaHus obsnacteil C, B mpuIokKe-
HUU TIPEJUIOKEHBI 0TOOPaXKEHUSI, TMO3BOJISIFOIINE OCYIIECTBUTh MPEeoOpa3oBaHKe
MCXOJJHOM 3a71a4M K 3a71a9aM Ha O€3yCIOBHBIN AKCTPEMYM.

JI71st MOCTpOEHMST BBIUUCIUTEIHHOTO METOJIa PEIICHUs 3a7add Mapamer-
pudeckoro cuHresa (6) Ha momycTuMoM MHoOxecTtBe (2, (7) 3aganuM mpous-
o o ok
BOJIbHBI BEKTOp ¥ € E™ M MOCTPOMM BCIIOMOTaTEeNbHBIA MOMMHOM A (5,7 ),
ybH KOopHM pacnonaratotrcs B C,. [lorpebyem, 4ToObl HacTpauBaeMble MapameT-

PBI PETYIATOpA TOJTHON CTPYKTYPHI (4), 00beTuHEHHBIE B BEKTOp /1 € E', ObLIN
BBIOpaHBI TaK, YTOOBI 00€CTIEUNBATIOCH BBITIOJIHEHUE TOXKIECTBA

A(s,h)=A(s,y), (8)
rne A,(s,h) — XapakTepUCTUUECKUN TOJIMHOM 3aMKHYTOH CHUCTEMBI CTEIEHU
n, . IlpupaBHuBas k03(p(PULIMEHTHI IPU OAMHAKOBBIX CTENEHAX s B (8), moiy-
YUM CUCTEMY HEJIMHEUHBIX YPaBHEHUMN

L(h)=x(7), 9
OTHOCHUTEJIbHO HEU3BECTHBIX KOMIIOHEHTOB BEKTOpa /1, KOTOpas MpHU JHOOBIX
y € E" sBIAETCS COBMECTHOM B CHITY TIOJHOTHI CTPYKTYphI peryisatopa (4). by-

JIeM CUUTaTh, YTO B OOIIEM CIyyae 3Ta CHCTeMa MMEET HEeJAUHCTBEHHOE pellie-
Hue. Torma BeKTop /# MOXKeT ObITh IMPEACTaBICH KaK COBOKYITHOCTH JIBYX BEK-

TOPOB h = {}7 ,hc}, rae h, € E™— cBoOomHas cocraBisitomas (Ha3HauYeHHue KOTO-
pOii POM3BONBHO), /I — 3aBUCHMAs COCTABIIAIONIAS, T. €. BEKTOP, OJHO3HAYHO
OIpeAessieMbll pelIeHneM cUCTeMBI (9) pu 3aJaHHOM BEKTOpE /1, .

Brenem o603HaueHue 151 00111ero perieHus: cuctemsl (9):

h=h"={R"(h.y Jhf=H' (7.0 )= (2),
rje 4epes3 & = {y,hc} 0003Ha4Y€eH MPOU3BOJIbHBIM BEKTOP HE3aBUCHUMBIX MapaMeT-
POB pa3MEPHOCTH A, IpUYEM
A =dime =dimy +dimh, =n, +n,.

Hcnonb3ys perynarop (4) ¢ mojiydeHHbIM BEKTOPOM HACTpauBaeMbIX Ma-

pameTpoB /4, chopMHpyeM ypaBHEHHS IMHAMHKH 3aMKHYTOH HENTHHEHHOH
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X,

. : x| < x,,
CHCTEMBI, Ha ABWKEHHSIX KOTOpPOH nmpu o =u—9, f,(x)=

b

X,sign(x ), x‘ > X,.
fu=-5) 16]<5,
0, |6]= 5,
OuM3aIy KOHTPOJIMPYEMOTO JIBMKEHUS, CTAHOBUTCS QYHKITUEH BEKTOpaA & :

Ly =L (X(0i(1))=Ly(V(s.l (€)= T (¢). (10)
[Ipu 3TOM CripaBeITIMBO CIAEAYIOLIEE YTBEPKIACHUE:
Teopema 1. Eciiu B 3amaue napamerpuueckoro cunresa (6), roe 2, —

o= ¢yskuonan [, (5), xapakTepu3yroLuii KauecTBO CTa-

JOIyCTHMOE MHOKECTBO, ONpPENENIEMOE COOTHOWEHUEM (7), SIKCTPEMYM JOC-

THTaeTcsi B HEKOTOPOi Touke h, € £2,,, TO B NpocTpaHcTBe E’ Haiinercs Takas
*

TOYKA &,, 9T0 hy =h (&, ), Ipuuem

& :argmigI;,(g). (11)

seE
U 06paTHO: ecnu B IpocTpaHcTBe E* cylecTByeT TouKa &,, yAOBIETBOPSIOMAS
%
(11), To Touka hy=h (&,) aBnsercs peumenreM 3aaayu (6). Mnu, uHbBIMU CllO-

BaMH, B YKa3aHHOM CMBbICJIE 3aj7a4a (6) SKBUBAJICHTHA 3a/1aue Ha 0€3yCJIIOBHBIM
AKCTPEMYM BHJA

I =Iy(s)—>inf , (12)
ecE”
I[OKa3aTeJI])CTBO. HpeI[HOHO)KI/IM, 4TO UMECT MECTO YCIIOBUC
hoza”g}’lgén[f[(h)»[fm: 1(ho)- (13)

[Tpu »TOoM 3aMkHYyTas JmHEHas cuctema (3), (4) OyaeT umMeTh xapakTe-
pUCTUYECKUI NOIUHOM Z('s,/1) ¢ KOPHIMM, pacHoJIOXKeHHbIMU B oOnactu C .

CnenoBarenbHO, B COOTBETCTBHM CO CBOWMCTBAMM OTOOpa)KEHUH, IPUBEACHHBIX
o s
B KOHIIE CTAaThH, HaWAETCS Takas To4uka y =y, € E™, uto A(s,h)=A(s,y,).
A
CrnenoBaTelbHO, B NIPOCTPAHCTBE E” CyIIECTBYET TOUKA &, :{yo,hco} (h,, —
COOTBETCTBYIOIAs] COCTABJISIIOLIAsl U3BECTHOIO BEKTOpA /), A KOTOPOH BBI-
* *
HOJHATCA yCIoBUA hy =h (&)).1,(&,) =1,
Ocranoch MokasaTh, 4To B E* He CyllecTBYeT TOYKM &, TAaKOi, 4TO
* ~
1,(&y)<1y,. QelicTBUTENbHO, TpeanoaoxkuM obdpatHoe. Ho Torna mid todku
£ * %
h (&, ) AIMEET MECTO YCJIOBUE IH(h (50]))=1H(501)< 1,,. OgHako OHO HE MO-

KET OBbITh BBIMOJHEHO B cuily (13). AHaNOrM4HO J0Ka3bIBAa€TCS U 0OpaTHOE yT-
BepxkaeHue teopeMol. Ml

[IpoBeneHHbIE pacCyKAEHUS MO3BOJISIOT C(HOPMUPOBATH CIAEAYIOIIMMA a-
2opumm pelieHus 3aJ1a4u mapaMeTpuyecKkoro cuuresa (6).
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1. 3agaTh MPOM3BOIBHYIO HAYAIBHYIO TOYKY ¥ € £ W MOCTPOUTH IMOJIH-
ok ~r
HOM A ('s,y ), umerouuii kopHu B odnactu C,.

2. B cootBercTBuE ¢ TOKAECTBOM A (s,h)=A(s,y) chopmupoBath cuc-

TEeMy HEJTMHEHHBIX ypaBHeHUH (9) KOTOpas BCerjia COBMECTHA U, €CIIU €€ pellie-
HUE HECAMHCTBEHHOE, HA3HAYUTH MPOU3BOJIBHBIN BEKTOP CBOOOIHBIX MEPEMEH-

HBIX /i, € E™.

3. IIpu 3aJaHHOM BEKTOpE & = {;/,hc}e E* pemmts cuctemy (9), momydas
TIPH 3TOM TOUKY 4 (€).

4. ChopmupoBath ypaBHEHHUS 3aMKHYTOW HelMHEHHOU cuctemsl (1), (4) u
Ha COOTBETCTBYIOIIEM €€ JBM)KECHUM BBIUMCIUTH 3HAYEHHE MUHUMH3UPYEMOTO
dynximonana 1,,(&) (10).

5. C nomo1pio M000ro AOMYyCTUMOTO YUCIEHHOTO METOJa PELISHUs 3a-
naun (12) Ha Oe3yClIOBHBIM IKCTPEMYM, 3a/1aTh HOBYIO TOUKY & U, IMOBTOPSISA
MYHKTHI 2 — 4, MUHMMHU31POBaTh GyHKUMIO 1, (€).

. £
6. Ilo HAXOXIOEHUM TOUKU &, = argmin 1,(&), ompenenutb BEKTOP
e

* ~ ~
hy="h (&,), KOTOpPBIH U NPUHATH B KAYECTBE PELICHUs UCXOAHOM 3a1aun (6).

* . * ~
7. Ecnu BemmuuHa [, =inf I, (&) He nocturaerca B KOHEUHOM TOYKe

ceE*

&y, TO HOCTPOUTH C IOMOLIBIO TOT'O K€ YUCJICHHOTI'O METOAA J'IIO6YIO MHWHHUMMU3U-

J— *
PYIOILYI0 TOCJIEN0BATENbHOCTh {8.}, 00ecreYnBaroIy0 CXOAUMOCTb K [, .

1
%k
[Tockonpky npu m000oM & umeeM [, (&)=0, Takas NocCae10BaTENIBHOCTh 005-
3arenpHO Haiinercd. [Ipu 3ToM B KauecTBe pemeHus 3anayu (12) cienyer npu-
* —
HATP TIOCIIEI0BATENBHOCT {/ |, Te I =h (&, ).

4. Peanuzayus anzopumma é cpeoe MATLAB

[IpuBeneHHBIN BBIIIE AITOPUTM JOBOJIBHO IIPOCTO PEAIU30BaTh C UCIOJIb-
30BaHHEM YHUBepcadbHBIX cpeacTB cuctemMbl MATLAB-Simulink.

[TpounmtocTpupyeM 3TO Ha IPUMEPE 3aa4d ONTUMU3AILMH COOCTBEHHOTO
JBUKEHUS HAJBOJIHOIO CyJIHA MpHU mepexonax no Kypcey. [lycts B kauecTBe Mo-
Jenu OO0bEeKTa YINPABIEHUS HCIONb3YETCS CleNylolas yNpolleHHas cucTema
mudepeHIrnanbHbIX YpaBHEHUN, YYWUTHIBAIOIIAS HEJIMHEWHOCTH B JUHAMUKE
TUAPONPHUBO/Ia BEPTUKAIILHOTO PYJIS:

p=a,p+a,0+bJ,
@ =a, f+a,o+b,J,

¢ =0,
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e fiu=15) 16]<5,,
0, |6]>6,,
X, x‘<x0,
h(x)= X,sign(x ), x‘ZxO.

3necy [ — yron aperida, @ — yriaoBas CKOPOCTb MO Kypcy, ¢ — KypCOBOM
yroji, & — yroi OTKJIOHeHus pyis, 6, =30, x, =3"/cex,

a,, =—0.0113V; a,, =0.274;

a,, =0.000486V*; a,,=-0.0216V;

b, =-0.00147V; b, =-0.000113)",

V' — ckopocTh xoza.
CozeprkatenbHOM LETBIO YIIPABJICHHUS SABJISIETCS MEPEXOJ 110 Kypcy Ha 3a-
JAHHYIO BeJIMYUHY @, = 50€ M3 HA4aIbHOIO HYJIEBOIO IOJIOKEHHS C MUHUMAJIb-

HBIM TIEPEPETYINPOBAHUEM W MaKCHUMaJIbHBIM ObIcTpojericTBueM. CTpyKTypa
perynsaTopa (pukcupyercsa B BUIE u, =k, [+ k,w + k, (gp = (03), IIPU 3TOM ITOUCKY
noJuiexar Ko3xQpQuuueHTsl k,, k,, k;.

Ecnmu npenebpeusr ypaBHEHHEM THAPONPUBOAA (KOTOPOE B TUHEHHOM Ba-
pHAHTE Pean3yeTcsi IPOCTHIM ANePHOAHYSCKHM 3BEHOM: O =u — O ), TO B Kade-

CTBE YIPABJISIFOLIETO BO3/IEUCTBUS MOKHO MPUHSThH YTOJ OTKJIOHEHUS PYJIs, T. €.
0 =u,. Ilpu 3TOM yKa3aHHas CTPyKTypa pEryjsTopa 00ecreduBaeT BO3MOXK-

HOCTh IIPOM3BOJILHOI'O Ha3HAYEHUS PACIIOJIOKEHHS TOJIOCOB COOCTBEHHO O0B-
exta. Torma, ucnone3ys ¢yukuuio place u3z cocraBa Control System Toolbox
MOKHO HaWTH k, k,, k; s 3apaHee 3aJjaHHOr0 Habopa COOCTBEHHBIX 3Haue-

HUW MaTpHULbI 3aMKHYTOU CUCTEMBI, KOTOPBIM ONpPEAEIAETC B 3aBUCUMOCTU OT
3HAYEHUHN BEKTOPA BapbUPYEMBIX TapaMETPOB (;/1, Vs, ;/3) B COOTBETCTBUU C AJI-

TOPUTMOM 10 popMyJiaM, MPUBEACHHBIM B MPUIOKEHUU. DTy (ha3y JIeTKo pea-
JU30BaTh, yKa3aB B KadecTBe CBOMCTBa Simulation start function Simulink mo-
JIEJIH CTPOKY CIIEAYIOIIETr0 BUA!
[kkk prec message]=place(Alin,blin,par2roo2([gm1 gm2 gm3], alli, beli));

3necy kkk — BekTop xo3dduuuenros k,, k,, k;, B3ATBIX C 0OpaTHBIM
3HakoM, Alin u blin — matpuiel TMHEHHONW MOJENH, TEKCT PyHKINU par2roo2,
BBIYMCIISIONIEH 3HAYECHHS] KOPHEH XapaKTepUCTHUYECKOIO IOJMHOMA IO 3aJaH-
HBIM MMapaMeTpaM, IPUBEACH B MPUIIOKECHHH.

B kadectBe 00JaCTH PACHONOKEHHSI KOPHEH XapaKTepUCTUUYECKOTO IMO-
JMHOMA 3aMKHYTON cucTeMbl BbIOpaH BapuaHT C,, CO CIEIYIOLMMH MapaMeT-

pamu: alli=a=0.075, beli=f =n/4, obecneunBalOIUMU TpPeOYEMyIO CTe-

NIEHb YCTOWYUBOCTH M KOJIEOATETHHOCTH 3aMKHYTOM CHCTEMBI.
[Tpumep cootBercTByIOIIEH Simulink Mosienu npuBeeH Ha puc. 2.
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ITouck onTuManbHbIX 3Ha4€HUN KO3((PUIUEHTOB J;, OCYLIECTBISETCS IPU
oMoty 61oka NCD  Outport ucxo/is u3 ycioBusi MUHUMYMa (DYHKITMH HITpa-
¢da, xoTOpas aBTOMAaTHMYECKU (POPMUPYETCS MO OTrpaHUUYEHUSIM, 33]aBAEMbIM
BHyTpu Onoka. ITpu peanuzanuu xo3pduuuenram y,, »,, ¥, IOCTABIEHBI B CO-

OTBETCTBHE TJI00abHBIE MepeMeHHble gml1, gm2, gm3 pabouyero nmpocTpaHCTBA
MATLAB, nMeHa KOTOpbIX yKa3bIBalOTCS B KauecTBe napamerpa Tunable vari-

ables 6110xka NCD Outport.

f
I]F.

Disturbance

M

— -

V¢ ¢V

[°]
gy e e

2*u(1)

ol=

Plant

omega
gL’l

beta

\_w;j

A

\4

1 > |:|
Yaw I_> Rudder
preset > |:|
Controller
Yaw
Puc. 2.

\ 4

NCD
OutPort 1

I[O HadaJia 1mponecca OonnTuMu3anumn H€O6XOI[I/IMO 3a1aTb HAYaJIbHOC ITPH-
ONM>KeHue I BEJINYUH Y, . I[J'IH 9TOIr0 HaACTpanBaCMbIM IICPEMCHHBIM IIPHUCBOC-

HbI cienyromue 3Hadenus: gml= 0.01, gm2=0.02, gm3= 0.03.
B pesynbrare ontumuzammu st ckopocTu xoaa Vo =10.m/cmnomydeHb

CJICAYIOINC 3HAYCHNA BEJIMINH:

gm1=0.2347; gm2=0.1206; gm3=-0.3097.
KOX(POUIUEHTBl  peryisTopa:

NUm  cooTrBeTcTBYET

k, =4.6283, k, —1.9283, k, =0.9432.

CleIyIoIue
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J System: g1, Outpork: 1 ;lglil

File Edit ©Options Optimization Style

Part: I 1 Split Start | Stop | Help Cloze

Puc. 3.

Ha puc.3 npencrasineno okHo 61oka NCD Outport, Ha KOTOpOM 3a/1aHbI
OTpaHUYCHMS, COOTBETCTBYIOIINE MPEICTABICHUSAM ITOJIB30BATEIS O KEITAEMOM
KayecTBE TpoIlecca Mepexoia mo Kypey. 3/1ech ke MpUBEACHBI TpaduKu 3aBU-
CUMOCTH OT BPEMEHH PETYJHPYyeMOW KOOPJIWHATHI ISl HAYaJIbHOTO (OembIid
IIBET) U ONITUMAJILHOTO (3€JIeHbIN 1[BET) Habopa BapbUPyEMBIX MapaMETPOB.
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W

Hpunoscenue

HetpyaHo yOemuThCs, 9TO KOPHU CIEAYIONUX KBAJPATHBIX TPEXUICHOB
BHJIA A(S) =5’ +a's+a’ co cnenyrommmu Ko3pbUIHEHTAMHY:
l.a' =2a+y}, a’ =a® +ayl +72, Y 1., 7
2.d' =2a+y] +2p|cos B, a’ =a’ +ay! +y; +2ay|cos B, Yy, 15
3.d =2a+2%, a’ = +2pka+ £, v (72 )+ 7). ¥ 1. s
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f():(=o0, +00) > (0.1): 3/7()
npuHajiexar oonactsam C,,, C,,, C,; COOTBETCTBEHHO.

[TokaxeMm 3TO Ha MpUMEPE NPOCTEHUIIErO EPBOTO BApUAHTA.
[Tyctb MBI uMeeM J1t00Oble /1Ba IEHCTBUTENbHBIX KOPHS §; U S, KBajapaT-

HOro tpexuieHa A(s), npuHamiexamue obmactu C, . O4eBUAHO, YTO HX
MOJKHO INIPEACTABUTb B BUIE §, =~ —M+/p, S, =—a—m—-/p,rae m=0 u
p 20 — Ipou3BOJIbHBIE BEIIECTBEHHBIE YHCIA, YAOBIETBOPSIOLIUE YCIOBUIO
Jp <m. Tlockonsky p>0, 10 (+/p)* =k?, Tne k — BelecTBeHHOE YHCIIO.
[Ipu 5TOM yKa3aHHBIN KBaAPATHBIA TPEXWICH MPEICTABISIETCS BBIPAXKEHUEM
A(s)=s>+2(a+m)s+a’ +2am+m* —k*.

Tenepp mycTh Mbl UMEEM JIFOOYIO KOMIUIEKCHO COMPSIKEHHYIO Mapy Kop-

HEl s, U §, KBaApaTHOro TtpexwieHa A(s), npuHamiexaimyto obimactu C,, .

OTy napy MO>XKHO NPEACTaBUTh B BUJIE S, =—Q —M++/p, S, =—Q —m—,/p, Tl
m=>0 u p<0 — npousBoJIbHBIE BelECTBEHHbIE yncaa. [lockonpky p <0, TO
(Jp) =—k>, Tne k — BemecTBeHHOe 4YHCIO. B 3TOM cilyuae KBapaTHBIA
TpeXuJieH MPUHUMAET BU/]T

A(s)=s"+2(a+m)s+a” +2am+m” +k*,

2 12
3amMeTuM, 4TO W B MEPBOM, U BO BTOPOM cllydae, cliaraeMbie m—K™ u

2,12
m"+k” MOXXHO TpakTOBaTh, KaK MPOU3BOJHLHOE MOJIOKUTEIHLHOE BEIIECTBEHHOE

4KCII0, KOTOPOE MOKHO OOO3HAUMTh, KaK ), , IJIE Y, — JIF000€ BElIECTBEHHOE
2
yucio. Torya, BBoas 0003HaUeHUe m =y, /2, TIe Y — TaKxKe J000e BemecT-

BEHHOE YHUCJIO0, PAaCCMATPUBAEMbIi KBaJpaTHBIM TPEXWIEH, HE3aBUCUMO OT Xa-
pakTepa pacnojiokeHus ero kopHeil B oonactu C,;, MOKHO IPEJCTABUTD B ClIe-

TYIOIEM BHUIE
A(s)zs2 +(20¢+}/12)s+052 +05712 +}/22,
IZie ¥, U Y, — NPOU3BOJIbHBIE BEIIECTBEHHbIE Yyuciia. Ero KOpHU Ipu JH00bIX 3a-

JNAHHBIX Y|, ¥, ONPEAEISAIOTCS BBIPAKECHUAMHU

2 4
7 V1 2

s, =—a—2l+ |1

12 5 4 72

¥ OpU ycIoBMM J,<y./2 SBAAIOTCA JAeHCTBUTENbHBIMH, a ITIPH YCJIOBUH
7, >yl /2 — KOMILIEKCHO CONPSKEHHBIMH.

TakuM 06pa3zoM, Kaxk/I0i mape KoopauHat BHAA (¥, s 7 )s i=1,|nd / 2|
N, -MEPHOTO BEKTOpa MapaMeTpoB ) MOXKHO IOCTaBUTh B COOTBETCTBHUE Mapy
KOMIUIEKCHBIX 4HCell, NpuHaiexkamux obmactu C,, BbIOOPOM KOTOpOH

OIpCACIIAIOTCA COOTBCTCTBYIOIIHEC q)OpMy.]'IBI JIIsL KOC—)(b(I)I/IHI/ICHTOB Clil (}/ ), Cl2(]/)

1
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d
Mycts A'(s,y)= H(sz +a (y)s +a; (7/)), TOI'/1a BCE KOPHU MTOJIMHOMA
i=1

. Z*(s,;/), ecin n, = 2d;
A(s,y)= ~
(s+a, ,(y,0)A(s,y),ecnu n, =2d +1,

2
rne d=[n,/2], a, (y)=a+y:,,, npuaagnexar obnactu C,, 1 06paTHO, ec-
M BCE KOPHU HEKOTOPOro MOJIMHOMA A('s) MpUHAJIeKAT 3TOM obiacTu, TO

MOKHO yKa3aThb Takod BekTop y < E", dro copaBeyIMBO TOXJIECTBO
Sk
A(s)=A(s,y).

Jucmune 1.

function res=par2roo2(g,alpha,beta);

% par2roo2(g,alpha,beta)

% MYHKIHS, FTeHEPHPYIOLIAsi BEKTOP KOMILUIEKCHBIX YHCell,
% ¢ JJIMHOM, cOBIAJAK0NIECH ¢ AJTUHOI BEeKTOpa

% NPOU3BOJILHBIX BellleCTBEHHBIX MMAPaAMETPOB g.

% Bce moJiy4eHHbIe KOMILIEKCHbBIE YHCJIA

% MPUHAIEKAT 00JIACTH HA KOMILJIEKCHOM MJIOCKOCTH,

% orpaHn4yeHHoi rpadgukoM JuHeliHOH GyHKIMHI

% +/-tan(beta)*(-alpha-x) nus x<=-alpha, alpha>=0, beta B paqnanax
%

% CMm. Tak:ke par2rool, par2roo3, roo2par3

sg=length(g);
hsg=floor(sg/2);

roo=zeros(size(g));

for k=1:hsg
gl=g(2*k-1);
g2=g(2*K);
al=2*alpha+gl*gl+2*abs(g2)*cos(beta);
a0=g2*g2+alpha*gl*gl+alpha*alpha+alpha*2*abs(g2)*cos(beta);
roo(2*k-1:2*k)=roots([1 al a0]);

end;

if (hsg~=sg/2)
roo(sg)=-alpha-g(sg)*g(sg);

end;

res=roo;
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YK 531.36

OBOCHOBAHUE JEHEHTPA/IN3AIIUUA YIIPABJIEHUS B
MAI'HUTHOM NOJABECE KECTKOI'O BAJIA C
INOMOIIIBIO CUCTEMbBI MATLAB

Boponkos B. C.,
I'Y «HUU npuxnaonou mamemamuru u kubepuamuxu HHI'Y », Huscnuii Hogzopoo,
e-mail: voronkov@pmk.unn.runnet.ru

Kpusuyrkasa A. B.
Huoicezopoockuii eocyoapcmeennwiii Husepcumem, Huocnuii Hoeeopoo,
e-mail: ann_krivitsky@mail.ru

C nomompto cucteMbl MATLAB naetrcs o00cHOBaHME JeIEHTpaTU3aAIuN
YIPABJICHHUs] B MATHUTHOM IOJIBECE KECTKOTO Baja. VICXOMHBIMU JaHHBIMU JULS
peLIeHNs ITOMN 3a7a4M ABJIIOTCS AHAIUTUYECKU HANJCHHBIE YPABHEHUS JIBUKeE-
HUS Bajla. 3aKOH HEJIMHEWHOTOo poOacTHOrO yNpaBJieHUsI TOKAMH B 3JIEKTpOMAr-
HUTAaX YYUTHIBAET CBSI3b YIJIOBBIX CTENEHEW CBOOOJIbI, 0OYCIOBICHHYIO THMpPO-
ckonnueckuM 3¢dexkTom. PaccmaTpuBaeTcs AMana3oH CKOpPOCTEH BpaICHUS
Baja OT HYJIEBOW J0 CKOPOCTH TMPOCKOMHMYECKOM cTabuiu3anuu. Beibop mapa-
METPOB JELEHTPAIU30BAaHHOIO YIIPABICHUS M NPUEMIIEMON AUHAMHUKHU BaJla B
TaKOM MAarHMTHOM IIOJBECE NPOBOJIUTCS B MHTEPAKTUBHOM pexnme Ha [IK.
Kputepusimu BbiOOpa ABISAIOTCSA pa3Mepbl 00JIaCTH MPUTSKEHUSI CTAOUIU3UpYe-
MOTI'0 COCTOSIHUSI PABHOBECHUS M PACXOJ PECYPCOB YNPABJIEHUS B MPOLECCE NIPU-
BEJICHMS BaJla B 3TO COCTOSIHUE U3 JOIYCTUMBIX HAa4YAJIbHBIX ycinoBuid. Harmsan-
HOCTh IIPEACTABJICHUS JUHAMUKHM BaJla JIOCTUIAcTCsl BU3yallM3alUedl pe3yiibTa-
TOB pacdera ¢ noMmouipro 3D anumanuu, 2D nuarpamm KOHTpOJI pacxoja pe-
CYypCOB YIPABJICHMS U OCLHMJIJIOTPaMM IIEPEXOHBIX MPOLIECCOB MUl BCEX Iepe-
MEHHBIX COCTOSIHUSL U OTPAHUYECHHBIX YIIPABICHUM.

Beeoenue

B Hacrosimiee BpeMs IIMPOKOE PaCHpOCTPAHEHUE MOJTYYMUII MAarHUTHBIN
IIOJIBEC Bajia, COJIECp KAIN OJIMH OCEBOM M JIBa PaJHAJIbHBIX aKTUBHBIX MAarHUT-
HbIX noamunauka (AMII) [1]. st oOecnieueHust yCTOMYMBOCTH HEKOHTAKTHOTO
noJyioxkeHus: Bana B AMII HeoOXxoauMo ynpaBlieHHE CUIaMU MPUTSKEHUS HJIEK-
TPOMArHuToB. B o01ieM ciayyae IeleHTpain30BaHHOE YIIPaBICHUE HE TapaHTH-
pyeT YCTOMYMBOCTH [2], MOATOMY €ro MCIoJib30BaHUE TpeOyeT 0O0OCHOBAHUS.
TakuMm 000CHOBaHMEM MOKET ObITh JI0KA3aTeIbCTBO POOACTHOCTH, WUJIU COXpa-
HEHHUSI CBOMCTBA YCTOMYMBOCTH INPU ACUEHTPAIU3ALMNU 3aKOHOB YIIPABJICHUS,
CHUHTE3UPOBAHHBIX 110 MAaTEMAaTUYECKON MOJENIN 0ObEKTa U BHIOPAHHBIM MTOKa3a-
TENsIM KauyecTBa AUHAMUKHU YHpaBisieMblX cucTeM. B [3] HalileH 3aKOH Henu-
HEHWHOTO pobacTHOro ymnpasieHus paauaibHbiMu AMII, onTuManeHbIi MO Kpu-
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TEPUI0 MAKCUMAJIbHOM 3KOHOMUU PECYPCOB ylpaBieHus [4]. AHaIN3 TUHAMUKH
BaJsia B paguanbHbix AMII ¢ HaliieHHBIM 3aKOHOM YIIPABJICHUS ITOKA3aJl:
® BO3MOXXHOCTb CTa0WIM3alMK Baja B paauanbHelx AMII B nuanasone
CKOPOCTEH BpallleHMs OT HYJIEBOM 0 CKOPOCTHM TMPOCKOIMYECKOW CTa-
OMJIM3alMK €T0 YTJIOBBIX CTENEeHEH CBOOO/IHI;
® pPOOACTHOCTh CHHTE3MPOBAHHOTO 3aKOHA YIPABJICHUS K CEKTOPHOMY 3a-

JaHWIO OTPAHMYEHHBIX (DYHKLMN, BKIIOYAs pEICHHBIA 3aKOH YIIpaBiie-

HUS;

e CYIIECTBOBAaHME MHOrooOpa3usi HadaJbHbIX YCJIOBUH B ()a30BOM Ipo-

CTPAHCTBE, [P KOTOPBIX BO3HUKAET CKOJIB3SAIIUN PEKUM PEICHHON CHC-

TEMBI C OTCYTCTBHUEM PAacxojia peCypcoB yIIpaBICHUS.

[enbro naHHOM pabOTHI ABISETCS UCCIIEIOBAHUE POOACTHOCTH HalIEHHO-
ro B [3] 3akoHa ympaBjeHHUs 10 OTHOIIECHUIO K €ro AereHTpaiu3anuu. Heobxo-
JUMOCTh JIEUEHTPaIN3alu YIPaBIEHUs TUKTYETCs, KaKk MpaBUio, TpeOOBaHNUS-
MU IPOCTOTHI U YHU(PHUKALUHU PETYIISATOPOB, UCIIOJIb3YEMBIX B pa3padaThiBacMbIX
cuctemax ynpasienus. Cucrema ynpasieHus paguanbHsiMu AMII conepxur 4
napbl JIEKTPOMArHUTOB, JEUEHTPAIIN30BAaHHOE YIPABJICHHE KOTOPBIMU IIpe/ijia-
raeTcs JenaaTh 1o 4-M HE3aBUCHUMBIM KaHaJlaM, aHAJOTMYHBIM KaHaJly yIpaBJie-
Hus oceBoro AMII Bana.

1. (DyHKl(MOHaJIbHa}l cxema MazHuUmHoO20 noogeca 6aia ¢ deueHmpaJluweaH-
HbIM ynpaeienuem.

[TocTpoenue AEnEHTPATN30BAHHOIO YIIPABICHUS B MArHUTHOM IIOJBECE
Baja noscHsercs Ha puc. 1.Cucrema neneHTpanu30BaHHOTO ynpasiieHus AMII
COJIEP’KUT KaHaJI OCeBOW cTaOWiaM3anuu Bayia 1, cocTosmui U3 AaTyuka 3a3opa
2, perynaropa 3, anektpomarauta 4. PaguanbHasi craOuin3aius Bajga OCyIlecT-
BJISIETCS B 3TOM CIIy4ae C IOMOIIBIO 4-X MIACHTUYHBIX KaHAJIOB, AHAJIOIMYHBIX
KaHaly OceBOM crabmnm3anuu. J[Ba KaHajla CHCTEMbl paJHalibHOM cTabuiu3a-
UM Bajia M300pakeHbl B IUIOCKOCTH puc.l. [pyrue nBa kaHaia paciojOKeHbI B
OpTOTOHANBHOM TIOCKOCTH. Kakaplii kKaHan paauanbHOM cTabuinu3anuu Bana 1
COCTOMT M3 JaTYUKA 3a30pa 5, peryystopa 6 ¥ mapsl dJEKTPOMAarHuToB /7, Aua-
METPAJIbHO PACOJIOKEHHBIX OTHOCHUTENBHO Baja. llosicHeHue u Gosiee neranb-
HO€ OIMCaHWE OJHOr0 M3 KAaHAJIOB CHCTEMbl PaJMaIbHOM CTaOWIM3alMu Baja
npuBoaUTCS Ha puc.2. B pesynbrare pasaeneHus oOmero peryistopa Ha 4
UJCHTUYHBIX, pa0OTAOLUX 110 MPUHLMITY JOKAJIBbHOW 00paTHOM CBS3U, JOCTHU-
raercs yHU(pUKaLus 3IEMEHTOB BCell cucTeMbl cTaduian3anuu Bana. [Ipu neuen-
TPAJIM30BAaHHOM YINPABICHUM KaXKIbIH KaHAJI CUCTEMbl CTaOWIM3allMM MarHUT-
HOTO MoJiBeca Baya 1, BKIIIOYasi U KaHal OCEBOW CTaOMIM3AIMH, COJIEPIKUT J1aT-
yuky 3a3opa O u Toka I, [1/]-perynsarop 6 oT gatumka 3a30pa 4yBCTBUTEIHHO-
CTBIO 0l U OTPULIATENbHYIO OOPATHYIO CBS3b MO TOKY 3JIEKTPOMarHuTa OT JaTdyu-
Ka TOKAa YyBCTBUTEIBHOCTBIO I. CyMMapHbIi CUTHAJI PETYJIATOPa G MOJAETCS Ha
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BXOJl YCWJINTENS MOILIHOCTH € KOA((UIMEHTOM YCHJIEHUS MO HaIpsSKEHUIo f3,
Harpy3Koi KOTOPOro SIBJISIIOTCS KaTYIIKH 3JIEKTPOMAarHuTOB.

3
E e
\\'
2
L t -
7 /7 “/ 7
— =
5 5
‘__—6___ | ¢
=~ ¢ 2
L—+ rl [
1 /10 [
6 —— l 4
5 ! li 2
L

=
4 I

Puc. 1. Puc. 2.

~

I[eﬁCTBHe CHCTCMbI CTa6I/IJ'H/IBaI_II/II/I B 3TOM CJIydac COCTOUT B aBTOMATHUYC-
CKOM YIIPABJICHUU CUJIAMH HNPUTAKCHUA SJICKTPOMATrHUTOB C LECJIBIO cTadbmiImM3a-
MKW KaXXJ0TI0 U3 3a30pOB 0 Ba)I — QJICKTPOMArdnuT B OTACIIBHOCTH.

2.Mamemamuueckan mooenp 00beKma u cucmemul ynpagieHus.

B maremaTuueckoil Moienu WCHONB3YIOTCS YpaBHEHHUs JIBHXKEHUS Baja

N0/ IEUCTBUEM CHUJI IPUTSHKEHUS 3JIEKTPOMArHUTOB. DTH YpaBHEHHUS JIMHEAPU-
3YIOTCSI B OKPECTHOCTH CTAaOMIIM3UPYEMOT'O COCTOSIHHSI paBHOBECHs. YTIpaBlie-
HUE BBIOMpAETCS B BUJAE MPOCTEUIINX KYyCOYHO-TMHEHWHBIX (QyHKIMHA u(c), an-
MPOKCUMUPYIOIIUX PEalTbHbIE BOJbT-aMIIEPHBIE XaPAKTEPUCTUKHU YCUIIUTEICH
MOIITHOCTU. MaremMaTtnueckasi MOJENIb JUHAMUKH KECTKOTO Baja B PaJHalibHbBIX
AMII [1] ¢ ogHO¥ CTOPOHBI YIPOIIAETCS 3a CUET MPEeHEOPEIKESHNSI MHEPIIMOHHO-
CTBIO JIEKTPOMArHUTOB, a C APYTON — YCIOXKHSIETCS 33 CUET y4eTa TUPOCKOIH-
yeckoro 3¢ dekra. IIpeHeOpexeHne HHEPLUMOHHOCTHIO 3JIEKTPOMATHUTOB IIO-
3BOJISICT CYUTATh, YTO 3aBUCHMOCTh TOKOB B DJICKTPOMAarHuTax MOBTOPSET HEJH-
HEHHBIC XapaKTEPUCTUKH BBIXOHOTO HAMPSHKECHUS YCUIUTENSI MOIITHOCTH, T. €. |
= u(c)/R. Yuer rupockonuyeckoro 3hdexra oT 0CEBOTO BpaIlICHHUS Bajia IPUBO-
JUT K TOSIBJICHUIO B3aUMOCBSI3U MEPEMEHHBIX COCTOSIHUSA B JBYX OPTOTrOHAJIb-
HBIX BEPTUKAIbHBIX IJIOCKOCTSX. [l HeBpamjaromerocs Bajga OHHM SIBJISIOTCS
HE3aBUCUMBIMHU. B pe3ynbpTaTe MareMarhyeckas MOJENIb JTUHAMUKH OOBEKTa
YIPABJICHUS] MOXKET OBITh MPEICTABIICHA B CTAHIaPTHOM Oe3pa3MepHOM Bujie [3]
x=Ax+Bu(o), o=Cx (1)
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0 1 0 0 0 0 0 0 0 0 0 0
kg IRy o g Ak 1k
2 2 2 2 2 2
0 0 0 0 0 0 0 0 0 0 0
Ik Lk o X o _H e S
A= 2 2 2 2 B= 2 2
0 0 0 0 0 1 0 0 - 0 0 1+k  1-k
0 ﬁ 0 _ﬁ ﬂ 0 ﬂ 0 2 2
2 2 2 2 0 0 0 0
0 0 0 0 0 0 0 1 0 0 1=k 14k
0 _E 0 E ﬂ 0 ﬂ 0 2 2
2 2 2 2 0 0 0 0

I7Ie X — BEKTOp MEPEMEHHBIX COCTOSHUS, ¥ — BEKTOp (PyHKUMN ympaBlieHus,
3aBUCSIIMX OT 0 — BEKTOpA JIMHEWHON OOpaTHOW CBSA3U MO COCTOSIHUIO TOJIHO-
ml’ J Q1

CThIO HaONI0aeMOro 00beKTa, Oe3pa3MepHbIe MapaMeTphl k = Ve H= OJ z
XapaKTEPU3YIOT PacHpesieIieHue MacC OCECUMMETPUYHOTO Bajla C OCEBBIM J) U
NONEPEYHBIM J MOMEHTAMH MHEPLIMH, BPALIAIOIIEr0Csl CO CKOPOCTHIO () B paju-
abHbIX AMII, cCHMMMETPUYHO PACHOJIOKEHHBIX OT LIEHTPa MOJBECa Ha PaccTosl-
HuM /. ([ns Bana, pacmpeneiaeHre Macc KOTOPOro OJM3KO K OJHOPOAHOMY LU-
JUHAPY JJIMHOM [, mapameTp k ~3).

[lepemeHHBIE COCTOSIHUS KECTKOIO Basia, BPALAOLIErocs B PajHalibHbBIX
AMII, 3apatorcst B BUJI€ JTOKAJIbHBIX 3HAUEHUN BO3IYIIHBIX 3a30POB &; 1) U CKO-
pocTell X U3MEHEHUS] B MECTaX PACIIOIOKEHUS TUAMETPAIIBHO PACIION0KEHHBIX

nap JICKTPOMarHuToB B BepXHeM (1=1)

dx dx
xl :i’ x2:_ltm; x5 :i’ xﬁz_stm;
o, dt o, dt
U B HIDKHEM (i = 2)
dx dx
x3:§_2; Xy ==, x7:77_2; Xg=—"T1,;
o, dt o, dt

pamnanbHbix AMII, kak moka3aHo Ha pucC. 3 U KaKk B JaJIbHEUIIIEM MPEICTABIIS-
€TCsI aHMMAalusg TUHAMUKHU Bajia.

Puc.3.
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[lepexon x 6e3pazMepHOMY BUAY MEPEMEHHBIX JOCTUTAETCS C MOMOIIBIO
MacITaboB MEePEMEHHBIX, AaHAJTOTUYHBIX UCTIOIB3YEeMbIX B [1]

bl
6,=—="; 1 =Ru,=u";t = Uy

m m

a a

3necy m — Macca Baja, a, b — KPYTHU3HbBI CUJIOBBIX XapaKTEPUCTUK Maphl JIEK-
TPOMAarHUTOB K U3MEHEHUSIM 3a30pa U TOKa, I, , Uy -MakCUMasbHbIE 3HAUEHUS
TOKa W HaIpsDKEHUS Ha Nape AJIEKTPOMAarHuTOB, B3aUMOCBSI3b KOTOPBIX MOJYH-
Hsercs 3akony Oma (R - comporuBnenrne 06MoTOK). MI3MeHeHHne CKOpOCTH Bpa-
IICHUS Baja MPeaArnoyiaraeTcsi JOCTaTOYHO MEJIEHHBIM (IO CPaBHEHUIO C BBe-
JICHHBIM MaciiTaboM BpeMEeHH), Mo3ToMy KoaddurueHnt H cuntaeTrcst mocTosH-
HBIM [TapaMETPOM, KOTOPHBI BEIOMpPAETCS U3 AUaIa3oHa

0<H <2k (2)
OTCYTCTBHSI THPOCKOIIMYECKON CTAOMIM3allMK YTIOBBIX CTETNIEHEW CBOOOBI Ba-
na. HenuueitHoe po0OacTHOE yIipaBiieHHE TaKUM 00bEKTOM, HaiieHHoe B [3] om-
penensieT MaTpuILy

2 142 0122 o 4 H
k k 2k 2
0 p% 2 1+§ 0 f—k 0 7% (3)
opt _
C(H)" = o L p K
0 = ~Z 2 142 0 122
2k 2k k k
0o o H oo 2 5 12
2k 2k k k

ONTUMAJILHOW OOpaTHOM CBSA3U IO BCEM MEPEMEHHBIM COCTOSIHUS, TJIe p — IIO-
JIOKUTENbHAsL peajibHasi 4aCTh KOPHEW XapaKTEPUCTUUECKOTO YpaBHEHUS 00bEK-
ta (1) B orcyTcTBUE ynpaBieHus. HaiiieHHbIN 3aKOH OrpaHUYEHHOTO yIIpaBJe-
HUS HEYCTOWUYUBBIM 00BEKTOM (1) SIBJISIETCS alallTUBHBIM K CKOPOCTH BpallleHUS
Bajia U 0OecrneunBaeT ONTUMAJIbHYIO MO YCTOMYMBOCTU €r0 AUHAMHUKY B paju-
anbHblXx AMII. Peanuszanusa 3Toro 3akoHa TpeOyeT pa3pabOTKH JOCTATOYHO
CJIOHOTO I[EHTPAJTM30BAHHOIO PEryJsATOPa, YUUTHIBAIOMIETO CHEU(PUKY 00b-
€KTa.

3. /leyenmpanuzayus ynpaeienus u nOCMAaAHO6KaA 3a0aqu

[Ipennaraempie AernieHTpanu3alys ynpaBlieHUs U pa3paboTKa AeleHTpa-
JU30BaHHBIX PETYJISATOPOB B CHCTEME CTaOMJIM3AIlMM MAarHUTHOTO MOJBEca Bajia
OCHOBaHbl Ha MareMarudeckod mozenu (1)—(3), mo3BOJIAIONIEH 10CTATOYHO
IPOCTO MEPEUTH OT OOpPaTHOM CBS3U MO BCEM IMEPEMEHHBIM COCTOSIHUA K JIO-
KaJIbHBIM 0OpaTHBIM CBsI3sM. [lelicTBUTENbHO, 001ast cucTeMa paiuaibHOM cTa-
OwiM3anuM Bajia JIerko pa30uBaeTcst Ha 4 kaHaja, eciid B Matpuile (3) Bce aie-
MEHTBI, COOTBETCTBYIOIIME MEPEKPECTHBIM OOpPATHBIM CBSI3AM, ClI€NaTh PaBHBI-
MU HyJt0. B pesynbrare nomyyaercss MaTpuila JEUEHTPAIU30BaHHOTO YIIpaBJe-
HUS
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21+§000000
0021+§0000 (4)

1
2000021+§00

o 0 0 0 0o 0 2 1+2

k
cootBercTByIOomas I1/[-perynaropy B KakaoM KaHaje JOKAIbHOW OOpaTHOM
CBSI3U 3a30p — CHJIA MPUTSHKEHUS 3JIEKTPOMArHUTOB, AaHAJIOTUYHO KaHAIly Oce-
BOM CTaOMIM3aIlii MarHUTHOTO mojiBeca [4].

[ensiMu paOOTHI SIBISIOTCS:

1. uccnenoBanue poOACTHOCTH HEJIMHEWHOrO POOACTHOTO YNpaBIEHUsS, CUH-
TE€3UPOBAHHOTO B [3], K U3MEHEHUIO CTPYKTYPhI PETYJISITOPA, CBI3AHHOMY C
NELUEHTpaIU3aIuen;

2. 000CHOBaHUE TaKOM ACIEHTPAIU3AlUU OTPAHUYEHHOTO YIPABICHUS paju-
anmpueIMu AMII Bana;

3. BeIOOp mapamerpa p B MaTpuiie (4), COOTBETCTBYIOIIETO MOCTOSTHHOM Bpe-
menu auddepennuposanus [1/1-perynstopa;

Kpurepusimu mpoBoauMoro 0OOCHOBaHUS B TOPSAKE HX 3HAYUMOCTH
BBIOMpArOTCSI:

® ACUMIITOTUYECKAs YCTOMYMBOCTh CTAOMJIM3UPYEMOTO COCTOSIHMS
pPaBHOBECHS, B KOTOPOE MOMEIIEHO HA4YaJI0 KOOPAUHAT MEPEMEHHBIX
COCTOSIHUS,

® JIOIyCTUMBbIE OTKIIOHEHHUS IEPEMEHHBIX COCTOSIHUSI OT HayaJia Koop-
JUHAT;

® pacxoj pecypcoB YIIPaBICHHs B MPOLECCE NMPUBEACHUS Bajla U3 J10-
yCTUM HayaJbHbIX YCIOBUM B HAYaJIO KOOPUHAT.

Pemienne 3To# 3amaud MPOBOJIUTCS MOAECIUPOBAHUEM JIMHAMUKHU Bajia
cpeactBaMmu MATLAB [5] Ha OoCHOBaHWM aHATUTUYECKU HAWUJCHHBIX ypaBHE-
Hui aBuxeHus (1)—(2) u cpaBHUTENHHOTO aHAIM3a TUHAMUKH TIPU LIEHTPAIU30-
BaHHOM (3) W JELCHTPAIM30BAaHHHOM (4) YNpaBJICHUSX B UHTEPAKTUBHOM pe-
»uMe BbruucieHun Ha 1IK. [l npoBeieHNs BBIUHUCIICHHM, CBSI3aHHBIX C pacye-
TOM JUHAMHKH JKECTKOTO Baja B paavaibHbiX AMII, co3maHbl mporpaMmMsl B
cucreme MATLAB. Onu no3BoJISIOT 10 33JJaHHBIM 3HAYEHUSIM NTapaMeTPOB Ha-
XOJIUTh PEIICHUs CUCTEMBI MU PepeHIIMATIbHBIX YPABHEHUI U BU3YyaIM3UPOBATh
pe3yJIbTaThl pacueToB. B 4acTHOCTH, JUIsl HATJISIHOTO IPEACTABIEHUS IIpoliecca
PUBEACHUS Bajla B CTAOMIM3UPYEMOE COCTOSIHHE PaBHOBECHS MPHU HEHYJIEBBIX
HayaJbHbIX YCIIOBHSIX IPOBOJUTCS BHU3yalW3allMsl PE3yJbTAaTOB pacuera C Io-
Momipio 3D aHuManuu JBHKEHUS Baia U 2D nuarpamMm pacxoja pecypcoB
yIpaBJICHUS.
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4.Cpasnumensnulii ananus OuHamMuKu eéana 6 paouanvhvix AMII

[IporpamMma BH3yanu3anuu JABUKEHUS Bana B paaraibHbIx AMII nenomns-
3yeT CUCTEMY KOOPAMHAT, IIPEACTABICHHYI Ha puc.3. dparmMeHT 3TOH mpo-
IpaMMBbl IPUBOJUTCS HHKE

tvisualisation
%wwwxwwwxwwwxwwwxwwwxwwwxwwwxwwwxwwwxwwwxwwwxwwwxww

ap=avifile{'multi.awi'];

I=0;

for J=50:5:(5ize_t-1)

fl=figure (4],
grid on,plot3{y(l:J,1),¥(1l:Jd,5),=2(1:J)) hold on,

plot3(wil:7,3) ,v({1l:7,7),-={1:7)) ,hold on,grid on,
line([¥(J,1) ¥(J,31],[¥(T,5) w(d,71],[=(T) -=(J1],'Linefidth',4,'Colox',[1.0,0.1,0.1]) ,hold off:
ap=addframe (ap, getframe (£1]] ;2

end

ap=close(ap) ;

tvisualisation end
%wwwxwwwxwwwxwwwxwwwxwwwxwwwxwwwxwwwxwwwxwwwxwwwxww

Jlanee npuBOAATCS WJUTFOCTPALIMKM PE3YJIbTATOB pacueTa NUHAMHMKHU Bajia
pU BIOOpE HEHYJIEBBIX HAYAJIbHBIX YCIOBUHM, Pa3IMYHbIX 3HAYEHUH MapameTpa
H wn QukcupoBanHbiX napamerpax k=3, f=10 nias OByX BapuaHTOB 1 —
LEHTPAIN30BAaHHOIO U 2 — JIELEHTPAIN30BaHHOrO ynpasieHuil. CneBa ykaza-
Hbl TPACKTOPUU JBMKEHHS TOPLIOB Bajla, IPUBOJUMOIO CHUCTEMOM pagualibHOM
cTaOMIN3aluyu B CTA0MIN3UPYEMOE COCTOSIHUE PABHOBECHS JI HA4YaJbHBIX YC-
JIOBUM, COOTBETCTBYIOIMX JIOIMYCTUMBIM OTKJIOHEHHUSM LIEHTPAa Macc U yIJOBO-
My OTKJIOHEHHIO OTHOCHUTENBHO LieHTpa Macc. CnpaBa IMPUBEAEHBI AHArPaMMBI
1-4 norpeOasieMoll 3E€KTPOMarHUTaMyd MOIIHOCTH B COOTBETCTBYIOLIUX KaHa-
JaX W CyMMapHOH »HEpruM, MoTpeOsieMON 3JIEKTpOMarHuTaMu B IIpolecce
IIPUBEAECHUS Baja B COCTOSIHUE PaBHOBECHS — JMarpamma 5.
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1. IleHTpanu3oBaHHOE yIIpaBIICHUE.

A. H=0 — 3.3; Y0=[0.99;-0.99;0.99;-0.99;0.99;-0.99;0.99;-0.99];

x10”

3

100.

50.

50

-100.
0.5

b. H=0; Y0=[0.99;-0.99;-0.99;0.99;-0.99;0.99;0.99;-0.99];

35

100.

\x¥\§ a0

251

201

B. H=3.3 ; Y0=[0.52;-0.52;-0.52;0.52;-0.52;0.52;0.52;-0.52];

U<

50

100
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2. JleueHTpain30BaHHOE yIIPABIICHUE.

A. H=0 — 3.3; p =0.5268; Y0=[0.99;-0.99;0.99;-0.99;-0.99;0.99;-0.99;0.99];

150

100

50

1 2 3 4 5

b. H=0; p =0.5268; y0=[0.99;-0.99;- 0.99; 0.99;- 0.99; 0.99; 0.99;- 0.99];

100

L L L L
1 2 3 4

B. H=3.3; p =0.5268 ; y0=[0.6;-0.6;- 0.6; 0.6;- 0.6; 0.6; 0.6;- 0.6];

100

180
\><, \ 160

140+

1201

100

5.06cyscoenue noyuennvix pe3yibmamos

[{enTpanu30BaHHOE YIIPABJIECHUE SBJISACTCS ANANTHBHBIM K W3MEHECHUSAM
ckopocTu Bpaiienus Bana (mapametrp H). Ero ucnons3oBanue npu omnpeseneH-
HbIX HaYaJIbHBIX YCIOBUSIX (1-A) MO3BOISET JOCTUTaTh MUHUMYM pacxoja pe-
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CypCOB. HGPGXOI[ K JOCHOCHTPAIN30BAaHHOMY YIIPABJICHHIO Tpe6yeT noz[6opa
¢dukcupoBanHoro napametpa p I1J[-perynstopa, KOTOpPBIM MPOBOAUICS MO KPH-
TEPUSAM aCUMITOTUYECKON YyCTOMYMBOCTH CTaOWUIM3UPYEMOTO COCTOSIHUS pPaB-
HOBCCHA M OOIIYCTHMBIM OTKJIOHCHHAM OT HETO. HpI/ICMJICMa}I JUHaAMHKa Balia
I10 3TUM KPUTCPHUAM (CpaBHeHI/Ie 1-B u 2-B) AOCTHUTHYTa IIpH BBI60pe ImapamMeT-
pa p=0.5268, paBHOro €ro 3HaA4€HUIO NPU LEHTPAIU30BAHHOM YIIPABICHUHU Y
TPaHUIIbI Hayajga THPOCKONMMYECKON CTaOMIN3aIluU YIJIOBBIX CTETICHEH CBOOOIbI
Bana (H=3.3). Ognako, o pacxoay pecypcoB (cpaBuenue 1-A, b, B u 2-A, b, B)
JNELICHTPAIN30BaHHOE YIPABICHUE IIPOUTPHIBAET 10 CPABHEHUIO C LEHTPAIA30-
BaHHBIM BO BCCX BApHUAHTAX.

3aknrouenue

CoznanHoe nporpammHoe obecnedeHue B cucteme MATLAB mno3BossieT
B MHTEPAKTUBHOM PEKHMME MPOBOJIUTH CPAaBHUTEIIbHBIM aHAIW3 JUHAMHUKU XKe-
CTKOT0 BaJla B MarHUTHOM IOABECE NPHU LIEHTPAIU3OBAHHOM U JIECLIEHTPAIN30-
BaHHOM YTPABJIEHUAX C 1I€JIbI0 0OOCHOBAaHHOTO BHIOOpPA MPUEMIIEMBIX JUHAMMU-
KM Bajla M pacxojia pecypcoB ympaiienus. JlaHHas 3aja4a CTaHOBUTCSI OCOOEH-
HO aKTyaJlbHOM C POCTOM MOIIHOCTA MAarHUTHOTO IMOJBECA, KOrJa BO3HHUKAET
aJIbTEpHATHBA YIPOIIEHUS CUCTEMbI YMPABICHUS U MOTPEOIsIeMON MarHUTHBIM
IIOABECOM MOIIHOCTH. Kpome TOro, mpoBeneHHOE MCCIENOBAaHUE MOKA3aJI0 pPo-
0aCTHOCTh CUHTE3MPOBAHHOTO yIipaBiieHus paguaibubiMu AMII k nenieHTpanu-
3allMH, & TAKXKE CYIIECTBEHHOCTh BIMSHHS HA HEJIMHEUHYIO JIMHAMUKY Baja Ja-
K€ MaJIOro TUPOCKOMMUYECKOro 3pdekra, T. €. IPU CKOPOCTAX BpalllCHHs Baja J10
TUPOCKOMUYECKON CTAaOWIM3alUM €Tr0 YTJIOBBIX CTENEHEW CBOOOJIbI, Kak IpHU
LHEHTPAIM30BAaHHOM, TAK U JICLICHTPAIN30BAHHOM yIIPABIICHUSX.
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YK 681.5:681.3

MPOTPAMMHASI CHCTEMA MHOTOKPUTEPUAJIBHOM
ONTUMM3ALMN MHOTOOFBEKTHBIX JUHAMUYECKHUX
CHUCTEM (IIC «MOM/IUC») HA OCHOBE
CTABWJIbLHO-D®®EKTUBHBIX UTPOBBIX PELIEHUI
W EE IPUMEHEHHUE B CJIOKHBIX 3AJIAYAX YIIPABJIEHUS

Boponos E. M., Bopoorcuwes A. C., Kapnynun A. A., Penxun A. JL
Mockosckuii cocyoapcmeennwiti mexnuweckuil ynueepcumem um. H. 3. baymana, Mocksa,
e-mail: avorozhischev@croc.ru, ksans@yandex.ru, rio@bmstu.kaluga.ru

Cepos B. A.

Poccuiickuii ynusepcumem opyaicovl Hapooos um. I11. JIymymowl, Mockea
1. Beeoenue

Pa3BuBaemble UTpOBBIE MOAXOMBI YIPABICHUS B YCIOBUSAX KOH(IMKTA
ABJISIFOTCSI. OCHOBHBIMHM B OJHOM U3 KJAcCOB 3aJay TEOPUM ONTHUMAIBHOIO
ynpasienus. [Ipob6nema B3auMoneiicTBUsl 00bEKTOB (KOATUIMI) BOBHUKAET MPU
opsiMOM  (POPMUPOBAHUM MHOTOOOBEKTHOW MHOTOKPUTEPUAIBHON CHCTEMBI
(MMC) B dusumyeckoir MoJieTu KOH(PIUKTHOW CUTYAIMH, IPU CTPYKTYpU3aLIUU
KJIACCUYECKON OJHOOOBEKTHOM M OJHOKPUTEPUATIBHOM 3a/layd YIpPaBJICHUS C
¢dopmupoBanueM MMC c snemeHTaMu KOH(QIMKTHOCTH B MpOIEccax Coriaco-
BaHUS U KOOPAMHALMU B CTPYKTYpE, a TAK)KE IPU MPEACTABICHUH CIOKHOM 3a-
Jla4Y¥ U CUCTEMbI MHOTOYPOBHEBOU CTPYKTYPOM.

B pamkxax MMC ¢opmupyercst kiacc 3ajad ONTHUMHU3ALUUA, B KOTOPOM
U3BECTHBIE MOJAXO/bl ONTUMH3AUUU O0BEKTa (BapHALMOHHBIE MOJXOJIbI, MPUH-
LUII MaKCUMyMa, METOJbl JUHAMUYECKOIO MPOrPaMMHUPOBAHUS U MPOLEAYPHI
HEJIMHEHHOr0 MpOrpaMMHUPOBAHUs) CYLIECTBEHHO JIOMOJIHAIOTCS HUIPOBBIMU
NOJIX0/JaMH C COOCTBEHHBIMHM TMPUHUMIIAMUA ONTUMU3ALMH, METOAbl PEIICHUS
KOTOPBIX 0a3upyOTCs Ha MHOITOOOBEKTHOCTH CTPYKTYpPbl, MHOTOKPUTEPUAIbHO-
CTH 3aJ1a4 M CBOMCTBaX KOH(IMKTHOTO B3aUMOJECUCTBUS OOBEKTOB MPHU MPOECK-
tupoBanuu u ynpasieHun MMC. Ilpu 3ToM ucnosnb3zyercs Habop METOAOB OII-
tumu3annt MMC kak OCHOBa Teopuu onTuMalibHOro yrpasienuss MMC, 3a-
HUMAIOLIEN MPOMEKYTOYHOE MECTO MEXKY KJIACCUUYECKOW TEOPHUEHN yIIPaBICHUS
Y TEOpUEN ONTHUMHU3aLNU PELICHUI B MHOTOYPOBHEBBIX cucTteMax [1-3, 6].

[Ipemmaraemas pa3padoTka croco6oB yrpasieHus MMC, UMErOIX CBOM-
CTBa YCTOMYUBOCTH (CTAOUIBLHOCTH) U 3P(HEKTUBHOCTH B KOH(PIUKTE U KOOTIe-
panuu 1 00ecreynBaroIIMX KOMIPOMUCCHl Ha TAKTUYECKOW U MH(OPMAaLIMOHHON
OCHOBE C 3JIEMEHTaMH HMHTEJUIEKTyaJIU3aliy, SIBJISETCA aKTYaJlbHOM B TEOPHH
ynpasiennst MMC.
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2. Mamemamuueckoe onucanue MMC

Maremarnueckoe onucanne MMC BkitouaeT B ce0si YEThIpE OCHOBHBIE
KOMIIOHEHTBI: MaTeMarudeckyto Moaenb MMC, ¢ BBIOOpOM ONMUCaHUs U YIpaB-
JSIOUIMX CHJI; BEKTOPHBIM 1€1€BOM MOKa3aTellb; KOAIMIMOHHYIO CTPYKTYpPY
MMC; npuHIUIB KOHPIMKTHOTO B3aUMOJIEUCTBUS HA OCHOBE CTAOMJILHOCTHU U
saddextuBHOCTH [3].

1. B kauectBe ocHOBHOro onucanuss MMC npuHUMaeTcsi cucTeMa JhHa-
MUKO-aJITeOpandecKkuX CBS3EH, XapaKTepu3yollas TUHaAMUYeCKUe CBS3U (@), aj-
reOpandeckue CBs3M (6), BEKTOP BbIXoja (6) U (QYHKIMIO MPUHSTHS PEIICHUS U
yIpaBICHHUS (2):

x° = f(t.x.q.u,...uy), x(1))=x, (1a)
x“ :(t,x,q,ul,...,uN), xeX, (16)
<y:y(x,q,t), qe, (16)
u=u(txuq), uel, (12)

rae N — uauciio o0bekToB B MMC; x = (xa,x“)— BeKTOp coctossHust MMC ¢

x° — IMHAMHYECKUMH U X — anreOpandecKuMH COCTOSHUAMY, ) — BEKTOP
BbIxoga MMC; u € U — BekTop ynpasienuss MMC; g € Q— BeKTOp napamer-
poB MMC, koTOpble XapaKTEepU3yIOT NapaMETPUUYECKYIO HEOIPENEIEHHOCTh B
(la, 6, 8) 1 BO3MOXHYIO TTapaMeTpu3anuto B (12).

VYmpasaenne ueU =U, x...xU,, u, e U, — NOABEKTOP YIPaBICHUA i-M
oobekToM MMC; U,, Kak nmpaBuiIO, BBITYKIO U KOMIIAKTHO.

[Tporpammuo-koppektupyembiii 3akoH ynpasienus ([IK3VY) npu 3agan-
HOM pa30MEeHHH OTpe3Ka [tO,T ] C MaJIbIM Af =t IasE

”:():{”v()} us(')=;usj(x(fj-l)’f)l[fj _tj—l} h=T,

rae u (x(t -1 )t) =uy (t) — JIOIIyCTUMOE IpOorpaMmHoe ynpasiienue u, € U 4 Ha

OTpE3Ke [tj_l,T ] IPU W3BECTHOM HAYaJIbHOM YCJIOBHH x(tj_l) U pearmsyemoe

matelt,  —t,|.
2. Ilenesswie cBoictBa MMC XapaKTepHu3yrTCsl BEKTOPOM MOKa3aTeen
J= I %t Togx(e).u(+). v ()]
KOTOPBIN MPEJCTABISAET CO00M CIOXKHYI0 (DYHKITMOHATLHYIO CBSI3b C YKa3aHHBI-
MU BeTUYHNHAMU. TUIHMYHBIM BUIOM i-i ()YHKITUU BBIUTPHIIIA (TTOTEPH) SIBISICTCS
(GyHkunoHan Ha £, <t <T

T
Jl.(u,,...,uN) = @i(T,x(T))+IE(t,x,ul,...,uN)dt, i=1lm.
i
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3. Ilycts P = (P",P“) — KOAQJIMLIMOHHAsI CTPYKTypa JACHUCTBUM U UHTEpE-
COB C Pa3sMEPHOCTBIO 71, MHOXeCTBa M, HMHIEKCOB KOAJIMLHUN B KaXKIOU P°,

rne M, =1,m,. Torna

P’ =K. K, |K'NK!=0; U K’ =R=[Lr]y,
g i#j ieM,
rac r — pPasMCPHOCTb MHOKCCTBA HMHACKCOB BCKTOpPa IIapaMCTPOB (HOCJIG

napaMeTpHu3aiuy yIpaBleHUil) WM MHOXKECTBO MHJIEKCOB yIpaBiieHu# (0e3
napameTpu3aium)

u __ u u
P'=1K!...K!

K'NK!=0; U K!'=M =[1m]¢,

i#j ieM,
rie m — pa3MepHOCTh MHOKECTBA MHJIEKCOB BEKTOPA MOKA3aTENeH.
) 0 )
B cBoro o4epenp, kKaxkaoin K COOTBETCTBYET, HAIIPUMED, IIPU MOJHOM Ia-

i
paMeTpu3alyi BEKTOp MapaMeTpoB ¢  WIM BEKTOp u, (0e3 mapameTpusanun).

Kaxnoit K, cooTBETCTBYET LI€1€BOI BEKTOP
P’ =P'=P=1K,...K, :K,NK,=2:UK,=[R.M]|.
j=1

4. B obmem citygae UMEIOT MECTO TMATHh MPHUHIIUIOB KOH(DIUKTHOTO B3au-
MOJICMCTBUS: aHTAarOHU3M; OECKOATUITMOHHOE B3aMMOJCHCTBUE; KOATUITMOHHOE
B3aMMOJICHCTBHE; KOOIMEPATUBHOE B3aWMOJICHCTBUE; HEPAPXUIECKOE B3aUMO-
nercTBre (C MpaBOM MEPBOTO XOAa).

Kak w3BEeCTHO, B NMAaHHBIX MPHUHIIUAINAX KOH(IMKTHOTO B3aMMOJICHCTBHSI
3aJI0KEHBI TpHU (DyHIAMEHTATBHBIX TOHITHS TEOPHUH WTP: CMAOUTILHOCHb, -
Gexmusnocmov u cmabuIbHO-3¢)PeKmusHbIlL KOMRPOMUCC.

Cmabunonocms MMC — obecnieueHre yCTOMYMBBIX (PaBHOBECHBIX) MPO-
1ECCOB (DYHKIIMOHUPOBAHUS U MPOEKTHUPOBAHUS MHOTOOOBEKTHBIX CTPYKTYpP B
YCIIOBUSIX KOH(PIUKTHOCTU (HECOTTIACOBAHHOCTH ) U/UITM HEOTPEIETICHHOCTH.

S pexmuenocms MMC — noCTHKEHUE MAaKCUMAIBHOTO IIEJIEBOTO Kave-
cTBa 00BbeKTOB, Koanuiuii ¥ MMC B 11e710M Ha OCHOBE YCTOMYMBOTO U PaIlyo-
HAJIBHOTO KOAIUIIMHUPOBAHUS.

Cmabunvho-s¢hghexmusnwiii komnpomucc ¢ MMC (CTOK MMC) — 1o
o0beAMHEeHNE CTAOMIBHOCTU U 3()P(PEKTUBHOCTH B paMKax MHOKECTBA PEILICHUN:
OT TIOJTHOTO COBIIAJICHUS JAHHBIX CBOMCTB JI0 00ECIIEUEHUS OMPECICHHONU CTe-
NeHU COMMDKCHHS B YCIOBUSAX MH(POPMAIMOHHO-TAKTHYECKUX PACIIUPEHUHN CO-
IENISE15078

HNauubie B [3] ompenenenuss cTaOUIbHBIX U 3(G(DEKTUBHBIX PEIICHUIM
(ckanmspHoe Homi-paBHOBecHe, BEKTOPHBIE PABHOBECHS, YIPO3BI-KOHTPYTPO3BI
(YKY), BekTopHO-OonTHUMAabHbIE pemieHus mo IlapeTto U KoHycy, Jenex Mo
[enu u T. 1.) TO3BOJUIN pa3pabOTaTh METOAbI MOJAU(PUKAIIUY U TTOUCKA ITUX
perieHnii Ha OCHOBE BHOBH CO3/JAaHHOT'0 MAaTEMAaTHYECKOTO M aJTOPUTMHYECKO-
ro o0ecrneyeHus.
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3. Cocmas, naznauenue u eo3moxcnocmu InNC «MOM/THUC)

Hasznauenue 11C «MOMINUC» — ontumusanus ynpaBi€HUs, TPOECKTU-
pOBaHUE M MOJEIMPOBAHUE B TEXHUYECKUX, SKOHOMHUYECKUX, SKOJOTMYECKHUX,
OMOMEUIIMHCKUX, COLMAIbHBIX U JIPYTUX Ipoleccax M cucreMax. B pamkax
[1C BO3MOXHO HCCJEI0BAHUE B3aUMOJICHCTBUS J0 YETHIPEX KOATUIUI: pa3Mmep-
HOCTb BEKTOPHOTO LiefieBoro (yHKiuoHana <12; mopsioK BEKTOpa COCTOSHUSA
<50; nmopsaoK BekTopa ympasieHus <2(; 4YuUCIO0 KOMIIOHEHT BEKTOpa U3Mepsie-
MOTO BbIXOJ[a JIJIsl BBIYMCIIEHUS BEKTOPHOTO 1IeJeBOro (yHKIMoHana <12.

B IIC «MOM/IUC» Ha OCHOBE IOCTHXEHHWA TEOPUH UIP U TEOPUHU
YIOPABJICHUS] PEATN30BaHbl OPUTMHAJIbHBIE, MOAU(MUIIMPOBAHHBIE U KIlaccUye-
CKHE METOJbl MOJIyYeHHUSI CTAOMIbHBIX (PaBHOBECHBIX) U A(PPEKTUBHBIX (BEK-
TOPHO-ONITUMAJIBHBIX) PEIICHUM, a TaKKe IMOJyYeHHbIE KOMOWHAIIMW JTaHHBIX
METOJIOB B BUJIE CTAOUIBbHO-2((EKTUBHBIX KOMIIPOMHCCOB, PACIIUPEHHBIE aK-
TUBHBIMHU PABHOBECHUSIMU, PaCCMOTpeHHbIMU B [3, 10, 11].

I[IC «MOMIHMC» no3BossieT NPOEKTUPOBATh B HHTEPAKTUBHOM PEXKUME
apaMeTpU30BaHHbIE TPOIPAMMHO-KOPPEKTUPYEMBIE 3AKOHBI YIIPABICHUS CIIOXK-
HBIX CUCTEM, QYHKITMOHUPYIOIMIUX B YCIOBUAX:

1) HUCXOAHOU CTPYKTYPHOUM HECOTJIACOBAHHOCTH (B3aUMOJICUCTBHE MOA-

CUCTEM CII0KHOM CUCTEMBI);
2) xoH(pnukTa (KOH(MIMKTHOE B3aWMOJECHCTBUE KOAIMLMA JUHAMUYE-
CKHX 00BEKTOB);

3) Ppa3IUYHOTO POJAa HEONPEAEICHHOCTH.

I[IC «MOMJIHMC» cocTOoUT M3 COBOKYIMHOCTH JBYX B3aMMOCBSI3aHHBIX
MOJACUCTEM:

1) moacucTeMbl MOIB30BATENBLCKOTO HHTEp(DEiica;

2) MaTeMaTUYEeCKOH MOJICHUCTEMBI.

MaremaTuyeckasi MoJCUCTEMa peaJu30BaHa B MATEMATUYECKOM IIAKETe
MATLAB u coctouT u3 He0OXOAUMBIX JJIsI TPOSKTUPOBAHUS MOJICUCTEM MOJIe-
mupoBanusi M ontumuzanuu. [lomp3oBarensckuii mHTEpdeEiic Ha ocHoBe GUI-
uHTep(delica Mo3BoisieT TMOKO YIPABIATH MPOLIECCOM NMPOESKTUPOBAHUS U MOTY-
4yaTh MOJHYI0 uHpopManuio B Bujae rpadgukoB u tadnui. [locne BBenenus B [1C
JMHAMHYECKON MOJENN CJIOKHOW CHCTEMbl B BHJAE HA0Opa KOAITHIIMOHHBIX
CTPYKTYp Ha MHO>KECTBE B3aUMOJCHCTBYIOIIMX OOBEKTOB YINpPABIEHUS MPOU3-
BOAUTCS ONTUMM3ALMUS YIPABICHUSI MHOTOOOBEKTHON CUCTEMOM MO 3aJaHHOMY
BEKTOPY ITOKA3aTEIIEH.

[logcucremMa onTUMHU3ALUUUA CONEPKUT PsI MOAYJIEH, KOTOPbIE OTIEIBHO
U B COBOKYIHOCTH IO3BOJISIIOT HAWTH ONTUMAIbHOE YIPABJICHHE WM 3aKOH
YOPABJICHUS MPU OCCKOATMIIMOHHOM, KOAJIMIIMOHHOM U KOOMEPAaTHBHOM B3au-
MOJIECTBUM OOBEKTOB HAa OCHOBE MeTO/0B ontuMuzanuu no Hamy, Ilapero,
[ernnu, 1o METOY «Yrpo3 M KOHTPYIrpo3» U ap. IIpoeKkTHpOBIIMK MMEET BO3-
MO>KHOCTH KOMOMHHMPOBATH PEIICHUS JUIsl TOYYCHHS CTAa0MIbHO-3(()EKTUBHBIX
KoMIIpoMuccoB. [ BbIOOpa HaYaJIbHBIX TPUOIMKEHUN MPUMEHSETCS MOJYJIb
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CETEBOr0 INIOOAIBHOIO aHAJIM3a, IOATOMY AJTOPUTMBI IIPUOOPETAIOT BYX3Tall-
HBIM xapaktep. 11 nojlydeHHsl U OTIAJKHA 3aKOHOB YIPABIICHUS PEAIU3YETCS
NOTAKTOBasi KOMOMHALMS TOACUCTEMBI MOAEIMPOBAHUS U ONITUMHU3ALINH.
Maremarnueckas noacucrema [IC «MOMJIHMC» BkiroyaeT COBOKYII-
HOCTbh METOJIOB MOJIEIMPOBaHus U ontuMmu3zauuu (puc. 1). B cucreme npeacras-
JIeHbl Pa3JIUYHbIE METOJIbl UHTErpUpoBaHus (Dinepa, Ajgamca BTOPOro M 4eT-
BepTOro mnopsaka, PyHre-Kyrra BTOpOro, 4erBepToro M MIECTOrO IMOPSAIKA,
0000menune cxembl Pynre—Kyrra u ap.). Kaxnplii 13 MeTo10B MpUMEHsETC K
CBOEMY KJIacCy 3a/ay, OJHaKO MHTep(eiCc OpraHn3oBaH TakKUM 00pazoM, 4ToO
pa3paboTUrK B 000 MOMEHT MOKET UCIIOJIb30BaTh JIFOOOH METO/,.

IIporpammuas
porp _ | [Iporpammuas cpena
cucrema < » Matlab
«MOMIHC»
IToncucrema | L MaremaTnueckas
OTOOpakKeHH | o ,|  mozcucTema
n uHTEepdeiica (meTomBI)
A
@ Y Y
OpPMHUpPOBaHHE MaT. PRV, <«—»| MonennpoBanue
Mozem MMC MopenupoBanue [«— MoaenupoBanue K3y
Y yIPaBJIAFOIINX CHJT # #
AHaNH3 pe3yIbTaTOB [« Ontumuzanus [«—»| OnruMu3aIms I'robanbHbId
A/‘/ \ o
[Tapero YKV Hsm Omera [Henmum

Cere- | Tou- || Cere- | Tou- || Cete- | Ckamsip-|Bekrop- || Cere- | Tou- || Cere-| Tou-
Basg | Has Bas | Has Bast Hast Hast Basi | Has Bast Has

e

Anroputmel CTOK
CTOK-1{CTIK-2| ----- | CTOK-14

Puc. 1. Crpykrypa I[1IC «MOMJUC».

OYHKIIMA UMUTALMOHHOTO MOJEJIIMPOBAHUS PEAIM3YIOTCS B paMKax Ma-
TEeMaTUYECKON TMOJCUCTEMBI, KOIJa HA HAadyallbHOM JTare MPOEKTUPOBAHUS OT-
JAXKUBAETCSl MaTeMaTU4yecKas MOJIeNIb CUCTEMBI, JaJe€ HCCIEIYETCS BIIUSHUE
pa3IMYHBIX (PAaKTOPOB HA JIMHAMUYECKHE CBOMCTBA CHUCTEMBI, a Ha 3aKJIIOUH-
TEJIbHOM JTalle UCCIEAYIOTCS CBOMCTBA CUCTEMBI B OKPECTHOCTU IMOJYUYEHHBIX
ONTHUMAaJIbHBIX PEKUMOB.

B nacrosmee Bpemst ans Hactpoiiku napamerpos 1IK3VY u mopenuposa-
Hus [IK3Y MMC ¢dopmupyercs mocrienoBaTenbHas Mpoleaypa MOTAaKTOBOTO
MOJENIUPOBAHUS, ONTUMU3AIMU U ceTeBbIX oaxoAoB. B IIC «MOMIUC pea-
JIM30BaHbI JIByX3TallHbIE METO/IbI onTuMu3aunu MMC:
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I7100aJIbHBIN aHAJIM3 HA OCHOBE CETEBBIX METO/IOB;
Hpm-ontummzanus;

[Tapero-onTumMusanus;

YKY-ontummzanus;

Q-onTUMHU3aINA,

[lerm-ontumu3anus kak komOuHarums Hami- u [Tapero-noaxoaos.

Ha ocnoe xomOunanuu Ilapeto—Hoam—YKY-Ilemnu-ontumuzanuu [1C
«MOMIHMC» mo3BosisieT popMUPOBATH Psii MOAUPHUIIMPOBAHHBIX CTaOMIBHO-
s pexTuBHBIX KOMITpoMuccoB B MMC.

CTpyKTypHBIE BJIEMEHTHI MPEAJIOKEHHBIX METOI0B ONTHUMM3AUN Oa3upy-
I0TCS Ha CIEAYIOIMX aJITOPUTMAX, peann3oBaHHbixX B [1C:

BBIUUCIIEHUE KOHYCa JOMUHUPOBAHUS U BHIOOP HANPABJICHUS CITYCKa;
BBIUMCJIEHHE IAarOBOM JIMHBI BHYTPU KOHYCA;

AJIEMEHTHl IIArOBOW ONTHMHU3ALMU C JIMHEHHBIMU OrpaHUYEHUSIMU
(HampaBJieHHE JBIDKEHHUS — M0 TPAAMEHTY (ANMpOKCUMHUPYIOLIEMY
rpaJleHTy), M0 METOIy BO3MOKHBIX HAaIlpaBJICHUHU, MO METOAy Xy-
ka—J[>kuBca; marosas JJIMHa — ApoOJeHue 11ara, napadoaudeckast
WHTEPIIOJIALNSA, METOJI 30JI0TOTO CeUeHHs1, MoaAupUKaIHs APOoOICHHS
1Iara Ha ciiydail pa3pbIBHBIX [TOKa3aTeNeil; OnpeiejeHre cocTaBa aK-
TUBHBIX OTPAHUYEHUI; BBIYMCIEHUE PACCTOSHUS 1O T'PaHULBI J0-
MIyCTUMOW 00JIaCTH B JAaHHOM HarpaBJICHUHN);

UCTIOJIb30BaHUE CTaHJAPTHOM MOAMPOTrpaMMbl CUMILIEKC-METO/1a;
yrcineHHoe AuddepeHnrpoBanne (BEKTopa Mo BEKTOPY, CKajspa Mo
BeKTOPY) ((hopmMupoBaHre OJHOCTOPOHHUX, IIEHTPATBHBIX PA3HOCTEH );
OpraHu3anus IWTpapHbIX HUTEpaluil NpU HATUYUA HEJTUHEHHBIX
OTrpaHUYECHUN;

OpraHM3anysl BBIYUCICHUN TPH BapbHPOBAHUH TOJIBEKTOpA IMapa-
MeTpoB ¢ € Q B anroputme Ham-ontumusanuuy;

3JIeMEHTHl Tio0anbHOro ananu3a (renepauus JllI-mocnenosarens-
HOCTH, PABHOMEPHO 3aIOJIHSIONIEH TOMYyCTUMYIO 00JIacTh, WK Op-
TOTOHAJILHOM MOCJIEIOBATEILHOCTH; COCTABICHUE TAOJIMLIbI UCIIBITA-
Huii; Q- i YKVY-ontumusanus Tabauis);

BBIUMCJICHHE 3HAYEHUI BEKTOPHOTO IMOKa3aTedsl.

Ha ocHOBe yka3zaHHBIX aJIrOPUTMOB, pealu30BaHHBIX B cpene MATLAB,
COTJIaCHO TPEJUIOKEHHON CTpyKType (puc. 1) co3mgaHa mporpaMMHasi cHCTEMa
«MOM/IUC», nmerorias kak cOOCTBEHHBIN HHTep(dEic, Tak U Pa3IuIHOTO pojaa
MOJIU(PUKAIINU 110]] KOHKPETHBIC BUJIbI 33]1a4.

4. IIpozpammnasn peanuzayus

O6omnouka [IC «kMOMUNC» mo3BoigeT B peKUME TUaIOTa U3MEHSTH Ia-
paMeTpbl CUCTEMBI, 33J]aBaTh HadyallbHbIC JAHHBIE, BEIOMPATh METOJIbI MOJAEIIHU-
POBaHUS ¥ ONTUMU3ALNH, IPOCKTUPOBATh B UHTEPAKTUBHOM PEKUME MapameT-
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PU30BaHHBIE TPOTPAMMHO-KOPPEKTUPYEMbIC 3aKOHBI YIIPABJICHHUS, TPOU3BOAUTH
00paboOTKy M aHaJIU3 MOJYYEHHBIX pPe3yJbTaToB. Pa3paboTaH MHOTOOKOHHBIM
noJyib30BareNibckuii uuTepdeiic. [lepepadborana cucrtema otodpakeHus HHOOP-
MaIliy, KOTOpas IMO3BOJISIET OJHOBPEMEHHO MPOCMATPHBATh HEOOXOIUMOE KO-
JMYECTBO TPaPUKOB HECKOJIBKUX MOJIEIEH U BBITIOJHATH C HUMU HEOOXOIUMBIE
JEUCTBHS TI0 aHATIM3Y PE3YyIbTAaTOB MOJICTUPOBAHUSI.

Camplii BepXHUW YPOBEHb OOOJIOUYKH B DKPAHHOM MPEACTABICHUH TPE-
JaraeT CJIeAyNIyI0 IATUYPOBHEBYIO CTPYKTYpY (puc. 2):

1) 3aganue matematudeckoilt mojaenn MMC;

2) wmoaenupoBanue MMC;

3) onrtummsaius MMC;

4) wmonenupoBanue [1K3Y;

5) TpoCMOTp pe3yJIbTaTOB.

<) NC "MOMauc" M= S

tMaTeMaTudeckas Mogens b

MonenvpoeaHie

ONTUMdEaLMA

tonenvpoeaHue MK34

MpocMoTh pESYNETATOE

Puc. 2. Oxno Bepxnero yposHs [1C «MOMJUCy.

=} Beop pasmepHocTed =0 E3

KonuuecTeo ypaeHeHMEA Mogenid bMhiC:

OSWee YMCND NEPEMETPOE MOAENM:

PEI.SME!FIHDCTI: EEKTORA MNokazaTeneM: I

Puc. 3. 3aganue mapameTpoB MaTeMaTUYECKOM MOJIEIIH.

3aganue maremarudeckoil Mmoaea MMC 1103BOJIsIEeT HOJTHOCTHIO OIHMCATh
UCXOJHYI0 CHCTEMYy YypaBHeHUU. BHauanme mpepiaraercs 3amoiHuUTh (opmy,
MPEICTABIICHHYIO Ha PUC. 3, B KOTOPOW HEOOXOIUMO 3a/1aTh pa3MEPHOCTU BEKTO-
POB MOJICNIM, TapaMETPOB U MOKa3aTeaei. 3aTeM, UCXO/Id U3 BBEICHHBIX JAHHBIX,
MOCJIeI0BATENBHO 3arpy>karTcs popMbl BBoIa MaTeMaTuueckoi moaenu MMC:
1) oOKHO 3aaHuUsi ypaBHEHUN C HEOOXOAMMBIMHU YCIOBUSMHU U BO3MOXK-

HOCTBIO BBOJIa JOIOJHHUTEIBHBIX KOHCTAHT, BXOIIIINX B MOJEIID,
2) OKHO BBOJAa JaHHBIX, OTHOCAIIUXCSA K MapaMeTPU30BAHHOMY YIIpaB-
JICHUIO: pa3/ieJICHue BEKTOpa IMapamMeTpoB MO KOAIMIUAM, Hayallb-

HbIE 3HAUYCHHS TapaMeTPOB, OTPAHUYCHUS HA TTapaMEeTPhI;

3) OKHO 3a/laHUsl MAaTEMaTUYECKOrO OMKMCAHUs BEKTOpa MTOKa3aTeseH.
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=} CospaHue Mofend M=

BLIGMpLTE THN NPEACTAENEHHA
FSTEMATHYECKON MOLE

& & popre Kown

™ B MATPMHHOM NPELCTAENEHHH

I 3arpysure MD.IJ.EJ'Ibl

<¢<{ CosnaTe HOBYWD >33 |

Puc. 4. OxHo BBOJIa THNA IPEACTABICHUS MOIEIIH.

Jlasiee B oCiIe0BATENIBHO PACKPBIBAIOIIMXCA OKHAX MPEAYCMATPUBAETCS
BBO/JI HEOOXOJIMMBIX BBIPAXKEHUH JIs1 YKA3aHHBIX MApaMETPOB MaTeMaTHUYECKOM
mozenu. [IpegycMoTpeHa Takke BO3MOKHOCTD 3aJaHUsI MaTeMaTHYECKON MO/ie-

a1 MMC kak B Bujie HopManibHOUM ¢opmbl Koy, Tak 1 B MaTpUUHOM BUJIE

=} OnucaHHe Monenu

X=AX+Bu+C.
[Ipu 3TOM mpennaraercss BBOAUTh MaTpuilbl A, B, C HamnpsMyr B COOT-

BETCTBYIOIIUX (popMax B 3aBUCHMOCTH OT 3a/1aBa€MOM Pa3MEPHOCTU BEKTOPOB
COCTOSIHUSI M YITpaBJICHUSI.

K.o-50 YHEAEHHEIX NEPEtEHHEIR
P'astepHOCTE EEKTOPE § NEPAMETPOE

K.on-80 nokazarensi kavecTea

|_||ClHH9|Tb HA8HHEI2

IS[= B3

Filenarne: | test OTkpEmE |
Filename: | Coxpatire |

I aTEMATIHIECKAA MOZENE

Ll IT ta IT

HavaneHee
HAYEHUA
MEPEMEHHE
COCTOAHMA

1= | K3 *gl2703R (1)

=1

K2= | H[2MP321-gl2]F%3FR2]

'|'|
=1

A3= | 3P Fg PR RIE)

=}

Ri= | KP4 a1 PR RiE)

'|'|
=1

#B= I

#E=

REEEEEEECT
AR A 4

3HaveHWe A0NOAHKTENEHER N3PAMETPOE

[ Pa1-08 | P1z=08 | | P14-07

| Paz-07

P YHKUMOHENE KaYECTES
= I O PR3N30 )+ 0. 3 (454040 2) IF
12= I O F R0 AL+ 0. P R 2R 2] = 4 ) IF

[T

J3= |

I @K CHMANEHEIE M MUHWMANEHEIE SHAYEHWA EEKTOpa g

NapateETpoE
qmin=[| on 1
qmax:[] 11 1

Puc. 5. ITpumep 3aganust marematuueckoit Mmoaean MMC.
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JIi1g HanboJiee 4acTo BCTPEYAOIIMXCS 33a4 ¢ HAUIMYUEM JIBYX KOATMIUI B
nporecce KOHGIMKTHOIO B3auMOJIeHCTBUSL pazpaboTaH uHTEepdeic 3a1anusi Ma-
TEMAaTUYECKOM MOJENH B OTHOM MHTETPUPOBAHHOM OKHE, KOTOPOE MPEICTABIEHO
Ha pucC. 5. 31eCh, IOMUMO OINMCAHHBIX BBILIE, IPEIAracTcs TaKKe 3aJaHHE 3Ha-
YEHUI JOMOJHUTEIbHBIX MOCTOSHHBIX MapaMETPOB, BXOMSIIUX B OMUCAHUE Ma-
TEMaTUYECKOM MoJiein Ju0o B (yHKIMOHAIBI KadecTBa. [Ipy HakaTMM KHOIKH
«IF» mpexycmoTpeHa BO3MOKHOCTb BBOJA JOMOJHUTEIBHBIX YCIOBUM HA Iapa-
METPBI JJIsSI K&KJIO0TO U3 YPABHEHUW M MOKa3aTeseu cucreMbl. Hamnuue enquHoro
uHTep(deiica B JAHHOM Cllydae MO3BOJISIET OCYIIECTBIATh KaK COXpPAHEHHUE MOJie-
Ju B OTIENbHOM (paiiyie, Tak M 3arpy3kKy u3 (aina paHee BBEJACHHOW MOJENH,
npuyeM Bce JaHHbIe OYyT BHECEHBI B COOTBETCTBYIOIIME sueiiku popmbl. [Ipu
Ha)XaTuu KHOMKH «IIpuHATH naHHBIE» OKHO OyAET 3aKphITO, MPU STOM HEOOXO-
MO TIepe3anyCTUTh IJ1aBHOE OKHO CHCTEMBI Ui TOTo, YTOObI (ailn, comepxa-
Ui BBEJIEHHBIC IaHHbBIS, ObLT IOCTYTICH JIIS JajibHeUIX BeraucieHnui B I1C.

JHuanoroBoe okHo «MonenupoBanue» (puc. 6, a) mpeasaracT NepeuTu K
dopme, B KOTOPOI HEOOXOAUMO 3aJaTh CIAEAYIOLIUE TaHHBIE:

e  Meroj uHTerpupoBanus (oauH u3 10, mpencTaBiIsieMbIX B PACKpHI-

BAIOILIEMCS CITUCKE — CM. pHC. 6, 0);
e  Bpems MoaenupoBanus MMC;
®  YKUCJO TAKTOB IPOTPAMMHO-KOPPEKTUPYEMOTO 3aKOHA YIIPABJICHNUS;
®  BO3MOXHOCTH 3arpy3KH JaHHBIX U3 (ailsa st paHee CO3AaHHON MO-
nenn MMC, a Takke COXpaHEHHsI BBEJCHHBIX JAaHHBIX JJISI TEKYIIEH
Mozenu (HeoOxoaumo BBecTH uMs (paitna B mose «Filenamey);

e rpaduyecKkuil BbIBOJ paHee MOJTYYEHHBIX (pa30BbIX KOOpAMHAT (Te-
PEMEHHBIX COCTOSIHUS) CUCTEMBI.

=} Mopenuposanue MNK3Y M= E
MeTon MHTErpUpOBEHMS: Eileneie: I OTKpBITE |
ISHnepa j Filenarme: I test CoxpaH|TE |

Bpema monenmpoeaHma ()
W [MEMHATE JaHHEE |
Hucno Taktoe Mk34:
|2— BriBOD daz0BLx KODPOMHAT |

ANAMca 2-r0 Nopagka

Angmca 4-ro nopsoka
FPyHre-kytta 2-ro nopagka
PyHre-Kyrtra 4-ro nopaaka
FyHre-kKyrtta B-ro nopagka
kyrTa-tdepcoqa 4-ro nopanka
Mipa 4-ro nopaaka
HoprannallpyHca b-ro nopaaka
DEofweHHas cxema PyHre-KytTa

o

Puc. 6. Oxno «MonenupoBanue MMC» (a) u BBIOOp METO1a HHTETPUPOBAHHS (6).
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C nomo1pio MOAYIs MOJAEIUPOBAHUS BO3ZMOXHO MOCTPOECHHE (Pa30BbIX
KOOpPJIMHAT CHCTEMbl B 3aBUCUMOCTH OT BPEMEHM MOJEIMPOBAHUS U YHUCIA
taktoB [IK3Y, a Takke rpaduyeckoe OTOOpaK€HHE MOJYYEHHOIO B XOJE
ONTUMH3alNU 3aKOoHa yrpasieHus MMC.

OTaenbHO cienyeT BBIACIATH MOJEIMPOBAHHUE INPOTPAMMHO-KOPPEKTH-
PYEMOTro 3aKOHa ynpaBiieHUs (OKHO MPEACTABIEHO Ha puUC. 7), KOrJa Ha OTIEIb-
HOM mporpaMMHOM TakTe [IK3Y mpoucxoauT BbI30B cHadajia MOJYJIisl ONTUMHU-
3allMM C PacyeTOM ONTHMAJIBHOIO YIPABJICHMS TaKTa, 3aT€M OCYILIECTBIISIETCS
mozenupoBanue MMC ¢ y4eToM MOJydeHHOIO peuIeHus], IOCIIE YEro KOHEUHBIE
3HAYEHHUs NIEPEMEHHBIX, ITOJIYYEHHBIE B PE3YJbTATE MOJEIMPOBAHUS K KOHILY
TEKYILET0 TaKTa, NEPEJAlOTCs KaK HAYaJbHbIE YCIOBUS JUISA CIEAYIOLIErO TaKTa
[TK3Y. Jlannas mpoueaypa NpoaosKaeTes A0 TeX Mop, MoKa He OyIeT MOIHO-
CThIO C(HOPMHUPOBAHO MMAPaMETPU30BAHHOE MPOTPAMMHOE YIIPABICHHUE HAa BCEM
WHTEPBAJIE BPEMEHU, HA KOTOPOM pacCMaTPUBAETCSI CUCTEMA.

<} Mogenupoeanue MK3Y M= E

dtan MOOENWMPOEaHKWA |

JTan ONTHMAZELLA M |

Brigon Mk24 |

Puc. 7. Oxno monenupoBanus [1K3Y.

BriBox pe3ynbTaToOB MOAEIUPOBAHMS IMOJPAa3yMEBAET MOCTPOEHUE BCEX
HeoOxoaumbix rpadukoB (IIK3Y, BekTop cocTosiHus), BBIBOJ Kak Ha IKpaH, TaKk
U B OTZIETbHBIC (DANITBI TTOIYYCHHOTO ONTHUMAIBHOTO PEIICHUS 33]1a4l U IpoMe-
KYTOUHBIX PE3yJIbTATOB ONTUMHU3AIMU U MOACIUPOBAHUS JJIsl BCEX UCIOJIb3Yye-
MBIX METOJIOB, KOTOPbI€ MIPUMEHSUIUCH JIJIs PEIICHUsI MTOCTABJICHHON 3a/1auu OIl-
tumu3zanuu MMC.

C uenpio ynpouieHust oOeil MHOTOOKOHHOM CTpyKTyphl uHTepdeiica 11C
«MOMIUC» pazpabotano Heckosibko Moaupukanuit [IC «MOMIUC ¢ ox-
HOTUIHBIM UHTepdeiicom. Huke mpuBOauTCS BapwaHT JUisl pacuera ABYX- U
TPEXKOATUIIMOHHBIX 3a/1a4d (pa3MepHOCTh BEKTOpa mokasareneil n <3, pa3mep-
HOCTh BEKTOpa IMOKAa3aTeJed KaXKJI0H M3 CTOPOH 7 >2), KOTOPHIA IMO3BOJISAET
adpexkTBHO pemaTh Hanboyiee YacTO BCTPEYArONIMecs 3aa4d ONTHMH3AIUH
MMC. Jlna nanHoi MoauduKaIuu MoTHOCThIO TpopaboTan uHTEpdeiic, mo3Bo-
JSIOIIMI TI0JIB30BATEN0 3aJaBaTh MaTeMarudeckyro monaeinb MMC, HarnsgHo
MOJIy4YaTh Pe3yJIbTaThl ONTUMHU3ALINY, YIIPABIISA BHIBOJIOM KaK YHUCIOBBIX JIAHHBIX
ONTUMMU3AIINH, TAK ¥ UX BU3yallM3allied B mporiecce pacueToB. TabmudHbIe aH-
HBIE MO3BOJISIOT JIETKO OIICHUTh KAYECTBO ONTUMU3AIUU PA3TUYHBIMUA METOAAMH.

Jns 3amanus 0oJiee CIOXKHBIX MOJENEH, TPeOYIIUX MOoapoOHOro 3aaa-
HUSI MATEMaTUYECKON MOJIENH, TPEYCMOTPEH MOCIEA0BATEIbHBIN AUAT0OTOBBII
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MHOTOOKOHHBIA PEXXHUM OOIIEHUS C MOJIb30BaTeNIeM, Tie JaHHbIE ONTUMHU3AINU
NPEICTaBIAIOTCS TONBKO B TaONMMYHON (popme Oe3 MpUMEHEHUs Mpoueayp BU-
3yalli3alii, OCHOBHBIE OKHa KOTOpPOTO ObLTM MpUBENEHBI BbImie. Jjia Moaeneit
MMC c pazMepHOCTbIO BEKTOpa IMOKa3aTesnei 0obllie Tpex Mpu HE0OXO0IUMO-
CTH MOTYT OBITh rpauyecKd MOCTPOEHBI MPOEKIMU 00JacTeil mokazaresieil u
napamMeTpoOB B OKPECTHOCTH ONTUMAIILHOTO PEIICHHUS.

Ha puc. 8, a npencraBieHo IMIaBHOE OKHO MOJYJII ONTHUMM3AIMH, BKIIIO-
yaroniee rpauyeckoe OKHO, KOTOPOE OTOOpakaeT pe3ysIbTaThbl ONTUMHU3ALUY;
KHOIIKM, HEOOXOIUMBbIE Ul BBOJIAa U KOPPEKLUU MAaTEMaTUYECKOW MOJIEIH; BbI-
6op metona ontumuzanuu MMC; 610K yrnpaBiieHUus rpadudeCcKUM MOJIEM.

<) OnrurmuzauwA MMC s B

DBRacTE NOKazATENERA

T T T
OnucaHue mMogend | _____ oo [ ———- -
- . cgmt—+ Touka Homa
OtnacTe nokasarens | . ' . Yol !
SR A
BLIBECTH pESYNLTAT | ! ! !
Ob6nacte YKV
METON OMTHMUBaLMM, .——————.—————-:—————1:—————:-——
Touroe MNapeTa j E E E
K.onM4ecTEo CeTEEbIX TONEK I 20 - : : - e d .. : - ':' N OGﬁaCTB l
Monene: I[OHyCTI/IMI:IX
3HAa4YCHNHU
roKasaresuen
pelienue ' | i
¥ cetkanox I 23 (CTSK_’D ' . .

W cemkanoy [ 67 Dcu” 13 . , , '“"‘E' E E
Defaut | Clear|[ 45 Auo - I R E SRR R
SaKOHYMTE patiory C Mogensm | , . ! b HE P ,

A f-s oo SRRy
| ' e I |
About | ! ! ! !
H H L B, I H
-B5 -60 L] - - - - - -25 =20 -15
Briiog | (O] o J1 Pezynstatkl |
a

‘Cates
Toynoe HEH
CeTteeoe [lapeTo

TouHoe MNapeTo

ToyHaA oMera-onTMMHEaUMa
CeTtesad Haw-onTHMMEaU0Ma
Tounas Haw-onTuMK=Eanma
Z=xatan WennH-onTHMKHEa0m|a

o

Puc. 8. 'naBHOE OKHO MOAYJIsl ONITUMU3aLUU IporpaMmMHon cuctemsl «MOM/IUC»
C TIOCTPOCHHOW 00JTaCThIO 3HAUEHUH MMoKa3aTeneil u ykazanueM Hom-, YKV-, Ilaperto-
peleHni MoyYeHHOro onTuMalbsHoro peuenus 3anaun (CTOK-7) ¢ onucanueM Ha puc. 5 (a)
PacKpBIBAIOIIUICS CIUCOK MpH BbIOOpe MeToa ontuMuzauuu MMC (0).
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Oxno mMonyns ontuMuzaund MMC coepKuUT caeayromue ypapisonme

JJICMCHTHI:

1.

«Omnucanue moaenu» (puc. 8, a): 3aJaHue pa3MEPHOCTEN BEKTOpa IMapa-
METPOB U BEKTOpa MOKA3aTeNIeil; BEKTOPOB HUKHUX U BEPXHUX OTPaHHUYE-
HUW Ha mapaMeTphl; BBOJ MaTeMaTtuueckoi moaenn MMC B Bujae pasHo-
CTHBIX YPAaBHEHHU U HAYAJIbHBIX 3HAYCHUI NMEPEMEHHBIX COCTOSIHUS; 3aja-
HUE JIONOJHUTENIBHBIX [TapaMETPOB, UCIIOIb3YEMBIX MPU 33JJaHUU U PACUETE
mozaenu MMC; a takxke 3aanue GyHKIIMOHAIOB Ka4ecTBa, HEOOXOIMMBIX
st (popMHUpOBaHUST O0JACTH TMOKa3aTesied U MOJy4YeHHs Ha HeW OMNTH-
MaJIbHOTO pelieHus 3aaaun. [[is 3arpy3ku mapameTpoB C IMCKa B CUCTE-
My U HA00OpOT MCHOJB3YETCs OKHO JaucrneTdyepa ¢aiaoB: BBOJA JaHHBIX B
cucteMy («OTKpBITB») U 3arpy3ka panee 3agaHHol monenu MMC («3a-
rpy3uth»). [locne 3arpy3ku Mojzienu nepexo] K OKHaM MOJEIUPOBaHUS U
ONTUMHU3AIUU OCYIIECTBIISETCS C MOMOIIbI0 OKHA BEPXHETO YPOBHSI.

«O0nacTh mokasarelnei» — KHOMNKa pacyeTa oOJlacTH IMOKa3aTenel, KO-
TOpasi BBIBOJAUTCS Cpa3y MO0 OKOHYAHUM BBIYUCICHHUI B rpapuuecKkoM Io-
Je ¢ TeM ke HazBaHueM. llepexmntouarens «J»—«Q» MO3BOJSIET OCYLIECTB-
JSTh BU3yalM3aIuio Jubo obmactu ¢GyHKImoHanoB (J), mubo obnacTtu
napameTpoB () npu pa3MEepHOCTH BEKTOpa MoKazaTene n <3, mosydas

au00 JABYXMEpHOE, JUOO0 TpeXMepHOe H3o0paxeHue objacTei Mpu HC-
MOJIb30BAHUU 33JIJaHHOW OPTOTOHAIBHOW CETH.

Mento «MeToJ; ONTUMHU3AIMIY — TO3BOJISIET BHIOPATh OJIUH U3 BOCHMHU
(Ha JMaHHOM »JTare peaju3alii AJITOPUTMOB) METOJOB ONTHUMU3AINH
MMC (puc. 8, 6). Ilocme BeIOOpa MeTO/Ia Ha)KaTHEM KHOTKU «BwiBecTH
pE3yNbTaT» MPOUCXOJUT PACUYET ONTUMAIBHBIX 3HAYCHHUM MOKa3aTelne u
napaMeTpoB U OJHOBPEMEHHBIN BBIBOJ €€ B rpad)UueCKOM OKHE, UCIIOJb-
3ysl KOHKPETHOE IIBETOBOE 0003HAUEHWE JIJIsl TAHHOTO THIa Touek. Habop
3HAYEHUHN TI0 KOKIOMY M3 TapaMeTpPOB B Mpejeiiax TakTa KOH(IJIMKTA OIl-
penensercss myTeM 3aaHus HeOOXOAMMOTO KOJIMYECTBA CETEBBIX TOYEK
Ha 00JIacTH OTpeIeNIeHUs mapaMeTpa.

«Pe3ynpTaTh» — KHOTIKA, BBIBOJSINAS OTJCIBHOE OKHO C YHCICHHBIMU
MOIIATOBBIMH pe3yJbTaTaMHu pabOThl 71l BEIOpAHHOW TPOIEAYPHl ONTH-
MU3AIHH, a TAKKe MOJIHAsg HHGOPMAIUS O KOJIMYECTBE HAlJICHHBIX ONTH-
MaJbHBIX TOYEK, O KOJMYECTBE (DAKTUUECKUX TOUYEK U BPEMEHU cueTa o
TEKYIIEMY METOTY.

[IpeaycMoTpeHa BO3MOXKHOCTh YIIPAaBICHUS TPAPUIECKUM BBIBOJIOM: 3a-
naHue Macmraba mo o0erM KOOpAWHATaM, BBIBOJ] PaBHOMEPHOW CETKH,
aBTOMATHYECKOE MacITaOMpOBaHWE OOJACTH B 3aBUCHMOCTH OT MaKCH-
MaJIbHBIX 3HAUYEHUH 110 KOOPUHATAM.

[TapameTpu3arusi ynpaBieHHsI OCYIIESCTBISICTCS HA dTale COCTaBICHUS U

BBOJla MCXOJQHOM MaTeMaTHYECKON MOJenu, omHchIBaromieil nopeneaue MMC,
IJIe YYTEHO HEOOXOJAMMOE YHUCIIO MapaMeTPOB, allPOKCUMUPYIONTUX (DYHKIHIO
VIIPABJICHUSA, U ONPEJCICHbl T'PAHUIBl UX W3MECHCHUSA MyTEM 3aJaHUs MHUHU-
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MaJbHOTO M MAaKCUMAJIbHOIO MOPOTOBBIX 3HAYEHUW HJIsi KaXIOro MapamMerpa.
Mosker OBITh MPEAYCMOTPEH BBOJI YHMCIa MapaMeTpPOB MNapaMeTPU30BAHHOTO
YOPABJICHUS U1 KaKIOM U3 KOAIMIMHA, MO YMOJIYAHHUIO K€ IOJIaraercs, 4To
oO1iee 4uCiIo NMapaMeTpoB KOAIUIMM paBHO KOJUYECTBY, BBOAMMOMY B IIOJIE
«Pa3MepHOCTh BEKTOpa ¢ MapamMeTpOB», pacHpeleIEHHOMY PaBHOMEPHO Ha BCE

KOQIMIUKU (HApUMeEp, I YHUClia KOAJUUUMW 7 =2 TpH BBOJAE Pa3MEpPHOCTH
n,=4 MNPEAnonaraeTcs Mo yMOJIYaHHIO, YTO YHCIIO MAapaMETPOB JULSL KaXIO0H

KOAIIMIIUK PaBHO 71, / n="2). Ilpy He0OOXOIUMOCTH UCTIOIH30BAHUS TOJBKO YaCTU

n3 BBI6paHHOFO qncCiia mapamMeTpoB IAJIAd I[aHHOI\/’I KOoaJIMIIHUH HCO6XOI[I/IMO 3a1aTb
HHTCpPBAJI €ro USMCHCHUA [O, O], H, TAKUM 06pa30M, B IIUKJIaX OIITUMHU3AIIMH OH

yuactBoBaTh He Oyzaer. Ha ornenbHom Takte IIK3Y Heobxomumo, 4ToOBI pas-
MEPHOCTh BEKTOpa MapaMeTpOB SABJISIACH YETHBIM YUCIOM. Bce ucnonbzyemble
Ha dTare ONTUMHU3ALNU MTapaMeTPhl JOHKHBI OBITh MCIIOIB30BAHbI B 3alTUCH Ma-
TeMmatuyeckor Mmoaenu MMC Ha 3Tane ee COCTaBJI€HHs C BO3MOKHBIM BBEJICHU-
€M JIONOJIHUTEIbHBIX YCIIOBUM, HAKJIaJbIBAEMBIX Ha MapaMeTpbl ONTHUMHU3ALUU
100 HA IEPEMEHHBIE COCTOSIHUS.

Pe3ynbTathl pacyera B YMCIIOBOM BHJI€ MOKHO MPOCMOTPETH B OT/AE€IBHOM
okHe [IC (puc. 9), koTopoe BRIBOAUTCA MyTEM Ha)KaTusi KHONKU «Pe3ynbTaThiy,
Pacroj0KEHHOW B TPAaBOM HUKHEM YTy OKHA ONITHUMHU3ALIHH.

+} Pesynbrare I B3

CTATUCTWMKA

HaseaHue meTona Kon-eo ceTessls Touek,  KOn-B0 ONTHManeHe!X TOYeK, BDBMH CYETA

MeTon ONTHMIAZELMIA

CTak 7

Cetesoe HKY 400 180 3575
I o Cetesos Mapeto 400 43 0.7

PazrepHOCTE BEEKTORA NApAMETROE:

Haw orrurkHsauma (cets) 400 1 0.0z
0.E3
020

PazmMepHOCTE BEKTOPA PYHKLMOHANS! I 2
Haw orruruzalma 400

_;‘_.

o s Berrop Wenmm 400

=
=,
o

o

q3 qd g5 g6 qf q8 4 J2 J3
| | 55.2 -2.29

W @ o~ T3 N = ) —

—
=

—y
=

—
-

—
(45

—
=

—_
o

Puc. 9. OkHo pe3ynpTaroB onTuMu3zaund MMC no BEIOpaHHOMY METOLY.
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B naHHOM OKHE NMpenyCMOTPEH BBIBOJI CICAYIOIINUX PE3YJIHTATOB:

®  HCHoJIb3yeMas B 33Jja4€ pa3MEpHOCTh BEKTOPOB MAPAMETPOB U MOKaA-
3aTeliei;

e  BBIOOp METOJIa ONITHUMH3ALINH, TI0 KOTOPOMY BBIBOAUTH PE3YIIbTATHI;

e  BBIBOJ PE3YJBTATOB IIPU HAXKATUU KHOINIKK «BriBeCTH;

o  «No» mokaspiBa€T HOMEpP TOYKM B MACCHUBE JAHHBIX IO TEKYLIEMY
METO/Ty; €CJIM TOYEK OOJIbIle, YeM KOJIUYECTBO CTPOK B MATPHIIC BbI-
BOJIa, aAKTUBHBIMU CTAHOBSATCA KHOINKHU «<<<» U «>>>)), C IIOMOIIBIO
KOTOPBIX MOXHO MPOJIUCTHIBATh PE3YJIHTATHI.

o  «ql»—«q8» — mapamMeTpbl MOJIENIN I KaXKJI0M U3 TOUYEK «Noy;

° «JI»n—«J3» — moka3zaTean MOACIIM IS KaKI0M 13 Touek «Noy;

®  BBIBOJ KOJIMYECTBA CETEBBLIX TOUEK, UMCJIA ONTUMAJIbHBIX TOYEK IIO
KaXJ0MYy METOJY, a TaAK)KE€ BPEMEHH CueTa JJIsl BCEX MCIOJIb3yEMbIX
METOJIOB (B CEKyH/1aX).

Jlanee, kak OBLJIO PACCMOTPEHO paHee, MOXKHO MEPEUTH K TTOJITHOMY MOJIe-

mupoBanrio MMC ¢ BeiBogoMm [TK3VY 1 pa3zoBbIX KOOPAUHAT COCTOSIHUS.

5. Ilpaxmuueckoe npumenenue INC «MOM/[HC»

[Tpumenenue paspadborannoi [1C «MOMJIUC» mwmmocTpupyercs perie-
HUEM pPsiia TEXHUYECKUX 3a]a4 B CJIETYIONINX HAIPaBICHUAX:

1) 3agaud B yCIOBHUSX MCXOAHOW CTPYKTYPHOM HECOIJIaCOBAaHHOCTH Ha

pUMEPE MEXATPOHHOU POOOTOTEXHUYECKON CUCTEMBI;
2) 3aga4yd B yCIOBUSX KOH(JIUKTHOM CUTyallUH: KOH(DJIMKTHas CUTya-
1S JIOKAJIbHBIX MOJICUCTEM B3aUMOJIEHCTBYIOIIMX OOBEKTOB (Hampu-
Mep, 3a7a4a KOHGQUIMKTa ¢ Y4acCTHEeM B3aUMOJICHCTBYIOIIMUX TPYIIIU-
poBok JIA Ha BepxHeM ypoBHe uepapxuu MMC, a Ha cpeiHeM ypoB-
HE — 33/1a4a KOAJIMIIMOHHOTO TIepexBaTa 1eJin);

3) 3amaud B yCIIOBHSIX HEONPEAEICHHOCTH Ha MPUMEPE CUCTEMBI YIIPaB-
JeHUsT TOPMOKEHHUEM aBTOMOOWJISL B YCJIOBHSIX HEONpeAeNEeHHBIX
CBOMCTB NOBEPXHOCTH TOPMOKECHHUS).

Hwxe OyayT mpuBeneHbl KpaTKUE XapaKTEPUCTUKH KaKIOM W3 IpUBeE-
JIEHHBIX 3a71a4, OoJyiee MoapOOHBIM aHaN3 KOTOPBIX daH B [2, 3, 7,9, 11, 12].

B pamMkax SKOHOMHYECKHX 3aJa4 MHUKPOSKOHOMHKH pa3paOOTaHHbIE Me-
TOJIbI IPUMEHSIOTCS JIJISl UCCIEIOBAHMS KOHKYPEHTOCTIOCOOHOCTH MPEANPUATUI
Ha TOBapHOM U ()MHAHCOBOM pBbIHKE [4].

B pamMkax OMOTEXHHYECKHX MNPHIOKEHUH PACCMOTPEHBI BOIPOCHI CTa-
OMIIbHO-3(P(HEKTUBHOTO (YHKIMOHUPOBAHUSI CUCTEMBI €CTECTBEHHOW TEXHOJIO-
ruu opranuszma (CETO) Ha ocHOBe NpeioKeHHON MoJieiu 0000IeHHOTo To-
MeocTa3a (CaMOCOXpaHEHUsl OpraHrM3ma) B 3a/1adyax T'epOHTOJIOTMH, TOKCHKOJIO-
ruu u ap. [2, 5].

Jlns pelieHus OTAENBHBIX KJaccoB 3ajad Ha ocHoBe 1IC «MOMIUC»
pa3paboTaHbl CIIEHAIM3UPOBAHHBIE 000JIOYKH.
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C@KL;M}Z 3. HpoekmuposaHue cucmem asmomamudecKo2o ynpaeienusl u pecyiupoeanusl
5.1. Ancopumm xongparuxkmmuo-onmumanvnozo ynpaenenus MMC npu e3au-
MoOeiicmeuu J10KAIbHbIX CUCHEM C yUacmuem ZPYRRUpPo8KU 6030YuiH020 Oa-
3Upo6anu

PaccmaTpuBaercs cnemyromias mocTaHoBKa 3amadd. Cxema KOH(IIMKTA
umeet Buj (puc. 10).

T N

N~

Puc. 10. Cxema KOHGIUKTHON CUTYaIIHH.

Kaxnass ctopoHa KOH(IIMKTa MMEET B CBOEM COCTaBE IO JIBE TPYIIIBI
00BEKTOB: aKTHUBHBIE, UMEIOIIUE OMPEICICHHOE KOJIUYECTBO PECYPCOB, MO/IjIe-
KaIUX pacrpefeieHnio mo 3PPEeKTUBHOCTH B3aMMOJICHCTBHSI C MAPTHEPOM, U
MACCUBHBIE, YUET KOTOPBIX JOJKEH BECTH MapTHEP MPHU PaCIpPEETICHUN CBOUX
PECYPCOB OTHOCHUTENIBHO MPOTUBOIOJI0KHOU CTOPOHBI.

[leHTpambHBIM MOMEHTOM DEIICHUSI MOCTAaBJICHHOW 3a/laud SIBJISIETCS 3a-
Ja4a ONTUMAJILHOTO YIPABJICHUS peCypcaMu KaXK10M KOAJUIIMKM U UX pacrpee-
JIeHUs Ha OCHOBe nporHo3a AuHaMuku koHduukra (I[1/IK) Ha oTnensHOM TakTe
KoHuHKTa [3].

[ToTakToBas peanuzanus MaTeMaTUYECKON MOJENU CUCTEMbI 0azupyercs
Ha ypaBHEHUSX TUHAMUKH cpelHux. [Ipum 3ToM XapakTepUCTHKON COCTOSHHS

MMC craHOBUTCA CpelHsAs YUCICHHOCTh Ipynn o0bekToB (x; >0,7=1,4), ko-

TOpas 3ajaercs Kak x; = N,,i=1,4 B BuAe HadanpHbIX ycloBUH 3amaun. [Jud-

dbepeHIanbHbpIe YPaBHEHHUSI MOJCIA KOH(MIUKTHOW CUTYallud MOTYT OBITh 3a-
MMCaHbI CIAEAYIOIUM 00pa3oM:

2)
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rze X, (t) — TeKyIIasi YUCICHHOCTh OOBEKTOB B i-il TPYTIIE; ]_’U (t)— K03 huIu-

CHTBI, XapakTepusyrIue 3(PHEeKTUBHOCTh B3aMMOJCHCTBUS B IpoOIlecce KOH-
baukTa 11 00BEKTOB i -I'0 TUIIA ¢ 00BEKTAMHU j -T'O THIIA; V,;— OISl aKTUBHBIX

00BEKTOB i -TO THIIA, BBIACJIICHHBIX JIA BBaHMOHGﬁCTBHH C aKTUBHBIMH OOBEK-
TaMH ] -I'O THIIA, (1 - Vij) — J0JIs1 aKTUBHBIX 00BEKTOB i -TO THIIA, BBIICJICHHBIX

IUI B3aUMOJICICTBHA C TIACCUBHBIMU OOBEKTAMHU j -TO THIA; Kk, — XapaKTepu-

3yIOT OCOOCHHOCTHM HUMEIOIIMXCS AKTUBHBIX CPEICTB MPU B3aUMOJECUCTBUH C
naptHepoMm. Cucrema (2) nipu peanuzanuu Ha pamkax [IC «MOMJUC» moxet
ObITh NPHUBEACHA K MOTAKTOBOMY QJITOPUTMY C BO3MOKHOCTBIO PACCMOTPEHUS
OIIPEIEIIEHHOI0 YK CJIa TAKTOB B3aUMOIECHCTBUA.

B kadecTBe TepMUHaAIbHON KOMIIOHEHTHI ITOKa3areis noreps (J) BblOe-
peM IoKa3areib, UMEIOIUN CMBICI CYMMapHOIo IiepeBeca IapTHEpa M0 aKTUB-
HbIM U TACCUBHBIM CpEACTBAM C HEKOTOPHIMH BECOBBIMU KO3 (ULIMEHTaMU
L, L, wn L, , L, , KOTOpble XapaKTePU3YIOT IPOTHO3UPYEMYIO TAKTUKY IEUCT-

BUI KaXKJI0M CTOPOHBI KOH(DIMKTa HA MOMEHT OKOHYAHHUSI B3aUMOJICHCTBUSA:
_ 2 2 2 2 .
J,=L, -[x3 (T)-x (T)]+L12 -[x4 (T)-x (T)] J , — min,
_ 2 2 2 2 .
Ty =Ly | X (T)=x3(T) |+ Ly, [ 5(T) =% (T) |, T > min.

B [3] paccmoTpeHbl pa3nuyHOTO poja MOKa3aTeNH, KOTOPhIE MOTYT OBIThH
MCIOJI30BaHbI JIMOO BMECTO MPEAJIOKEHHBIX BbIIIE, TM00 B JOMOJHEHUE K HUM
(HanpuMep, TOMOJIHUTENbHBIN YYeT MHTErpalbHOM COCTaBISIONIEH ).

AJTOpUTMBI POTHO3a JUHAMHUKK KOH(JIMKTA NPEICTaBISIIOT COOOM anro-

PUTMBI  CTAOMIILHO-3(D(PEKTUBHBIX KOMIPOMHUCCOB Ha ocHoBe Hbam—IlapeTo—
YKVY-lenmnu-komounaruii, Bxojsmue B cTpyktypy [IC «MOMIUCY.

+} HavanbHoie pannsie anropurma MK ana kongauera AIC 1 - IC 2 =] 3
File Edit Wiew Inzett Toolz Window Help
AnroputH [NAK Ha ocHoee CT3K ana koHgnaukTa N1IC1 - 11C 2

HauanbHbEe YWCNEHHOCTH W A pEKTUBHOCTH

AgTHEHBIE cpeacTea [C 1: |12 'I pl3 0 I [1R4]

KoHgurypauua JC 1

MNaccueHsle cpeaeTea MG 1: |12 'I pld 0 I (IR4] Im
pOHT =
AgTWEHEIE cpeacTea (C 20 |16 = p31_0 I (IR4]

MNaccueHele cpegetea MC 2 IE "I pd32 0| 05 Kongurypaumsa I1C 2

IJ'IMHEHHaﬂ "I
TakTHYECKWE NPHOPUTETH KOAnUUMi
L1 I 0.3 Li2 0.7 Li3 I i

L2 | o7 L2 |03 L23 I a

[MpouzEECTH pacueT | MpocMoTp pesyneTaToE

Puc. 11. Peanuzanus obonouku B cpene MATLAB.
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Peanuzanus obonouku B cpene MATLAB npencrapinena Ha puc. 11, Han-
ctpoiika koropoit Hag IIC «MOMIUCy» no3Bonsger Oonee 3(hPEKTUBHO MpPOEK-
TUPOBATh M HMCCJICAOBATH BIMSHHE HAYaJIbHBIX JaHHBIX Ha 3(P(GEKTUBHOCTH pe-
IIEHUS] TOCTABJICHHOM 3a/1a4u.

PesynbTarhl pacuera npeacTaBisitoTCs Kak B rpaduyeckoit hopme (HopMu-
poBaHHasi 00JIACTh 3HAYEHMI MMOKazarene ¢ ykazanueM noiydaeMbix CTOK B
IpoIecce ONMTUMU3AINU, pUc. 12), Tak u B Gopme Tabmuisl (puc. 13), koropas
paspaboTana jJis yao0cTBa BBIBOJA pe3yibTaToB BhiuncieHuil. Ha gpopmy BeiHe-
CEHBI MCXOJIHbIC JaHHBIC 33/1a4M W T€ 3HAYCHHUS MapaMeTpoB M (HYHKIIMOHAJIOB,
KOTOpBIe ObUTM TOJIy4eHbl Tipu ontumuzaimu MMC, B 4acTHOCTH JaHHBIC IO
touke Hama n YKY—-Illennm.

L I e e e e e e
: : : : . * NacTe SATENEM
: : : : : Enacn: Wﬁ? : :
Lo U . CLIGREeTO-TRaHuda.
0.8 : : : : : % D\EKaﬁl']CPLLIa H : :
: : : : C @ PelleHMe: : :
OBk TR RERPRRRRE ERTERRIRY "EEEETETETTERRUTO AR SRTIRERY
D4k ......... e L Do N ......... e L i
02k . -~ L RERTRREE TIPS
(I R BN ) B 0 o et il 1 1 T R
[ SRR,
: £ o !
- : s R : : :
Foooennn P, SO s 3 P
-0.2 . 3 ff 3! * . . :
: " TR f : : :
: MRS
D4k e B L ot i F L
- . ™y +0:¢ g 4
: : Fribteebed
: : FW g
OFF----- e TR B TR 4 L L St ot P g 1
-u. . ’ . ,.1:::4»4»%4“%
: . : s dttierieiis
: : Do B 30U :
08k U L B e VAU g F 5 TN ‘L
) : : : : Tt srsrnees : :
: : : : é,, Tratareprrer
LA L T Ty Y
N T T ? ST Tt e
1 L 1 1 i 1 L 1 1

Puc. 12. I'padpuueckoe oToOpaskeHre pe3yIbTaTOB ONTHMH3AINH.

[+ PesynbTarsl BHIYMCAEHHRA !IEI

File Edit wWindow Help
HAYANbHBIE [AHHBIE
p13.0| p14_0[p310|p32.0  LI1 [ L12 | L13 | L21 | Le2 | L23
05 | o5 | 05 | 05 03 | o7 | o [o7]o3] o

PE3YbTATH BHYMCNEHMA
K| =2 | %3 | =4 1 WE Ja db Jda+db

HavaneHwe| 12 | 12 |16 ] &
Haw 4 110 4 4 07 0.78 |-55.265 | 19612 |-35.653
HEY-Wenauw | 1 12 8 1 0.4 1 -73385 | 18.87 |-92.225

Puc. 13. Tabnuunas popma nmpeacTaBieHUs PaCUETHBIX TaHHBIX.
923



Tpyout 11 nayunotl konghepenyuu «Ilpoexmuposatie uHICeHePHbIX U HAYYHBIX npunodicenuti 6 cpeoe MATLABy

OxHa, npuBeneHHbIE HA puc. 12, 13, BBIBOOATCSA MyTE€M HaXXKaTHsI KHOIIKH
«IIpocmotp pesynbTatoB» Ha dopme (puc. 11). IlepBas kHomka «IIpousBectu
pacuer» 3amycKaeT NpoIecc ONTUMHU3ALMU ¢ HAYaJIbHBIMU JTaHHBIMU, 33JJaHHBIMU
B 1oJisix (hopmMbl. MoJienb MOXKeET OBITh JTOTIOJIHEHA HOBBIMH ITapaMeTpaMH, BIIHS-
HHE KOTOPbIX HEOOXOAMMO YUYUTHIBATh B 3aBHCHMOCTU OT BapuUaHTOB KOH(UTY-
pauuu rpynnpoBok JIA.

Cama cuctema ypaBHCHHMI MOJKET 3a/1aBaThCsl KaK B OTACIBbHOM (aiiie
BpyuHyto, 1100 aBTomaruuecku yepe3 [IC «MOMIMCy». Heobxoaumbie MeTo-
Il ONTUMU3ALMH BbI3BIBAIOTCS HANPSIMYIO0 M3 MATEMaTHYECKON MOJCUCTEMBI
[HC «MOMJUC». B nporpamme UCHOIB3yETCs aJalTUBHBIA aJrOpUTM BBIOOpa
1ara OpTOroHaJIbHON PaBHOMEPHOM CETH B 3aBUCUMOCTU OT YMCICHHOCTEH Kax-
JIOW U3 JIOKaNbHBIX Tpynm. [lpu 3ToM pacuer sl OTAEIBHOIO TaKTa MPOUCXOIUT
B PEKMME PEAJIbHOTO BPEMEHU.

Peanuzanus gaHHONW MpOrpaMMHOM CHCTEMBI MPOBEACHA MJIsi KOHEYHOM
NIOCJIEOBATENbHOCTA KaK HE3aBUCHMBIX, TaK U B3aMMOCBA3aHHBIX TaKTOB KOH-
¢nukTa. [Ipy 3TOM BO3MOKHO NMPUMEHEHHE TOMOJHUTENBHBIX (YHKIHMOHAJIOB
KauyecTBa NIl MEKTAaKTOBOM ONTUMU3ALMK B xoze KoH(uukTa. [IpoBenen moc-
TATOYHO MOJHBIN aHanu3 3(P(HEKTUBHOCTH ABYXTAKTHOTO B3aMMOACHCTBUS C TIO-
Jy4YeHHEM Ppe3yJbTaTOB MO LIMPOKOMY HAOOpPY BXOJHBIX HAaYaJbHBIX JAaHHBIX
mozenu [12]. PeanuzoBan meton ynpasieHus JIA Ha Tpex u 0ojee TakTax KOH-
¢GMKTa ¢ MPUMEHEHUEM AITOPUTMOB PACIIPEICICHUS PECYPCOB.

5.2. Onmumu3zayusa KoanruyuoOHHO20 nepexeama NPOMueo0eiucmeayou|eco
nemamenvnozo annapama (JIA) na ocnose eexkmopnozo Hrwi-pagnosecus.

Ha ocnose 11C «MOMIHMC» B cpene MATLAB peanu3oBaHa mporpamm-
Has cucreMa «ONTUMHU3alns KOATUIMOHHOIO NIEPEXBATa IMPOTUBOACHCTBYIOLIE-
ro JIA», npenHa3HaueHHasl ISl pacyeTa U MOCTPOEHUs YNPABICHUN U TPAEKTO-
puii eTaTenpHbIX anmnapatoB (aABa JIA, mpencTaBisrommx co00il KOATUIUIO, U
LIeJIb) U MMEIoIas MOIYJbHYIO CTpyKTypy. IIpu pabore ncnonb3yrorcs (yHK-
MU, PEATU3YIOIINE CETEBbIE METO/IbI, (DOPMUPYIOIIME ITAN HAYaIbHBIX MPUOIIHU-
KEHUM I peleHus 3aJadyd, Mpoleaypbl BEKTOPHOM omntuMusanuu, Q-
ontuMuzauuu u [lapero-ontumuzanuy, a TakkKe aIrOpUTM MOKMCKa CTaOMIIbHO-
apdextuBHoro kommpomucca CTOK-3, Bxomsmme B cTpykrypy IIC
«MOMJUC». ITpu padote s pemieHus 3aAadyd KBaJIpaTUYHOIO MPOrpaMMHU-
poBaHus ucoyb3yroTcs cpenctBa MATLAB w3 coctaBa Optimization Toolbox.

B 3anaue monenb KOH(QIMKTHONW CUTyalluu Mpe/cTaBieHa B Buae Audde-
PEHIMABHON WUIPHl B HOpMaJbHOU (hopMe, KOrja BBIOOp CTpaTeruil CBS3aH C
BbIOOPOM yIpaBIEHHM, KOTOPbIE OJJHO3HAYHO ONPEAEIAIOT UCXO0/l B BUJIE 3HAUeE-
HUSl BEKTOpa IMOKa3aTelled UIPhbl, XapaKTepU3YyIOIIEero 1LeJeBble CBOWCTBA MHO-
rOOOBEKTHON MHOTOKPUTEPHUAILHOM CHUCTEMBI. JIBHMkeHue 1eHTpoB Macc JIA
OIHCBHIBAETCSI CUCTEMOW HENMHEWHBIX AU(PQPEpeHInanbHbIX YPaBHEHUH B HOp-
MaJIbHOM 3eMHOMU cucteme koopauHat 0,X,Y 2y
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do. g
—+ ==-(n,, —cos(6.
dt Vl ( Yi ( l))
dy, ___gn
dt V.-cos(6))
dx L —
—=—=V,-cos(8.)-cos(y;) ,i=13,
dt
dy, ,
A=y, sin(6)
dt
az ,
=¥, -cos(8) -sin(y,)
dt
rae ¢, — yron HakJIOHa Tpaekropuu nosera JIA; y, — yroia noBopoTa Tpaek-

TopuH; V; — ckopocTh JIA, mprHMMaeM MOCTOSHHON Ha TaKTe PEIICHUs 3a/1a4H;
(X Y 1i» Zi) — KoopaunHatsl 1ieHTpoB Macc JIA.
B kadecTBe BekTOpa ympaBieHus u,,(i=P, F) HOpUHUMAeTca BEKTOP

HOPMAJIbHOU IIEPErPy3KH 7, B BUJE €r0 NIPOCKIHUI Ha BEPTUKAIBbHYIO TNIOCKOCTb

T
u; =[ny,n,l",

m m

rac ‘nyl‘ < ny, nZl.‘ <ny,.
MMC npencraBnsger coO0i 1B KOATHMITUN, BEKTOPHBIM (PyHKIIMOHAI KO-
TOPBIX HE MOAMAETCS CKalsipu3anuu (cM. puc. 14). 310 cBsI3aHO, HATIPUMED, C
TE€M, YTO TAKTUYECKHUE MPUEMBI HABEICHUS KOUTUIHNHU P HE TOJBKO HEU3BECTHBI

3apaHCC ICiIn E, HO 1 MOI'YyT MCHATBHCA BO BPCM:A B33HMOI[€ﬁCTBPI$I.

Jlf ?Jz fJS

P=1{P, P} | E

J'=(J,; J,) = min J2=J,—» min
Puc. 14. Bexropnslii nokasarens MMC

BeKTOp IO0Ka3aTeJIe CUCTEMBI UMEET BU

T
pi+ ﬂ“lj‘(nél + nil)dt
0

J=\|pi +/Izj.(n§2 +n§2)dt

0

T
Px +@J‘(n§3 +n}2,3)dt
0

-
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TIe P, Py Px — COOTBETCTBEHHO PACCTOSAHUA MEXIAYy NepBbIM JIA u memsio,
BTOpBHIM JIA U 1enbo U MeXay UEIbl0 U LHeHTpoM koanuiuu JIA; T — Bpems
NPOTUBOACUCTBUS KOAIUIMM, BpeMs Iepexsara; A, i =13 — K03 DUITHEHTHI,
onpeaensonme poias JIA B Koamuiuu.

Ha puc. 15 u3zo0paxeHo riaBHOE OKHO MTPOTPaMMBI.

J |ONTHMHM3ALMA KOAIHUHOHHO O Ne peXBaTa NPoTHEo e HeTAYWe ro 1A E|E|EI

" Venonezogate AaHHEE W3 Halna | NoraHmei kypc | j
* BBECTW HOBLIE OEHHEIE

KoHdurypauua zeeHa 00
i Aectkad
" Ynpaensemoe HEMEHEHHE KOHGHMIYPaLUMK B NPOLECCe NepEXEATS,

1 e Lene
0 0 0 dron HaknoHa TREEKTOpHH noneTa A
I 0 0 Hron noeopoTa TpaskTopuK noneTa A
a 0 4000 e

3200 2000 Y » KoopauHaTte M4 (Y - ErcoTa)
&0 1] Zf

600 300 CropocTe A

33 21 [33 a1 [21 Jor MycToTa CETH NEPAMETHOE YNPaENEHWS

W CTpOWTE OTOBPEKEHMA OB NACTEM AOCTMAKMMOCTI T4,

W CTROMTE MEadMKM ONTUMaNEHEX TOSEKTORUA M YNpaeneHuMi NA

[ CTpouTe 0ToBpaEkEHHE O6NACTH NOKAsATENEH

IMA TEKCTOBOrD chafina, KOTORBIE
Fesults P H

5|:|.D.ET COOEPAATE Qe NETATE ﬂD.ﬂ.TBEp,ELHTb EEOO

Puc. 15. ['maBHOE OKHO NTPOTPaMMBI.

B BepxHeM J1€BOM YIJly IPUIIOKEHUS IOMEILEH IEepEeKI0YaTeib, 103BO-
JSIOIUN YCTAaHOBUTH CIIOCOO BBOJA MCXOJIHBIX TaHHBIX (MCXOAHbIE KOH(PUTYpa-
LMY JIETaTeJIbHBIX allapaToB, a TAKKE MX CKOPOCTH): MojoxeHue «Mcmnonb3o-
BaTh JaHHbBIC U3 (ailia» aBTOMAaTHYECKU BBIBOAUT HUCXOJHbIE JaHHbIE KOHPUTY-
paunii JIA 115 BapuaHTOB 3aJjaHUM, IIPA 3TOM NOJISI PEAAKTUPOBAHUS CTAHOBST-
CA HENOCTYIHBIMU Ul BBOJA JAHHBIX BPYUYHYIO; IOJOXKEHHE «BBecTH HOBBIE
JTAHHBIE» OTKPBIBAET JOCTYI K PEAAKTUPOBAHUIO UCXOAHBIX NAHHBIX, IIPU HTOM
B I10JIs1 PEIAKTUPOBAHKS MOKHO BPYYHYIO BHECTH HOBBIE JaHHbIC. Huxke 310ro0
IIEPEKIII0YATEIS] PACIION0KEH APYroM MEPEKI0YaTellb, MO3BOJIAKOLIIUNA YCTAaHO-
BUTh KOH(pUrypauuto 38eHa JIA. OT ero cocTosiHUs 3aBUCUT METOJ] BbIOOpa Ha-
YaJlbHbIX NPUOIMKEHUHN AJIs 3a7]aud NOMCKa BEKTOPHOTo paBHOBecus. [lpu mo-
noxeHun «Kectkas» HadanpHOE NpUOIMKEHHe 11 00oux JIA oneHuBaercs 1no
o0nacTu AOCTMXKUMOCTH Koanmuiuu. [Ipu monoxenun «YmpasisieMoe U3MEHe-
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HUE KOH(QUTYypaluu B Mpoliecce NepexBaray HadyajdbHOE MPUOJIMKEHNE BbIOUpa-
eTCsl 10 00JIACTAM JOCTUAKUMOCTH Kaxkjaoro u3 JIA B ornensHOoCcTH. Huxke 00-
JacTed pelakTUPOBAHUS UCXOJIHBIX JAHHBIX KOHpurypauuu JIA nmomeiieHsl 00-
JACTU PENAaKTUPOBAHUS ISl BBOJA T'YCTOTHI CETU IO MAapaMeTpaM YIIPaBJICHUS
JIA: o BenuuyMHE BEKTOpa HOPMAJbHOW MEPETPY3KU U MO YIJIy €ro MpHIIOXKe-
HUSI OTHOCHUTEJIbHO BEPTUKAJIBHOM OCH COOTBETCTBEHHO MJIsi KaXJIOTO OOBEKTa.
Huxe nanHbIX o0nacTeil pelakTUPOBaHUS PACIIONIOKEHBI yIpaBisitoue diar,
MO3BOJISIONIME HACTPOUTH BBIBOJ TIOJYYEHHBIX pe3ysbTaToB. Hike ¢uiaros pac-
MOJIOKEHO T0JIe /ISl BBOJIa UMEHU (DaiiyioB (TEKCTOBOTO U ¢aiiia ¢popmara .mat),
KyJa OyZyT 3amucaHbl pe3yIbTaThl IPOBEICHHBIX PACUETOB.

TexcToBbIN (aiin CONEpKUT HadadbHble MPUOIMHKEHUS JJIs PEIICHUS 3a-
Ja4u ONTHUMH3ALMHU, OTYET O PELICHUM 3aJa4d KBAaJpPaTUYHONM MUHHUMM3ALHUU
(GyHKUIMH, XapaKTepU3yIOIIeH CTeNneHb HECOBMECTHOCTH HEOOXOIUMBIX YCIOBHIA
BEKTOPHOTO PaBHOBECHS, 10 MapaMeTpaM yIpaBJEHHUs, a TAKKE MOJTYyUYCHHbIC B
pe3yJIbTaTe pelIeHUs 3aJa4yd MapaMeTpbl YIpaBJIEHUs, COOTBETCTBYIOIIHNE PaB-
HOBECHOMY cocTostHuto. Daiin ¢dopmarta .mat COACPKUT HayajdbHbIC JaHHBIC,
KOHEUHbIE JaHHbIE, ONTUMAaJIbHBIE MMapaMeTpPbl YIPABICHUS W UHTEPBAJIBI Bpe-
MeHu. Haxartne kHonku «IloaTrBepanTh BBOMI» OTIPABIAET BBEAEHHBIE HCXOM-
HbI€ JTaHHBIE HA MCIOJHEHHUE B OCHOBHOE TEJIO MpOorpaMMbl. Pe3ynbpTaTel npen-
CTaBJstoTCS B (hopMe TpadUKOB yNpaBIEeHUN, TPACKTOPUI U TTOCTPOCHHMSI 00J1ac-
T NOCTHRKUMOCTH JIA B cucTeMe 36MHBIX KOOPJUHAT.

[Ipr momomM AaHHOW MPOrPaMMHOM CHUCTEMBI NOJIYYEHBI PELICHUS IS
3a/1a4M KOAIMIIMOHHOTO IEpEXBATa MPOTUBOAECHCTBYIOIIEH LENU B CIydae JIHC-
KPUMHWHAIMHA UTPOKA-1IEJIM U B CIIy4ae PABHOINPABHBIX KOAIUIMNA HA OCHOBE MHU-
HUMakcHoro mnojnxona. IlpoBeaen aHanmu3 3((PEKTUBHOCTH KOATULIUOHHOTO
B3auMojielicTBHs Ha ocHOBe Moauduimpoanubix CTIK B 3aBucuMocTH OT Ha-
YaJbHOTO NoJIokeHU JIA 1py pa3snu4HOM XapakTepe MPOTUBOACUCTBUS KOAIU-
. bosee moapoOHO MO3HAKOMUTHCS C ATUMU 3aj1auaMu MOKHO B [3, 12].

5.3. Onmumuszayusn ynpaeieHus pooomom ¢ yuemom mexampoHHOU CHIPYK-
mypol 8 YC108UAX HEONPEOeTeHHOCMU HA 0CHO8e CIMAOUIbHO-IheKmuUsHbIX
KOMRPOMUCCO8

B HacTosiiiee Bpemsi BOpochl MPOSKTUPOBAHMS, MOIU(PUKAIIUN U YIIPaB-
JICHHSI B TEXHUYECKUX CUCTEMaxX B COOTBETCTBUU C OCHOBHBIMH PE€3yJIbTaTaMHU
OTHOCHUTEIHLHO HOBOT'O HAYYHO-TEXHUYECKOTO HAIPABICHUS] — MEXATPOHUKU —
0a3UpyIOTCs HA YHUBEPCAILHOU CTPYKTYpPE MEXaTPOHHOM CUCTEMBI B BUJIE TPEX,
B 00IlleM cllydyae, PaBHO3HAYHBIX CUJIBHO CBSI3aHHBIX IOJICUCTEM: MEXaHU4Ye-
CKOM, BJIEKTPOTEXHUYECKOW M KOMITBIOTEPHOW MOACUCTEMOU ymnpasieHus. [Ipo-
cTeIas CTPyKTypa TaKOW CUCTEMBI 1aHa Ha puc. 16.

K momo0HbIM cricTemMamM MOTYT OBITh OTHECCHBI: JICTATEIbHBIC ammapaThl
(JIA), ecnu cucrema ynpapieHus: JIA BbIOUpaeTcss He TOJIBKO C YY4E€TOM 3aKOHOB
YIPABICHUS] U BBIYMCIUTEIBHBIX CPEICTB UX PEAIM3alUH, HO U C YUYETOM H3ME-
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HseMoi MexaHuku mosieta JIA; poOOTOTEXHHUYECKUE CUCTEMBI; COOCTBEHHO Clie-
JAIIKE IPUBO/IBL, @ TAKKE MHOXKECTBO JPYTHUX CUCTEM.

TpeOoBaHMs K MEXaHIHIECKOM TpeboBaHMs K AIIEKTPO- TpeboBaHMs K KOMIIBIOTEPHOI
MOZICHCTEME TEXHIIECKOH MOJICUCTEME MOJICHCTEME YTIPABIICHHS
3. KommprotepHas noncucreMa
1. Mexannyeckas 2. DAeKTpOTEXHUYECKast
) . 3|  ynpaBieHus ¢ BBIOOpOM:
TIOJICHICTEMA C BEIOOPOM: »| mozacucTeMa ¢ BEIOOpOM: >
. . ® CXEMBI CHCTEMBI
* MEXaHHYECKOH CXEMBI; * THIIA U TAPaMETPOB ;
. i yIpaBIICHHS;
* MOMEHTOB HHEPILNH; ANIEKTPOABUTATELS;
* THIA, TapaMeTpPOB U CIIO-
* MOMEHTOB COIIPOTUB- | * 3JIEKTPUIECKIX <
< . < co0a peanu3alyu ajiro-
JeHUS U Jp. ycmuTenen u ap.
PUTMOB YIIPABJICHHS H JIP.

? A

Puc. 16. IIpocrelimas cTpyKTypa MEXaTPOHHOW CUCTEMBI.

B nporecce npoekTupoBaHus U MOIU(DUKALIMK YIIPABISIEMBIX MEXAaTPOH-
HBIX CUCTEM (POPMYIIUPYIOTCS BEKTOPHBIE TPEOOBAHUS K KaXK0M MOJACUCTEME B
BU/JIEe MoKa3aresel 3pPeKTUBHOCTU U MOTEPh, TUIIBI U IOMYCTUMbIE MHOKECTBA
U3MEHSEMBIX MapaMeTPOB U YIPABISAIOMMX Ccil. OnTUMU3aIUs MEXaTPOHHBIX
cucteM kak MMC Ha ocHOBe cTaOMIbHO-3()(DEKTUBHBIX UTPOBBIX PEIICHUH IMO-
3BOJIIET OJJHOBPEMEHHO yuecTh TpeOOBaHUS K KaXX/I0M U3 MOACUCTEM B YCIIOBU-
SIX UCXOJHOM HECOTIaCOBAHHOCTU U K CUCTEME B IIEJIOM U HaWTH KOMIIPOMHUCC-
HYI0 KoMOMHanuo napameTpoB. [Ipu sTom paboTta cucTeMbl OIlEeHUBAETCS MOKa-
3aTeNISIMU Ka4eCTBa, KOTOPHIE IMO3BOJISIT ONTUMU3UPOBATH HE TOJBKO KAKIYIO
NOJICUCTEMY, HO BCIO MEXaTPOHHYIO CUCTEMY B LIEJIOM.

MaremaTtudeckas Mojiesib poboTa moapoOHo npejactanieHa B [9]. Ctpyk-
TypHasi cCXeMa UMeeT ciieayromuit Bus (puc. 17).

Ha crpykTypHOil cXeme TMpUHATHI  Clenyomue 0003HAUYCHUS:
K, . K, K, T, — napamerpsl IIM/[-konTpomnepa; K, ,7, — napameTpbl TH-

p’ ri’
PUCTOPHOIO YCWINTENS; f, — HEJIMHEHHAas XapaKTepUCTUKA THUIA «HACBIILE-
HHE» TUPUCTOpHOro ycunurensd; L ,R ,K, — KOHCTPYKTHBHBIE MapaMeTpbl
3JIEKTPOABUTraTENS IOCTOSTHHOTO TOKa; K, — koapuuueHT npotuso-O/C; f,

— HEJMHEHHAs XapaKTEpUCTHKA THUIA «CYXO€ TPEHUE», YUUTHIBAIOIIAs IIPUBE-
JACHHBIH MOMEHT CyXoro Tpenus; [, =1, +I,  — CyMMapHbId MOMCHT HHEp-

MU Ha Bajly JJIEKTpoABUTaTENs (COOCTBEHHBIA U MPUBEECHHBIN), OTHOCUTEIHHO
KOTOPOI'0 MMEET MECTO HEONPEACIEHHOCTh; K — NepelaTOYHOe YHUCIO PELyK-

Topa; K

o IL.» €., — MapaMeTpsl ATaloOHHOW Mogenu (OM); y — yrioBoe me-
pEMEIIEHUE MaHUIYJIATOPA IPOMBIIIIEHHOTO po00Ta; @ — YyIiIoBas CKOPOCTh
BpAIllEHUs Bajla IEKTpoABUTaTels; M — MOMEHT Ha Bally 3JIEKTPOJIBUraTeNs;

K, — xo3d¢unueHtT MomMeHTa; M, — NPUBEACHHBIH MOMEHT CyXOr0 TPEHHUS;

m

uTz — BBIXO,HHOﬁ CUTHAJI TUPHUCTOPHOTO HpCO6p330BaT€J'I$I.
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Yom

Ug,

§2 28, T +1

SrajoHHas MOJEIb
KSM

2
M
— =
T s+1 xo |Ts+1] x5

K
s

Puc. 17. CtpykTypHas cxema aJlaiTUBHON CUCTEMBI YIIPABICHHS IPUBOAOM ITOBOPOTA
IIPOMBIIIJIEHHOTO po0oTa «YHUBEpca-S».
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Jlyig OlleHKHU TOoBeJleHUsI 00BEKTa YNpaBJICHUs B CUCTEMY BKJIIOYEHA ITa-
JOoHHAst Mozienb (OM), TMHaMHKa KOTOPOU MPUOIMKEHHO MOXKET OBITh ONMKCAaHa
Kosie0aTeNbHBIM 3B€HOM. CUTHAJl paccoryiacoBaHUs 5(1‘) = y(t) — V.. (t) MEXIY

BBIX0/IOM OOBEKTa U ATAJIOHHON MOJIEIbI0 aHAIM3UPYETCS MO 3HAUEHUIO MOKa-
3arens kadyecrsa J,. I[IpencraBuM mMaTeMaTH4ECKyHO0 MOJEIb CUCTEMBI YIIpaBJc-

HUS B HOpMaJIbHOH (hopme. [[71s1 3TOro BBEAEM ClleyIOUIUe EPEMEHHBIE:

. ° x
N =X+ 08 5=——+0,8,
rd
rac
Q _ Krpz‘d + Kl”d . Q — Krp t KriT;d _QO . Q :—K’ﬁi _Ql :
’ T, 1 I, 2 La

Xs =W, Xg =Y, X;=Xg,) Xg =V,,, Xg=U., Xjog=Up,

Xy=Up, X, =U,,,
Xj =Uy Xy =& Xpy=M; x,=M, X5=8&, Xs=&, X;=¢&
TOFI[a B Ka4dCCTBC MATCMATHUYCCKOI'O OIIMCAaHHUA CHUCTCMBbI praBJIGHI/IH

IPHUBOJIOM ITOBOPOTA MAHUIYJIATOPA MPOMBIIUIECHHOTO POOOTa MOKHO MPHHSATH

CUCTCEMY I[I/IHaMI/IKO-aJII‘C6paI/I‘{€CKI/IX CBSI3CH:

1 1
. e — o m .
X, =X, +OX, X, = Xy + 0 X, Xy = X3+ X9,
rd m m
) . 1 ) 1 K
X4 __L X4 +L_x12’ Xs —I_x15’ Xe = I, Xs,
] ] 2
K g 2& T 1
_ omd oM~ oM _ —
X7 = 72 72 X7 72 Xy, Xg = X;; Xo =X + QX
IM om M
X, —asx;<a;
X =1y (X3) =14, X3 >a; Xy =K x5, Xy =X =X, X3 =K, X,
—a, x;<—a,
¢, x;20;
xy=M,= Xis = X3 = Xy Xjg =8 — Xy X7 = Xg — Xg.
—c, x;<0;

Jlns mepexonma ot cucteMbl auddepeHIaIbHBIX W anreOpandecKux
YpaBHEHUH, OMUCHIBAIOIINX (PU3UYECKHUE MPOLIECCHI, KOTOPbIE MPOTEKAIOT B Me-
XaTPOHHOM CHUCTEME IpHU OTPabOTKE BXOJIHOTO BO3JCHCTBUS, K PEKyPPEHTHBIM
YPaBHEHHUSIM, MO3BOJIIONIUM KCIIOIb30BaTh ISl U3YUEHHUSI MOJIEIIA U HAXOXKIe-
HUS ONTHUMAJIbHBIX MAapaMEeTPOB KOHTYpa YMPaBICHUS METOAbl CTaOMIIBLHO-
s dexTuBHBIX KommpomuccoB (CTIK) HE0OX0IMMO 3aMEHHUTH MPOU3BOIHBIC B
muddepeHnnanbHbIX YPAaBHEHUSIX HA OTHOIIIEHHWE KOHEUHBIX Pa3HOCTEH K Iary.
[Tocne mogoOHOM 3aMeHbI M YIPOILIEHUS UCXOJAHONW CUCTEMbl YpaBHEHUN OKOH-
YaTeJIbHO UMEEM CUCTEMY M3 BOCBMHU Pa3HOCTHBIX YPAaBHEHUW, KOTOPasi BBOJIUT-
cs s mogenupoBanus B [IC «MOMIUCy.

[Tokazarens kayecTBa MOJCHUCTEMBI YIpPaBIEHUS PoOOTa BBHIOMpAETCS B
(opMe UHTErpalIbHOM KBaAPaTUYECKOU OIICHKU
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J, = I dt—)mm

rac e(t) = Xg (f) — Xg (Z) ABJBICTCA CUTHAJIOM PACCOTTIACOBAHUA MCXKOY BLIXO,Z[HOﬁ

KOOPJMHATON poOOTa M BHIXOJHOM KOOPAUHATON ITATIOHHON MOJIEIIH.
[Toka3zaTenb dIEKTPOMEXAaHMYECKOW MOJACUCTEMBI J, YUYUTBIBAECT B IIEp-

BOM CJlaraéMoM KOH(IMKTHBIM XapakTep B3alMMOJECHCTBHUS CUCTEMBI YIIpaBJie-
HUS poOOTa M HEONPEENIEHHBIX MMapaMeTPOB MEXaHMYECKON YacTH, BBITEKalO-
M U3 CBOMCTB rapaHTUPOBAHHOTO POOACTHOIO KayecTBa, a BO BTOPOM clia-
raéMOM — CBOMCTBO OTKJIOHEHHS CTENEHH KOH(IMKTHOCTH OT aHTaroHU3Ma,
YTO COOTBETCTBYET TUIIMYHOMN CUTYallUU B YCIOBHIX HEONPENAEIEHHOCTH:

ty ty 5

J, = —aljgz (¢)dr+ azj(gz (t)-&,(t.J5 =3,57,,)) dt — min.

fo )

B pa6ote [9] momydeHo pobGacTHOE perieHue A mapaMeTpoB PerysaTopa
B Oosiee 00IIel MOCTAHOBKE HA OCHOBE T'€HETHYECKUX aJTOPUTMOB, MEpIEI-
TPOHHOM MOJENM HEUPOCETM U BEKTOPHOIO MHMHMMAakca. B naHHOM mpumepe
HEONPEEIEHHOCTh PaCCMaTPUBAETCs KaK AKTUBHBIN NIapTHEP, y KOTOPOTO aHTa-
TOHUCTUYECKUIM XapakTep MpOSBICHUS JOMOJHSAETCS THUIIOBBIMU BapHAHTAMMU
0€CKOAIUIIMOHHOTO U O0ECKOAIIMLIMOHHOIO B3aUMOJCHCTBUS, U, CIEI0BATENIbHO,
pobacTHOe kauecTBO AomnoiHseTcs Ha ocHoBe CTOK meHee keCTKUM poOacTHO-
UTPOBBIM Kau€CTBOM, YUUTHIBAIOUIMM THUIIOBbIE BapUaHThl OECKOAINLIMOHHON U
KOQJIUI[MOHHON CTENEHN KOH(MDIMKTHOCTUA HEONPEIETIEHHOCTH.

O PeKTUBHOCTh KOMIBIOTEPHONM CHUCTEMBI OLICHUBAETCS HHTETPATBHBIM
NoKa3aTesneM OIIMOKH, KOTOPBI XapaKTepU3yeT KaueCTBO MEPEXOIHBIX MpoLec-
COB MpHU OTPaOOTKE BO3ACUCTBUA THUIA CKAYKAa HA KOHEYHOM MHTEPBAJIe BPEMEHHU.
Bropoii nHTerpanbHbIil MOKazarenb YYUTHIBAET HECTAOMILHOCTh MacCOBO-HHEP-
IIUOHHBIX XapaKTEPUCTUK JIEKTPOMEXaHUYECKON MOACUCTEMBI po0OTa B Mpolec-
ce JKCIUTyaTallud, a TakXke KOH(IMKTHOCTb MapaMeTpOB CXEMbl YNpaBJICHUS,
4acTh U3 KOTOPBIX OTBEYAET 332 CTATUYECKYIO TOYHOCTh, @ 4YaCTh — 3a JUHAMMYE-
CKY10, HallpUMep CBOICTBO OTKJIIOHEHUS CTENEHU KOH(JIUKTHOCTH OT aHTarOHU3-
Ma, YTO COOTBETCTBYET TUITMYHON CUTYalluu B YCIOBHSIX HEONPENEIECHHOCTH.

Jns ontummzanuu cuctemsbl npumeHeHa [1C «MOMIUC», B koTopoi
peanuszoBanbl anroputMbl Ham—Ilapeto—YKY-lllennu-ontumMusanuu, a Takxe
X KOMOMHaIuu. B paMkax mojlydeHHOU CTPYKTYpbI U3 ABYX MOJCUCTEM B BUE
AIEKTPOMEXAHNYECKOW U AIITOPUTMUYECKON YaCTEN MPUMEHEHBI YKa3aHHbIE aJl-
TOPUTMBI ONTUMU3AIMHN, KOTOPbIE MO3BOJISIIOT MOJYy4YUTh Hambosiee 3P(HEeKTUB-
HbI€ pEIICHMs], ypaBHOBEIIUBAIOUIUNE d(PPEKTUBHOCTh KAXKIOM W3 MOACHCTEM,
T. €. IPUBOASAIINE K KOMIIPOMHUCCY MEXIY IMOKA3aTeIISIMU Ka4eCTBA MTOJACUCTEM.

Hwxe npuBeneH npuMep uUcciaeqoBaHUS CUCTEMBI NPU CIAEAYIOIIMX 3Ha-
YEHUSIX NTapaMeTPOB:

L, =0,05; R =1, K, =38 K =1, K,=03;, T =0,05 K, =41,

K, =1;T, =1;& =09 c=01; a=1; ¢,=0,2; a,=0,8.

om
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Pe3ynpTaT ontuMu3anuu rpaduueck npeactasieH Ha puc. 18.

JZ
0,8 T T T T T T T T T

0,7

T
;
1

0,61 1
0,5F wemvum ||, 4
0,41 1
0,3 . Touxu obnactu YKY
0,2

0,1

P
Touka Hamra &

_0’2 L L L L L L L L L »
0 01 02 03 04 05 06 07 08 09 1
| [T i | Ananmika | din

Puc. 18. HopmupoBanHas 001acTh 3HaU€HUHN TTOKa3aTeNIeH KauecTBa

Habop mnapamerpoB IIM/-perynsitopa U J,, COOTBETCTBYIOIIMX TOYKE

Hbaia, numeer crnenyronmi BU:
Krp =0,59, K,=0,008;, K ,6=0473; T,=0,06; J, =334

u Touke CTOK-7:
Krp =04, K,=0,008; K ,6=0,333; T ,6=0,06, J,=25.

Pa6ota ITN/I-perynaropa ¢ nMoay4YeHHbBIMU ONTUMAIbHBIMU MapaMeTPAMU
obuta npomoaenuponana B [IC MATLAB c¢ ucnons3oBanuem makera Simulink
[9]. Pe3ynbpTarsl aHanu3a IMOKa3bIBAIOT, YTO CHUCTEME CBOMCTBEHHA HEKOTOpas
CTENEHb KOJIe0ATENHbHOCTH, B YACTHOCTHU TPU PEAKIIUU HA €IMHUYHOE CTyTeHYa-
TO€ BO3JIEHCTBUE (IIPHM HEKOTOPBHIX 3HAYEHUSX MOMEHTA WHEPLIMH) BO3HUKJIIO Iie-
peperyIupoBaHue, 4To HEJOMYCTUMO JUIl HPOMBIIUIEHHBbIX poboToB. Ho mpu
3TOM CYHIECTBYET MEPEXOIHBIA MPOLECC, KOTOPBIM MPOTEKAET C HAUMEHbIIEH
CTETEHBIO0 KOJIE0AaTEIbHOCTH — ATOT MPOLIECC COOTBETCTBYET CpPEIHEMY 3Haue-
HUIO MOMEHTA UHEPLIUU.

Takum 00pa3om, B pe3yiibTaTe ONTUMHU3ALUU TToJydeHbl mapameTpsl [TN /-
perynaropa B CUCTEME YIPaBJICHUS POOOTOM U MOMEHT WHEPIHH B 3JIEKTPOME-
xaHnveckoil yactu Ha ocHoBe CTOK B ycrnoBusSiX aHTaroHUCTUYECKOW Oeckoa-
JUIMOHHOTO U KOAJIMIIMOHHOTO Y4YeTa MPOsBIICHUS HEONPEAESIEHHOCTH MOMEHTA
UHEepUUU poboTa. AHaIM3upyeTcsi pobacTHOE M POOACTHO-UTPOBOE KAdyeCTBO
CUCTEMBI, KOTOpbIE 0a3UPYIOTCS HE TOJIbKO HA FapaHTUPOBAHHBIX PEIICHUSIX C
MaKCHUMAaJIbHOW CTENEeHbI0 KOHQIMKTHOCTH CO CTOPOHBI HEONPENEICHHOCTH
MOMEHTa UHEPIIMH pOOOTa, HO ¥ HA MEHBIIEH CTENEHN KOH(MIUKTHOCTH.
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5.4. Mooenv KOHPAUKMHO-ONMUMATLHO20 63AUMOOCICMEU ABMOMOOUNA U
NOGEPXHOCHMU MOPMOIHCEHUSA HA IMANE POOACMHO20 PecYyIUPOEAHUS

PaccmarpuBaercs Mojenb M aNrOpUTM  KOH(IMKTHO-ONTHUMAIBHOTO
B3aMMOJICUCTBHS aBTOMOOWIISI M TIOBEPXHOCTH TOpMOxeHus. VMccnenoBanue He-
ONPENEIICHHOCTEN Ha OCHOBE UTPOBOI0 MOAX0/A MO3BOJISET MOJIYYUTh XapaKTe-
PUCTUKH CPE/Ibl — «AKTHUBHOTO MapTHEPa» (MOBEPXHOCTH TOPMOMKEHUS), a TaK-
e poOACTHOTO PEryssiTopa aHTHOJIOKUPOBOYHON CHUCTEMBI TOPMOMKEHUS, 00ec-
MIEYMBAOIIET0 POoOACTHO-UTPOBOE KadecTBO [8]. ba3oBeIMHM 1Jis MCCIEAOBAHUS
SIBIITFOTCS. METOJIbI ONTUMH3ALIUN YTIPABIEHNUS MHOTOOOBEKTHBIMA MHOTOKpPHUTE-
pHABHBIMH CHCTEMaMH Ha OCHOBE CTaOMIbHO-3()(PEKTUBHBIX HTPOBBIX pellle-
HUW 1 KOMIIPOMMCCOB.

PobacTHbIil MeTON peryiaupoBaHUs JOTONHIETCS YHUBEPCAIBHBIM METO-
JIOM UCCJIEIOBaHUS HEONPEIEICHHOCTH Ha OCHOBE UTPOBOTO MOJAX0/a, KOTOPbII
NO3BOJISIET OOOCHOBATHh XapAaKTEPUCTHKU Cpelibl (MMOBEPXHOCTU TOPMOKEHUS),
NPUHATHIE HA CTaUU POOACTHOTO PEryJIMPOBaHUS, KAK OCHOBHBIE U PACUIUPUTD
y4eT CBOMCTB HEOMNPENEICHHOCTH B (hOpME HEONpPENeEHHOCTH «aKTHUBHOTO
napTHepa» M HeolpeeseHHOCTH 1enu. B [2] npencraBnena BrepBbie pa3pado-
TaHHas MOJEJb KOH(MIUKTHO-ONTUMAJIBHOTO B3aWMOJCHCTBUS aBTOMOOWIS U
MOBEPXHOCTH TOPMOXKEHHUS U (POPMYIHUPYETCs MPAKTUYECKU BaXKHBIM METOJ HcC-
CJIEIOBaHMsI TOJIY4YEeHHONM KOH(DIMKTHOM CHUTyallun W alrOpUTM poOacTHO-
UTPOBOW KOPPEKILIUHU, TIOBBIIIAOIINNA POOACTHOE KAaUECTBO PETYJIUPOBAHUS.

PaccmatpuBaemast mosiens [2, 7] NpUHAANIEKUT KIacCy JIMHEHHBIX CUCTEM
Ha MPOCTPAHCTBE COCTOSHUM € MapamMeTpuiyeckoi MaTpuIHON aQuHHON HEOol-
peneNeHHOCThI0. ISl 1eTepMUHUPOBAHHBIX MOJENIEH CHCTEM C HEONpEIeseH-
HOCTSIMH, B TOM YHCJIE M YKa3aHHOI'O BHJIa, KaK IIPABUIIO, IPUMEHSETCS MTOAXO0
C LENbI0 JOCTHXKEHHSI TAPAHTUPYIOIIET0 pOOACTHOrO KayecTBa CTaOMIN3UPYIO-
HIEro perynaropa B GopMe CKaISIPHOTO U BEKTOPHOTO MUHUMaKca [6].

B kadectBe 0a30BOil BBIOMpaeTCsi CHCTEMa, OIMKCHIBAIOIIAS IPOIECC
JIMHEApU30BAaHHOTO JIBIDKCHHMS aBTOMOOWIS (Wiau aBToOyca) TMpH  MalbIX
YTJIOBBIX CKOPOCTSIX BPAILLEHUS €ro Kopiyca (2.

BBOI[I/ITCH CTOH6CH BCKTOpa COCTOAHHA X B BHJIC
T _
X _(Vy"Qz"Q ‘QIZy"QZIy"Q22y’})11x’})12x’})21x’})22x’P P12y’P21y’])22y)’

11y~ 11y~
rae V, — CKOpOCTb 3aHOCa aBTOMOOWIIS (aBToOyca); (2, — CKOpOCTH BpaICHHS

aBTOMOOWISL BOKPYT BepTUKaibHON ocu Oz, (2,

Koseca (7, j=1,2) Bokpyr ocu Bparuenust koneca Oy, B, — KOHTaKTHas Cuia

— CKOPOCTb BpalleHus I, j -TO

i,j-ro xoneca (i,j=1,2) (cuma CONPOTUBIECHUSI MOBEPXHOCTH) B HAIPABICHUU
ocu Ox aBromMoOwWis; F, — KOHTaKTHas cuia i, j -ro xoseca (7,7 =1,2) (cuna co-
MPOTHBJICHUS IOBEPXHOCTH) B HarnpaBjieHun ocu Oy.

BBoasrcs Taxke ynpaBIsIFOIIUE CHIIBI aBTOMOOWIISI U TIOBEPXHOCTH B BU-
JIe BEKTOPOB napaMeTpoB ¢, € 0, u q, € O,; COOTBETCTBEHHO.
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Bekrop napameTpos

44= (Sllx’SIZx’SZIx’S22x )’
rae S, — HPOCKaNb3bIBAHUE [, j -TO Kojeca B HampasieHuH OX, KOTOPOE BXO-

JIUT B BBIPQKECHHUE AT MOMEHTOB YMpaBJeHHs KojecaMu (B JaHHOM CIllydae
Topmoxenus);, L, =k;-S, ., i,j=1,2. Koopduuuenrsr k, — 3ananubie K03¢-

ijx?
(UIIMEHTH MAaTPUILIBI PETYIIATOPA, 00ECIEUNBAIOIINE ONITUMAIBHOCTH POOACTHO-
ro perynuposanust mo A. M. JlsmynoBy. Ilostomy L, — 3amaHHas JHHEHHAs

GyHKIUS yIpaBJIsIONIero napaMerpa Sl.jx.
Mmuoxectso (Q, umeer Bux Q, = {Sijx 0L Sijx <015, i,j= 1,2}, rae

S. =0,15 — MAKCUMAJIBbHO HOOITIYCTHMAsA BCINYHWHA IMPOCKAJIBb3BIBAHHA KOJICCA

ijx
Ha poOACTHOM y4YacTKe peryJIupoBaHus TOPMOKEHHEM aBToMoOmIs (aBToOycCa).
B o6mem ciryuae

A
~ Vijx B *Qiij

ijx = A ’
ijx

e R — pamuyc koneca, V! =V — mponosibHas cKopocTh aBToMoOmis. lpu

ijx
VA=V =const (nmHeiiHas MOJIEINB) S, TIPOTIOPIMOHAIEHBI CKOPOCTH BPAILCHHS

ijx X

Koseca €2, .

BekTop «ynpaBisitolux» MapaMeTpoB NOBEPXHOCTH

dn = (Vllx’V12x’V21x’V22x)’
rae v, — KOO(QQUIHMEHT CLCIUICHUs C MOBEPXHOCTHIO IMOJ i, j-M KOJECOM

(Tounee, KOX(PPUIMEHT KYJIOHOBA TPEHUSI CKOJIBKEHHUS B IUIONIAJKE KOHTAKTa
i, j -TO KOJIeca) B BBIPAXKEHUSX JJI1 KOHTAKTHOW CHJIBI

P.=-U,S,; ~Uy=—Vv, N, -k, ij=12

ijx ix ™~ ijx?

MmuoxectBo (,, IM€EET BUJ
O ={v, 10,05<v, <1, i,j=12}.

JlaHHbBIE HEPABEHCTBA XapaKTEPU3YIOT JOIYCTUMBIN pa30dpoc CBOMCTB MO-
BEPXHOCTH TOPMOKEHUS. B 3THX ycnoBUAX U3 HU3NYECKHX COOOpaKEHUH Clemy-
€T OIpeJesICHHas «PallMOHAILHOCTh MOBEIEHUS» MOBEPXHOCTH B KOH(IMKTHOM
cutyalnu B (opMe mixX-COCTOSHHUS, YTO BBI3BIBAET BpalllEHUE aBTOMOOWIIS BO-
Kpyr ocu Oz u 3aHOC 110 ocu Oy MpU HEONTUMAIBLHOM TOpMOXkeHUH. [1ogo0HbIe

Ha6op51 Vijx MOT'YyT OBITH MCIIOJIE30BAHLI B KAUYeCTBE HAYaIbHBIX HpPI6J'IH)K€HPII>i

«YTIPABJIAIONINXY MTAPAMETPOB MOBEPXHOCTH B KOH(PIMKTHON CUTYaITHH.

BriosiHe BepOSITHO, YTO CpeAM «PAMOHAIBHBIX» CBOMCTB MOBEPXHOCTH
MO>KHO BBIJICIUTH MaJIbIe, XOTSA U pa3Hble 3HAYCHUS KOA(P(DUIIMEHTOB CIETICHUS
V., 4TO TaKXK€ B OOIIUX YCIIOBUSX TOPMOKEHUSI MOXKET BbI3bIBATh BPAILICHUE aB-

ijx?
TOMO6I/IJ'I$I, 3aHOC U MAJIOC 3aMCIJICHUC, d TAKIKE PAL APYTUX BAPHUAHTOB, KOTOPLIC
MOTYT OBITEH BBISBJICHBI B IMponecce NCCICIOBAHMA.
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N3 aHanuza B3aUMOCBSI3H MOJTYYEHbI MPUOIMKEHHBIE COOTHOIIEHUS MEXK-
Ry V;, UV, CICIyIOLIero BUA:

2 2 142 .

Vie ¥ Vi = 1,2°, eciu Vi > 0,45,
2 2 2

Vie TV = 0,45°, ecnu Vi < 0,45.

OkoHYaTEeIbHO [2] MaTeMaTHYECKOE ONHMCAHUE AUHAMUKH B3aUMOJICHCT-
BUsI aBTOMOOWJISI M TIOBEPXHOCTH MPUHUMAET BU]I

x=C"'Ax+C 'By.

B oOmeMm ciyyae mpu mnepexoje B ONUCAHUU YIPABISIOMUX CUJ OT
YIPaBISAOIMIMNX [MAPAMETPOB K IMPOTPaMMHBIM YIIPABICHUSM U YNPABJICHUSM B
00paTHBIX CBS34X W HUX MPUOJIMKEHUSM JTaHHOE ONUCAHUE CTAHOBUTCS HEJU-
HEWHBIM [0 YIPABJISIOIINM CUIaM TOBEPXHOCTH.

Od4eBUIHON B JIaHHOM BapuaHTE KOH(JIMKTHOW CHUTyaIluH SIBISIETCS KOa-
muiroHHas ctpykrypa MMC, koTopasi COCTOMT U3 JABYX OOBEKTOB-KOAIUIIUH.
XapakTep KOATUIUMH «O00BEKT—aBTOMOOWIIBY TMPUOOPETAET, €CIH YYECTh €ro
CTPYKTYpHBIE CBOMCTBA: YETHIPE KOJIECa U MOAPECCOPEHHYIO0 MacCy aBTOMOOMIIS.
CoOTBETCTBEHHO W TIOBEPXHOCTH TOPMOKEHHSI MOKET OBITh OMMCaHa KOATUITHEH
CHJI CONPOTHUBJIEHUS MO KaXKIBIM U3 YETBIPEX KOJIEC.

BekropHbiii mokazaTens (GOpMUPYET MHOTOKPUTEPUATBLHOE 1IE€JIEBOE Ka-
YECTBO POOACTHOTO PETYJIUPOBAHUS B YCJIOBHUSX HEOMPEACICHHOCTH, T. €. TO-
3BOJISIET Y4YE€CTh HEKOTOpPbIE TEXHUYECKHE TPEOOBaHUS MPU TOPMOKEHUU aBTO-
MOOWJISI M TUIMYHBIE «IIEJEBbIE» CBOMCTBA HEOINPEICICHHOCTU cpenbl. B pac-
CMaTpUBAaEMOM BapHaHTE€ KOH(JIUKTHOM CUTyallMM BEKTOPHBIM MOKa3aTesb 3a-
JIaH B BUJIE TPEX MoKazarene st KaKI0ro 00beKTa:

J 4 :(JAI’JAZ’JA3)" v :(Jm’an’Jm)-

IToka3arenu aBTOMOOMIIS U KPpUTCPHUH OIITUMHU3AIUU UMCIOT BU:
T

S = j(Qz - ‘Qzaon

2
) dt = min
94
Iy
— KypcoBasi yCTOWYUBOCTh aBTOMOOUJIS (TOUHEE, TOMyCTHMas KypcoBasi HeycC-

TOWYHUBOCTh HA UHTEPBAJIC BPEMEHU (tO,T )), rae (2

zoon

— JOIIyCTHMaA BCIINYU-

Ha YTJIOBOTO YCKOPEHMsI; TUTTMYHBIC 3HAUCHUS Hayala 1 OKOHYAaHUS pOOACTHOTO
untepsana ynpasieHus AbC 7, =0 u 7 =0,15¢ cOOTBETCTBEHHO;
J 4 =Vx(71)—> min
94
— IPOJIOJILHOE 3aMEIJICHHE;

T
2 .
J ;5 :JVy dt — min
44
ly
— MHUHHUMAJIbHBINA 3aHOC.
ITokazaTenu MOBEpXHOCTH U KPUTEPUH ONITUMM3ALUU UMEIOT BUJL

sz—JAl—)an
11
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— KypcoBas HEyCTONYMBOCTh aBTOMOOHIIS;
T »
— 2 ;
I, —J‘Z}?jydt%mzn
o i =1 qan
— MUHHUMHM3ALUS CUJI CONPOTUBJIEHUS MOBEPXHOCTH 1O ocu Oy («crmocoOCcTBO-

BaHME» MOBEPXHOCTU BPAILICHUIO U 3aHOCY aBTOMOOUJIA);
T

2 2
I :J 7 v;.y+;/221/5x dt >min, 0<y, <1, y,+y,=1

Wl id=l ij=1 i
— MHWHHUMAaJbHBIC YHEPTETUYECKUE CBOWCTBA MOBEPXHOCTH IO KYJIOHOBY Tpe-
HUIO CKOJIBKEHHUS (Ka4eCTBO CIEIIJICHUS C TOBEPXHOCTHIO).

Takum oOpa3zoM, 3ajjaHa MareMaThdeckass MoJieidb KOH(QIMKTHON cUTya-
ITUU «aBTOMOOMIIb—TIOBEPXHOCTh TOPMOKCHHS», KOTOpasi B IOTIOJHEHUE K pa3-
paboTaHHOMY POOACTHOMY aJITOPUTMY B YCJIOBHUSIX HEOIPEICICHHOCTU CPEIbl
MIO3BOJISIET B MCCIIEJJOBAHUM yYECTh CBOMCTBA HEOMPEICIIEHHOCTH «aKTUBHOTO
napTHepay», MPUCYLINe JaHHOW 3aJaue, U 3JIEMEHThl KOMIIEHCALUU 1IeTIeBOM He-
OTIPEeICTICHHOCTH, BBOJIS MTPAarMaTHUe€CKUE BEKTOPHBIE MMOKA3aTEIN CTOPOH.

Bapuantsl ctenenn KOH(MIMKTHOCTH B3aMMOACHCTBHS HEOMPEIEICHHO-
CTH C CUCTEMOW Ha OCHOBE OECKOATUIIMOHHBIX, KOAIULIUOHHBIX U KOOIEPaTUB-
HBIX MOJXOJ0B (hOPMHUPYIOTCS B BHJIE CTaOMIBHO-I(DPEKTUBHBIX KOMIIPOMHUC-
coB. PaccmarpuBatrorcst cnocoObl noctpoenus CTOK nist ckasipHbIX mokasate-
JIeil CTOPOH Ha OCHOBE BbIOOpa Hanbosee 3(PHEeKTUBHBIX PABHOBECHBIX PEIICHUI
B cMbiciie Onmu3octu K Ilapero-rpanune u Touke nenexa llennu Ha oGnactu
[TapeTro—H»m-xkomnpomuccos [ 1, 3, 10].

B kauecTBe 00BEKTa TOPMOXKEHHUS paccMarpuBaics aBTodyc. B [2] mpo-
aHAJIM3UPOBAHO 24 BapuaHTa B pa3IMYHBIMHU HauyaldbHBIMH JaHHbIMU. Mccneno-
BaHuE 3PPEKTUBHOCTH KOH(PIUKTHOTO B3aUMOJECHCTBHUS MPOBEJCHO B CIEAYIO-
IIMX HAIpPaBJICHUIX: N3MEHEHUE BECOBBIX NIAPAMETPOB ¢, 5, B MOKA3aTEISIX yUH-

THIBAET PA3JIMYHYIO LIEJIEBYI0 HACTPOMKY KOH(IMKTHOTO B3aMMOJAEUCTBUS; yUeT
BIIUSHUS HAYaJIbHOM IIPOJOJIBHOM CKOPOCTH V_; ydeT HadalbHBIX YCJIOBHU pO-

0AacTHOTrO yyacTka peryiaupoBaHus (0a30Bble BapUaHTHI); y4eT KayecTBa poda-
CTHOTO PETYJIUPOBAHUS; BUJ] CTAOUIBHO-3(PPEKTUBHOTO KOMIIPOMHCCA.

Huxe npuseneH npumep 6a30BOro BapraHTa C HEHYJIEBbIMU HauyaJbHbIMU
YCIIOBUSIMU TI0 CKOPOCTH BPAICHHUS, 3aHOCY U CHIIaM.

HavanbHblie nanHbIE:

Q,,=004c?, a,=4=033i=13, V,(t,)=40m/c, P, (,)=0,
Q. (t,)=01c", ¥, (t,)=0,4m/c, 2, (1,)=80c".

Z0oNn
gy

Kaxnplii onTMMH3aLMOHHBIN 3KCIIEPUMEHT NpeAcTaBisieT coOoil aocTa-
TOYHO CJIOKHYIO Ipouenypy Bbrauciaenuil B pamkax [IC «MOMJUCy, cocros-
IIyI0 U3 TJI00AJIbHOTO CETEBOr0 aHaIK3a Ha JOMYCTUMBIX MHOXKECTBaxX yIpaB-
JSIFOIIMX TIapaMETPOB U MOKa3aTelel Ha CeTH MapaMeTPUUECKUX TOYEK, IIe Kax-
JbIA U3 BOCBMH YIIPABJISIFOIIMX [TAPAMETPOB 3aJa€TCS TPEMS 3HAUEHUSIMU, U KOM-
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OMHUPOBAHHON ONTUMM3AIMK HA OCHOBE MHOT'O3TAITHBIX aJIrOPUTMOB ONTUMU3A-
uu o Ilapeto, Hamry, a Takke Ha OCHOBE «yrpo3 M KOHTPYIPO3» ¢ OTOOpPOM
YKY B okpectHocTH TOukH [llerim.

Pe3ynpraTel onTUMHU3aMK UMEIOT CIIEAYIOIINAN BUT:

L4 JAUaIia3oOoHbl UBMCHCHU A oKa3arejeu
0,00042<.J, <0,01638; 39,55<J,,<39,59; 0,051<.J,<0,065;

~0,01638<.J,,, <—0,00042; 0,40-10" <J,,<1,75-107; 0,32<.J,,<2,19;

L4 OIITUMAJIbHBIC 3HAYCHUA YIIPABJIAIOIIUX I1apaMCTPOB:

CTDK-1 CTDIK-7
Lj | ,1 ] 1,2]2,1]2°2 Lj 1,1 L,21]2,1]22
Vie | 0,558 10,23 | 0,64 | 0,3 Ve | 0,96 | 0,46 | 0,07 | 0,05
si | 0,03 ] 0,12 | 0,04 | 0,10 i | 0,12 ] 0,11 | 0,04 | 0,09
® OIITUMAJIBHBIC 3HAYCHUA HOKaBaTeHeﬁ

J :0,00549; 39,569; 0,058;  Ju: 0,32; 0,48; 0,55;
CTDK-1: N

J},; 1 =0,00549; 1,05-107; 1,285; Jm : 0,68; 0,48; 0,51;

VKY VKV

JUY20,01209; 39,557, 0,055,  Jau : 0,73; 0,16; 0,28;
CTDK-7:

T 2 0,01209; 1,20-10°; 1,27, Jm : 0,27, 0,59; 0,51,
® TCPMUHAJIBHBIC 3HAYCHUA yIJIa IIOBOPOTA T(T{)
(r)- {CTQK—I - 8,9°;
Y| CTOK-T7 9,20

HopmupoBanHass 007acTh OMYCTUMBIX 3HAYeHWH BCEX ITOKa3aTeNen
npuBeieHa Ha puc. 19.

JHA

Hsm-paenosecre (CTSE-1)

Ilapeto-rpamiia

Puc. 19. O6Gnactp 1OoMyCTUMBIX 3HAUEHUH TTOKa3aTeNeH.
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AHaJIU3 3KCIEPUMEHTOB MOKa3biBaeT, 4to B Touke CTOK-1 (Touke pas-
HoBecus 1o Haury) numeer mecto OOPTOBOM MUKC MEKy IIPaBbIM U JEBBIM OOp-
TOM Ha MOBEPXHOCTU TOpMOkeHus npu peakuuun ABC B Buae «kpecra» (Hau-
OoJbIIee MPOCKAb3bIBAHUE HAa MajoM cleruieHnH). M3-3a HeHyJeBbIX Hayallb-

HBIX ycloBHii o 2. =0,1¢”' u 3aH0CY V,=0,4m/c (1% ot V), koTopbie boiee

«BBITOJIHBI» TOBEPXHOCTH TOPMOXKEHUS, OOPTOBOM MHUKC «CMATYEH» IO CpaBHE-
HUIO ¢ 0a30BbIM BapuaHTOM Nel ¢ HyJEeBBIMH HA4albHBIMU YCIOBUSIMH (KO-
(GUIMEHTHI CUEIUIeHH Ha 000uX OOpTax YMEHBIIMIIHUCH), YTO B CBOIO OYepeib
MPUBOAUT K cmsirdeHuto peakunu ABC.

B nanHOM BapuaHTe (IpH HEHYJEBBIX YCIOBHSAX) ONTHMAJIbHOE TOPMO-
)kernne B Touke CTOK-1 oTiamuaercs mo CTpyKType OT TOPMOXKEHHUS B TOYKE
CTOK-7. Eciu B CTOK-1 umeer mecto «kpect» — peakuuss AbC, To B Touke
CTOK-7 BenuuuHbI NPOCKaIb3bIBaHUA KOJIEC S, U S), 00ecneYnBar0T MaKCU-

MaJbHOE 3aMeNJIEHHuEe, a COBMECTHO C KojiecoM 22 o0ecrnedyuBaroT Omnpe/eseH-
HYH0 KOMIIEHCALIMIO 3aHOca U BpauieHus. [1o 0CHOBHOMY MOKa3aTento KypcoBOM
YCTOMUMBOCTHU TMPH MOTEPSAX B 3aMEJICHUU U 3aHOce 00Jiee BHITOHBIM JJIsi aBTO-
Oyca siBisieTcs pexxuM TopMokeHust (kpect) B Touke CTOK-1.

[ToHBIH HAOOP PKCIIEPUMEHTOB MTO3BOJISIET CACNATH CIAEAYIOIINE BBIBOIBI.
Pa3paboTtan meTon aHanm3a KOH(MIMKTHO-ONTHUMAJIBHOTO B3aWMOJICHCTBHUS aB-
TOMOOWJISI ¥ IOBEPXHOCTU TOPMOXKEHHUSI HA OCHOBE UTPOBBIX MOX010B. [Iprme-
HEHUE METOJIa B MPAKTUUECKU IICHHOW MOJIEIA TOPMOKEHHUST aBTOMOOWJISI (aBTO-
Oyca) BBICOKOTO MOpsAIKa Ha 3Tane podactHoro peryiaupoBanus ABC mo3sosnuio
MOJIYYUTh CIICTYIONINE TEOPETUKO-TIPUKIIAIHBIE PE3YIbTaThl. BBISBICHBI YETHIPE
BUJIa KOH(DIMKTHO-ONTUMAIBHBIX CBONCTB MOBEPXHOCTH B MPOIECCE TOPMOKE-
HUs: OOPTOBOM M OCEBOM MHUKC, Majloe CIIeINICHHE, KOMOMHUPOBAHUE OOPTOBOTO
M OCEBOI0 MHMKC M psAJl ONTHUMalbHbIX peakuuil Topmo3Hor ABC, cpenn xoro-
pBIX HamOoJiee TUMUYHBI IPOCKalIb3bIBaHUE S, , i, j =1,2 Tumna «kpect» (Majoe

ijx?
POCKAJIb3bIBAaHUE MPU OOJBIIOM CIETUVIEHUH U HA000pOT), «aHTUKPECT» C KOM-
IIEHCALMEN.

O0ocHOBaHbI pe3yJbTaThl BHIOOpPA CBOMCTB MOBEPXHOCTH TOPMOKEHHUS B
MeToAax podacTHOro perynupoBanusi. OeHEHO BIMSHUE KadecTBa poOacTHO pe-
I'YJIMpPOBaHUS Ha KOH(IMKTHO-ONTUMAIBHOE B3aUMOJICHCTBUE C MOBEPXHOCTHIO.
[TomyyeHsl 31eMeHTHl KOMOMHUPOBAHHOTO HCCIEIOBAHUSA B3aUMOJCHCTBUS aB-
TOMOOWJISL ¥ TIOBEPXHOCTH TOPMOXKEHHUSI METOAOM POOACTHOTO PEryJIUPOBAHUS U
METOAOM aHajn3a KOH()IMKTHO-ONTUMAIFHOIO B3aUMOJICHCTBHSI, KOTOPHIE B Iie-
JIOM OXBaThIBAIOT CBOMCTBA HEOMPEIEICHHOCTH MOBEPXHOCTU U (hOPMUPYIOT Me-
TOJI POOACTHOTO PETYJIUPOBAHUS C pOOACTHO-UTPOBON KOPPEKIUEH.

JlaHHbI THOKHMIT METOJT OIIEHKH POOACTHO-UTPOBOTO KadyecTBa MPUMEHS-
eTCsl JJI1 YTOUHEHHs TapaMeTPOB CEMEWCTBAa CTAOMIM3UPYIOIIUX PETYIISITOPOB,
a Takke 751 POPMUPOBAHUST KOMIICHCAIIMOHHBIX PEKUMOB, YIYUIIAOIINX YCIIO0-
BUS CTaOUIIM3UPYEMOCTH, KOTOPBIE COCTABIISIIOT MPOLIEAYPY POOACTHO-UTPOBOM
KOppEeKLHH poOacTHOro perynupoBaHus. boiiee moapoOHO ¢ MoJenbio U pe-
3yJIbTaTaMH UCCIEOBAHUS MOKHO TTO3HAKOMUTHCS B [2, 7].
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NAEHTUOPUKALIUA TAPAMETPOB ACUHXPOHHOI'O
ABUT'ATEJIA

Lapeanees A. I'., Jlanepag C. B. , Aposoti A. T.
340 «9neCup, 2. Tomck,
e-mail: jarovoi@phys.tsu.ru

1. Beéeoenue

Acunxponnbie asurarenu (AJl), sBisitorcst HauOosiee MPOCTHIMU JeIiie-
BBIMH W HaJeKHbIMA. OHHM HAlLIM IIMPOKOE NPUMEHEHHUE IMPU CO3JIaHHUU
anekTporpuBoaos (DI1) 3anopHoit apmMatypsl B HeTe100bIBaIOIIECH OTPACIIH.

HecmoTps Ha mpocTtoTy KOHCTpYKUHMH, AJ[ CIIOXKEH C TOYKH 3pEHUS
YIPaBJIEHUS U CO3/IaHUE CIEIUATbHBIX CUCTEM JJISI PETYJIUPOBAHUS U OTPaHU-
YEHUS MOMEHTA TMperoiaracT HalTnuue HHPOPMAIUKA O 3HAYCHUH €r0 TeKYIIUX
MEPEMEHHBIX COCTOSIHUSA. KauecTBO Takoro ynpaBlICHUS HAIPSIMYIO ONpPeaeIis-
€TCsl TOYHOCTHIO UMEIOTIEHCS HHPOPMAIIUH.

K munnMansHOMYy HaOOpy BenwduH omuckiBaromux AJl, Heobxoammoro
JUISL peau3aliiy CUCTEMBbI yIIPaBJICHUS MOMEHTOM, OTHOCSTCSI TOKH U HampsiKe-
HUS CTATOpa, YaCTOTa BPAIIECHUS] POTOPA, MOTOKOCUECIUICHUSI POTOPa U MOMEHT,
pa3BHBAaEMbIl Ha Baly ABUrarelis. ECay TOKW, HANpsHKEHUS W 4acTOTy Bpalle-
HUSI MOKHO U3MEPUTH C MOMOIIBIO COOTBETCTBYIOIINUX JATYUKOB, TO OMpPEAEe-
HHUE 3HAYEHHUI MOTOKOCUECIUICHWH pOTOpa MU MOMEHTA Ha Bally JBUraTessd 3a-
TPYJIHUTEIBHO, TaK KaK TpeOyeT HAIMYUs CHEIUATbHBIX U3MEPUTEIbHBIX YCT-
poiictB. B Toke Bpems uaes o0 ynpa3gHEeHUH JaTYMKa YaCTOThl BPAICHUS SIB-
JSIeTCS MPUBJICKATEIBHON NJI1 MHOTHX Pa3pabOTYMKOB AJIEKTPOINPUBOIA, TaK
KAaK TEM CaMbIM IOBBIIIAETCS HAJEHKHOCTh U OTKA30yCTOMYMBOCTh CUCTEMBI. Ta-
KM 00pa3om, mpoOsiemMa OLIEHKH MEPEMEHHBIX, ONPEeeSIomux coctosiuue A/l
U HENOJJAIOLIUXCA HENOCPEICTBEHHOMY HW3MEPEHUIO, SBIISIETCS aKTyalbHOM
MIPU CO3JJaHUM CUCTEM yNpaBICHU aCHHXPOHHBIM Ol 1.

Owmietp Kanmana (®K) sBasercs 3¢GEKTUBHBIM HHCTPYMEHTOM, CITY-
KAIIAM 7151 UACHTU(DUKAIINY TTapaMeTPOB JUHAMUYECKON CHCTEMBI.

2. Ilocmpoenue punompa Kanmana ona nadarwoenus cocmoanus
ACUHXPOHHO20 08U2ames

Mogens AJl peanuzoBaHa B JiByX(a3HOW HEMOJBMKHOU CHCTEME KOOp-
JMHAT KECTKO CBSA3aHHOM ¢ OOMOTKOM crtaTopa. sl pacueToB UCHOJIb3YyeTCs
CUCTEMa OTHOCUTENbHBIX €IUHHUII, B KOTOPOIl 3a 0a3uCHbIC 3HAYEHUsI TPUHUMA-
I0TCS BEJIMYMHBI COOTBETCTBYIOIME HOMUHAIBLHOMY pexxumy padotsl AJl. Mc-
TOYHHUK HaIPSKEHUSI pACCMATPUBACTCS KaK MICATM3UPOBAHHBIN MPU 3TOM IIPO-
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1[ECChI, MPOUCXOISAIINE B CHJIOBBIX IEMSAX CUCTEMBI MMpeoOdpa3oBaTesib — JIBUTa-
TeJIb HE paccMaTpuBaroTcs. Moaenb AJl yuynuThIBaeT BIMSHUE HACHIIIEHHUS Mar-
HUTHOM 1€, MTO3TOMY B OCHOBHYIO CUCTEMY YpaBHEHHUU BKIIIOUEHBI KOA(Pu-
LWEHTHI, 3aBUCSIINE OT MATHUTHOTO COCTOSIHUS JJIEKTPUYECKOW MAIIUMHBI. JTH
KO3 (PUIIMEHTHI KOPPEKTUPYIOTCS Ha KAXK]IOM IlIare peiieHus cucteMbl nudde-
PEHLMAIBHBIX YPAaBHEHHUI C MOMOILIBIO MPOLEAYPHI, NIPEIHA3HAYEHHON ISl BbI-
yuciaeHus MarHuTHoro coctosinug AJl [S]. Jannas mpoueaypa pemaer Heu-
HelHoe anredpandeckoe ypaBHEHHE, YCTaHABIUBAIOIIEE 3aBUCUMOCTh TJIaBHOTO
MOTOKOCUEIJIEHUs] OT TOKOB cTaTopa. Huxe npeacraBiieHa cuctemMa ypaBHEHH,
ONUCHIBAIONINX TMHAMUKY MEPEMEHHBIX cocTosiHus A/l

pi, = i+, v o ky,)

pi, =, =1, + ey, ~o-ky,)

Py, =kni, -y, -0y, ()
PV, =kri,—ay, +o-y,

m =k, —v,i)

pw=J"(m-m,)

31€Ch gy, Ly — TOKHM CTATOPA, W, Y — MOTOKOCLEIUIEHUS POTOpPA, M — MO-
I

MeHT Ha Baily AJl, @ — yriioBas yacTtoTa BpallleHHs poTopa, J — MOMEHT

WMHEPLVH, IPUBEIECHHBIN K Bairy A/l ¢ y4eTOM OTHOCUTENBHOM CUCTEMBI EUHUL, ¢, =

S¢.#/Pommss — HOMHMHAIIBHBIA TIapaMmeTp JBUTaTelNs, 0OecrieunBaeT OIpeesieHue
OTHOCUTEIBHOTO MOMEHTA ABUTATENS B JOJSAX OT HOMUHAJIBHOIO 3JEKTpOMAr-
HUTHOT'O MOMEHTA.

[Tpu monenupoBanuu napameTpsl AJl TpeOyrOT nmpeodpa3oBaHuil B COOT-
BETCTBUU C OTHOCUTEIIbHOM CUCTEMOU €IMHULI:

Ts :RI/Z6a3 5 rr:Ré/Z6a3 > lSO':Xl/Z6a3 > lrazXé/Z&w 5 (2)9

1€ Zsus =Uom /o — 0a3UCHOE conmpoTuBienue, U,,,,, — HOMHHaJIbHOE (a3-
Hoe Hanpsbkenue A/, 7,,,, — HOMUHANbHBIN (a3Hbii ToOKk A/l

C yueroM BceX YHNOMSIHYTBHIX MNPEIJIOKEHUN YpaBHEHHUS IUCKPETHOIO
¢unbTpa Kanmana OyAyT BBITJIAAETh CIEAYIOIIMM 00pa3oM:
Iycts X, = (IX,I v’l//x’l//v’a))kT_ BEKTOP COCTOSIHUS OIMCBIBAEMOU CUCTEMBI

TOorga

X :Ak-)A?k+Gk-Uk
P,=4-P-4"+Q

K=P,-C"-(C-B’-C"+R)
B.=(1-K-C)-P',

*
k+1

X =X, +K-(Y,-C-X})

+1
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X ,— TeKyIlash OLEHKa BEKTOPa COCTOSHHUSA; Y, — BEKTOP M3MepeHHui (TOKU Ha
00MOTKax cTaTopa); U,— BEKTOp yIpaBJeHHs; R — MaTpHla KOBapUalLi IIy-
MOB IIporecca;  — MaTpula KOBapualui IIyMOB U3MEPEHUH; A4, — MaTpulia,
NOCTpOEHHast Mo audpepeHIaIbHON MOJIean 00beKTa; F,— MaTpula KoBa-

pHUaIy OMUOKH OIEHKH; K — MaTpHIla YCUJICHUS.

CornacHo cucteme (1) ¥ NPeaNnoNOKEHUIO O TOM, YTO MEXaHUYECKAsl 1O-
CTOSIHHAs BPEMEHH MHOTO OOJIBIIIE DJICKTPHUYECKOW MOCTOSHHOW BPEMEHHU IIPH
mare JUCKPETU3AINHA BPEMEHH /i UMEEM:

2 2 7
1_hw 0 hkr !y hwkkr 0
e lelm lé’
2 2
0 l_h(rrJrkr rr) —hwkk’ hk" Lo
ZC’ l@ lelm
A =
¢ hk r, 0 =k _he, 0
0 hk r, hao, l—h% 0
0 0 0 0o 1
rae k,.,r.,l, [, — IapaMeTPhl ONIpEaCIIEMbIC XapaKTCPUCTUKAMU ABUTraTEIIA.

4. Pesynomamol mMooenupoeanus

Jlnst mpoBepky (PYHKIIMOHUPOBAHUS CO3JJaHHOM CHCTEMBbI OBLIO MpPOBE/E-
HO MaTeMmarndeckoe Mozaenupoanue AJl (AUP100S4Y3) u ycrpoiicTBa OleH-
ku ¢ @K. B kauectBe cpenbl MOACIMPOBAHUS HCIOJIB30BAIIOCH MPUIOKEHHE
Simulink 4 makera MATLAB 6.1. Ilponieaypsl ayist peanuzanuu mojenu AJl u
®K mnpousBeAeHb ¢ IMOMOIIBI S — (YHKIMNA, BBI3BIBAEMBIX W3 CPEIbl
Simulink, 1 peanu3oBaHHBIX B BUJIE OTACIBHBIX M — (paiiioB.

Pemenue cucremsl nmud@epeHnnanbHbIX YPaBHEHHM, OMUCHIBAIOIINX CO-
crostaue AJl, BeimonHsieTcs metoaoMm Pynre-Kyrra werBeproro mopsaka. Illar
pacuera mozenn AJl npusaT paBabM h = 1,6 - 107 ¢, a mar ¢puasTpa cocTaps-
et 10-h, T. e. B gecsatp pa3 Gombiie. Illar pacuera ¢uabTpa BHIOpAH ¢ y4eTOM
NPENEeTbHOTO OBICTPOJIEUCTBHUSI MHUKPOIPOIECCOPHON CHUCTEMBI YIIPABJICHHUS,
MPEANOJIAraeMOM JIJIs1 UCIIOIb30BaHUS B IAHHOM CUCTEME.

Jlist ucnipiTanust paboThl GUIBTpa aBTOpaMH ObLITH BHIOpPAHBI JIBa PEKUMaA
MycKa MOJIEJIM ABUTATENS NMpU dacToTax HampsikeHus — 500, puc.l u SI'm,
puc. 2. Taxoil BbIOOp 00yCIIOBJIEH >K€TaHUEM HCCIIEI0BaTh KayecTBO IMOJIydae-
MBIX (DHIIBTPOM OIEHOK Ha MaKCUMaJIbHOW U MUHUMAJILHON 9acTOTaX BPAIICHUS
Basla A/l ¢ yuyeTom HachleHUs MarHuTHOM 1enu. Kaxaplii pexuM HILIFOCTPH-
pyercst rpadukamMu 3aBUCHUMOCTH OT BPEMEHU M3MEpPEHHUI HampssKeHUi Ha 00-
MOTKaX CTaTOpa, COOTBETCTBYIOIIMX U3MEPEHUN TOKOB M CPABHEHUEM OLIEHOK M
peanbHbIX (PACCUMTAHHBIX MPU PEIIEHUU CUCTEMBbI AU((depeHInaIbHbIX YpaB-
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HeHuil A/l + mporeaypa KOppEeKTUPOBKH MapaMeTPOB MPHU HACBILIEHUH) 3HAYE-
HUW MTOTOKOCUEIUIEHUI. TaKkXe peKnMbl WIUTIOCTPUPYIOTCSI CPABHEHUSAMU 3aBU-
CUMOCTEH OT BPEMEHM OLIEHOK JJIEKTPOMAarHUTHOIO MOMEHTAa M 4YacTOTHI Bpa-
IICHUS BaJla C COOTBETCTBYIOIIMMHU pealbHBIMU BeanunHamu. [l 0003HaueHMsI
OLICHOK BEJIMYMH HaJ CUMBOJIOM, 00O3HAuYaIOLIUM JaHHYIO NEPEMEHHYIO CTa-
BUTCSA 3HAK — «”™*».

% 02 027 028 029 03 025 026 0277 028 029 03 0 005 01 0% 02_ 02 03 0% 04 045 05

=

05+

™

o 005 o1 015 02 025 03 0.35 04 045 0E 0 0.05 0:1 015 0z o .25 03 0.35 n:‘ 045 05
Bpema,c Bpems, o

Puc. 1. Ilepexoanslit mpoliecc npu mycke Ha yactoty 50 '
U TIoCcJIeIyIonieM Hadpoce Harpys3Ku.

4

Puc. 2. Ilepexoauslii mpouecc npu nmycke Ha 9yactoTy 5 ['nu
HocJeyroIeM Habpoce Harpy3KH.

]IJI;I XapaKTCPUCTUKHU KAa4ECCTBA MOJYYCHHBIX OLICHOK MOMEHTA U 4aCTOThI
BpalliCHUA 6BIJ]I/I BBCICHBI CJICAYIOIINC BCIIMUNHBI!
‘M -M ‘ ‘a) — a)‘
=—100%, n,=——-—:100%
MH a)H
rac M ( —MOMCHT M 49acCTOTa, M , @ — OLOCHKAda MOMCHTA M 9aCTOTHI Bpallc-
HUA COOTBETCTBCHHO, M B Oy — HOMHWHAJIBHBIE 3HAYCHHUA MOMCHTA N 4YaCTOTHI.

My
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I'paduku morpentHocTed OLEHOK JJIS JABYX PEKHMMOB 3allycka MPUBEICHBI Ha
Puc.3. B xauecTBe KOMMEHTapusi K MOJYYECHHBIM 3aBUCUMOCTSIM MOXHO OTMeE-
TUTh CIIEIYIOMNE (PaKThI:
a) B cuny toro, 4to GuabTp SBASETCS JIMHEWHBIM, TOTJA Kak
AJl omnuceiBaeTcs HENMMHEHHOW cucTeMol nuddepeHInaTIbHbBIX YpaBHE-
HUM, CYHIECTBYIOT PEKUM B KOTOPOM (PHIIBTP JA€T OLICHKY CYIIECTBEHHO
OTJIMYAIOIIYIOCS OT MCTUHHOTO 3HAY€HUs (IMIOTPEIIHOCTh MOXKET JIOCTH-
ratb 100% u Gosibiie) BETUYUH. ITO MPOSBIAETCS MPHU IMyCKE U YaCTUYHO
B NIEPEXOAHBIX Mpolleccax. Tem HE MeHee, Takoe IMoBeleHue (UIbTpa
JOJDKHO MaJI0 CKa3aThCsl Ha KAYECTBE YIPABICHUS TaK KaK, HalpUMep,
IIPU YaCTOTHOM Iycke AJl, XapaKTEpUCTUKU JBUTATEINsl U3MEHSIOTCS 3HA-
YUTEJIbHO TUIABHEM.
b) B pexmMax OTIMYHBIX OT TPSIMOTO Tycka (pUIBTp BBIIAET
OILICHKY YJIOBJIETBOPUTEIBHOIO KauecTBa — <10% B 00OMX YaCTOTHBIX
pexumax. M gaxxe mpu pe3koM HaOpoce Harpy3kd Ha Bajl JIBUTaTels
Ka4eCTBO OLIEHKU OCTAETCs YAOBIETBOpUTENbHBIM 10-+15%.

[}
5
4
3

0 005 01 015 02 025 03 035 04 045 0E

Puc.3. 3aBucumocTs OMMOKHU OLIEHKH OT BPEMEHU /I MOMEHTa — Ty (CBEPXY) U YaCTOTHI
BpalIEHUsI pOTOpPa 1,.(CHU3Y) B peKHUMEe HOMHHAJIBHOTO 3anmycka — f=5I"11 (cineBa) u =50I"11
(cmipaBa).

5. 3aknrouenue

Pe3ynbTaThl BBIIOJIHEHHON pa0bOThI MO3BOJSIOT CAENAaTh BBIBOJ O J10CTa-
TOYHOM TOYHOCTH M XOpoliel cxoaqumocTH anroputMa OK oneHku nepeMeHHbIX
AJl. Cpenu 1OCTOMHCTB pa3pabOTAHHOIO aJrOPUTMa OLIEHKH CTOUT OTMETHUTh
BO3MOXHOCTh Q/IallTAllMM K YPOBHIO TIOMEX W LIYMOB M3MEPEHUH, a Takke WH-
BAPUAHTHOCTh K U3MEHEHHIM MapaMeTpoB olleHnuBaeMoro AJl.

Ha nannom stamne Benercs padoTa 1o MPakTUYECKON peain3aliuu Co3/aH-
HOTO anropuTMa Ha 0aze nudpoBoro curHaabHOro mporeccopa TMS320C28
¢dbupmbl Texas Instruments.
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YAK 075.5

HPUMEHEHUE MATEMATHUYECKOI'O ITAKETA MATLAB
I ABTOMATHU3ALIMU CUHTE3A PEI'YJIATOPOB
METOIOM KEJAEMBbIX JIAUX

I pysoes B. B.
onckou eocyoapcmeennwiii mexuuyeckuil ynugepcumem, Pocmoe-na-/{ony,
e-mail:gruzdev@210100.2ith.com

Beeoenue

Ha ceromssmuuii neHp CyIIECTBYET MHOYKECTBO Pa3JIMYHBIX METOJIOB
CHUHTE3a peryasTopoB. [IpeumyiecTBOM METOAA KENaeMbIX JOorapu(pMUUIECKUX
aMIUTMTYJHO-4aCTOTHBIX XapakTepucTHK (JIAUX) siBisiercs TO, 4TO OH MO3BO-
JSI€T B IOCTATOYHO MOJHOW MEpPEe YUECTh Takue TpeOOBaHUS K JKeIaeMOil cucTe-
M€ yIpaBJieHHs, KaK acTaTh3M, TOYHOCTbh OTPAOOTKH KPUTUYECKOIO BO3JEHCT-
BUS, MEpEPETyIUPOBaHUE U ObICTpoAeiicTBHE. B TO ke BpeMsl OpUEHTHpPOBAH-
HOCTh M€TO/a Ha rpaduueckoe nocrpoenne JIAUX orpaHnumBaer ero npume-
HEHHE. ABTOPOM JAaHHBIA METOJ CHUHTE3a OblI aBTOMATHU3MPOBAH IMyTEM pa3pa-
6otku coorBeTcTBytomIei nmporpaMmMbl AmLAHX Ha s3pike MATLAB. Pa6ora

MOCBSIIIEHA OMUCAHUIO 3TOW MPOrpaMMbl U HEKOTOPHIM BOIIPOCAM €€ peajn3a-
uu B MATLAB [2].

Obuwue ceedenus o memooe xcenaemoix JIAYX

[Tpu nuHEapn30BaHHOM ONMUCAHUU MEepeAaTouHas GyHKIUS Pa3OMKHYTON
cuctembl ynpasienuss (PC) — 3To mpowusBelneHuE NepeNaTOYHbIX (YHKIMA
(IId) obbexTa ynpasnenus (OY) u ynpasistomero ycrporctea (YY) [1]:

W (P)=Woy (p)-Wyy (p)-

[Tpu stom JIAUX pa3oMKHYTOHl CHCTEMBI MPEACTABISET COOOM CymMMmy
XapaKTepUCTHK O0BEKTa W peryisTopa, mosromy, umes JIAUX xemaemoii pa-
30MKHYTOU cuctembl U JIAUX o0bekTa, MoxkHO mostyuuth JIAUX perymnsitopa
IpOCThIM rpaduueckuM BeiuuTanueM. CynrHocTh MeToaa xxenaembix JIAUX co-
CcTOMT B caexyromeM. [1o onpenenreHHON METOAUKE CTPOUTCS KeJlaeMasi aMIUIM-
TyJHAasl XapaKTEPUCTHKA pa30MKHYTOM cucTembl. Ha ToM ke rpaduke crpoutcs
JIAYX oObekra ympaBieHus, 3aTeM rpaduueckum BorunTanuem u3 JIAUX pa-
30MKkHYyTOM cuctembl JIAUX oObekTa nonyunm JIAUX ynpaisitoliero ycTpou-
CTBa, M0 KOTOPOU ompejensercs ero nepegatouHas ¢ynkuusa. KinroyeBsiM Mo-
MEHTOM SIBJISIETCS TO, UTO JUIsl yIpoleHus nepexonaa ot JJAUX k nepenaToyHoi
(GyYHKIIMU B pacyeTax UCIONb3YIOTCS acumnmomuyeckue JIAYX.
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Oowue ceedenus o npozpamme

[Iporpamma AmLAHX mnpenHazHadyeHa Uil BBINOJHEHHUS B Cpele
MATLAB 6 (R12.1) unu BbIIIE M OPEIOCTaBISIET MOJIB30BATEIIO CIICIYIONINE
BO3MO>KHOCTH:

1. umeet rpadudeckuii uHTEpdENC, OTCICKUBACT PA3TUIHBIC OMIMOKHU (CITy-
YaifHble WM MpeIHaMEpPEHHbIE) B Mpoliecce padoThl (B TOM UHKCIE OLINO-
KU B UCXOJIHBIX JaHHBIX);

2. ctpout acumnroruyeckue JIAUX nuHaMUUecKUX OOBEKTOB, 3aJaHHBIX B
BU/IE TIEPEIATOYHBIX (QYHKITUN;

3. CTpPOWT B AUANOroBOM pexume xenaeMyro JIAUX pazoMKHYTOH CHCTEMBI
110 33JJaBa€MbIM KpPUTEpHUSM Ka4eCTBA, B TOM YHUCJE, IPOrpaMma MO3BOJIS-
eT BbIOUpaTh MOJIH30BATENIO COMPATAIONINE YYACTKU (UX HAKIJIOHBI) B 3a-
BucuMocTu oT Buaa JIAUX oObekTa ynpaBiieHus;

4. obecneunBaeT aBTomMatruueckoe Bbruntanue u3 JIAUYX pazoMkHyTOH cuc-
TteMbl JIAUYX oObekTa ynpaBiieHUs U MOCTPOeHHUE TakuM oOpazoMm JIAUX
perymusiTopa, pe3yJbTaToM CBOEH paboThl BO3BPAIIAET COMPATAIOIINE Yac-
TOTBl M HakJIOHbI acuMntoT JIAUX perynstopa u €ro neperaroyHyro
byHKIHIO;

5. Bce JJAUX cTposTCs € yKa3aHHEM HAaKJIOHOB aCHUMITOT, IOJIb30BATEINb
MOXET caM OmpenessiTh 1BeTa Kaxaou JIAUX B OTIENbHOCTH, a TakKe
dbopmar Hagnucel Ha rpadukax (TONIIKUHA, BEICOTA).

Koxa nporpammsl OTKpBIT 17151 cBOOOAHOrO M3MeHeHus. CkadaTh nociuea-

HIOIO BEpPCHI0 MpOrpaMMbl MOXHO 1O aapecy B cern Internet
http://210100.by.ru/amlahx.

Aneopumm pabomuoi

B nenom nmporpamMma OCyHIECTBIISIET pacyeThl MO CIAEAYIOIIEMY aJrOpuT-
My:

[—

AHaJIN3 BXOAHBIX apIyMEHTOB.

2. ®opMHpOBaHUE UCXOJHBIX JaHHBIX (YuciuTeNs U 3HameHatens [1d OY)

Y CBOMCTB TpapiKOB M HAAMKCEN B 3aBUCUMOCTHU OT peKruMa paboThI.

@opMHPOBAHUE MACCUBOB CTPYKTYP HyJiel u nontocos [1O OV.

4. Tlouck OIMHAKOBBIX HYJEH U MOJIOCOB U YJAJIEHUE COOTBETCTBYIOIIHUX
CTPYKTYp U3 MACCUBOB.

5. Tlouck KpaTHBIX HYJIEM U TOJIOCOB M COOTBETCTBYIOIIAS ONTHUMHU3ALUA
MAaCCUBOB CTPYKTYP.

6. Pacuer acTaru3ma, HaKJIOHOB aCUMMTOT, KO3 (ULIMEHTa YCUIICHUS KaHO-
Huyeckoi popmel [1O OV.

7. OO0benMHEHNE MACCUBOB CTPYKTYp HYJIEH U MOJIIOCOB, paCUET COMpPATaro-

IIUX YaCTOT U COPTHUPOBKA OOIIET0 MacCHUBa MO BO3PACTAHUIO BETUYUHBI

CONPSATAIOLINX YaCTOT.

W
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8. Iloctpoenue acumnroruyeckoit JIAUX.

9. BpIxox U3 nporpaMMel, €ciid BbIOpaH 1-il pexxuM padboThI

10.BBoa kpurepuansHoii crpateruu cunresa (KCC).

11.Tlony4yenue qomogHUTENIbHOM UH(pOpMAIUU O keltaeMoM kadecte JIAUX
PC no KCC.

12.ITocTpoeHne HU3KOYACTOTHBIX, CPEIHEYACTOTHBIX M BBICOKOYACTOTHBIX
yacteid JIAUX PC B coorBerctBum ¢ KCC.

13.BBoj HAKJIOHOB COMPATAIOIINX YYaCTKOB.

14.Ontumuzanus rpaduka xemaemon JIAUX PC, ucxons m3 HaKIOBHO CO-
MPATalOLINUX YYaCTKOB.

15.CoptupoBka comnpsrarmomnmx yactor JIAUX OV u JIAUX PC, koppekTu-
poBKa TyOIUpOBaHUS 4acTOT U (POPMUPOBAHUE MACCUBA CTPYKTYpP, OIU-
CBIBAIOILIETO COMPATAOIINE YaCTOThI U HAKJIOHBI acuMnToT JIAUX VV.

16.Pesynbrart cunresa: rpadpux JIAUX u [1O ynpasnistoiiero ycrpoicTaa.

Komanonaa cmpoka

[TonHas kOMaHAHAs CTPOKA JJIS 3aIyCKa MPOTPaMMbl UMEET BU/T
[src, yy, handles] = amlahx(flag, num, den, prm),

rae flag — dnar pexuma paboThl (3TOT U BCE TOCIEAYIONIUE apTYMEHTHI MOTYT
ObITh omylieHbl): 1 — moctpoenue Tonbko JIAUX 3amanHoro odbekra; 2 —
CHUHTE3 PEryJiaTopa METOJIOM >KellaeMblx acumnToTudeckux JIAUX (mo ymomnya-
HUI0); 3 — BBI30B MEHIO B Hauaje paboThl (MHTEPAKTUBHBIN PEKUM);
num, den — COOTBETCTBEHHO BEKTOpa KOA(P(UIMEHTOB YUCIUTEN U 3HAMEHa-
TeNsl epenaToyHor (PyHKIMU, HauuHas ¢ K03 UIIMEeHTa MPpU CTapilel crerne-
HU, CTeNeHb (MOPSII0K) MOJTMHOMA IIPU 3TOM PAaBEH KOJIMYECTBY JIEMEHTOB BEK-
TOpa MUHYC 1;
prm — cTpykTypa cBoictB Buaa JIAUX. MoxHo ynpaBiars BuaoMm JIAUX
(uBET, TOJIIMHA U IPYTO€), NEPEJAB YETBEPTHIM MTAPaMETPOM MOJIHYIO CTPYKTY-
Py CBOWCTB COINIACHO IIPUMEDY:

prm.oy.Color="red'; % nser JIAYX OY

prm.oy.LineWidth=1; % TonmmHa JIAYX OY

prm.oy.pt="rp'; % THII COCAMHUTEJIBLHBIX TOYEK B (hpopmare 'plot’
prm.rs.Color='red'; % user JIAUX PC

prm.rs.LineWidth=1; % Tommuna JIAYX PC

prm.rs.pt="ko'; % THUII COeIUHUTEILHBIX TOYeK B (opmare 'plot’
prm.yy.Color="red'; % nser IAUX YV¥Y

prm.yy.LineWidth=2; % TonmmHa JJAUX VY

prm.yy.pt=""; % THII COeINHUTEIbHBIX TOYeK B opmare 'plot’

amlahx(2,[1 0.2],[100 110 11 1 0],2,prm); % BBI30B NPOrPAMMBbI
Src — CTPYKTYpa, MOJHOCTBIO ONMUChIBatomas acumnroruueckyro JIAUX OY;
Yy — CTPYKTYpa, HOJHOCTBHIO ONMCHIBAIOIIAS CUHTE3UPOBAHHYIO ACUMITOTHYE-
ckyro JIAUX VV;
handles—- BexTOp yKkazaresieil Ha Co3/1aHHbIe rpaduueckue 0ObEKTHI.
AmLAHX 6e3 napameTpoB padboTaeT B demo-pexkume, B 3TOM Cilydae
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num = [10.2], den =[100 110 11 1 0], flag = 2.
Pesrcumnl pabomot

AmLAHX wumeet 3 pexuma paboOThI
pexxum noctpoenus acumnrornueckor JIAYX OY;
. PEXHUM CHUHTE3a PEryJIsATOpa (PEKUM IO YMOIYAHHUIO);
3. WHTEpPaKTUBHBIA PEKUM CUHTE3a PErysITOpa (OCHOBHOM PEKUM).

Jlnst 3amycka mporpaMMbl B IEPBOM pEXKUME B KOMAHIAHOW CTPOKE
MATLAB cnenyer Hadpats amlahx(1,num,den). B s3ToM pexxume mporpamma
CTPOUT TOJNBKO acuMmnToTuueckyro JIAUX obObekTa ynpasieHus (puc. 2). Bos-
BpallaeT IporpaMma MacCuB CTPYKTYp s¥c. CTPyKTyphl ONMCHIBAIOT JUHAMUYE-
CKHE 3BEHbs, U3 KOTOpbIX noctpoeH OV. Kaxnas cTpykrypa cocTout u3 9 mno-
aeiu:

N —

— BEIIIECTBEHHAs ans.a KOPHS YUCIUTENS WM 3HAMEHATEs;

— MHHMas 4acTh ans.h KOpHs (IOJ] KOMIUIEKCHO-COMPSKEHHYIO Tapy
KOpHEe# oTBoauTCS 1 CTpyKTYypa);

— KpaTHOCTb ans.krt;

— BUJ KopH# ans.vid (Hynasb (1) unu nontoc (-1));

— TOpsIOK ans.por KopHs (1 eciin KOpeHb BEIIECTBEHHBIN, 2 — KOPEHb
MHUMBIH (TO €CTh UMEEM KOMILIEKCHO-COMPSIKEHHYIO Mapy KOpHEH)):

— TMapaMeTphl JUHAMHUYECKOTO 3BEHA, MMEIOIIET0 TaKOW KOPEHb WM Ta-
KYI0 KOMIUICKCHO-COTIPSDKEHHYTO IMapy KOPHEH: MOCTOsTHHAs BpeMeHu ans. 7, Ko-
71e6aTeTbHOCTh ans.e, 9acTOTa cpe3a ans.w, NECATHYHBIN JIOTapu(M YacTOTHI
cpesa ans./gw.

[Iporpamma Bo 2-M u 3-M pexumax padOThI BKIIOYAET BCE BOZMOXKHOCTH
l-ro pexxuma. OYHKIMOHATBHO 3-i PEXUM OTIMYAETCA OT 2-TO TOJBKO BO3-
MOHOCTBIO MHTEPAKTUBHO 33J]aTh YUCINUTENb U 3HaMeHatenb [ID OV, a Ttakxke
napameTpbl rpaduKoB, TOITOMY PACCMOTPUM TOJIpoOHEEe UMEHHO paboTy B 3-M
pexuMe Ha PUMEpPEe CUHTE3a PErysaTopa sl 00bEKTa

W ()= 02-(5-p+1)
oV (p+1)-(100- P> +10- p+1)
B komannno# ctpoke MATLAB nabupaem
amlahx(3,[1 0.2], [100 110 11 1 0]).

Cpa3zy mocne 3amycka NporpaMmbl TmosiBisieTca «[71aBHOE MEHIO»
(puc. 1). B Hagmucsax B ’TOM H IpYTUX OKHAX MporpamMMbl OykBa 's' 3aMEHEHa Ha
'v' 17151 00eCTIeYeHUsI COBMECTHMOCTH C pa3nmuyHbiMu peanu3anusvu MATLAB,
HEKOTOPbIE M3 KOTOPHIX BBIAAIOT OMMUOKY MPU HATHMYUK B KoJie OykB 's'. MeHro
dbopmupyertcs pynkuueit k£ = umenu(7itle, pos, xHeader, varargin), xotopas sB-
nsiercs moaudukanuen nocrapiasieMoir ¢ MATLAB ¢ynkiueir 'menu' u otiuya-
€TCsl OT Hee BO3MOKHOCTBIO Yepe3 BXOIHBIC apTYMEHTHI 33/1aBaTh 3arojIOBOK 7i-
tle v IOJIOXKEHUE pOS OKHA C MEHIO.
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<} AmLAHX 1.1 | FnaBHOE MEHID !EE

MeTon #enaemers acHraToTHueckMHs NAH

» MNpooon#Te <

» BEECTH yMcaMTEN: MNepeqaTOHHON FYHELMM OEBEKTA <

» BBECTH ZHaMEHATENE NEepE]ATOYHON SYHEL MM OBEKTS £

Hactpoliki

Morowe

B o

[ mporpatdrde

Puc. 1. I'maBaoe mearo AmLAHX.

OnumieM OCHOBHBIE TyHKTHI MeHI0. [lyHkTtel «BBectn uucnu-
TeJb/3HaAMEHATelb MepeaToOuHON (YHKIUA O00BEKTa» Jal0T BO3MOKHOCTH BBE-
CTH YUCJIHUTENIb M 3HAMEHATENIh B MHTEPAKTUBHOM pexume. Eciam Ha KakoM-TO
mare BBOJ OyJIeT TpepBaH, a B KOMaHIHOW CTpoke B Hadaye pabotel AmLAHX
ObuT  TepenaHbl KOG OUIIMEHTHl  YUCIHUTENs/3HAMEHATEeNs, TO  YHUCIH-
TeJIb/3HAMEHATEIb BCE PABHO CUMTACTCS 3aJaHHBIM. [Ipu BEIOOpE 3THX MYHKTOB
OTKpBIBAETCSI MEHIO (pHC. 2).

<} BBOJA UCHOAHBIX AaHHBIX 0b obbexTe M= S |

KO3 PP HUMEHT Rl YHCAHTENE

BEECTH KO3 PPHUMEHTE] YHCAHTENE B HMHTEPRSETHEHOM pEKINE

Briog B rnagHoe MeHo

[lorow e

Puc.2. Menio BBOJa UCXOJHBIX JaHHBIX.

[Tpu BbIOOpE EPBOro MyHKTA ATOTO MEHIO Y MOJIB30BATEINS 3allpalliiBaeT-
Cs1 ITOPSIIOK MOJIMHOMA, TOCIIE YETO OTKPBIBAET OKHO MHTEPAKTUBHOI'O BBOJA KO-
3¢ (PULMEHTOB MTOJIMHOMA, PEAJIN3YEMOTO C TOMOIIBIO (PYHKIIUU
[M, outstr] = uniinput(SM, FStr, mflg, TUIStr, Req, MMVal),
KOTOpasi BXOOUT B AUCTpUOYTUB mporpamMmmbl AmLAHX. ®yuxius uniinput
MOJKET OBITh MCITOJIb30BaHa OTAenbHO OT AmLAHX B kadecTBe ya0OHOTO Cpe-
CTBa JUIsl BBOAA MaTpHll, BEKTOPOB U MOJUHOMOB. J[J1s1 monrHOMa 3 opsIKa BUA
OKHA IPUBEJACH Ha puC. 3.
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<} BeeauTe KOIPPULHEHT NONMHOMA NPH 2-H CTENeHH M= B3 |

[Erter "returm” to repetition input of previous element; "exit" to abor input)

1IIIIII-p3+ ?-p2+ k1-p+ kn

k., | Cancel |

Puc.3. Okno BBOAA KO3 (HULIMEHTOB MOTHMHOMA.

Kaxapiii korhQuirieHT nojiMHoOMa BBOJUTCS TTOOYEPETHO C OTOOpAKEHU-
€M Ha sKpaHe. BBogumomy B JaHHBIA MOMEHT KOA(D(PUIIMEHTY COOTBETCTBYET
3Hak '?'. Jl;ms moBTOpHOrO BBOAA B Ciydae OIIMOKM cieayeT HaOpaTh 'return'.
BriBog Ha skpaH moJIMHOMAa B MPUBBIYHOM (pOopMare OCYIIECTBIISAECTCS IMyTeM
MIPUCBOEHHUS CBOMCTBY OKHa '[nterpreter' 3HaueHus 'tex' (MCHoOJIb30BaHUE AJIsSI UH-
teprperaTopa TeX ms BBIBOAMMBIX Ha dKpaH cooOmeHuit). Ilo okoHuanum
BBOJIa TTOJIMHOM BBIBOJUTCS Ha 3KpaH (puc. 4).

<} NoaTeEpX¥AEHHe BBOAA KOIPHHLMEHTEI YHCAHTENE =]
? 00+ 110p%+  12p+ 1
MNpononxHTE | [MoETOpMTE BEOD |

Puc.4. OxHo noaTBep>KAeHMS BBOIa KOOPPUIIMESHTOB MOIUHOMA.

[TynkT rmaBHOro MeHio 'HacTpolku' mo3BoJisiTh 3aJaTh LIBETA U TOJIIUHY
rpadukoB (puc.5) mpH YCIOBHH, YTO B Hadajie pabOThl HE ObUI 3aJlaH apryMEHT
prm, B IPOTUBHOM CiIy4ae, Bce u3meHeHus B «Hacrtpoiikax» He OyayT UMeETh
cwibl. HauanpHbpie HAcTpoWku yuTaroTcs u3 (paitna 'amlahx.ini', mpuuem, Bce
BHECEHHbIE U3MEHEHUS JCHCTBYIOT TOJBKO B JAHHOM CE€aHCe padOThl, IO3TOMY,
YTOOBI U3MEHUTH HAaYaJIbHbIE HACTPOUKH, HEOOXOIUMO OTPENaKTUPOBATh COOT-
BETCTBYIOIIKUM 00pa3om daiin 'amlahx.ini'.

[TynxT 'TIpoaomkuTs' — npoaoKeHne paboThl IPHU YCIOBUH, YTO Yepes
MEHIO WJIM KOMAaHJIHYIO CTPOKY 3aJaHbl MOJMHOMBI YUCIHTENS U 3HAMEHATEIs
[1® OV, unaue BpIIACTCS MPEAYNPEKIAIOIICE COOOIICHUE.

[Tocne BbIOOpa myHkTa 'TIpoAOIKUTE' BHIMOTHAETCS aBTOMaTHYECKOE T10-
ctpoerue JIAUX OV ¢ ykazanuem HakJIOHOB (cM. puc. 8). Eciu oO0bekT uue-
NbHBIA (TIOPSAOK YUCTUTENST OOJIbIlIE TMOPSIKA 3HAMEHATENs) TO0Jb30BaTelto
IpeajaraeTcsi OCTAHOBUTHCS U 3a/1aTh peajbHbIM 00beKT. B xo1e pacueToB npo-
rpaMMa HaXOAUT KPaTHbIE KOPHU B YHCIIUTEIIE U 3HAMEHATEIE, a TAKXKEe HAXOIUT
U yJaIsieT OJMHAKOBbIE KOPHU YHCIUTENS U 3HameHaTens. Pe3synbrarom pacue-
TOB SIBJISIETCS OMMCAHHBIN BBILLIE MAaCCUB CTPYKTYP SPC.
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<} AmLAHX 1.1 | HacTpo#iu o ]
Color of LAHY of object (blue, red, green and ..}
I red

Width of lines of LAHX of object
1
Type of pointz on lines of LAHX of abject
[

Color of LAHX of ras system (hiug, red and ...)
I blue

Width of lines of LAHX of ras system
1
Type of pointz on lines of LAHY of ras system
I ko

Color of LAHX of regulstor (blue, red and ...)
I green

‘Width of lines of LAHX of requlatar
|2

Type of poirts on lines of LAHX of regulator
I ko

Ok | Cahcel |

Puc.5. Okno 'Hactpoiiku AmLAHX'.

[Tocne noctpoenust JIAUYX OV OTKphIBAETCA OKHO 3alaHUS KPUTEPUATb-

HOU cTpareruu cuHTe3a (puc. 6). 3aaeM cTeneHb acraruma v, = —2, Kejae-

aHcen

MO€ BpeMs PETYJIUPOBAHUs ¢

aHcein

=40 cek, koap¢puuuent ycunenus PC k., =2,
JKEJaeMoe MepePEryInpoBaHue G ., = 20 %.

<} BEOA AAHHLIX O H(ENAEHMOH CHCTEME [ =]

Jelaemye...
... poryadok astatizma
|2

... koeffizient usileniyva kns
|2

... wremya regulirovaniva tp, TeC
{40

... pereregulirovanie &

EX

(1] 4 | Cancel |

Puc. 6. OxHo BBoa mapameTpoB xenaemon PC.

[anee mo HoMorpammam, UCXOId U3 ¢,

i

U G ,,,, I0JIb30BaTENb JOJDKCH
yKa3aTh KeJIaeMyl0 4acToTy cpe3a o (dactora Ha koropoi CU-yacTh xemnae-
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Mol JTAUX mnepecekaer OCh 4acTOT) U JOMYCTUMOIO BEIUYHHY OTKIOHEHHS
JIAYX na CY-yactu Al u Ap. B nannom npumepe o = 0.35 PR Al=+20 nb

(puc.7). )

<) BBOA AAHHLIX O ¥ENASHON CHCTEME M=l B3

Po nomogrammam napishite. ..
_.jelayemuyu chastotu sreza i [radizec)

{0.35

... dopustimoye iskajenie po smpitude Al (dBY
| 20

... dopustimoye iskajenie po chastote A
| -20

(] | Cancel |

Puc.7. OxHoO BBOJa IMapaMETpOB, OIIPCACIIACMbBIX 110 HOMOI'paMMaM.

[Iporpamma BeIMONIHSIET HeoOxoauMmble pacuerbl U ctpoutr HU- u CY-
yactu xenaemoil JIAUX ¢ ykazaHMeM HAKJIIOHOB, ITOCJE YEro 3alpallvBacT y
MOJI30BATEIIS KETAEMbI HAKIOH OTpe3ka, compsraromero HY- u CY-uactu.
Bri6epem nakinon —60 ab/nex.

3aKIIOYUTENbHBIN 3Tan padoThl MporpaMMbl — BbluuTanue u3 JIAUX PC
JIAYX OV u nonydenue takum obpazom JIAUX VV. Dror 3tan coctout u3
JABYX maroB. [IepBblii mar — pacdyeT MaccuBa CTPYKTYP VY, COOTBETCTBYIOILETO
JIAYUX perynsitopa. 9T CTPYKTYpPbl ONMKUCHIBAIOT COMPATAIOIIAE YACTOThI U Ha-
KJIOHBI aCUMIITOT Ha HUX. Ka)k/1ast CTpyKTypa COCTOUT U3 5 moJeil:

— JECSATUYHBIN Jorapu(m conpsAraroiei 4acToThl ans./gw;

— HAKJIOH aCUMNTOTHI Ha 3TOM YacToTe ans.nakl;

— MOPSAJAOK U BUJ JUHAMMYECKOTO 3BEHA ans.por, COOTBETCTBYIOLIETO JIaH-
HOM compsraromei 4acTore (HanpuMmep, €CJIu JIJIsi CONMPSTAIONIeH 4YacTOTHI
U3BECTHO, YTO MOPSJOK IMHAMHUYECKOI'O 3BEHA PAaBEH 2, 3TO O3HAYAET,
9TO 3TO MO0 2 mponopuuansHo-nuddepermupyromux (I1/1) 3Bena, mdo
[1/1-3BeHO 2-r0 mopska);

— COIIPATAIOIIAsl 4acTOTa ans.w;

— IIOCTOSIHHAsI BDEMEHH TMHAMUYECKOTO 3BEHa ans. 7.

Bropoi mar — no paccuntaHHou cTpykrype ctpoutcst JIAUX perysaro-
pa. Ha stom pabora mporpammsl 3aBepiaercs. Ha 3akmtountenbHOM rpaduxe
nporpamma ctpout 3 JIAUX: OV, PC, VYV ¢ ykazanuem HakJIOHOB (puC.8) U B
okHe BeIBOAUT [ID cunTe3upoBaHHoOro perysusropa (puc. 9).
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<) Figure No. 1 | =]
File Edit “iew Insert Tools Mindow Help

DEeES|(IvA A, 2R
LAHX obyekta, LAHX raz. sistemy i LAHX regulyatora

-0

150

100 { =~

i
E‘ &l
.y}
]
-A0
i i i i i | | | | | i
-4 35 -3 258 -2 15 A -0.5 a 0.5 1
Igiwl, dec
Puc. 8. Okno ¢ noctpoennsimu JIAUX OV, PCu VY.
<} AMLAHX 1.1 | PacyeTHeIE NapaMeTpel !EIE

¥.enaerak yacToTa cpesa
iy, = 0.35 pan/cek

K.oa UL HEHT YyouneHkHEe HY
[ i

[NepegaroyHak PYHELME YNPEENEHIWEND YCTROHCTES W},}I[p] =
10T p+ 112 [Ty p+1 P (T p+1]

B T4 prHT g e 1M T o1

1028 .5714.p+1 ]2-[1 0. p+1 ]2-[1 p+1]

p-[4664. 723.p+1][5-p+1][0. 28571 . p+1 ]2

|

Puc. 9. OkHo ¢ uHpOpManyeit 0 CHHTE3UPOBAHHOM PEryJIsSATOpE.

Buoieoowt

PaccmoTrpennas mporpamMma Obljia MPUMEHEHA aBTOPOM B OaKalIaBpCKOM
pabote [3] s cUHTE3a PErysaTOpa KOHTypa TOKa B CUCTEME YIPABIEHUS DJICK-
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TPONPUBOAOM C TAKUMHU KPUTEPHUSIMHU KA4ECTBA: )KEIAEMOE BPEMsI PETYIUPOBa-
Hus 0.3 cek; cTeneHb acTaru3ma —l; TOUHOCTh OTPaOOTKU KPUTUYECKOTO BO3-
neucteus < 0.05; xemaemoe nepeperynupoBanue 5 %. JIAUX oObekra ynpas-
JIEHWS Pa3OMKHYTOM cucTeMbl U utorosas JIAUX perynaropa, mOCTPOCHHBIE C
nomotbo AmLAHX, a Takxke MepexoIHble MPOLECCHl B KOHTYPE TOKa C pery-
JASTOpOoM U 0€3 Hero m300pakeHbl Ha puc. 10. braronapsi peryiasiTopy KOHTYp
TOKa OTBEYAET BCEM 3aJaHHBIM KPUTEPHsSIM KadecTBa (KaKk MOKHO BUJIETh U3
puc. 10, nepexoaHslii IpoLEecc B KOHTYPE TOKA CTal allepUOJIUYHBIM, IIPU 3TOM
ObIcTpojciicTBHE HE W3MEHWIOCh). Ilnanupyercs ucnonb3zoBatb AmLAHX B
y4eOHOM TIporiecce mpu u3ydeHun merona xemaembix JIAUX B kypce «Cunres
3aKOHOB YITPaBJICHUN.

B nocnenyromux Bepcusax MpearonaraeTcsi JOMOIHUTE IPOrpaMMy Cpej-
CTBAaMH aHAJIM3a CUCTEMBI YIIPABIIEHUS C CHHTE3UPOBAHHBIM PETYIISITOPOM.

Henpewan

: : : : NAYX PC
A0 feremnm e dopeeennnnaees R YERRRAN'. puin Ao

, ; i | naux ov: -4b
1] S U A AN .V SO -

pT i pT i i
i ™ i WCZ i g, dew

Puc. 10. JIAYX perynsaropa Toka (cjaeBa) U MePEeX0HbIE MTPOLIECCH B KOHTYPE TOKA
0e3 perymnsaTopa (a) ¢ perymsitopom (b).

Jumepamypa

1. Kaunauee H. B. Jlekiuy mo TEOpUHM CUCTEM aBTOMAaTHYECKOTO PETYJIHPOBA-
Hus (http://vissim.nm.ru/lectures/0090.htm).

2. /lvsxkonos B.Il. MATLAB 6: yueOunbiii kypc.— CII0.: Ilutep, 2001.—
592 c.

3. I'py30deé B. B. ABromaTu3alnysi CUHTE3a PETYJSITOPOB METOJOM JKEIAEMbIX
JIAYX // IV MexpernoHajibHasi Hay4YHO-TIpaKTH4YeCKass KoH(pepeHius. Ma-
tepuaiibl KoHpepeHuu.— C.60-62.
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YK 681.3.068

TEXHOJIOT' MM MATLAB B UHTEUIEKTYATTU3A LAY
3TAHUN

Jlemenxos H. I1.

Mockoeckuii 2ocyoapcmeennbiil mexuuyeckutl ynusepcumem um. H. 3. baymana, Mockea,
e-mail:demenkov@iul.bmstu.ru

1. Beéeoenue

Peanuzauus konuenuun «MHTEmnexkryanbHoe 31aHue» B Poccum mepe-
CTaeT ObITh XAaOTUUHOM M HEOIPEJIEICHHOM, Ha PbIHKE (POPMUPYIOTCS YCTONUN-
BbIE CBSI3U U OTHOUIEHMS, 3aMETEH MHTEPEC IOCYJapCTBEHHBIX CTPYKTYp U pery-
JUPYIOIIMX OPraHOB K HOBOW TEXHOJOTMH, BO3PACTAET POJb MPEINPOECKTHOIO
UCCIIEJIOBAHMS U CTAJIUU MPOEKTUPOBAHUS B OOILEM IMKJIE WCIIOJHEHUS MPOEK-
Ta, IPO(ECCUOHATIBLHOE YIIPABIEHUE TPOEKTOM CTAHOBUTCS 00JIe€ BaXKHBIM, YEM
3HaHWE KOHKPETHBIX MPOTOKOJOB U MHTEp(hencoB, yaenseTcss 0oJiblie BHUMA-
HUS BOIIpOCAaM CTaHAApTHU3ALMU JUIsl CACTEM aBTOMATU3ALMK U YIPABICHUS 3/1a-
HUSIMU.

OTMmedaeMblil CEroJHsl pOCT MHTEpPECa K BOBMOKHOCTSIM TE€JIEKOMMYHHUKA-
HMOHHOW MH(MPACTPYKTYpPHI 31aHUN B >KHJIOM CEKTOpE, OCOOEHHO B TaK Ha3bl-
BAaEMOM «OJIMTHOM 3aCTPOMKE», OTpakaeT HA3PEBIIYIO MOTPEOHOCTh B yJydlle-
HUU Pa3HOOOpa3HbIX NOTPEOUTENBCKUX CBOMCTB KUJIOTO (POH/IA C TOMOUIBIO CO-
BPEMEHHBIX YCIIYT CBSI3H, YTO OTBEYAET MOCIEAHUM MUPOBBIM TEHIACHIUSM.

Konnenuus «MHTemiekTyanbHOe 3/aHUE» IMOAPAa3yMEBAET IOCTPOECHHE
€IMHON TEeNeKOMMYHUKALMOHHON HMH(PACTPYyKTypbl, OOBEAUHSAIOIIENH BCE HH-
KEHEPHbIE CUCTEMBI 37aHUs (0uca, KBapTUPHI), MOAXOIAIINE K HEMY CETH CBS-
3W U UH(POPMAILIMOHHBIE PECYPCHI C LENBI0 00ecTeueHrs BOZMOXKHOCTH THOKOTO
yHOpaBiIeHUs] TUMH CUCTEMaMU B IIEJIIX CO3/aHus KOM(OPTHON U Oe30macHOM
cpelpl OOWTaHUSI BHYTPH 3/1aHUS U MHTETPALUU 3TOM cpefibl C eIUHBIM UH(Op-
MalMOHHBIM ITpocTpaHCTBOM. [Ipu 3TOM nosiBisieTcs 3ajaya ONTUMU3ALMY (MU-
HUMU3AIM1) PAacXOJ0B Ha MOAJIEPKaHUE 3TON Cpelibl, a YKa3aHHOE YIPaBJICHUE
OCYLLIECTBIISETCS TaKKe C MTOMOILBIO yCIIyT CBA3HU.
Crnegyer OTMETUTh, YTO MOTPEOHOCTH B yCIIyraxX CBSI3U HEMOCPEACTBEHHO WH-
HKEHEPHBIX CUCTEM «MHTEIIEKTYaJIbHOT0» 3/1aHUs HE3HAUUTEIbHBI OTHOCUTEIb-
HO JIPYTUX YCIYT CBSI3U U MPAKTUYECKU OTHOCSITCS K HU3KOCKOPOCTHBIM CITYX-
O0aMm mepepauu JaHHBIX. [l03TOMYy BCe MOTEHIMaNbHBIE MOTPEOHOCTH B Teje-
KOMMYHHKAIIMOHHBIX CETSAX U YCIIyrax BHYTPU «UHTEIJIEKTYaJbHBIX» 3JaHUI
MOTYT OBITh ONEPATUBHO M KOHOMHUYECKH I(PPEKTUBHO PEATM30BaHbl MOCTaB-
IMIMKaMH yCIIYT CBSI3M (TEIEKOMMYHMKAIIMOHHBIMHM OIlepaTOpaMH) B €IMHOM
TEXHOJIOTHYECKOM LIUKIIE.

956



Cexyusa 3. Ilpoexmuposanue cucmem asmomMamuyecko20 ynpasieHus u pecyiuposanus

DTO JenaeT BO3MOXHBIM SKOHOMHYECKH 3(PPEKTUBHOE TEIEKOMMYHHUKA-
[IMOHHOE 00CIIy>KMBaHUE OOBEKTOB (B TOM YMCJIE TEPPUTOPUAIBHO pacmpeje-
JIEHHBIX Tpynn OOBEKTOB) C MOMOMIbIO CHEIUATM3UPOBAHHBIX CETEH CBA3M,
BKJIIOYAsl KPYMHEWIyo B EBporne TpaHCHOPTHYIO MYJIBTUCEPBUCHYIO BOJIOKOH-
HO-onTHYecKyto ceTb SDH, koMmIuiekc HanoKeHHBIX HU(POBBIX ceTel CBS3U
pa3IMYHOr0 Ha3HaueHus (MOOWIIbHAs, Tele(oHHas, nepeau JaHHbIX, BBICOKO-
cKopocTHOro jgoctyna B MHTepHer, kabenpbHoro TB) m mmpokoro Habopa pe-
HICHUN I «IOCleTHed MUIN» («ONTHKa», «KOAKCHaDy, «MEIHas Tmapay),
o0ecrnieueHre HaJeKHOCTH U KayecTBa OOCIYyXMBaHUS, BKIIOUasi pe3epBUpPOBa-
HUE, YIIPABJIEHUE CEThIO (CETSIMHU), MOHUTOPHHI KaHAJIOB BIUIOTH JO «PO3ETKU»
N0JIB30BATEIS U T. 11

Tepmun «HTEMIEKTyaIbHOE 3/1aHHUE» MPEIOIAraeT HEHTPAIU30BAHHOE
yhOpaBieHUE 3/aHUEM, 00eCleUHBAIOIICe CIEAYIOIINE CEPBUCHI: YCIyTH A
ya00cTBa ympaBieHus 3/aHueM (e KUHTOBasl CBsA3b, MHPOpMAIMOHHAS CHC-
TeMa, 00paboTka >KajloOd apeHAaTOPOB/KWIBLIOB); YCIYI'H HH(PACTPYKTYpHI
(apenna cepBepa, o(pUCHBIE CUCTEMbI, TOYTOBBIE CHUCTEMBI, BUJIEO MO TpeboBa-
HUIO0, YIIPABJICHUE HE 3aHATHIMU IUIOIIASIMHU, TEIEKOMMYHHUKAIUH, YIIPABICHHUE
3IaHUEM); YCIYTH 0€30MacHOCTH (CUCTEMbI CUTHAJIM3AIMU U KaOeIbHOTO Tele-
BUJICHUSI, CUCTEMA YTNPABICHUS JOCTYIIOM, MOXKapHasi CUTHAJM3ALMS, OXpaHHAS
CUTHAJIM3a1us); YCIYTH MO TUIAHUPOBAHUIO U MHCTIEKTUPOBaHUIO OM3Heca U Gu-
HAHCOB (Y4YeT OCHOBHBIX (DOH/IOB M TEXHMKH, CKJIAJCKasi OTYETHOCTb, JOKYMEH-
TOOOOPOT, CUCTEMBI ONITUMU3ALIMN IHEPIeTUUECKUX U JPYTHUX 3aTpPar).

VYixe B OnmxkaiiieM OyTylieM 3TH CEpPBHUCHI KaK €IMHOE LEJI0e CTaHyT Ya-
CTBIO HAIIEW KaXKIOJHECBHOMW JKU3HM, ITOCKOJIBKY KaXKJIbId U3 HUX YXKE€ CYILECT-
BYET, HO NTOKA HCIOJIb3YETCS MO OTACIBHOCTH, KaK, HAIPUMED, JJOKAIbHBIE CETH
(LAN) u cuctembl BuneokoHtpossi. Co3laHHbIe U yIpaBisieMble HE3aBUCHMO,
N0/I00HBIE CUCTEMBI JOBOJBHO JOPOTH, TAK KaK MPOUCXOJIUT yOJIMpOBaHUE pe-
CypcOB (HE3aBUCHUMBIE CETH BMECTO CTPYKTYPUPOBAHHOW MHOTO(QYHKUIHOHAb-
HOM CeTH, pa3lieJbHble Pecypchl, HE3ABUCUMBIM KOHTPOJIb YINpPABIEHUS, HECO-
IJIaCOBaHHbIE W30BITOYHBIC NIEWCTBHS, HEPalMOHAJIBLHOE HCIOJIb30BaHUE MPO-
CTPAaHCTBA, U T./1.) C OJHON CTOPOHBI, U C APYroill CTOPOHBI, HE MOXET OBITH
o0ecrieyeHO PaBHOMEPHOE U OTHOCUTENIBHO HEJAOPOTOCTOSIIEeEe aBTOMATHIYECKOE
BBINIOJIHEHNE ITUX YCIYT.

[Tonsitue «MHTemiekTyanbHOE 37aHNE» (AKTUUECKH MPEANoiaaraeT co3-
JTaHUE OTKPBITBIX CUCTeM aBToMmarm3aiuu 31anuil (BAS - Building Automation
System), To €cThb cHCTEeM, B KOTOPBIX COBMECTHO PabOTalOT U OOMEHHMBAIOTCS
HeoOXoauMon uH(OpMaIreil mpuOopbl U 000pYJOBaHHE PA3TUYHBIX (HUPM -
npousBoautened. Takoit oOMeH mHGOpMaIel U B3aUMOJCHCTBHE BO3MOXKHBI
Osaro1apsi UCHOJb30BAHUIO CTAaHAAPTHBIX MPOTOKOJIOB, TakuX Kak BACnet, oT-
KPBITBIX TPOTOKOJIOB, TakuX kak LonWorks u OPC (OLE for Process Control) u
CTaBIMX (DAKTUYECKU CTaHAApTHBIMH, Takux kak MODBUS. NMenHo nostomy
Takoe 0OJIBIII0E BHUMAHUE YJIESETCS pa3IMyHbIM TpoToKoiam aist BAS.
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SCADA-cucTemMbl IPEeNOCTABISIIOT YHUKAIbHBIE UHTETPALMOHHBIE pELlIe-
HUS JJI1 MOHUTOPUHTA U YIIPABJIEHUSI CUCTEMAaMU 0€30MaCHOCTH, KOHIULIUOHU-
pOBaHUS ¥ BEHTUJISILIMU BO3/yXa, SHEPTETUKH, MT0Kap0Oe30IacHOCTH, JINPTOBO-
ro X0341CTBa KaK B paMKaX OTAEJIbHOIO 3J]aHusl, TaK U KOMIUJIEKCa 3AaHUi U Co-
OpyKeHHI. DTO MO-HACTOSIIEMY OTKPBITOE€ U MOJHOCTHIO PE3EPBUPYEMOE MPO-
rpaMMHOE o0OecrieueHne, KOTOPOe JIEFKO MacIITaOupyeTcs OT CaMbIX MaJbIX 10
cambIX OOJBIIMX CUCTEM. B coderaHuu ¢ mpeumyuiecTBaMM NPUMEHEHUs CBO-
00HO MPOrpaMMUPYEMBIX KOHTPOJUIEPOB B MOCTPOEHUH «HTEIIEKTyanbHOro
3/1aHUs», BO3MOKHOCTH MHTETPaIi ¢ 000pYI0BAaHUEM 3aKPBITHIX MPOTOKOJIOB,
CUCTEMBI BU3yalM3alUWd W AucneTdyepuzanuu aiusa «MHTemnekryanpHoro 3aa-
Hus» Ha ocHoBe SCADA-cucrem obecrieuar HEBBICOKYIO CTOMMOCTD BJIAJICHUSL.

B cratbe 0OOCHOBBIBAIOTCSI OCHOBHBIE MPEUMYILECTBA HCIOJIB30BAHUSA
MHTEJUIEKTYaJIbHbIX TEXHOJIOTUH MPU CO3IaHUH COBPEMEHHBIX 3AaHuil. [lox un-
TEJUIEKTYaJIbHOM CHUCTEMOM MOHUMAETCS COBOKYIHOCTh TEXHUYECKUX CPEJICTB U
porpaMMHOro obOecreueHus, oObeIUHEHHasT WH(GOPMAIMOHHBIM MPOLIECCOM,
paboTaroiias aBBTOHOMHO WJIM BO B3aMMOCBSI3U C YEJIOBEKOM (KOJUIEKTHBOM JIHO-
nei), cnocoOHasi CHHTE3UPOBATh 11€)1b, BbIpa0aThIBATh PEIICHUSI O JEHCTBUU U
HAXOJUTh PALIMOHAJBHBIE CIIOCOOBI JOCTHUKEHHUS 1IN Ha OCHOBE CBEIACHUH U
3HAHWM, TPU HAIMYUM MOTUBaUuH [1].

B uHTenneKTyanbHbIX 3MaHUSX TOBBIIIACTCS 3GHEKTUBHOCTH (YHKIIHO-
HUPOBaHUS OOJBIIMHCTBA CUCTEM U ONEPAaTUBHOCTH MPUHATHUS pelieHuil. Bae-
JPEHUE WHTEIIEKTYyalbHBIX TEXHOJOTHM MO3BOJSET AOOUTHCS BBICOKOM 0€30-
NacHOCTU PabOTHl M MPOKUBAHUSA, KOM(OPTHOCTH U MPECTHKHOCTU IMOMeEIlle-
HUl, pecypcocOepekeHusi (3a CYeT CHIDKEHHUS MOTPEOJICHUS 3JIEKTPOIHEPTHUH,
BOABI M Teruia). Takue 3/aHus OTJIMYAIOTCS BO3MOXKHOCTBIO MPEIOTBPAILECHUS
aBapUITHBIX CUTYyalMi (MU CHM>KEHHS MOTEpPh IPU MX BOZHHUKHOBEHWH), a TaK-
€ BO3MOKHOCTBIO JHCTAHIIMOHHOTO MOHUTOPHMHIA M YINPABJIEHUS MOJCUCTE-
MaMU 3/1aHHsI, YTO B UTOr€ MPUBOAMUT K MOBBIIIEHUIO TOXOJHOCTH 3AaHUs, ObI-
CTPOMY BO3BpaTy KalHUTAJIOBIOXKEHUN U CHUKEHUIO HKCILTYyaTallMOHHBIX Pacxo-
JIOB.

Oco0oe MecTo B MPAaKTHUECKOW peaju3allii OTBEICHO aHaJIU3y HCIOJIb-
30BaHHOT0 000PYIOBAHUS C SHEPTrOCOEPETaAIONIMMU TEXHOJIOTUMHU, podieMam
MPUMEHEHUS TUTOBBIX U YHU(PUITUPOBAHHBIX PEIICHUI B aBTOMATU3HUPOBAHHBIX
CUCTEMAX MHTEIJIEKTYaIbHBIX 3/IaHUN.

AKTYyallbHOCTb PACCMOTPEHHSI MHTEJUIEKTYaJIbHBIX CUCTEM YIIPaBJICHUS
3laHueM OOYCJIOBJICHA WX CIMOCOOHOCTHIO K HAKOIUICHHWIO M OOOOIIEHUIO 3Ha-
HUH, K BBIPAOOTKE TUIIOTE3 U MPOTHO3Y, K MPUHATHIO PELIEHNN, UX OOBSCHEHUIO
u T. 1. UudopManinoHHbIe TEXHOJIOTUH, OCHOBAaHHBIE Ha 3HAHUAX M UCIIOJIb3Ye-
MBbI€ TIPU CO3JAHUU CHUCTEM YyMpaBJICHHS 37aHHEM, 3(PPEKTUBHOCTD MpeacKa3a-
HUS pa3BUTHUS TOW WIM MHOM CUTyalluu, 0O€CeunBarOT NpPeCTaBIECHUE U Opra-
HU3alMI0 00pabOTKU 3HAHUI O MPEIMETHOM 00JacTH Ha Pa3IMYHBIX YPOBHSIX
uepapxuu.
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OCHOBHOW LENBI0 MHTEJUIEKTYAIBHOTO YIIPABICHHS B YCIOBHSX 3HA4YU-
TEIbHOU HEONPEAECIICHHOCTH SIBJIAECTCA MOJYyUYE€HUE THOKUX, HEUETKUX, «MATKHX)
CTpaTEruil ynpasJjeHUs Ha OCHOBE 3HAHUN O PETYJIUPYEMBIX U PETYIUPYIOIINX
(akTopax, OIlEHKa UX CBOWCTB, COCTOSIHUI U B3aMMOBJIUSIHUE CIOKHBIX OOBEK-
TOB UCKYCCTBEHHOM U IPUPOAHOU CPEABI, ONPEAECICHUE TNHAMHUKHU U TCHACHIIWM
pa3BUTHSL OOBEKTOB B YCIOBUSIX MEHSIOIIETOCs BIUAHUA cpebl UX QYHKIUOHHU-
pOBaHMsI, a TaK)K€ BbIpaOOTKAa peKOMEHAalUl, 00ecrneunBarolIuX yCTONYNBOE
(YHKIIMOHUPOBAHUE, PE3YIbTAThl YETO UMEIOT MOJHOE METPOJIOrHUecKoe 00oc-
HOBAHUE UX Ka4eCTBa.

CopepraHueM IPOBOJMMBIX MCCIIEIOBAHUN SABIISIETCS: BHEAPEHNUE HEYET-
KHX METOJOB JUIsl ONEPATHBHOIO yNpPABJICHUS (MOHUTOPUHT, AUArHOCTUKA, aB-
TOHACTPOMKA U T. JI.) NHKEHEPHBIMHA COOPYKEHUSMH HA OCHOBE HEYETKUX PETry-
JSITOPOB C LIETBIO TIOBBIIICHUS YPOBHS MHTEUIEKTYaIbHON U MHPOPMAITMOHHON
NOJJICP)KKU TOJACHCTEM YIpPaBIEHUs 3JaHHEM; pa3paboTKa METOJ0B aBTOHa-
CTPOMKH paclpeeleHHbIX PErYISTOPOB KaK 10 KPUBOM pa3roHa 00ObEeKTa, Tak U
C UCIOJIb30BAHUEM HEYETKUX alropuTMOB. PazpabarbiBaeMble METOJIbI JOJIKHBI
UCIOJIb30BaTh KaYECTBEHHYIO MH(YOPMALMIO O TEXHOJOTUYECKUX U IKOJIOrHue-
CKUX MapaMeTpax, paboTaTh B peaJbHOM BPEMEHHU M OOECleunBaTh yMEHbIIIE-
HUE BPEAHOTO BIMSHUS B IIPOLIECCE CBOEH ACSATEIBHOCTH.

KoHnkpeTHO# mpeMEeTHON 00JIaCThIO SIBIISIETCS aBTOHACTPOMKA MPOMBIIII-
JIEHHBIX KOHTPOJUIEPOB /Ul YNPABJICHHS Pa3IU4YHBIMU IOJACHUCTEMAMH 3IaHUS,
IpEeXkIe BCEro, CUCTEM HHKEHEPHOro oOecnedeHus 37aHus — HacoChl BOJO-
cHaOKeHUs!, OTOIJICHUS U TIOKAPOTYIIEHUS, CUCTEMbI IIPOMBILUIEHHOTO KOH]IU-
LINOHUPOBAHMS.

[IpoBoarMbIe paOOTHI SBISIFOTCS OPUTMHAIBHBIMM, TaK KaK OCHOBaHbI Ha
coOCTBEHHBIX MeTo/1ax, MeToaukax U I10; coOTBETCTBYIOT MUPOBOMY YPOBHIO,
Tak Kak ucnoiyib3yroT 110, LON-texHonoruu u annapatypy kommanuii Schnei-
der Electric, Lexel, Echelon u np.

2. Pewuenue MHOCOKpUmMEPUAIbHbIX 3aoauy onmumuslauuu 6 ycjioeusix Kaue-
CMEEeHHOIl Heonpedeﬂeunocmu

[IpoGnema ynpaBiieHusl 3JaHUEM BKJIIOYACT B c€0sl pelIeHHE MHOXECTBa
BEChbMa CJIO’KHBIX 3a]1a4, HEJIMHEHHBIX, TPYIHO (POPMATU3YyEMBIX U TPEOYIOIINX
3HaHUU MO0 MHOTHM acIleKTaM >KU3HENEATEIbHOCTH, B T.4. 10 MOHUTOPUHTY OK-
pyxatomieit cpeapl. B 1enom, mo0as MOHUTOPUHIOBAsE CHCTEMa JOJDKHA pac-
CMaTpPUBATHCS KaK IKCIEPTHAS CUCTEMA, KOTOPask BBHITIOIHSAET KOHTPOJIb HaJ CO-
CTOSIHUEM CPEJIbl ¥ TIOMOTaeT YEeJIOBEKY BIMSATH HA 3TO COCTOSTHUE.

OCOOEHHOCTBIO CUCTEMBI YIIPABJICHUS 3JaHUEM SBJISIETCS TO, YTO OHA CO-
CTOUT U3 MHOKECTBa pPa3JeJICHHBIX KOMIIOHEHTOB, YTO TpeOyeT mpeoOpa3oBa-
HUS TPAJAULIMOHHONW MOJENH CHCTEMBI YNPaBJICHHS B CHCTEMY C pacmpeielieH-
HBIM aJITOPUTMOM YIIPABIICHUSI.
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OC0OEHHOCTh MHXKEHEPHBIX COOPYKEHUN B COBPEMEHHOM 37aHUU COCTO-
UT B TOM, YTO YIIPaBJIEHUE OOBEKTaMH OCYIIECTBISCTCS MO HEMOJIHON U HETOY-
HOUM mH(poOpManuu, coorpaeMoi ¢ MOMOLIBI0 AATYUKOB. YacTo BO3HUKAIOT CH-
Tyalluu, KOT/1a WK OTCYTCTBYIOT HEOOXOAUMbIE TaTYMKU MEPBUYHON HUHPOpMa-
I[MU, UK CYUIECTBYIOUIUE CPEACTBA MU3MEPEHUI HEe 00eCreyrBalOT MOJIyYeHHUE
TpebyeMoit nHpOpMAILIMK B TEMIIE C MPOLECCOM, JINOO B HAIMYUU UMEETCS JTUIIIb
KauecTBeHHast nHpopmalus o0 o0bekTe yrpaBieHus. B Takux cuTyanusx He-
00X0IUMO MMETh WH(OPMAIMOHHBIE TEXHOJIOTUHU, KOTOPHIE MO3BOJISIOT HA OC-
HOBE KOMITBIOTEPHON 00pa0OTKN KaueCTBEHHOW MJIM HEUETKOM MH(popManuu 00
00BEKTE U ENAX YIPABJICHHS MOIYyUYUTh TpeOyeMyto nHGOpMAIUIo Il yIpaB-
JICHUS.

[Ipu »ToM TpeOyeTcsl OLICHUTh TEXHUYECKOE COCTOSIHHE OOBEKTOB, WX
HKOJIOTUYHOCTh U BJIMSIHUE HA YEJIOBEKA M OKPYKAIOLIYIO Cpedy, a Takke ApY-
rue KOMIIOHEHTHI B3aUMOJICHCTBUSI 00BEKTA, YEJIOBEKA U OKPYIKAIOIIEH Cpe/lbl.
Crnenuduxoit ynpaBieHuUs SBJISIETCS HECOOTIOICHUE B MOJHON Mepe MPUHIUIIOB
Ha0II0/1aeMOCTH, UACHTUDUITUPYEMOCTH U, KaK CJIEACTBUE, TOJIHOW yTMpaBiisie-
MOCTH OOBEKTOM.

PaccMmoTpum 3aiayy MHOTOKPUTEPHAILHON ONTUMU3AIMK B MMOCTAHOBKE,
KOTI'/Ia LIeJIK, UCXObl (3HAUEHUS KPUTEPUEB) U albTepHATUBBI (AeCTBUS) 3a/1a-
HBbI HEYETKO, HO JUISI KOTOPON OTHOIICHUS MPEANOYTeHUS, T. €. (YYHKIHS MOJIe3-
HOCTH, 33J1aHbl YETKO.

JIns penieHus MOCTaBJICHHOW 3a/1a4d ONTUMU3AIMU HYKHO ONPEJIETUTh U
MaKCHUMHU3UPOBaTh (YYHKIIUIO TIOJIE3HOCTH PacCMaTPUBAEMBIX albTEPHATUB:

max{U(z},z,..., zx )}, (1)
rae z=f{(xeScR"), i= 1...k, — cocraBsromue BEKTOpa KPUTEPUEB, X — TOYKA B
MPOCTPAHCTBE PEIICHUM, S — MHOKECTBO JOIMYCTUMBIX PEIICHHM.

OCHOBHO# TPYAHOCTBIO, BO3HUKAIOIIEH MpU PEIIEHUH MOCTABIEHHOHN 3a-
Ja4u, SBISIETCSA MpoOJieMa TOJYyYeHHs] MaTeMaTHUYeCKOro OMHCAHUS (DYHKIIUU
nosiesHoctu U [2]. B Teopun moneznoctu ¢yHKuus mnone3noctu U paccMmarpu-
BAETCSl U PACCUUTHIBAETCA KaK BEPOSITHOCTHAS BEJIIMYMHA, OJHAKO MJI1 MHOTHMX
CIIOHBIX HE(OPMAITM30BAHHBIX 33/1a4 MPUHATHS PEIICHUA OIICHUTh MHOTOMEP-
HO€ pacIpe/iesieHne BEPOSITHOCTH OYEHb CIIOKHO U JaKe HEpa3pernuMo.

Ecnm ke QyHKIHIO MOIe3HOCTH pacCMaTPHUBACTh HE KaK BEPOSITHOCTHYIO,
a KaK HEUCTKYIO BEIMYMHY, a QYHKIUHA MPUHAIIC)KHOCTH HEYETKUX MHOXKECTB
paccMaTpuBaTh Kak CYOBEKTHUBHBIE U3MEPEHUsS JIUIL, MPUHUMAIOUIUX PEIICHUS
(JITIP), TO MHOTOKpUTEPUATIBHYIO 33/1auy ONTUMHU3AIMUA MOXKHO MPEJICTABUTH B
BUJIC UEPAPXUUECKON JeKOMIO3UIuu (puc. 1), rie MHOXecTBO, (hopMaIu3yro-
niee riao0aibHyI0 1eNb, 0003HAYeHO M, MHOXECTBO 1iesneil — (G, a MHOXKECTBO
anbTepHaTuB - X. Eciau nenu npenctaBisitoTCsl CIMIIKOM CIIOKHBIMUA TOHSTHSI-
MH, UX MOKHO MPEJCTaBUTh B BHJI€ MEpapXHUH OOJee MPOCThIX MOHITHM. DJe-
MEHTBI UEPAPXUH, T. €. LIEJIN U aJIbTEPHATUBBI, ABJISIIOTCSI HEUETKUMH MHOKECT-
Bamu G;, j=1...m, TIe¢ m — KONU4YECTBO 1ienei u X,, rue r=1,...,I, | — xonudect-
BO anbTe€pHATUB. L, ;, L,, L, ; — ypoBHU uepapxuu. OyHKIUs MTOJE3HOCTU pac-

960



Cexyus 3. Ilpoexmuposatnue cucmem agmoMamuyecKko20 YnpasieHus i pe2yiupo8aHus
cMaTpuBaeTcsl Kak (yHKLIMS TPUHAAJIEKHOCTH TiIoO0aibHOU 1enu (M) Ha MHO-
JKECTBE ajbTepHAaTUB (0OO3HA4YaeTcsa i (X)), TO €CTh TpeOyeTcs MOJy4YUuTh: U

u(X).

Lo I'no6anbHas (oOmias) nens M
G G G

L, : 2

L n+l Xl X2 X3 ...... X]

Puc. 1. Uepapxuueckas 1eKOMIO3UIMS MHOTOKPUTEPUAIBHOM 3a/1a4ud ONITUMHU3AIUY.

Meron ananuza uepapxuii (MAW), SBAsAsACH METOAOM pEUIEHUS MHOTO-
KPUTEpUATbHBIX 337a4 B CIOKHOM OOCTaHOBKE C HMEpaApXUUECKUMH CTPYKTypa-
MU, BKJIIOYAIOMIMMH HE(POpPMAIN30BAHHbBIE 3JIEMEHTHI [3], HCMONB3yeTcs Kak
KOCBEHHBI METOJ omnpeneiaeHuss (pyHKUMNA TPUHAIIEKHOCTH HEUETKUX MHO-
*KecTB [4].

OyHKIMU MPUHAJIEKHOCTH HEUYETKMX MHOXECTB, (POpMaNM3yrOUMX Ka-
KOl KpUTEPUH (CIIOKHBINA, MPEACTABISIEMbIA B BUAE UEPAPXUU WA MPOCTOM)
ONPEIEIAIOTCA Ha MHOYKECTBE alIbTEPHATUB, IIPU 3TOM MHOXECTBO aJIbTCPHATHB
sBJIsIeTCS1 0a30BBIM AJIs1 HEYETKUX MHOKECTB KpuTepreB. Ha kax1oM ypoBHE Mbl
MMEEM pa3JINYHbIE YETKHUE YMOPSAJOUYEHHBIE MHOXKECTBA, KOTOPBIE COCTOST U3
3JIEMEHTOB, SIBJIAIOIINXCS HEUETKUMHU (KaYeCTBEHHBIMHU) M OINPENEISAIOTCS KaxkK-
JIBIA CBOEH (PYHKITMEH MPUHAAJICKHOCTH. DIEMEHTHI KaXKI0TO YPOBHS SIBIISIOTCS
HEYETKMMHU MOJMHOXECTBAMH YETKOTO YIOPSAJOYEHHOTO MHOKECTBA U ONpeie-
JSI0TCA UMEHHO B 3TOM CMBICJIE.

B [5, 6] noka3aHa crpaBeJIMBOCTh PACCMOTPEHHUS TII00aTFHOTO BEKTOPA
IPUOPUTETOB AIbTEPHATUB (BEKTOpPA MPHOPUTETOB) MOCIEAHETO YPOBHS Kak
(GyHKUMM TPUHAJJICKHOCTH TJIOOAIBHOW LIENM PEIICHMs 3aJadyd, KOTopas, B
CBOIO OYEpE/b, MOKET PACCMATPUBATHCA KaK (PYHKIUS MOJIE3HOCTH MPHU pelle-
HUU MHOTOKPUTEPHAIIbHBIX 33/1a4 B HEYETKOW MOCTAHOBKE. JTO YTBEPKACHUE
no3BoJsieT npuMeHsaTh MAU 11s perienus: Takux MHOTOKPUTEPUANIbHBIX 3a]1a4,
KaK OLIEHKa HEYETKHX MOJEJIEH CIOXKHBIX CHUCTEM, Ilie Tpedyercs (opmanuza-
[Us] KAYECTBEHHBIX 3HAUYECHUHN (PU3MUYECKUX BEJIMYMH HA KOJUYECTBEHHBIX LIKa-
Jax.

Takum ob6pazoMm, MAU moxeT 3GeKTUBHO UCIIOIB30BATHCS HE TOJIBKO
JUIs TIPUHATHUS pelleHud B HedopManu3oBaHHBIX cdepax M perieHus 3aaad
paHXUPOBaHMSI KOHEYHOT'O MHOYKECTBA CJIOKHBIX OOBEKTOB, MPEJICTABICHHBIX B
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BU/JIC HEPAPXUUCCKOU CTPYKTYPBI, HO M IS IPUHATHS PEIICHUN B TEXHUYECCKUX
3aauax, rjae tpedyercs (opManuzaius BCEX HEUETKUX MOHSATHUU C MOMOIIBIO
HEYCTKUX MHOXECTB. DTO OTKPHIBAET JOIMOJTHUTEIbHBIE BO3MOKHOCTH JIJIsI BHE-
JPEHUsT HOBBIX WH(OPMAIMOHHBIX TEXHOJIOTUW, HAIIPUMEp, JJIS 3aMEHBI JHC-
NIETYEPOB TIPU YIPABICHUU 3JIaHUEM, YJIYUIICHHs] KadecTBa YIMpPaBJICHHS, I10-
3BOJIUT CTPOUTH HHTEJUICKTYAIbHBIE CUCTEMBI, CIOCOOHBIE IPUHUMATE PEIICHUS
U aJIeKBaTHO pearupoBaTh Ha U3MEHEHHS CUTyallud Ha OCHOBE 3HAHWI yeJoBe-
Ka.

3. Heuemkuii 102uueckuii pecyasamop

Pa3paboransl MeTonMKa U MPOrpaMMHOE OOecrieueHre, OCHOBAHHbBIE Ha
NPEIOKEHHOM MOAXO0/A€ pelieHus] HeopMaTH30BaHHBIX 3a7a4 ONTUMHU3ALINH,
JUIsl pa3pabOTKM MOJENM HEYETKOro Jsorudeckoro peryistopa (HJIP) mpu
YIOPABJICHUH CIIO)KHBIMU TEXHUYECKUMU OObeKTaMu. OCHOBHasg 4acTh UHQOp-
Maluy, HeoOXoaumas Uisl TOCTPOCHUSI MOJEIH, SBJIAETCS KAYECTBEHHON WM
HeueTkod. MHpopmanus npeacraBieHa B BUAE MPaBUIl, BBIPAXKCHHBIX HA Kaue-
CTBEHHOM S3BIKE €CTECTBCHHBIX IOHATUM M HA3bIBAEMBIX JUHIBUCTUYECKUMMU
npaBuiiamu yrpasienus (JITTY).

B kxadecTBe MMIUIMKALMK HCIIOIB3YETCs OlEpalvsi MUHUMYMAa, €CJIu Mpa-
BUWIO (OpPMYJIMPYETCS B BUJAE €CIHU-TO, WM OINEepalnus MakCUMyMa, €Clu Hc-
IIOJIB3YETCA NPABUIIO €ClIM-MHaYe. B kadecTBe IpaBwiia BBIBOJA HCIIOIb3YETCs
KOMIIO3ULIMOHHOE IPAaBWIO, IIPU KOTOPOM KOMIIO3ULIMSA PACCUUTHIBACTCSA Kak
MAaKCUMHUHHAs.

Jlyis BeIOOpa 4eTKOTO 3HAa4eHHUs (PYHKIMU yHpaBICHUS MPUMEHSETCS Me-
TOJ, BECOB, II0 KOTOPOMY B Ka4€CTBE €MHCTBEHHOTO 3HAYEHHUS JUIsl YIIPABIICHHUS
BbIOMpAETCs 3HAUCHHE, UMEIOIIEe MAKCUMAIbHYIO (DYHKLIMIO TPUHAJJIEKHOCTH.

Meroauka mo3BOJISIET OLEHUTH 3HAYMMOCTh BXOAHBIX JIII, oTHOCHTEND-
HYy10 BaxXHOCTB JIITY B TexHONMOrM4Yeckom mnpouecce u nocrosepHocts JIITY npu
IIOMOIIM ITOJIy4aeMbIX KAa4eCTBEHHBIX 3HAYCHUN U IIPU OTOM YYUTBHIBATH CTE-
IICHb BJIMSIHUA KaXX0W BXOIHOU IIEPEMEHHON Ha YIIPaBJICHUE.

Ecian nnsg ynpasieHus UCHOIB3YIOTCSA HECKOJBKO BBIXOIHBIX BEJIWYUH,
COCTABIISIFOTCA M OLICHHUBAIOTCS HEPAPXUYECKUE CTPYKTYPHI IO KaXKIAOWU Iepe-
MEHHOM.

[IporpamMmMHOe obecriedeHre peaau3yeT MpenIoKEHHYI0 METOAUKY B Ia-
kere MATLAB wu wMoxer OBITh peaqu3oBaHO Ha JIIOOOM CBOOOJHO
IPOrpaMMHUPYEMOM KOHTPOJUIEPE C TPAHCIATOPOM si3blka CH++.

CrnpoextupoBannsiii HJIP BbripabaThiBaeT ympaBisioliee BO3JCHCTBHE C
Y4ETOM Pa3JIMYHBIX [TAPAMETPOB U JECHUCTBYET AIEKBATHO TEKYIIEH CUTyaLUU.

Mopens nostyyeHus yrnpaBlIeHUs, T. €. MOJEIb PETYJIATOPA, IPEACTABICHA
B BUJIE MEPAPXUYECKOU CTPYKTYpbl (pHUC.2), dIEMEHTaMU KOTOPOW SIBISIOTCS
BIUSIOIIME HAa TPOLECC BXOJHBIE JIMHTBHUCTHYEcKHe nepemeHHbie (JII1), maun-
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T'BUCTHYCCKUC IIpaBuJia YIIPABJICHHUSA, B KOTOPBIX SaﬂCﬁCTBOBaHBI 9THU IICPCMCH-
HBIC, 1 KAUCCTBCHHLIC 3HAYCHUA 3TUX JIMHIBUCTUYCCKUX IICPCMCHHBIX.

Tlonyyenue “onTUManbHOTO”
y4
ynpasnenus ( B eU)

Bxopguas JIIT1 Bxomuas JIIT 2 Bxomgunas JIIT 3
Ae V CeW De Z
JIIIY1 JITY2 JIIY 3 JIITY 4 JILY 5 JIITY 6
Ecmn A4, Ecmu A, Ecmu Cy, Ecmu C,, Ecnu Dy, Ecmn D,
T0 B4 10 B, 10 B4 10 B, 10 B4 10 B,

Ex] A, A’ E:l C, C’:| E)l D, D’:|
Vi Vo [|Vs | [Va IE @ Z Z Z3 Z4

Puc. 2. Mepapxuueckas qekoMno3unus 3agaun npoekrupoBanus HJIP.

Ha nepBoM ypoBHE BBIAEHSETCS OCHOBHASI LIENb PEIICHUS 3aa4u - MOJY-
YEHHE «ONTHUMAJIbHOIO» YIIPaBJIEHUs. TaK Kak yIpaBJI€HUE 3aBUCUT TOJIBKO OT
COOTBETCTBYIOIMX BXOJHBIX IE€PEMEHHBIX, TO HA BTOPOM YPOBHE BBIIAECISIOTCSA
BxoaHble JIII, Bousromupe Ha yka3aHHOE YNPABJICHHUE, & HA TPETbEM YPOBHE BbI-
nemsirorest JIITY nns monydeHus BBIACICHHOTO YNPABJICHHS C MTOMOIIBIO Iepe-
ynciieHHbIX BXOAHBIX JIII. Ha yeTBepTOM ypOBHE BBIIEISAIOTCS Ka4E€CTBEHHBIE
3HaueHus BxonaHbIX JIII. JlocroBepHocts JIIIY yuuThIBaeTcsi Ha OCHOBaHHUH
OIICHKM KA4YeCTBEHHBIX 3HAUYCHUHN TEKYIIUX JaHHBIX HaOmojeHus. Ha marom
YPOBHE BBIACJIEHBI 3JIEMEHTBI, KOTOPBIC SIBIAIOTCS KOJWYECTBCHHBIMU 3HAYe-
HUSIMUA MCIIOJB3yeMbIX BXOJHBIX JIII, TO €cTh yHHBEpCaTbHBIMU MHOXKECTBAMHU
HEYETKUX MHOKecTB TepMOB JIII, 1 onleHuTh uX PyHKIIMU TPUHAITICKHOCTH.

Ha puc. 2 V, W u Z — yHuBepcajlbHble MHOXKECTBa ¢ 0a30BBIMH IE€pe-
MEHHBIMH V, W U Z COOTBETCTBEHHO. KauecTBeHHas1 OLlEHKAa 3HAaYE€HUI BXOJHBIX
nepeMeHHbIX, ucnonb3ytoumxcs B JIIIY, Gopmanuzyercs HedyeTKUMHU MOJIMHO-
wectBamMu A, C 1 D MHOXECTB 3HaUeHUU napameTpoB V, W u Z cOOTBETCTBEH-
HO, a KQaUeCTBEHHAs OIICHKA 3HAUYCHUN YIIPABJISIONIET0 BO3ACUCTBUS U PopMmau-
30BaHa HEUYETKUM IIOJIMHOKECTBOM B, MHOecTBa Bo3aercTteur U. Ha pucynke
MPEJCTABIEHA CUTYyallHsl, KOTJa UMEETCSI TPU BXOJHBIX MEPEMEHHBIX, U1l KaX-
JIOM MepeMeHHOM cyiecTByeT 1o asa JIIIY u, cooTBeTCTBEHHO, IO 1Ba Ka4eCT-
BCHHBIX 3HAUYCHUS; A’, C’, D’ — xauecTBeHHBIC naHHBIe HaOmonenus mis JIIT
1, 2, 3 COOTBETCTBEHHO.

963



Tpyout 11 nayunotl konghepenyuu «Ilpoexmuposatie uHICeHePHbIX U HAYYHBIX npunodicenuti 6 cpeoe MATLABy

BrickasbiBaHue tumna «eciu A, mo B» ecTb OMHapHOE HEUETKOE OTHOIIIE-
Hue B VeU:

Ecnu A, mo B = AeB, xoTOpOE SBASETCSA AEKAPTOBBIM IpOoU3BeIeHHEM A U B.

Jns mpeoOpa3oBaHusl HEYETKUX BBIBOJIOB HA JIMHTBUCTUYECKOM YPOBHE
JUISl BBIYKMCIIEHUM UCIIOIb3YETCSl METOJl, OCHOBAHHBIM HA KOMIIO3UIIMOHHOM TIpa-
BUWJIC BBIBOJIA, KOTOPOE HMHTEPHPETUPYETCS KaK MPOIECC PELICHUS] CUCTEMBI
YPaBHEHHI HA3HAYEHUS B OTHOUIEHUAX, B KOTOPBIX HEYETKUM OTPAaHUYEHHUEM
Ha3HA4aroTCs JINHTBUCTUYECKUE 3HAUCHHS.

Eciu V' u U— nBa yHUBepcalbHBIX MHOXECTBA ¢ 0a30BBIMH IEpPEMEH-
HBIMH V U U COOTBETCTBEHHO, R(V), R(v,u) u R(u) 0003HaYal0T OrpaHUYCHUS HA
v, (V,u) ¥ 4 COOTBETCTBEHHO M IPEJCTABISIOT COO0N HEYETKHE OTHOIICHUS B V,
VeUn U, a A u I — HedeTKkHe MMOAMHOKECTBAa MHOKECTB V 1 V' eU, To KOMIIO-
3UIIMOHHOE MPABUJIO BHIBO/A YTBEPKIAET, YTO PEILICHUE YPABHEHUN Ha3HAYCHUS
R(v)=A, R(v,u)=F umeet Bun R(u)=A °F,rtne A °F — xomno3unusi A u F.

Ilycth A’, A 1 B — HedeTkue noaMHoOkecTBa MHOXKeCTB V, U u U cooT-
BETCTBEHHO.

OcHOBHbIE Omnepaluu, KOTOPbIe UCTIOIB3YIOTCS TPU MOJYYEHUN HEYETKO-
ro BBIBOJIA, MPU MOMOIIM KOMIO3UIIMOHHOTO MPaBHWJIa BHIBOJA OIMHCHIBAIOTCS
CIeIYIOMUM 00pa3oM.

OObeagMHEHUEM HEYETKUX MHOXECTB A M B B J Ha3bIBaeTCs HEUETKOE
MHOXeCTBO 4 + B ¢ (hyHKIMEN NpUHAIEKHOCTH BUIA

s (V) = max {4 (v), g (V). v €V.

JlekapToBO mpousBeleHUE Ae......84, HEUYETKUX MHOXKECTB A; B Vi,
i=1,....,n onpeaenseTcss KaKk HEYETKOE MHOXKECTBO 4 B JEKapTOBOM IMPOU3BEC-
HUu V = Vje..... oV, c byHKIIMEH IPUHAICKHOCTH BUJIA

LWAWV) =min {14 (Vi)seooy oan V)L v=(vy,.,v) € V.

JononiHeHWeM (OTpUIIAHUEM) HEYETKOr0 MHOXKeCTBa A B V Ha3bIBaeTCs

HEUETKOE MHOXKECTBO 4 ¢ (DyHKIMEH IpUHAIICKHOCTH BUIA
Uiy =1-—u, ), vevr.

MakcumuHaHOE TnipousBefieHue A B B ciydyae KOHEYHOTO MHOXKECTBA V

PaBHO MAKCHMHUHHOMY IIPOU3BEICHUIO MATPHULl OTHOWIEHNH A U B, TO eCTh

Hoap(v,u)= max fyin{ﬂA(V), ).

Heuerkuit BBIBO/J ABJIICTCA IPUMCHCHUCM MaKCUMHWHHON KOMITO3UIIMU B
Ka4CCTBC KOMITIO3MIIMOHHOTO IIpABHUJIda HCUCTKOI'O BBIBOAA W OIICpAIlUH B3SATHUA
MHUHUMYMa B Ka4YCCTBC HEUYETKOM UMIIITMKalTH (CCJ'II/I HCIIOJIB3YCTC TIPABUIIO
THUIIA «CCJIH, TO»).

pp (1) = max min{y o (V) min [p 4 (V), s (W]}, (2)

ver

rie B’'— HeEYeTKoe BO3JCHCTBHUE, a A — 3a/JJaHHOE 3HAYCHHE TEKYIIUX JTaHHBIX
HAOJIIOICHUIA.
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B nporecce nedazudukannn Ha ocHOBE GYHKIIMU MPUHAJIC)KHOCTH L -
() nns B w3BieKarOTCA I KaKJI0M TOYkH B U TOYHBIC 3HAYCHUS U VIS BBI-
MIOJTHEHUS OTlepalliy yrpapieHus. B kauectBe Merona aeda3zudukanuy UCIob-
3yEeTCsl METOJT BECOB, OCHOBAHHBIN Ha MEPEMEHHON U, 3a]IA0IIECH MaKCUMAJIbHOE
3HaYeHUE (DYHKIIUU MMPHUHATICKHOCTH.

OOBIYHO TIPW peaTM3alii HEUYETKOTO PETyJsITopa HCIOJIb3YyeTCs He-
CKOJIBKO TIPABWJI, CTPYKTYpa KOTOPBIX MOXKET ObITh paznudHou. [Ipu BeimomHe-
HUU Olepaludid METOJOM KOMIIO3UIIMM MAaKCUMyM-MUHHUMYM C BBIYUCJICHUEM
MaKCUMAaJIbHOTO 3HAYeHUSI PYHKIMH MPUHAIJICKHOCTH JUIS ¢ PE3YJIbTAT BHIBOAA
M0 KaXJI0OMY MpaBuiy noyiydaercs o dopmysie (2). 3a OKOHYATENIbHBIA Pe3yiib-
TaT BHIBOJIOB MPUHUMAETCS CyMMa HEYETKUX MHOXKECTB — PE3yJIbTaTOB BHIBOJIA
M0 KakJ0MY MNpaBuiIy (omeparusi CyMMbI WM B3ATHS Makcumyma). MHaue ro-
BOpsI, ITpaBUiia 00padaThIBAIOTCS MapaljIeIbHO.

[IporpammHoe obecrniedeHue, peannsyoliee NpejoKeHHYI0 METOIUKY B
nakere MATLAB (puc. 3), uMeeT clieayromne XapakTepucTuku. Makcumaib-
HO€ KOJIMYECTBO YMNPaBJAIOLIUX BO3JEHCTBUMA, TO €CTh OILICHUBAEMBIX Hepap-
xuii — 4. MakcuManbHOE KOJMYECTBO BXOJHBIX MEepeMeHHbIX — 12. Makcu-
MaiibHOe kosmmuectBo JIIIY mna oxnon Bxonuoit JIII — 8. To ecth Makcumaib-
Hoe xonmuectBo JIITY — 384.

[+ MENU =] e

File Edit Window Help

nlr

Hoeaa zanaua

’T Figure No. 1 !EB

| File Edit Window Help

MpoaomxeHne

v ﬂ
BeeaeHKWe HEUE Tk 2HadeHKA TN

File Edit %
Dli“-l ME MNpocMoTp peaynbTaToE 08
BeegHTe K

HHFBHC THYECKHX MepeMeHHbIX 06
KOMHYECTBO MHHMBUCTHYECKHX MepeHeHHbIX
MepebiMKM BEOAWTE BbIXOgHLIe “ynpaenawuve” 04
HoMep nepeMeHHoR '

1

0z
BeegMTe KONMYeCTEO 3SHAYeHWH YkasaHHOW
NMHUHFBMC THHECKOH MNepeMeHHOoH 0 . .

KONUYeCTBO 3HaYeHWH h=3 1] 2 4 G g 10
BBOAMTE KOMNHYECTEO YMCMOBbIX ZIHAYEHHH, =
bygHUTe KOMNMYeCTEBEHHO OUEHWBaTb KAYeCTEEHHbIe 3HAYEeHWa _
4| | v| 4

1§ Nycx | FAMATLAB Comman.. || Bl Figure No. 1 |+ [ | B rainishoprro | |BKE 1209

Puc. 3. IIpoextupoBanue HJIP.

CHavana moJib30BaTeNlb OLICHUBAET (DYHKIIMU MPUHAIIECHKHOCTH BCEX Ka-
YECTBECHHBIX 3HAUYEHUW, IIONAPHO CPaBHUBAS KOJIWYECTBEHHBIC JJIEMEHTHI I10
CTENIEHU UX COOTBETCTBUS KAYECTBEHHOMY MOHSTHIO MO JEBITHOAIILHON Bep-
OanmpHOM mIKane. Pe3ynabTaThl BBIIAIOTCS B YUCICHHOM WM TpaduuecKoM BHJE.
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PaccuuThiBaeTCcsi OTHOILIEHUE COIVIACOBAHHOCTH JUISl Ka)KIOM OLIEHMBAEMOM
(GyHKUMU TPUHAIIIEKHOCTH.
3atem oueHuBarotcs npuopuretsl JI, JIITY u nocrosepuocts JIITY.
OneHka IpoOU3BOAUTCS TAKXKe KaK B IPOrPaMMHOM O0€CTIeUEHUHU IS pe-
HIEHUS] MHOTOKPUTEPHUAIbHBIX 33J]a4 B CIIy4ae pacCMOTPEHUS! 5-TH YPOBHEBOIA
HEMOJIHON UepapXuu.

4. Pe3ynibmamol ucciedo8anuii

HccnenoBanbl METOABI, AJITCOPUTMBI U IIPOTPAMMHBIE CPEACTBA MPOEKTH-
pPOBaHUS UHTEIUVICKTYaJbHBIX PEryJISITOPOB HAa OCHOBE HEYETKOW KOMOWMHHUPO-
BAHHOW CTPATETHH YIIPABICHHS U COOTBETCTBYIOIIEH €U MOAX0Ja K T€HEPUpO-
BaHHIO HeueTkux npasBwil. KomOunaums ITM w I1J] anropuTMoB 3HAYUTENBHO
CHMKAET KOJMYECTBO YHPABIIAIOMIMX MPAaBUI 0€3 yXyIUIEHUSI KauecTBa peryJsiu-
poBanus. Ctparerus Heuetkoro [IM]/[ ynpaBinenus peanuzoBaHa B aBTOMaTHye-
CKOM CHUCTEeMEe CHUYKEHUS TOKCHYHOCTH aBTOMOOUIIEN ¢ JU3EIsIMU Ha OCHOBE pe-
IeHEPUPYEMBIX CaXEeBBIX (GUIBTPOB [7].

HccnenoBanbl BONPOCH OpraHu3anun o0padoTku MHGOpMAIMKM U yIIpaB-
JIEHVS Ha OCHOBE TEXHOJOTMHM CHUCTEM, OCHOBAHHBIX HA 3HAHUAX, HA3bIBAEMOM
C-texnonorueii [8]. IlpenioxkeHHas apXUTEKTypa CUCTEMbI MH(POPMAIMOHHOM
HOJJICPKKU MPUHATHUS pelleHni obecrieunBaeT (QyHKIMOHUPOBAHUE MOJICUCTEM
ynpaBiieHusi 6a30i 3HaHUW M BBIBOJIA 3HAHUHM KakK equHOro nenoro. OHa mo3Bo-
JSIeT aJanTHpOBaTh ObICTPO CUCTEMY K pa3jIMYHOMY IPOrpaMMHOMY oOecrede-
HUIO 32 CYeT MOAM(DHUKAIIMHU MOJIH30BATEIBCKOTO HHTEpdeiica MOACUCTEMBI BbI-
BoJia 3HaHu. [loacucrema ympaBiaeHus 0a30i 3HaHUN SBIISIETCSI HEU3MEHHOM B
3TOM ciyuae. Pa3nenpHas apXuTeKTypa MO3BOJSET UCMOIB30BaTh U MOIUDHUIIU-
pOBaTh COCTABIISIOIIME MOACUCTEMBI HE3ABUCUMO. MeEXaHn3M IpoLeayp Mo3BO-
JSI€T MPOBOJAUTh OOMEH JaHHBIMU C BHELIHUMHU YCTPOWMCTBAMHU U pPaCIIUPSIET
(yHKUIHOHATBHBIE BO3MOKHOCTH CUCTEMBI.

Pesynbrarhl HcciieqoBaHUN HUCHOJIB3YIOTCS B y4eOHOM Tpoliecce MpH
IPOBEICHUH JTA0OPATOPHBIX PA0OT, BHIMOTHEHUH KYPCOBBIX U AUIIOMHBIX MPO-
€KTOB, NMMPOBEJICHUH ONBITHO-KOHCTPYKTOPCKUX padoT [9, 10].

5. 3aknwuenue

Mps1 006CcyarIN HECKOJIBKO PE3yJbTAaTOB ISl HEYETKUX CHUCTEM MOHHUTO-
punHra u ympasienus. OOmas mpobiemMa ONTUMHU3ALMK OHUMAETCS Kak IMpo-
OJemMa ¢ HeYeTKUMH BBIPAXKEHHBIMHU KPUTEPHUSIMH U aJbTepHATUBAMHU.

Pa3paboTka METO0I0TUN MPOSKTUPOBAHUS CHCTEM YIIPABICHUS «HHTEII-
JEKTYadbHBIX» 3JaHUA MO3BOJUT CO3/1aTh MHTEJUICKTyalIbHBIE CPENCTBA 0Oec-
NICUYCHUS KUZHEACITEIFHOCTU 3/1aHus, Oa3upyrONIMecs Ha TEXHOJOTHH HCIOIb-
30BaHMsI 3HAHUM, YTO OyJeT crnocoOCTBOBaTh OoJiee 3PPEKTUBHOMY PEIIECHUIO
3a1a4 1o pedopmupoBanuio XKKX.
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B TpagulMOHHBIX MOAXOJAX HCCIENOBaHUS CYIIECTBYET TEHJICHIIUS OT-
BEepraTh TaKWe TEPMHUHBI, KaK HESICHOCTh, HETOYHOCTb, HEONPEIEIECHHOCTh WIH
HEUYETKOCTh. OJJTHAKO B pEAIbHOM OKPY>KalOIEM MUPE MPUXOAUTCS CTAIKUBATH-
Csi CO CIydastMU HEOIPEIEICHHOCTU: YUYET HESICHOCTH, HETOUYHOCTh JIAHHBIX O
COOBITUSIX, XaPaKTEPUCTUKAX WJTU OI[EHKAaX.

Ota mpobieMa mpuBeia K MOSBJICHUIO TEOPUM HEYETKUX MHOXKECTB. B
1965 1. ee chopmynuposan JI. 3age. Ita Teopus ana BO3MOKHOCTh PEIICHUS
3a/1a4, CBS3AHHBIX C CYOBEKTHUBHOCTBHIO OIIEHKH (DAKTOB HESICHOCTH U HEYETKO-
ctu. CylIeCTBEHHBIM MPEUMYIIECTBOM HCIMOJIb30BaHUS HEYETKOW JIOTUKU SIBJISI-
€TCsl TO, YTO TPU ONMHCAHMM CHUCTEM YMPaBJICHUS HE 00s3aTENIbHO JieNlaTh MX
AHAJIMTUYECKUI aHaIu3, 10CTaTOYHO OMNHUCATh, KaK YNPaBJsSETCs MPOIIECC, B TO
BpeMsl KakK ITPH KJIACCHYECKOM IT0JIX0JIe¢ HEOOXO0IUMO aHAJTUTHUYECKOE ONMCAHHE
MOJIECTIA U CUCTEM YIIPABJICHUS.

OTMeTuM JBa BHJA HETOYHOCTH: HEUETKOCTh BOCHPHUATHS (T. €. HEsC-
HOCTbh, CBSI3aHHASI C HETOYHOCTHIO OIICHKH (haKTa) M HEYETKOCTh 3HAYCHUS (T. €.
HACKOJIPKO, B KaKOW Mepe TOT WJIM WHOHM (DaKT BaXE€H U €r0 BIUSHUE CYIIECT-
BeHHO). CTOUT YTOYHUTH, UTO HEUETKAs JIOTUKA 0a3UpyeTcsl Ha MOHSITUU HEYET-
KUX MHOXECTB. PaccMOTpUM yHHBEpCaIbHOE MHOKECTBO U, OHO MOXET mpea-
CTaBJIATh COOOM MHOXECTBO OOBEKTOB, MAaTEMATUUYECKUX KOHCTPYKIUM, 3HAUE-
Hui. Eciau B3STh MHOXKECTBO A, SIBJIsIONICECS NOAMHOXKECTBOM U, ¢ 2JIEMEHTa-
MU Uy, Uy, ... U,

A={u, uy, ... u, }
TOT/Ia HEYETKUM MHOXKECTBOM OYJIET Ha3bIBAThCS MHOXKECTBO YIOPSIIOUYEHHBIX
nap BUja:
A={usy p, ()} u;eU, i=1...n,
rae u,(u,) — QyHKIUsS TpuHAAISKHOCTH. DYHKIMS TPUHAJICKHOCTHU SBIISIETCS

dHAJIO'OM MCPBI, OHa IIOKa3bIBACT, HA CKOJIbBKO TOYHO 3JICMCHTBI u,-eU MOT'YT
OBITh OTHECEHBI K MHOKCCTBY U, T. €. CTCIICHDb IMPUHAAJICKHOCTH 3THUX 3JICMCH-
TOB.

Ha: U-[0:1] (VueU, 3 u,(,) € [0:1])
JI1st 0OBIYHOM, HE HEYETKOM JIOTUKH, PYHKIUS TPUHAAJIEKHOCTH MIPUHU-

MacCT TOJIBKO ABAa 3HAYCHMH: «O», CCJIM OJICMCHT OJHO3HAYHO HC IMPHUHAIJICIKHT
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MHOXeCTBY U, 1 «1», eclii IpUHAJIEKUT. 3HAYEHUS 3TON (YHKLIUHA MOKHO WH-
TEePIPETUPOBATH, KaK HEKOTOPBIC JIMHTBUCTUYCCKUE KPUTECPUHU: «BEPHOY», «CO-
BEPIIICHHO BEPHOY», «HE BIIOJHE BEPHO» U T. 1. JIMHTBUCTUYECKUE KPUTEPHUH, KO-
TOpBIE Yallle U UCIONb3YIOTCA B peaIbHOM MHUpE, KaK MPaBUIIO, UMEIOT CyObeK-
TUBHYIO NPUPOJTY, T. €. HEUETKHE.

Takum oOpa3oMm, HedeTKas JIOTMKa cTajga CBOCOOpa3HBIM «MOCTHKOM)
MEXIy €CTECTBEHHBIM (UEJIOBEYECKUM) SI3BIKOM U (hOPMAJIbHBIM SI3BIKOM ITU(D.
Heuerknii moaxoa Bomesn BO MHOTUE pa3feiibl MATEMATUKU U BBIYMCIUTEIBHON
TexHUku. [losiBUIach BO3MOXHOCTH MoOAenaupoBaHuss Ha OBM HeEKOTOpbIX
GyHKIUNA, ¢ KOTOPBIMHU JOCTATOYHO YCIICITHO CIIPABISETCS YEIOBEK B Mpoliecce
MPUHATUS YIPABICHYECKOTO PEIICHUS, TaK KaK TEOpHUs HEUETKUX MHOXKECTB
Croco0Ha OMHUCHIBATH HEKOTOPHIE CTOPOHBI MBINUICHUS. TakoW TOIXOI, IOo-
BUJIUMOMY, SIBJSICTCSI €IMHCTBEHHO I1€JIeCOO0pPa3HBIM TIPH  MOJICTUPOBAHUH
CJIOKHBIX MHOTOKOMIIOHCHTHBIX TIJIOXO OTNPEIEICHHBIX CHCTEM, K KOTOPBIM, Ha-
pUMep, OTHOCHUTCS HAIIMOHAIbHAS YKOHOMHUKA, YEIIOBEUECKAsl IMYHOCTD, SI3BIK.

[TocTpoeHHBIC B TEPMUHAX HEYETKOHN JIOTMKU MOJICTH UCIIOIB3YIOTCS TSI
aHaJM3a C MOMOIIBI0 HEYETKUX alropuTMoB. HedeTkue 3aKOHOMEpPHOCTH TO-
3BOJIAIOT MOJy4YaTh HOBbIE HEUETKHE pe3yJbTaThl U BbIpabaThIBaTh pelieHus. B
OTJIMYUE OT KJIACCMYECKUX METOJOB PEIICHUs 3aJad MPU HEYETKOM IMOAXOE
UIIETCS] OTBET (@ YaIle BCEro - OTBETHI) ONTUMAJIbHBIN B CMBICIIE MUHUMAIBHOM
HETOYHOCTH (WJIM MaKCUMAJIbHON MPUHAIIICKHOCTH ), & HE MUHUMAJIBHOTO (MaK-
CUMAaJIbHOTO) 3HaueHUs HEeKOoToporo (¢yHkmuonana. [Ipu sTom crnemyer obpa-
TUTh BHUMaHUE, YTO PEHICHUS 3a/1ady B HEYETKOW MOCTAHOBKE W B TPAIUIIMOH-
HOI MOTYT U HE COBIIaJIaTh, 00JIee TOTO — MOTYT CYIIECTBEHHO OTIHYATHCS.

[IpuBenem npuMep KIaCCUYECKOW 3aJauu paclpenesieHus pecypcon. Jo-
MyCTHM, HUMEETCS cymMMa & IEHS)KHBIX €IUMHHUII, KOTOPYIO CIEIYET PACcTIPEICTUTh
MEXIy n pupmMaMu, MPUHOCAIIUMH A0X0[ fAx) (i=1...n), Takum oOpa3om, 4To-
Obl TpUOBLTH Z OblIIa MaKCUMalbHA. 3a/1adyy MOXKHO TOYHO PEIINTh, UCTIOIB3YS
MOJIHBIN TIepe0op BapUAHTOB, HO OHA TAK)KE YCIENIHO PEIIaeTcs U METOJaMHU
JTUHAMUYECKOTO mporpaMMmupoBanus. [lycte x; — ympaBieHue Ha k-TOM Iare
(B HalIeM cilyyae — MHBECTULUHU B k-y10 pupmy), & — KOJIMUECTBO CPENICTB
OCTaBIIUXCS TOCJE yIpaBleHus Ha k-ToM 1mare (&=~&. - x;). 3anuiiemM ypaBHe-
HUE TPUObUTH HA K-TOM IIIare yrnpaBJIeHUS:

Z, (&)= OP}agé (i (80D + 2,080 s

rae f,(x,,&, ) — NpUObLIb OT k-0l (pupMbl pu & ; €TUHUL] ACHEKHBIX CPEICTB
U X; MHBECTUIUH; Z, (&) — mpuoObuib oT (k+1)-oit ... n-oit upm npu &, eau-
HUI[ IEHEKHBIX CPEACTB; Z, (&, ) — NPHUObUIBL OT k-0H ... n-oil hupM nipu & eau-
HUI] ICHEKHBIX CPECTB.

[Tycte =200 nenexxHbix equuull (kanutan), n=4, x, — kpaTtHo 40 e.
OyHKIMY NpuObLIH (PUPM NPEICTaBIICHBI B Ta0. 1.
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Ta0muma 1.

X ~f fi F» F; fi
0 0 0 0 0

40 8 6 3 4

80 10 9 4 6
120 11 11 7 8
160 12 13 11 13
200 18 15 18 16

Pemas 3amady MeTOIOM TUHAMHUYECKOTO MPOTPaMMHUPOBAHUS, TOJIydacM
OTBET: MaKCUMaJbHAasl MPUOBUIh Z =24 NEHEKHBIX CAUHUII, pacrpeesss pe-
CYpCHI CIEAYIONUM 00pa3oM, ITOKa3aHHBIM B Ta0II. 2.

Tao0mmma 2.

\fN4fa f2 Ve Ja

X 80 40 40

Teneps paccMOTpUM Ty K€ 3a7ady, B HEUETKOW MOCTaHOBKe. [lomycTum,
uMeeTcsi cymma & IEHEKHBIX EAUHUI], KOTOPYIO CIEIYET paclpeaeiuTh MEXKIY
n GupMamMu, TPUHOCIIIUMU NOXOA f(x)/ u,(f,(x)), Tn€ g,(f;(x)) — TOUYHOCTH
OIICHKHU TPEATOaraeMoi MpUOBLTN IS -0 (GUPMBI OT X €AMHHI] BJIOKCHHBIX
CpPEeACTB, TakKUM oOpa3oM, 4TOoObl MPHUOBLUIL Z OblIa MakCMMalibHa. 3ajady B
JTAHHOM MOCTaHOBKE Takke OyZeM peliaTh METOJAOM JUHAMUYECKOIO Mporpam-
MUPOBaHUS, HEYETKOro JAMHAMHUYECKOro mporpammupoBanus. Ilycte x;—
yIpaBJIeHHE Ha k-TOM Iare (B HalleM CIy4dae — WHBECTHUIIMH B k-yI0 GupMy),
& — KOJIMYECTBO CPEJCTB OCTABIIMXCS TOCIE YMpaBlieHUs HAa kK — TOM Imare
(&=&~xr). B xadecTBe KpuTepus ONTUMAIBLHOCTH BBIOEpPEM IMOKa3aTeslb Hau-
0O0JIbIIeH TOYHOCTH OTBETA, KOTOPHIN UMEET BUJ CXEMbI «Max-miny:

Mo (Si) = max {u,(f, (%, 5)) A Hin (S}

0<x;, <84
rae u,(f,(x,,&¢, ))— TOYHOCTb MPUOBUTH OT k-oii upMbl Tipu & ; €TUHUIL Jie-
HEKHBIX CPEICTB M X; MHBECTHLMHU; 4., (&,) — TOYHOCTb IPUOBLIH OT (k+1)-01

... -0l (DUPM IPH & €MMHMIL IEHEKHBIX CPENCTB; 4, (&, ) — TOYHOCTH MPHObI-

JIU OT k-0 ... n-oit pupM 1nipu & eAUHULL IEHEKHBIX CPEJICTB.
[Tycts £&=200 nenexubix equHul (kanutan), n=4, x, — kpatHo 40 e.
Oynkunu npulbU GUPM MpeACTaBICHBI B Ta0I. 3:

Tao0muua 3.

X~ fi /o F; fi

0 0/1 0/1 0/1 0/1
40 8/0.9 6/0.8 3/0.95 4/0.7
80 10/0.8 9/0.9 4/0.8 6/0.95
120 11/0.95 11/0.8 7/0.9 8/0.8
160 12/0.7 13/0.95 11/0.8 13/0.9
200 18/0.8 15/0.7 18/0.95 16/0.8
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Pemas 3agauy METO/IOM HEUYETKOTO JUHAMUYECKOIO MPOrpaMMHUPOBAHMS,
IIOJIy4aeM TpU OTBETA C OAMHAKOBOU TOYHOCTHIO 0.95, pacnpenensis pecypcesl
CJIEYIOIIUM 00pa3oM, PEACTAaBIEHHBIM B Ta0JI. 4:

Tabmnura 4.
I~ fi f f fi
18 0 0 200 0
17 0 160 40 0
17 120 0 0 80

Kak BHJIHO, OTBETHI B IIOCTABJICHHBIX 3aJladax Jajeko He noxoxu. [Ipu-
BEJICHHBIN MPUMEP XOPOILIO WLTIOCTPUPYET MPEUMYIIECTBA HEYETKOTO MOAX0AA:
MBI MTOJTYYWJIN HE OJWH OTBET, @ HECKOJIbKO. TO €CTh, €CIM MOJEIUPYETCS CUC-
TeMa MNOJAECPKKU MPUHATUS PELIEHUs, TO y JIMUA, NPUHUMAIOIIETO PEIICHHUS
€CTh BbIOOD, TaK KaK CYUIECTBYET HECKOJIBKO aJlbTepHAaTUB. boree Toro, MoxHO
NOJIYYHUTh ele OOoNbIlle OTBETOB, HO C rOpa3/lo MEHbIIe TouHOCThIO0. Harpu-
Mep, OTBET, NOJYYEHHbIN B KIIACCHYECKOM PEIICHUH, UMEET TOYHOCTh, PABHYIO

Hp=0.97A0.970.9510.7=0.7.

Pemenne npuBeIeHHBIX BBINIE MOJIEIBHBIX 3a7a4 OCYILIECTBISIIOCh BPYU-
HYI0, YTO HE COCTAaBHJIO 0COOOTO TPY/ia, TaK KaK 3aJayi HeOOJIbIIUE M0 pa3Mep-
HOCTH M MPOCTHIE KAK IO MOCTAHOBKE, TaK U MO AIrOpuTMy pemieHus. K coxa-
JIEHHWIO, TAKUE HETPYAOEMKHUE 3aJauu MonagaroTcs KparHe peako. [Ipuxomurcs
NpUBJIEKATh IS pelleHusi O6ojee ClIoXKHbIX 3a7au OBM u cooTBeTcTByMOIIEE
nporpaMMmHoe oOecrieueHue, Takoe kak MATLAB. JlaHHbI TakeT SBHICS
OYEHb yNOOHBIM I PEIICHUs 3a/lad B HEUETKOM MOCTAaHOBKE, TaK KaK MMEET
BCTPOCHHBIC (DYHKIMH JIJIs1 paOOThI C HEYETKUMU MHOXKECTBAMHU.

971



Tpyout 11 nayunotl konghepenyuu «Ilpoexmuposatie uHICeHePHbIX U HAYYHBIX npunodicenuti 6 cpeoe MATLABy

YK 531.36

PEHIEHUE 3AJAYY HOCTPOEHHUS UMITYJIBCHOT'O
IHPOI'PAMMHOI'O YITPABJIEHUA JI1d HEJIMHEMHOMN
YIIPABJISEMOMN CUCTEMBI

Keumxo A. H.

Canxm-Ilemepoypeckuii cocyoapcmeennviti ynusepcumem, Canxkm-Ilemepoype,
e-mail: Alexander.Kvitko@pobox.spbu.ru

[IpensiokeH anropuT™M MOCTPOSHUS UMITYJILCHOW YMPaBIAIONICH (PyHK-
LIMH, IPU KOTOPOU PELICHUE HEIMHEUHOW yIPABIAEMON CUCTEMBI IEPEXOAUT U3
Ha4YaJIbHOTO COCTOSHUS B IIPOM3BOJIBHYIO OKPECTHOCTH 3aJlaHHOTO KOHEYHOIO
cocrosiHus. [lpennoxen kpurepuili BbIOOpa KOHEYHBIX COCTOSIHHM W IIara Juc-
KPETHOCTH, TapaHTUPYIOLUIMN CYIIECTBOBAHUE PELICHUS NMOCTABICHHOW 3aJa4u
C YYETOM OTpaHUYEHUI Ha yIpaBieHHe U (pa30Bble KOOPAUHATHI.

1. Beeoenue
OOBEKTOM HCCIIEN0OBAHUA ABIAETCI CUCTEMA

x=f(x,u,t,), (1.1)
rue
x=(x',..,x")* xeR"
u=@',..,u")* ueR r<n,tel0,1];
feC(R"<xR xRLRY), f=(f,.,.f")* (1.2)
x| < €, |u]| < C,. (1.3)
Paccmotpum pasduenue untepsana [0,1] toukamu 0=17,<t, <...<¢,  =1.
Oynxuuro u(t)=u, Vvt €lt, t,,,),k=0,1,..,m—1, rae u, npuHagIEKUT 00IACTH

(1.3), Oyznem Ha3bIBaTh UMITYJIBCHOW yIPaBIISIONIEH QyHKIMEH.
[lycTh 3a1aHbl COCTOSTHHS

x(0)=0,u(0) =0, x(1) = x;; x, = (x/,....x,)*; |x [ < C.. (1.4)
3agaua. Haiitu ummnynbcHOe ynpasieHue u(t), 3aaHHOEe Ha HEKOTOPOM

pazouenun untepBana [0,1] u ymoBmerBopstomee ycnoBuio (1.4) Tak, yToObI
11t pereHust cuctemsl (1.1) x(¢) ObLIH BBITIOTHEHBI YCIIOBUS

x(0)=0, |x(t)-x|<&: felt, 11 ' -1 <e, (1.5)

1 v
B (1.5) ¢t —3apaHee Heu3BeCTHBII MOMEHT BpeMmeHH; & >0,& >0 —
POU3BOJIbHBIE (PUKCUPOBAHHbIE YHCIIA.
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2. Pewenue 3a0auu

r, _ 1 r
Beibepem u, € R u, = (u,,...,u,

H < C,. Hcnons3ys csoiictBa (1.2),
cucremy (1.1) MoxHO 3anucaTh B BUJIE

x :angf (x,u, D(x = x)+

Jj=1

. (2.1)
2f (xu, D’ —u) + R (x,u,t) + Ry (x,u,t),i =1,...,n
j=1
=—ZZ L)
jlkl
_ 82 P N k k
——ZZ D ) )+
j 1 k=1
—ZZ ka ; )?:ﬁf( — X)W —ul)+
k 1 j= 1
1S off -,
— —(x,u,t r—1)+ 2.2
3 Xy D == (22)
62 i )
Z ()Eﬁt)(t—l)(u —ul)+
Lo°f :  Of -
— x,u, )t -1 +—(x,u, DD+ f'(x,u,l
> 25t )t —-1) at(ll)( )+ S Cxuu,1)
X=x 40 (x—x),d=u+6 (u—u), i =1+6,(t-1); (2.3)
6 e(O,l),izl,...,n, (7 "7
byneM uckaTh penmieHue nmocTaBJICHHON 3aja4d B BUJE
X' =d@)+x,i=1,.,n, (2.4)
w @) =b')+ul,j=1,..,r. (2.5)

[Tocne moacTaHOBKU cooTHomeHu# (2.4), (2.5) B cucremy (2.2) MOJIy4YUM CHC-
TEMY, KOTOPYIO 3aITUIIIeM B BEKTOPHOM BHUJIE
a=Pa+Q0b+R(a,b,t)+R,(a,b,t), (2.6)

0 pi_ Of .
P:{Pj}7P/ :a(xl,ul,l),l,jzl, n

i i a : . .
Q: {qj}ﬂqj :é(‘xl’ubl)’l :1,,7’1,_] :17'">r;

R =(R,..R)* R,=(R,..R)* a=(d,...,a")*, b=(b".,b")*.
VYenosusa(1.3), (1.4), (2.4), natot
| |<C. b)) +ul|<C,, te[0,D); (2.7)
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a(0)=—-x,, b(0)=—u,. (2.8)
Cnenaem npeoOpa3oBaHue EPEMEHHOM ¢ 110 hopmMyIie
l-t=e""; 7€[0,+), (2.9)

rae « >0, noanexut onpeaeneHuto. Toraa cuctema (2.6) u ycnosue(2.7), (2.8)
PUMYT BH/]I

% =ae “"Pc+ae “Qd+aR/(c,d,r)e ™ +aR,(c,d,r)e ", (2.10)
r
c(r)=a(K(7)), d(r)=>b(t(r)), 7 €[0,+0); (2.11)
c(0)=—x, d(0)=-u, (2.12)
le(@)+x|<C, |d@) +u|<C, (2.13)
Beenem HOByro ympapistoniyro (GyHKIUO 0(7), CBsI3aHHYH ¢ d(7)
ypaBHEHUEM
@) _ e v, v=@ )R (2.14)
dr
Paccmotpum cuctemy
;jﬁ =qe Pc+ae “Qv+aR,(c,r)e ™ +aR,(c,r)e ™, (2.15)
T
- (P, — @) .
P= o , 0=| 7|, ¢=(cd)
01 02 n+rxn+r E”X”
rae O,,i=1,2,3 — MaTpuupl ¢ HYJIEBBIMU IEMEHTAMU COOTBETCTBEHHO pa3-

MepHOcTed [rxn][rxrl[nxr],E
[rxr], R =(R,0,..,0), ;R =(R,,0,..0)

Cucrema (2.15) nonydena B pe3ysibTaTe NPUCOCAUHEHUS CUCTEMBI (2.14)
K cucteme (2.10). Orpannuenus (2.13) OyayT BBIIOJIHEHBI IPU

— CIHWHHYHaA MaTpuia pasMCpHOCTH

* *

n+rxl12 n+rxl°

[e —2(0)| < C;, C; =min(C,,C,) (2.16)
Hapsny c (2.15) paccMoTpuMm cuctemy
de = e Pc +ae * Qu. (2.17)
dr

bynem uckath HenpepbiBHYIO (PyHKIMIO V(7) Tak, 4ToObl 00€CHEUYUTh
DKCIOHECHIUAIBHYIO YCTOWYUBOCTh cucreme (2.17). Ilycts g,,i=1,...,r — i-b1il

cronber; Marpunsl O . TTocTporM MaTpHILy

T = Dk-1— — Dk —1—

S=1{q,,---P" q....q,,... P q}. (2.18)
3nece  k,i=1,..,r — MakCUMaJbHOE€  KOJMYECTBO  CTOJOLIOB  BUJA
@,P@,...,Pk" _1c71. Jg=1,..r TaKux, 4YTO BEKTOPBI

(Z,ﬁ(],...,ﬁkl_lq_l ,...,q_,,...,Pk’_lﬁr JIMHCHHO HE3aBUCHMBI.
Ecnu panr matpunst (2.18) paBeH n + r, To npeodpa3oBaHue
c=8y (2.19)
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npUBOAUT cucteMy (2.17) x Buny

Z_y:a§-1ﬁ§e—my+a§—lge-wu. (2.20)
T

S
Cornacho [3] matpuuel S~ PS u S~ Q uMeroT BUJ
-0 _ — - = — - = - %
ST0S —{ez,...,ek],gkl,...,ekr_|+2,...,ekr,gkr}, e =(0,..,1,.,0)* .,
IJle SIMHULIA CTOUT Ha i -M MECTe,
- 0 k-1 0 k-1 o
g = (=& s—8k geres—&p rer &k ,0,...,0) 3

k=l k=l
Phg == glP'gq —..— ) gl P'g,i=1,..r (2.21)
j=0 Jj=0

B (221) g{,j=0,...k—1,.,g],j=0,..k —1 sensorca xodpduumeH-
TaMU pasloxkeHus BekTopa Pg 1o BexkTopam
Plq;j=0,.,k-1,..,Pg;j=0,.,k -1

r—1
57'0={@,..8 1o, V=D K
i=1

PaccmoTpum 3amady crabuin3anyy CUCTEMbI BUA
k.
dykl —k; k; -ar k; -t i, .
L={e,,....e tae "y, +e'ae VU i=1,..,r, (2.22)
d,z. i i
1 kN =k *
Vi, = (ykl. sees Vi, )kl.xlﬂei =(0,...,1,...,0); 5
Ir7ie €UHUIA CTOUT Ha I -M MECTe,
= 0 k=IN* L ] Fy\E
&, :(_gk,.a---agk,. )k,xl»U—(U yeees V1)
Cucrema (2.21) B ckansipHoi (popMe 3anuIIeTCs TaK:

1
dyki - —a Oe—ar +ae—arui,
k.
dr ’
a’y2
ki —ar _ 1 1 _-ar_ K
It =ae Y, —age Vi
....................................................... (2.23)
ki
Vi ar k-2 k-2 —ar_ k
. =ae 'y, ag, ey,
dyk"
ki -ar _ k; k-1 _—ar _k;
I =ae ) —ag, e Y.

k. k.
ITycts y,’ =a"¢. Ucnonep3ys nocineaHee ypaBHEHHE cHUCTeMBI (2.23) u

WHIYKTUBHBIN niepexo, 0yJ1eM UMEeTh
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ko _ kK
Vi, =@

k-1 _ _k-1_-ar (1) k-1 _k;

o o=al e +gl ale

yll::»—Z :ak -2 2ar+(ak 162a7+ak leargk )l//(l)+gll: 2ak l//, (224)
1 (k-Dar, (k-1) (k=2) ) ki 1

y, =ae A L@y T+ n(Dy T ot gy

Ecnmu npoauddepenunpoBate nocneaHee paBeHcTBo (2.23), To U3 nepo-
ro ypaBHEHHS CUCTEeMBI (2.22) mojrydyuM
v e (W T+ gy =Y =1, (2.25)
B (2.24) r_,(7),...,/;(r) SBISIOTCS NUHEHHBIMH KOMOMHALMSIMU 3KCIIO-
HCHT C mokasaremsiMu He Oombiue (k, —Daz. B (2.25) ¢ ,(7),...,&(7) — nu-
HEWHbIC KOMOMHAIIMY SKCIIOHEHT ¢ MOKa3aTesiMu He Oonbine Hys. [Iycth
o' =e ", i=1,.r. (2.26)

[Honoxum
k;

Z(gk L@ =y W5 i=1 (2.27)

Jj=1
rae v, ;;j =1,...,k; BBIOpaHBI TaK, 4TOOBI KOPHU YPABHCHHUSI

Al 4 vki_lﬂ.k"_l +.+v,=0; i=1,...,7,
/1,; yeees /I,i:" YIOBJICTBOPSUTH CUCTEME
AEA, i ], A <—Qk +1Da-1, (2.28)
| | jzl,...,kl.,l i=1..,r.
Ucnonb3ys (2.19), (2.23), (2.26), (2.27), noayuum

v' =S TS ey i=1,.,r, (2.29)
rne 0, =(¢, ,(r)—Vv, |5...&(T)—V,),I, — MaTpuua paseHcTBa (2.24), T. e.
v, =T.w; w=w"",. . ,w)';S,' — marpuia, cocrosuias U3 COOTBETCTBYIO-

mux k, -ctpok Matpuisl S, Ecau nmoactaButh (2.29) B HpaBylo 4acTh CHCTEMBI
(2.17), To niist ee pemieHus ¢ (7) ¢ HaYAIbHBIMH JaHHBIMU

¢, =c(0)=(=x,,—u))" (2.30)
UMEET MECTO OIEHKA
le@)||<M,|c|le, 2>1. (2.31)
PaccMoTpuM crcTEMy
d _ _
4 e Pe+ ae *Qd +ae” R (c,d,7)C +ae “R,(c,d,7),
¢ (2.32)
dd(t) _ &
dr ’
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rae v=(v',...,0")" ;0" — onpenenens popmynoii (2.29).
d(r)=d(kh) 7 e[kh,(k+1Dh), k=0,1,... (2.33)
B (2.33) />0 noctostnnas BenuunHa. Cructemy (2.32) MOXKHO 3anucarh B

BUJIE

;ﬁ = A(r)c +ae " Qc(r)+ae g, (c,d,r)+ae “q,(c,d,r). (2.34)
T

3nech (1) = (€(2),d (7)) ;6(z) = c(kh); T € [kh,(k + k), k =0,1,...,
A(r)=ae P +ae Qe 5.T'S,";
ekaré‘k]-;c—lsk—l — (eklaré*kl]-;cl—lS;ll,“.,ek,aré‘k"n:ISlc—rl)*;

0 0
0 = [ 1 ] :
02 03 [n+rxn+r]

0.,i=123 HYJIEBbIE MAaTPULbL COOTBETCTBEHHO pa3smMepHOCTEN
[nxn],[rxn],[rxr]

gl(c,g,r) :EI(C,J,T),

g,(c,d,r)=R,(c,d,7)-Qc
BBenem B paccMOTpeHHE CUCTEMBI

;lf = A(1)¢ +ae Qi (1) +ae “g,(c,d,T), (2.35)
T
;jﬁ = A(r)c +ae ™ Qc (1), (2.36)
T
de _ A(r)e. (2.37)
dr

ITokaxem, uyro cucrema (2.35) Vhe[0,h,], toe h, >0 nocratogno manoe
YHCIIO, IKCIOHEHIMAIBHO ycToHuMBa. M3 3KCMOHEHIMATbHOM YCTOWYMBOCTH
cucrtembl (2.37) [1] cnemyeT CylIeCTBOBAHHE IMOJOKHUTEIBHO OIMPEACICHHOM
¢bynkuuu V(c,7) Takow, 4To

v@lel <ve,r)<v,(@|e]

b

el , (2.38)
dr (2.37)
Jeraat, | <@l
3nech v,(a) >0, U3BECTHBIE KOHCTAHTBL.
C npyroit CTOpOHBHI,
dV - —OoT *
= <l - ae (gradV, ) .Qz(r)) (2.39)
dT |(236)
e
z(r)=c(r)-c(rh)=c(r)—¢c,; z(kh)=0; (2.40)
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c(kh)=c,. (2.41)
[lycte ®(7),D(0)=FE — dynnamenTanbHas matpuiia cuctemsl (2.37).
Ha ocnoBanuu (2.28), (2.31)
|o(0)| < Ke™ ™, |@(2)| < Kie™” (2.42)
Pemenue (2.36) ¢ HauanpHbIMU AaHHBIME (2.41), mpuHAIIEKAIIUMHA 00-
nactu (2.16) umeet BUJI

c(r) =0(r)D ' (kh)c, + aj. O(7)D ' (t)e “Qdtc,, ©e[kh,(k+1)h). (2.43)
Orcrona
c(r)-c, =(D(r)® ' (kh)—E + aj O(r)D'(1)Qdt)c,, telkh,(k+1)h). (2.44)

Hcnonw3ys Teopemy o cpeaneM, 3anuiiem (2.44) B hopme

c(r)—c, =(DO)D  (kh)h + aj O(r)D (e “Qd1)e, (2.45)

t elkh,(k+1)h),0 €[kh,(k +1)h).
Cornacho (2.40), (2.42) umeeM

|2l|< Lyhe, s Ly = L + Ly; 7 € [kh, (k +1)h). (2.46)

L= max [d@)|okh)

Ol kh,(k+1)h]

9

_ ' -1
L= _mx alb@]le” 0o
Koncrants! L, L, He 3aBucsat ot k. C apyroit ctopoHsl u3 (2.40) cnexyer
lell< 2@+ e (@) (2.47)
[Tocne moacranoBku (2.47) B (2.46) nmoayuum
L
|2(2)| < L lc(2)|;7 € [kh, (k +1)h) (2.48)
1-Lh
B cBoto ouepens ouenku (2.38), (2.39), (2.48) naroT HepaBeHCTBa
L
ar :_[1_0“/3(0!) 4hJHE(7)
dr (2.36) 1-Lh
BripaxkeHne B Kpyribix CKOOKax mpaBod yactu (2.49) OyneT moyioxu-
TEIbHO, €CITU

"L, =|o||L.. (2.49)

av,(a)L,h -

0<y(a,h)= L7
3

1. (2.50)
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Onenum npousBosnyto V(c,7) B cuity cuctemsl (2.35) B obmactu (2.16).
Ha ocnoBanuu (1.3), (2.2), (2.3), (2.13) cymecTByOT KOHCTaHTHI ¥, > 0,7, >0

TaKue, 4To
dv _ _ _
e < —)/O(a,h)Hc H2 +ae %y, Hc ’ , (2.51)
T1(2.35)
Vola,h) =1=y(a,h).
Beibepem &, >0 Tak, 4To0bI VC :
Ic]|> &, (2.52)
OBLIO BBITTOJIHEHO
—yo(a,h) +ay,|c||<0. (2.53)
[TycTh HE ,h >0 ynoBiaeTBopstoT ycinoBusim (2.50), (2.52), (2.53), rorna
dv _
Ir S_73HC 2,7/3>0,73=7/0(0!,h)—0£7/2H€3H. (2.54)
T l23s5)
OrpannyuM 00J1aCTh UBMEHEHUS HEH HEPABEHCTBOM
HEH <g&, &, =min(g,C; —HEOH). (2.55)

W3 n31m05k€HHOr0 BBILIE CIEAYET, YTO NPHU BBIOpaHHBIX &,,h >0 coriacHo
(2.50), (2.54), ams Beex |

paBeHCTBO (2.54).
3adukcupyem uncna 4,0 :

, IpUHaJIeKamuX ooaactu (2.55), UMeeT MecTo He-

A =v1He4 Yoo< 1”84” (2.56)
V)
OueBuaHO, YTO
V(e,r)<AVe:|c||< . (2.57)
VYenoBus (1.2) rapaHTUpYIOT BBINOJIHEHKUE B 007acT (2.55) HEpaBeHCTBA
|g:(c.d.0)|<T,. (2.58)

rae 7, > 0 — nocTosiHHAs BEIUYMHA.
Ucnonb3ys (2.38), (2.54), (2.58), naitnem 7 >0 Tax, 4T00BI
dv

- " rae Ty, || <o, (2.59)

<-73e]
(2.34)

Ve,r:0<¢,t>T. (2.60)
Pemenne cucremsi (2.32), (2.34) ¢ HayanbHbIMH JaHHBIMU (2.30) mpumer

BUT
c(r) = Dd(r)c, + ja@(r)cb_l(t)e_“’ (Oc(t)+g,(c,d,t)+ g,(c,d,1))dt.(2.61)

OrpaHn4uM MHOECTBA BbIOOpA HAYAJIBHBIX IAaHHBIX C, HEPABEHCTBOM
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d(T)(c, + fcp-l(t)ae-’” (Oc(t)+g(c,d,t)+g,(c,d,t))dt|<S5. (2.62)

OueBuHO (2.62) umeet mecto V¢, :

K ([c|+ak,T) <6, (2.63)
rae K = HCD(T) ; K, = maa)leCD_I(t)ae_“’ Oc(t)+g,(c,d,t)+g,(c,d 1))
Q={c,i|c||<e,, t[0,T]}.

B cuny (2.57), (2.59), (2.60), (2.63) TpaekTOopuu ¢ HaYaIbHBIMU JIAHHBI-
MU, yIOBJIETBOPSIONIMMU HEPaBEHCTBY (2.62), He mokuHYyT obnactu (2.55). U3
(2.59) cnenyer

5

V(c(r),r) >0 pu 7 > ©. (2.64)
B coro ouepens (2.38) rapaHTUpyroT
c(r)> 0 mpur > . (2.65)
ITycts 7, :
le(@)||<&; e <e,. (2.66)
[Tostoxum
m= % +1, (2.67)

rae h — ynosieTBopseT ycaoButo (2.50).

Hcnone3yst KOHCTaHTBl &, h,m, TIOCTPOUM pa3dueHue mnpomexytka [0,1]

TouKamu ¢,k =0,1,....m—1:
t,=1e™; k=0,1,.,m-1. (2.68)

Eciu B (2.33) ¢ nomoipio dhopmyiibl (2.9) BepHYThCS K UCXOIHOU Tepe-
MEHHOM ¢, TO COTJIaCHO BhIBOAY ypaBHeHwuit (2.1), (2.10), (2.15), (2.32), (2.34),
MIPAaBOMEPHOCTh KOTOPBIX FapaHTHUPYETCs BBINOIHEHUEM YycloBuii(2.63), (2.62),
(2.59), (2.55), (2.54)—(2.52), (2.16), (2.13), (1.3), noay4uMm perieHUuEe MOCTaB-
JeHHOM 3amaun. Ha OCHOBaHMM M3JI0KEHHOTO, CIpaBeAiuBa CIEAYIOIas TEOo-
peMa.

Teopema. Ilycts miia xoncrant C,,C,,a,h, BEKTOPOB X,,U; BBIIOIHEHbI
ycnoBus (2.63), (2.54), (2.50), a Taxxe panr matpuiisl (2.18) paBen n+r. To-
I71a CYLIECTBYET PEIICHHUE IMOCTABJIECHHOM 3aJadd, KOTOpPOE CBOAMTCS K pelie-
Huto 3anayn Komm mist cuctemsl (2.32), 3aMKHYTOH yripaBieHueM (2.29) u mno-
CIIEYIOIIEMY MepPexXoay K HEKOTOPOil He3aBUCUMOM MepeMeHHOH ¢, o (hopmy-
ae (2.9). Ilpu 3TOM IpaHULIbl HCKOMBIX HHTEPBAJIOB MOCTOSHCTBA UMITYJILCHOTO
ynpasnenus [¢.,t,.,],k=0,1,....m—2 no ¢popmynam (2.68), (2.67).
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3. Pewienue 3a0auu mexcopoumanvHo2o nepeiema
C NOMOUBIO UMNYTbCHOZ20 YRPAGICHUAL.

B kaudecTBe WiUTIOCTpallMU MPEJIOKEHHOTO METOJIa MPUBEAEM pelIeHUE
3a/layu TepeBoJa MaTepHAIbHOM TOYKH, IABMXKYILEWCS 1O KPYroBOMl opOuTe
C TIOCTOSIHHOM CKOPOCTBIO B IIEHTPAJIBHOM I0JI€ TATOTEHHUS B 3a/IaHHYIO TOYKY,
JIKAIIYIO B IJIOCKOCTH 3TON OPOUTHI C TOMOIIbIO UMITYJIbCHBIX YIIPaBICHUM.

CornacHo [4] cucTema ynpaBi€HUN B OTKJIOHEHUAX OTHOCHUTEIBHO yKa-
3aHHOTO JIBMKEHHUSI 10 KPYTOBOM OpOUTE UMEET BUJT

. 1 2
X =x",

o =v(xxh+u,

.4 1 .2 _4 1N, 2
X' =v,(x,x,x )+ vy (x u”,

b e Y s —atxt =y — 1_ -/,2_ /_
THE X =7 —1;X =7X =W —Qt,X =W —a,u =a,m/m;u" =a,m/m; r,— pa-
JMyC KPYyTOBOM OpOWTBI, 7— paJHalibHas CKOPOCTb; | — MOJIAPHBIA yIoJ;
Y/ — CKOPOCTb U3MEHCHHS TOJISIPHOTO YIUIA; d,,d,,— MPOCKIMU BEKTOPA OTHO-

CUTEIbHOM CKOpPOCTH OTI[GJ'IHIOHIGﬁCH JaCTHUObI HA HAIIPABJICHUC paluycCa U II10-
MNEPCHYHOI'0 HAIIPABJICHUA COOTBCTCTBCHHO, m,n’a — COOTBCTCTBCHHO MacCCa H
CKOPOCTb U3MCHCHUSA MACCHI, ,— YIJIOBas CKOPOCTb ABHIKCHUS I10 SaﬂaHHOﬁ

KpyTroBOi#l opOuTe.
v

1 4 2
v=——7—(x +7)(x" + ),
(x +7)
2, 4
x(x"+a,)
v, =—21—°, (3.2)
X +7
1
v, =——0rf,
X +r,
rIae v= VoM ;vo— MMOCTOSIHHAsA BCEMUPHOTO TiArorenus; M — macca
1 4\ * 1 2\*
x=(x,.,x"), u=(u,u"),
x(0)=0, ‘x(tl)—xluﬁel,tl—l‘ﬁez, (3.3)
X, :(xll,xf,xf,xf)*.
ITycts x,,u, = (uf,uf) TaKue, 4To
1
v, (x
% =0, x5 =0, u =—v,(x), ACY (3.4)

1
v(x;)
Martpunsl P,Q,crodiue B paBoi yactu cucrtemsl (2.17) u marpuna S,
a Taxxke orpanudeHus (2.13) 3anumryTes Tak
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0 1 0 O 0 O
P:a21 0 0 a, 0= 1 O -
0o 0 o0 1| 0o of
0 a, 0 O 0 p,
61/ ov. ov
1( )7 Ay, = 1( )7 a, = 2( )/80 V3(x11)§

Hx1 +cH< C;lu, +dH <G, |x, +cH< Cyslu, +d|| < C, (3.5)

c=(c,...c);d=(d"d*)

00 1 0 0 0
00 0 7, 0 0
s_[00 0 a 0 0
00a, 0 0 S
10 0 0 0 0
00 0 0 1 0

Ouepugno detS #0 ana Becex x,x,. OTcioma clefyeT CTaOHIM3UpYe-
MOCTh cucTeMbl (2.17) He3zaBHCHMO OT BBIOOpa X,,X;. Ilocie pemreHus 3anaun

crabummsaruu cuctembl (2.17) maitnem mo dopmyne (2.29) byrkuum v',0°,
KOTOpbIE 00€CTEeYMBAIOT SKCIIOHEHIMAIBHYI0 YCTOMYMBOCTh 3aMKHYTOH HMU
cucrtembl (2.17) ¢ mokazarenem —A(a)<0,Va €[0,+]. [lanee ¢puxkcupyem
h >0, npu KoTopoM BbINOIHEHBI yciioBud (2.50). Ha 3akmrountensHOM 3Tare

pemaem 3amadyy Komm it cucteMsl (2.32), (2.33) ¢ HavaJIbHBIMH
,YZIOBJICTBOPSIIOIIMMH yCIOBHIO (2.63) 1 Mepexo UM K MCXOAHOW HE3aBUCHMOMU
nepeMeHHon ¢ 1o ¢opmyie (2.9).

4. Yucnennoe mooenuposanue

B npouecce 4YMCICHHOTO MOACIMPOBAHUA HWHTCIPHPOBAIACh BCIIOMOIa-
TCJIbHAA CUCTCMaA

dxl -ar 2
E:ae X,
2
i,i = e [y, (x' + x],x") + ' (k) + ],
T
dx3 -ar 4
d—zae X,
T
dx* —ar 1 1 .2 _4 1 1N, 2
d_:ae [v,(x +x,x7,x" )+ v, (x +x))u(kh)], (4.1)
T
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du' _
d :aearl)l,
T
2
dL:ae—arul
dr
o Y er)atia = L X =100m, £ =7-10°M, X =a, 107
”1—(x1+r)2_(x1 R0y oy = r_4» X = M, 1y=17" M, X; =&, pan,
1 T 0

v=0,01, & =0,01, & =0,1 ma npomexyTtke [0; 12,5] ¢ Ha4YaILHBIMUA TaHHBIMU
x'(0) =—x;x*(0) = 0;x*(0) = —x,; x* (0) = 0;u' (0) = —u; ;u* (0) =0,  3AMKHYTYIO
yIPaBJICHUEM

(242

e
1 2 2ary 1 2ar 1 2ar 1 1
% :a 3{[0( (Y te Ny —ae™y, +aey Ja,x +
)
+Hae"yy —3a’ e y))a,x +a '@y +aalyu'l, (4.2)
aT
2 € ar 2.1 ar_ 2 _4 2 2
% __,Baz (e a,yox —e"yoxt —afyyiu
0

1 1 1 1 2 2
Yoy =Gy + Ay, =3,75 =14y, =Ty, =154,y, =120,y =a —4,y; = 4.
Ha puc. 1 npeacrasnensl rpauku UMIYJIbCHBIX YIPABISIOMUX (YyHKIIHMA
(u1 +u11)(t),u2(t) U COOTBETCTBYIOIIME UM (PYHKIMU U3MEHEHHs (Pa30BBIX KO-

opAuHaT (x1 + xl1 )(t),(x3 + xf)(t),x4 (t) .

Pabora BeImonHEHA Tpu ¢HHAHCOBOM mojnepkke Poccuiickoro ¢onma
dbyHIaMeHTaAIBbHBIX HcchenoBanuii, mpoekT Ne 01-01-00319.
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L L L L
o 0.2 04 06 08 1

{uyftheu]yro™t :

L i L "
o 02 04 06 0.8 1

Puc.1.
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