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PaccmaTpuBaeTcs 3aaya ynpaJjieHUs TapOreHepaTopoM € y4eTOM OrpaHUUYeHuii Ha (a3oBble Te-
peMeHHBIE 1 yIIpaBJieHUe P BO3IeICTBUY BHEITHUX HEKOHTPOJIMPYEMBIX BO3MYIIIeHU . 17151 CUH-
Te3a 3aKOHa yIpaBJieHUs] IPUMEHSIETCS GJIOYHBIN Moaxon ¢ GOpMHUPOBAHUEM JTUHENHBIX JTOKATb-
HBIX CBSI3€M C HACHIIIEHWEM, YTO ITO3BOJISIET yYeCTh OTpaHWYeHMsT Ha (ha30BbIe TEpEeMEHHBIE U
yIpaBJieHre ITpU BEIOOpE IMapaMeTpoB 0OpaTHOI CBsI3U. B yclIOBUSIX HEMTOJIHOM MHMOPMAaIINY O BEK-
TOpE COCTOSTHUS M MIPU BO3MEUCTBUM BHEITHUX BO3MYIIIEHUI CUHTE3MPOBAaH HaOJIOIATENIb COCTOSI-
HU U BOBMYILIEHUI, TTO3BOJISTIONINIA MMOJYYNUTh OLIEHKY HEM3BECTHBIX CUTHAJIOB C 3aJaHHOM TOYHO-
cThio. DDGHOEKTUBHOCTD TIPEMIOKEHHBIX aJITOPUTMOB TOATBEpKACHA pe3yibTaTaMU YMCICHHOTO
MOJEIUPOBAHUS.

DOI: 10.31857/S0002338823020105, EDN: JEBMEQ

BBenenue. Ha KpyImHBIX COBpEMEHHBIX TEILUIOOHEPTeTUUYECKUX O0BEKTaxX pacpocTpaHeHa cxeMa BhI-
pabOTKU 3IEKTPOIHEPTUH U TEILJIa, OCHOBAHHAsI Ha TeHepalluy BOJASIHOTO Mapa Mpy CXKUTAaHUU YIS Wn
MPUPOTHOTO ra3a 1 Mocjieylolieii ero noaayy Ha napoTypOUMHHbIE YCTaHOBKU. B naHHOIi cxeme nocTu-
raloTCs JIy4lIMe MO CPAaBHEHUIO C IPYTUMHU YCTAHOBKAMM TEXHOJIOTUYECKUE XapaKTEPUCTUKHU, B TOM
yucie 3HeproahheKTUBHOCTb, OCOOEHHO LISl SHEPTETUUECKUX OOBEKTOB OOIBIIION MOIIIHOCTU. Mate-
MaTUYECKUE MOJIEJIU, ONUCHIBAIOIINE TETIOOHEPTETUUECKUE OOBEKTHI, SIBISIOTCS MHOTOMEPHBIMU U
MHOTOCBSI3HBIMM, C OOJBIINM KOJIUYECTBOM (DU3UYECKUX MTAapaMETPOB, HE MOMIeXKAIUX MPSIMbIM U3-
mepeHusM [1—3]. HeoO0xoauMocCTh yueTa B II0100HBIX MOIEIISIX HEJIMHEIHOCTE 00yCIOBIIMBAETCS TEII-
JIOBBIMU, MEXAaHUYECKUMU U DJIEKTPUUECKUMU OrPaHUYECHUSIMU MPU HAJTMYMU OOIIErO0 OrpaHUYeHUS
Ha CyMMapHYIO MOIITHOCTb ITPOTEKAIOIIMNX IMTPOILIECCOB. YUET JaHHbBIX OTPAHWYEHUI CTAaHOBUTCS 00s13a-
TeJIbHBIM B CBSI3U C BCEOOIIMM TpeOOBaHUEM MUHUMU3ALUY TOTEPb IHEPTeTUUECKUX PECYPCOB IMPU Ol -
HOBPEMEHHOU MHTEHCU(DUKALIMU TEXHOJOTUUECKUX MPOLIECCOB SHEPTETUUECKUX OOBEKTOB.

M3BecTHBIE aITOPUTMBI YIIPaBIECHUS HEPreTUYECKMMU O00beKTaMM 4YacTO OCHOBaHbI Ha METO/1aX
JIMHeapu3allui UCXOMHOM HeJIMHeWHOo crucTeMbl [4, 5]. CienyeT OTMETUTD, YTO MPUMEHUTETBHO K JIU-
Heapru30BaHHBIM MOIEJISIM YAaeTCsI 00eCIIeunTh pabOTOCIOCOOHOCTh CUCTEMBI YIIPABJIEHUS TOJIBKO B
OKPECTHOCTU paboueii Touku. B oTanyue oT TMHeapru30BaHHBIX MOJIeJIeii, METOIbl IMHEapu3alluu He-
JIMHEHBIX MOJIeJIeit TT0 0OpaTHOM CBsI3U, pa3paboTaHHBIC B paMKax 0JJO9HOro momxoxaa [6, 7] u anro-
puTMOB oOpaTtHOTO 00x0ma nHTerpaTtopoB (back-stepping control) [8, 9], obGecrieunBaIOT IOOATBHYIO
CXOIUMOCTB 3aMKHYTOM cucTeMbl. YacTo B 3a1a4ax yrpaBaeHUsI TPUMEHSIIOTCSI TAKXKe METOIBI pobacT-
Horo ynpasiieHus [10—12], B yacTHOCTH, pOOACTHOCTh M MTHBAPMAHTHOCTD K BHEIITHUM BO3MYIICHUSIM
0o0ecneynBaroTCs IIPU UCIHOAb30BAaHUM METOIOB TEOPUUM CKOIB3IIINX pexXuMoB [13—16]. g noayde-
HUSI OLIEHOK, HEIOCTYIMHBIX JJISI UBMEPEHUSI KOMIIOHEHT BEKTOPa COCTOSIHUSI, a TaK>Ke MOJIEJIbHBIX He-
OIpeAeJeHHOCTE U BHEITHMX BO3MYIIIeHU 1, BechbMa 3P EeKTUBHBIMU SIBJISIIOTCS HAOJI01aTe I COCTO-
SIHW C pa3pbIBHBIMU yNIPABIEHUSIMU U IYOOKUMM OOpaTHbIMU CBsI3siMU [17—19].

B HacTosiiiee BpeMsi BONPOCHI, CBSI3aHHBIE C YUYeTOM OrpaHMYEeHHUI Ha (a3oBble IMepeMeHHBbIE
U yOpaBjeHUs, HEAOCTaTOYHO U3YYEHbI B TECOPUHU yIIpaBiieHUs. B mociaenHee BpeMsi MOSIBUIICS PSIJL MC-
cJIeIOBaHUIl 110 yYeTy orpaHMYeHUid Ha (pa3oBbIe MepeMeHHbIe U yrpasieHus [20—22], B KOTOPHIX C
WCHOJb30BaHMEM OJOYHOIO IOAXOJa CHUHTE3UPYIOTCS JOKaJIbHbIE OOpaTHbIE CBSI3M U COOCTBEHHO
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3anBuKKa
AT Kotnoarperar
YcerpoiictBo Topenka
MoJlauyu TOTUIMBA F

Puc. 1. Cxema KoTJia-ImaporeHeparopa

yIpaBiieHus B BUjie GyHKIUN C HACBIIIEHUEM, YTO MO3BOJISIET YK€ Ha CTalU CUHTE3a O0OpaTHOI CBSI3U
YYUTHIBATh YKa3aHHbIE OTPaHUYEHUSI.

B pabote craBuTCs 3agaya cMHTe3a pOOACTHOUN CUCTEMBI YIIpaBJeHUs] TTapoTeHepaTOPOM TIpU Aeii-
CTBUU Ha OOBEKT YIIpaBJICHMS BHCIIHUX HECOINIACOBAHHBIX OIT'PaHNMYC€HHBIX ITO MOIYJIIO BOSMy].LlCHVIﬁ.
Llens ynpasieHus B hopme oOpaTHOI CBSI3 COCTOUT B NOAIEP>XKaHUU AaBJIEHUS TIepel 3a1BUXKOM, pe-
ryJIMpyIolIei mogady napa B TypOouHYy, Ha 3aJaHHOM YPOBHE C yUYeTOM OrpaHMuYeHUt Ha (pa3oBbIe TIepe-
MEHHBbIE U yIIpaBjieHue. It peleHns IToCcTaBIeHHOMN 3a1auu MpeaiaraeTcst IpUMeHUTh OJIOYHBIIA IO/~
XOJI C UCITOJIb30BAaHUEM B KaUeCTBE JIOKAIbLHBIX OOpaTHBIX CBI3€eil IMHEMHBIX (DyHKIINUH C HACBIIIEHUEM
(sat-yHKILMiT).

Pabora opranuzoBaHa ciiegyomum odopazomMm. B pasn. 1 npuBoguTcs MmaTemMaTudeckast MOACIb O0b-
eKTa yrnpaBjieHus U (popManusyeTcsi TocTaHOBKa 3anaun. Pasaen 2 mocBsieH CUHTe3y 0OpaTHOI CBSI3U
C yU€TOM OrpaHUYEeHU Ha (pa30BblE IEPEMEHHBIE U YIIPABJIEHUE B IIPEANOJIO0XKEHUU, YTO BEKTOP COCTO-
SIHUSI MOJIEIN OOBEKTA YIIPpaBJICHMS U BHEIIIHUE BO3MYILEHUS TOCTYIHBI 111 u3MepeHus. s nadop-
MalMOHHOTO 00ecreueHus MPeNIoKeHHbIX aJITOPUTMOB YITPABJIEHUS [TPU HETTOJIHOM KOMITJIEKTE TaTYMKOB
B pa3n. 3 pa3pabarbIBacTCsl HAOIIOOATE b COCTOSTHIM 1M BO3MYIIeHMIA. B pa3n. 4 mpuBoasSTCs pe3yabTaThl
yucjieHHoro mMopenupoBaHus B cpene MATLAB—Simulink, memoHcTpupyloliue padoToCIoCOOHOCTh
MpPEeNIOXKEHHBIX AJITOPUTMOB.

1. MaremaTH4eckas Moaedb 00bekTa ynpapienusa. IloctanoBka 3agaun. PaccMaTpuBaemast cucteMa
MpencTaBieHa KOTJIOM-TIaporeHepaTOpOM, UCTOIL3YIOIIUMCS B TTApOBBIX TypOUHax. JIaHHBIN BUI na-
poreHepaTtopa IIMPOKO MPUMEHSIETCS B TEXHOJOTMYECKUX OMNepalMsiX pasauyHbIX MPOU3BOACTB.
IMpuHLIMTIMAaNBEHAas cxeMa KoTJia IpuBeaeHa Ha puc. 1.

ITpoMbIITEHHBIN TTapoOTeHEPaTOpP COCTOMT M3 MeTaIMyecKoro Ooiiepa ¢ Bomoii. IlocpencTtBoM
TEIJIOBOIO MOTOKa Djy(?) HarpeBaTeIbHbINA MPUOOP BHYTPU YCTPOMCTBA TOBOAUT BOLY 10 KUIIEHUSI, KO-
TOpasi 3aTeM NepexoauT B cocTosiHue napa. [leperpetsbiit map mogHUMaeTcs K 3a1BUXKKE, HaXOASIIeCs
B MOJIOXKEHUU ¢(f), TIeped KOTOPOi co3aeTcsl BbICOKOE naBiaeHue Pr(f). YpasisiiolluM BO3AeiCTBUEM
B CUCTEME SIBJISIETCS IToJaya TOIUIMBA B TOIKY MeYU, MPONOPLUUOHAIbHAS PACXOLY TOILIUBA i (7).

Mogerb MpoIIecCOB B KOTJIC ONUCHIBACTCS CUCTEMOM M3 Tpex TuddepeHINaTbHbIX ypaBHeHMI [1—3]:

C,Pr(t) = k| Pp(t) = Pr(1) — k Pr(1)q (1),
C,Py(t) = Kk, Dy(t) — kg Pp(t) — Pr(2), (1.1)
T,Do(t) = =Do(1) + uy (1),
rne Pr(f) — naBneHue napa rnepes 3aJBUXKKOM, peryJupyoLleil mogady rapa HeloCpencTBEHHO B TypOu-
Hy, C, — TepMuyecKasl NOCTOSIHHAS 1151 TpPyOOIIPOBOAOB BBICOKOIO JaBiIeHUs, Pp(f) — naBieHue napa

Ha BBIXOJIE€ U3 KOTJIa — IIapOTreHEPATopa, k, — KO3 GUIMEHT NPONOPLUUOHATBHOCTH NaleHUS JaBJICHUS
MEXIy KOTJIOM U 3a[IBMKKOH, k, — KO3 PULMEHT MPONOPLUHOHATBHOCTH MOIOXKEHUs 3aABUXKH, Dy —
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TEIJIOBOM MOTOK Tevu, C, — TepMUYecKas MOCTOsTHHAsd KOTIa, k,, — KO3(Q@ULUMEHT MPONOpLUHOHATb-
HOCTU, 7, — IOCTOSIHHAsA BpEMEHU, U;(f) — Pacxol TOILINBA B TOIIKE IEYU.

IIpennosaraercs, 4To Mmogada TOIJIMBa B MeYb OOECHeUYMBaAeTCs YCTPOMCTBOM I10Ia4Yy TOILUIMBA C
nsuratesieM rmocrostHHoro Toka (JII1T). IMosenenue AI1T onuckiBaeTCst CUCTEMOM ypaBHEHUIA BTOPOTO
nopsigka [23]:

WX7) = ay (a1, (t) — m (1)),
1,(t) = a5, (uy(t) — anoXt) — a3 1,(1)),
rae ®(f) € R — yacrora BpallieHUs Baya asuraress, 1,(f) € R — TOK s9Kops, u,(f) € R — HanpsixeHue
SIKODS1, m; (f) — MOMEHT Harpy3Kku, a,,, dy, d;, Gz, — MOJIOKUTEJIbHbIE KOHCTAHTHI.

(1.2)

IMonarasi, 4To CKOpOCTb IOJaYM TOIUIMBA B TleUb MpOINOpLMOHaIbHA 4yacToTe BpaieHus JITT
u(t) = mw(t), m = const > 0, 3anuiem cucremsl (1.1) u (1.2) cnenyromum odpazom:

é(t) = —aq(H)e (t) + ayx, (1) — M, (@),

3%5(H) = ——[aq®)e () + axy(t) + M1 =M, (1.3)
2x,(1)

X;3(f) = —bx;(2) + bmx,(1),
X4(1) = aylanxs(t) —m;],
Xs5(1) = apluy (1) — x4 (1) — a3 x5(1)].
3nech e(t) = Pr(t) — Py (t), P(f) — Xenaemoe napjieHue Tiepen 3aiBUXKKOU, x,(7) = +/ Pp(t) — Pr(?),

x3 = Dp(t), x4 =0@), x5=1,0), N =aq)Py, (1) =k(C, +C,)/Q2C,C,) = const, a =k,/C,,
a, = k;/C,, ay = k,/C,, b=1/T, u a; = const >0 — mapamerpbi AI1T.

(1.4)

CraBuTCs 3a1a4a CJICKEHUS 3a 3aJaHHBIM 3HAUEHUEM JIaBJICHUS IepeN 3a1BYKKOI Py, = const ¢ 3a-
OaHHOU TOYHOCTBIO

ey = |Pr(1) — Pry| < A, = const (1.5)
B CIEOYIONINX IIPEAIIOIOXEHUSIX OTHOCUTEIbHO cucTeM (1.3) u (1.4):
1) nnsi u3MepeHust OOCTYHHBI AaBj€HUE Mepen 3aaBUXKON Pr(f) U, ciienoBaTesibHO, e;(f) =
= P.(t) — P;;, DaBieHue B MaporeHepaTope P,(f) 1, CIenoBaTeNbHO, X, () =/ Py(t) — Pr(f), a TaKXKe TOK
axopsa AIIT x;(7);

2) Bo3My1eHus M, (¢),M, ¥ IMOJIOXKEHNE 3aIBUXKKH ((#) TTOJIATal0TCsl HEM3BECTHBIMHU U YIOBJIETBOPSTIOT
CIIEMYIOINM OTPAaHUYCHUSIM:

4O € [gunlh |60, =L M@ NN, M, <Ny
Qi,qminaNllaN129N1aN2 = const > 0.
Tor (I)aKT, YTO IMOJIOKEHUE BBIHYCKHOﬁ 3aIBM2KKU T10J1ara€rcsa HEM3BECTHBIM N pacCMaTpUBacTCAd B Ka-
YECTBE BHECIITHETO BOSMYIIICHU A, O3HAYACT ABTOHOMHBII PEXUM pa6OTLI ImaporeHeparopa. Takaga CUTy-
aIMs 4acTo BCTpeYaeTCs IPU IPYNIIOBOM MCITOIB30BAHMY MMApOreHEPaTOPOB, padOTAIOIINX Ha OO
MapoIIPOBO]I;
3) Ha NIECPEMCHHbLIC CUCTEMbI HAJIOKCHDbI CbI/IBI/I‘{CCKI/IC OIrpaHMYCHUA

(1.6)

lele B, x)e (X Xnl, x@el0,X], i=34
s < X5, w(@) e [0,U],  |uy(n) <Uy; (1.7)
E, X5, X5, X;, X5, U, U, = const > 0.
B pasn. 2 peuraercs 3agadya cuHTe3a 0OpaTHOM CBSI3U B 3aja4ye PeryJIupOBaHUsI OTHOCUTEIbHO BbI-

XOIOHOI nepeMeHHoi (1.5) B yCI0BUsIX TTOJHOIN MapamMeTpUIeCcKOl M CUTHAJIbHONM OMpeaeeHHOCTH C
yyeToM orpanuueHuii (1.6)—(1.7).

2. Cunre3 oOpaTHoii cBa3u. [IpencraBuM pellleHUe B OOIeM BHMAE B paMKaxX OJOYHOro Ioaxoaa B
YCJIOBUSIX MOJTHOM MHGOpPMAIIMU O KOMITOHEHTaX BEKTOpa COCTOSIHUS M BO3MYILLUEHUIX. [lajiee ucnoib-
3yeTcs Ceaylolee onpenesieHue.

N3BECTHA PAH. TEOPUA U CUCTEMBI YITPABJIEHUA  Ne 2 2023



126 I'YIIOKWHA, YTKHWH

saty(s)

\4

Puc. 2. I'padux 1uHeitHO# GyHKLMY C HACBILLIEHUEM saty (S)

saty(s)

\4

o o o +
Puc. 3. I'padux 1uHeiiHOIT onHOCTOPOHHEH (DYHKIIMY C HACBILLIEHUEM Ssat; (s)

Onpenenenue. Imt M = const > 0 u apryMeHTa QyHKINU § UMEEM

, M)sign(s), sat,,(s) = 0.5sat,,(s)[1 + sign(s)],

saty,(s) = min(|s
KOTOpBIe IJI HATISITHOCTHA M300pakeHBI Ha puc. 2, 3.

Hwuxe nmpuBeaeHa moaTarHasi npoleaypa CMHTe3a 00paTHOM CBSI3U B pellIeHUH 3a/1a4y peTryIupoBa-
Hus (1.5) B mpennonoxenusx (1.6)—(1.7).

DOrtamn 1.

1. B mepBoM ypaBHeHUU cucTteMhl (1.3) B KauecTBe (pMKTUBHOTO YITPABJISIONIETO BO3AEUCTBUS pac-
CMaTpUBAETCs Pa3HOCTD AaBJIEHUI Ha BBIXOJIE U3 KOTJIa U Mepe 3aIBUKKOM X,.

2. BBeneM HEeBBIPOXIEHHYIO 3aMEHY IEPEMEHHbBIX, YYUTHIBaAOIIyI0 orpanndeHus (1.7):

e (1) = a,x,(1) - Sat/TJz(Sz(’)), (2.1)

rae s,(t) = —ke(¢) + M, (). Kak Bunum, perieHue 3agayu CTabOuIM3alvu IepeMeHHOM e,(f) — 0 1pu BbI-

6ope ammutyael 0 < M, < a,X, obecrieynBaeT 3alaHHbIE OrpaHuyYeHus x, € [0, X,] (1.7). I1ocne nmox-
craHoBKU (2.1) mepBoe ypaBHeHUE cucTteMbl (1.3) mpeoOpa3yercs K BUIy

(1) = —aq(0)e (1) + ey(1) + saty, (sy(1)) — M, (). (2.2)
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3. [1pu nonagaHuu MEPEMEHHOIA §,(f) B TMHENHYI0 30HY 0 < s,(f) < M, nepsas cuctema (1.3) onu-
CBIBAeTCS ypaBHECHUEM

é (1) = "ag(®) + kile (1) + ex(), (2.3)
rae BeIOOp mapamMeTpa k; = const > (0 onpeaensieT CXOAUMOCTb COCTOSIHUSI TaHHOM MOACUCTEMBI B He-
KOTOPYIO OKPECTHOCTb HYJISI, ONPECIISIeMYIO BEIpakeHNeM |e (1) < A, /(aqy, + ki) B TIPEAIIONOKEHNH,
YTO BBITIOJIHEHO HEPABEHCTBO |e2(t)| < A, = const, o0ecieynBaeMoOe Ha BTOPOM 3Tare NpoLeLyphl.

4. YcnoBus ronajgaHus B JMHEHHYIO 30HY ONpeaessiioTCsl BBIOOpOM aMIUIUTYAbl M, 1 KoadduumneH-
Ta ycuieHus k,, UCXOms W3 OOecreYeHUs] COOTHOIIEHUS s,(f)s,(f) < 0 B HeIuHeitHOU 30He
55(1) € (=20,0) U (M, 0).

3anuiem guddepeHmanbHOe ypaBHEHUE OTHOCUTENBHO MEPEMEHHOM s, (f):

$:(6) = fit) = Kilsaty, (5,(1) + ¢i(D)], (2.4)
e f,(5) =My, ¢i(1) = —aig, (e, + ey(1) — M, ().
5. CraButcd 3aga4ya BbiOopa KoaddulimeHTa k| 1 aMmiutyabsl M, GyHKUWY C HACHILLIEHUEM satLZ(SQ).
ITonoxum nanee |f1(t)| <F =N, -9, e|[D,,D,], F,®, P, =const > 0.

IIpu s,(f) € (M,,°0) U, CIENOBATENBLHO, sat;lz(s2(t)) = M, DOJXHO BBINOJHATBECS HEPABEHCTBO
$,(t) = fi(t) — kIM, + ¢,(r)] < 0, oTKyz#a cieyeT HEpaBeHCTBO Ha BBIOOp aMIuIUTyAbl M, > @, + F /k;.

IIpu s,(¢f) € (—o0,0) U, caenIOBaTENBHO, sat}l2 (5,(r)) =0 IDOKHO BBINOJHATECS HEPABEHCTBO
$,(t) = f,(t) — ki@, (¢) > 0. B cuny ,(¢) < 0 HaiineTcst Takoit koaduumeHt k; > 0, yTo yciosue $,(¢) < 0
crpaBeIuBO: k, > F /®,,.

DTtan 2.

1. Obecrieunm nomnagaHue MEPEMEHHON e,(f) u3 (2.1) B 3aIaHHYIO OKPECTHOCTb HYJISI |e2(t)| <A,
JpyruMu cIoBaMU, peIlinM 3a1ady CTaOMIN3alNY ¢ 3aIaHHON TOYHOCTBIO CUCTEMBI BUIA

)

2x,(1)

&1 = [ag(D)e () + a;x3(1) + M, ()] — ay, — %[Saf/}z (s,())]1, (2.5)

roe

09 SZ(t) € (—oo, 0) o (M29°°)’

d + —
a[sath(sz(t))] h {Sz(t), 5,(1) € (0, M5).

2. PaccMmarpuBast mepeMeHHYIO X;(f) B cucteMe (2.5) B KauecTBe (GDMKTUBHOTO YIIPABJICHUSI, BBEIEM
3aMeHy TIepeMeHHOM:

es(1) = a;x3(t) — saty, (s5(0)), (2.6)

e

53() = —aq(N)e, (1) —M,(1) — kyer (1) + ﬁ{i [saty, (s2(0))] + aznz} :

a
Be160op aMmuuTyabl u3 cootHoweHus 0 < M; < a;X; B pe3ynbTaTe pelleHus 3a1auy CTaduIM3alu
MEPEMEHHOM e;(f) oOecneurBaeT orpaHuyeHue x;(¢) € [0, X;].
3. Ilocne monctaHoBKMU (2.6) B (2.5) uMeeM
a4
2x,(1)

4. I1pu nonmagaHUM B IMHENHYIO 30HY cucTeMa (2.7) oImMchiBaeTCs ypaBHeHUEM BUIa

& (1) = =2—[ag(e,(r) + ex) + satyy, (s5(0) + M(D)] — am, - ilsa% (5:0)1. (2.7)

)
2x,(2)

é(n = (—kyes (1) + &5(1)). (2.8)
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Takum oOpa3oMm, pelleHa 3agadya cTaOMIM3alUMKU TIEPEMEHHON e,(f) B OKPECTHOCTM HYJA
|e2(t)| < A, = A;/k, B IPeANoOXEeHUN, YTO Ha CJEAYyIOllIeM 3Tare OyaeT oOecreyeHO COOTHOLIEHUE

|e3(t)| <A,

+
5. BbIGOp aMIuIMTy bl M KO3 duLMeHTa yeuieHNsT QYHKUNY safy,, (s5(1)) c LenbIO OOecTIeyeHnsI o-
MaJaHusl TIEPEMEHHOM S5(f) B TMHEHHYIO 30HY OINPEIESIeTCsI aHAJIOTMYHO MTEPBOMY 3Tarly.

3anuiieM YpaBHCHMUE, OIMMChIBAIOIICE ITOBECACHUEC HCpeMeHHOfI S3(f)2

550 = ) - 2L [sar?, (5,0) + 9:0)] (2.9)
2x,(1)
rae
. 2
A0 = —ay(ge®) + qei0) — @) + 229D [0t (5,0) + amal + 2209 sart, (s,0),
a, dt a, dt

2x,(t) d
a, dt

IMonoxwum nanee |f2(t)| < B, —0,(t) € [Py, Dys], F,D,,,D,, =const > 0.

0,(1) = age (t) + e;(1) + M, (7) — [sat;,z (5:()) + am,].

ITo aHaoruu ¢ mepBBIM 3TAIloOM BeIOOp M5 > @,, + 2X,,F /(k.ay) n ky > 2X,,F, /(a,P,,) rapanTupy-
€T NoIalaHNe NEPEMEHHO §5(¢) B IMHEIHYIO 30HY s5(f) € [0, M5].

DTtam 3.

1. O6ecrnieunM normnagaHue NepeMeHHoi e;(f) u3 (2.6) B 3a1aHHYI0 OKPECTHOCTD HYJISI |e3(t)| < A5, Te.
peLIMM 3a71a4dy CTaOMIN3alMU C 3aJaHHOM TOYHOCThIO CUCTEMEI BUIA

&(1) = asb(=xs(1) + mxy(1)) - i[“”;“ (s:0)1. (2.10)

2. PaccmaTtpuBaeM nepeMeHHYI0 Xx,(7) B cucteme (2.10) B kauecTBe GDUKTUBHOTIO YIpaBJICHUSsI, BBE-
IIleM 3aMeHy IepeMeHHO
e, (t) = mx,(t) — saty;, (s,(1)), (2.11)
e
_ 1 d +
54(8) = x3(1) — kses(t) + ——[saty, (s3(0))].
a;bdt

Br160p ammutynbl U3 cooTHolieHus1 0 < M, < mX, B pe3yabTaTe pelleHUs 3a1a4u CTa0WIM3aluu Ie-
peMeHHOI e,(f) oOecieunBaeT orpaHuyeHue x,(¢) € [0, X,].

3. ITocne noacranoBku (2.11) B (2.10) umeem

(1) = asblx(0) + e,(0) + satyy, (s4(0)] = lsatiy, (s10) (2.12)

4. Ipu pyHKIIMOHUPOBAHUHU B IMHEHHOM 30He cucTeMa (2.12) crabunusupyercsi ¢ 3aaHHO TOYHO-
CTBIO

&(t) = asb(—kzes(1) + e, (1)). (2.13)

HelcTBUTENBHO, e3(t)| < A; = A,/k; B IpENIOJIOXEHUHN, YTO |e4(t)| < A, = const OyzneT obecrnedeHo Ha
CJIEAYIOLIEM dTarle.

5. BeiOop aMImIuTyabl 1 Koa@duiireHTa ycujleHUs1 GyHKIUU sat},}4 (s4(t)) C LI€JIBIO MOTIaaHus Tiepe-
MEHHOI1 §4(f) B JIMHEHHYIO 30HY OIPENEIISIETCS aHAJIOTUYHO NIEPBOMY 3Tally.

3anuiieM ypaBHEHUE, ONUCHIBAIOLLEE TOBEAEHUE ITIEPEMEHHOM S,(¥)
$4(t) = f5(0) — ksasbsatyy, (s4(0)) + 95(1)), (2.14)
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e

2
ﬁ@ﬂﬁné%m%me@m=ﬁMer$§mQWWL

Bei6op M, > ®@;, + F,/(k;a:b) v k; > F,/(a;bD-,) N0 aHATOTHM C TIEPBBIM 3TAallOM TapaHTUPYET MO-
rajaHue NepeMeHHOM s,(f) B IMHEHYI0 30HY s,(f) € [0, M,].
Ortan 4.

1. PaccmarpuBaeTcs AMHAMUYECKOE YPABHEHUE OTHOCUTEJILHO IIEPEMEHHOM CUCTEMBI e,(F) 13 (2.11)
BUIA

&4(0) = mat (apxs(1) = my) = - saty ((0). (2.15)

2. B Beipaxenuu (2.15) B kauecTBe (DMKTUBHOTO YIIPABJICHUS BBICTYAET TOK SIKOPSI X5(7), TOJIOXUM
€ro paBHbIM

es(t) = anxs(t) — saty (s5(1)), (2.16)

e

$5(0 = my — kiey(0) + —— < saiy (5,(0).

ma,,
BbI60p aMIITUTYABI U3 COOTHOIIIEHUSI |M 5| < a,, X5 B pe3ybTare pelieHus 3aJauu cTabuam3anuu nepe-
MEHHOI e5(f) 0GecrenBaeT orpaHudeH e |x;5| < X;.

3. Ilocne monctaHoBKHU (2.16) B (2.15) nMeeMm

@m=m%mm+w%mmrwm—im%mmy Q.17)

4. I1pu GyHKIIMOHUPOBAHWHU B IMHEITHOM 30He cucTteMa (2.17) cTaOMIn3upyeTcs ¢ 3aJaHHOM TOYHO-
CThIO

€,(t) = may (—kye (1) + e5(1)), (2.18)
rae BeIOOp mapametpa k, > 0 onpenensieT CXoOAMMOCTb TepeMEHHOI JaHHOI MOACHCTEMBI B 3a1aHHYIO
OKPECTHOCTb HYJISI, OMpeacssieMylo BbIpaxKeHUEM |e4(t)| < A;/k, B IDEAIIOTOXEHNUM, YTO BBITIOJHSIETCS
yCJIOBUE |e5(t)| < A; = const, o0ecnieyMBaroLIeecs Ha OCIAEIHEM ATale NPOLELyPHI.

5. Beibop ammuutyael M5 > 0 u3 (2.16), obecrnieunBaroliieil nmonagaHue nepeMeHHo e, B OKpecT-
HOCTb HYJISI, ONIpeessieTCs Ha OCHOBE BToporo Metona JIsanyHoBa: V' = 0.5s52 ®).

3anuiieM Npor3BOIHYIO PyHKUMM S5(f) B BUIE

$5(t) = fo(1) — kymay (saty (s5()) + @4(0)), (2.19)
e

2

d
=S saty, (s,(),  ©4(1) = es(t) —m; —
may, dt may,

Jilty =iy + %m%@@)

Tpe6opanue V = s5(7)[f,(f) — kymay saty (s5(2)) + @4(7))] < 0 BHE TMHEIHO¥ 30HBI |s5(t)| > M naet npous-
BonHyto GyHkumy JlanyHosa Buna V = ss(f)f,(¢) — kyma,,sign m;(85(0) + 04(#))] < 0, oTKyza cienyer Bbi-
paxeHue i Bbioopa amrumryasl My > @, + F, /(kyma,,), Toe | f4(t)| < F, = const, |(p4(t)| < @, = const.
OTam 5.
Pewaercs 3agaya crabuin3aunu nepeMeHoi (2.16), onucbiBaeMoil ypaBHEHUEM

%m=%%mm—%mm—%mm—iw%mm>
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wiu ¢ yuetoM (2.11) u (2.16)

és(t) = apas, {uzm — D210, (1) + saty, (s,(6)] — BLles(t) + satMs(ss(m} — 4 sat,, (sy(1)). (2.20)
m ay dt

Bribepem yripaBieHue B BUI€ pa3pbIBHOU (DYHKIIMU BBUIY (DU3NYECKUX COOOPAKEHUIA:
uy = —Mesign(sg(1)),  s5(1) = es(?). (2.21)

npl/l YCJIOBUU BBIITOJIHEHUSA YCIIOBUA CYIIECTBOBAHMA CKOJIB3ALICIO peXnMa

Mg > —ay,x4(t) — a3 x5(t) — iSleMs(Ss(l‘))

G043
B cucTteMe (2.20) 3a KOHEYHOE BPEMS BOZHUKAET CKOJIB3SIIINIA PEXUM 10 TIJIOCKOCTH e5(f) = 0.
J1s1 HarISIMHOCTU BBIMUILIEM YpaBHEHUS ABMKEHUS 3aMKHYTOM cucTeMsl (1.3), (1.4) B HOBBIX mepe-

MeHHBIX ¢;(f) = 0, i = 1,5, 3amaBaembix ypaBHeHus MU (1.5), (2.1), (2.6), (2.11), (2.16) ipu monagaHUn
KOMITOHEHT BEKTOpPa B HOBBIX MIEPEMEHHBIX B IMHEIHBIE 30HBI COOTBETCTBYIOIINX Sat-MYHKIININ 1 BO3-

HUKHOBEHUHU CKOJIB3SILLETO PEXKUMA T10 TUIOCKOCTH e5(f) = 0, cormmacHo ypaBHeHUsIM (2.3), (2.8), (2.13),
(2.18):

a
2x2(t)( ke, (1) + (1)), (2.22)

&(1) = ab(—kzes(t) + ey(t)),  é,(t) = may (ke (t) + es(f)), es(r) = 0.

é(t) = ~(aq@®) + ke (1) + e, (1),  &(f) =

B cucteme (2.22) ocyIecTBIIETCST IeKOMIIO3UIIMSI CHU3Y BBEPX OOIIEro IBUKEHHMST HA MOCIeIOBa -
TEJIbHO CXOISIIMECS B HOJb MOACHUCTEMBI MEPBOTo mMopsaka: es(f) =0 = e,(r) > 0 = @) >0 >

= e,(f) > 0 = ¢/(f) — 0, 4TO M pelIaeT MOCTaBJICHHYIO 3a1a4y PEeryJIMpOBaHUs BBIXOLHOM MEpeMEH-
HOM.

B cnenyiouem pasnesie peniaercs 3ajaadya OlleHUBaHUS KOMIIOHEHT BEKTOPa COCTOSIHUS 1 BO3MYIIIE-
Huit B cucteme (1.3), (1.4) c icmoib30BaHMEM KacKaJIHOTO METO/Ia CUHTE3a HabIioaaTessl B paMKax Me-
TOJOB CUCTEM C TJTyOOKMMU OOPaTHBIMU CBSI3SIMU U CKOJIB3SILIIMMU PEXKUMaMU.

3. Ha0moaaTenb BEKTOpPa COCTOSSHHMS M BHEINHMX Bo3mymienuii. 3.1. HaGnmongaTtenb BeKTopa
COCTOSIHMS M BO3MYIIeHUit. OTHOCUTEIbHO Moaein oobekTa yrpasiaeHus (1.3), (1.4) npen-

I1OJIaraeTcs, YTo JJIs1 U3MEPEHUSI TOCTYIIHBI IIEPEMEHHBIE ¢/(f), X,(f) U X5(f), MOCTPOUM HabJIIonaTeNb
BHIIA

4() = a5 (1) + &),

4 = ﬁ%(r) +&,(1)D,

33(t) = —bz3(1) + bmz, (1) + v3(1), (3.1)
24(1) = ay Ay xs5(1) + 04(1),
Z5(1) = an(uy (1) — ax,z4(1) — a3 x5(1)) + 0s(7),
rae €,(t) = x,(t) — z)(t), €,(t) = x,(t) — 2,(¢), mapameTpsl /,/, = const > 0 ¥ KOPpEKTUpPYIOLIHE BO3IEIi-
CTBUS V5, V,, Vs ONIPEACIISIOTCS AaJiee.

3anuiueM cucrteMy B HeBsI3Kax €,(f) = x;(f) — z,(t), i = 1,_5, c yuetoM (1.3)—(1.4) u (3.1):

(1) = @, (1) — M () — Lg, (1),

&) = 2); 140+ MO1-10) - b0,

&4(1) = —bes(f) + bme,(f) — vs(0), (3.2)
€4(2) = —aymy, —V,4(2),
€5(1) = —a3,a584(F) — Vs(7),

rae N{ () = ag(®)[e(t) + Pyl = agt)x, (7).
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JanpHelmuii aHaaIu3 U CUHTE3 HaOMI0maTe sl BEKTOpa COCTOSIHUS U Bo3MyIleHui (3.1) ocHOBBIBa-
eTCsl Ha CJIeIyIoIIeM pe3yJibTaTe.

Jemma [21]. MycTs nana cucrema &(f) = —Ie(t) + (), [,N,N = const > 0,
Torna yepe3 KOHEUHBI MPOMEXYTOK BpeMEHH #, = () cripaBeJIUBbI OLICHKMU:

N < N,

()| < N.

()| < A = % ()| <A = % AA = const, —Ie(t) + M) = () < A.

Huxe npencrasieHa moatamHasi mpoleaypa KacKaaHoro CUHTE3a Ha0JIIoaTelis COCTOSTHUST U BO3-
MYILIeHUI mpuMeHuTebHO K cucteme (1.3) u (1.4) Ha OCHOBE TEOPUHU CKOJIB3SIIIUX PEXHUMOB U TI1y00-
KHUX OOpaTHBIX CBS3EHA.

1. BriGOpoM KOpPpPEKTUPYIOIIETO BO3AEWMCTBUS B IlociemHeill mnoacucreMe (3.2) B Bume
V5(¢) = Msign(es(¢)) (M = const > |a32412284(t)|) 0o0ecrneyrnBaeTcsl CKOJb3SILUMIA PEeXXUM MO NPsIMOi €5(7) = 0.
ITpu 5TOM CpenHee 3Ha4eHME Pa3PBIBHOTO CUTHAJIA PABHO Vs, (1) = —a3,a5,€,(?).

2. VI3 IOCNIeIHETO BBIPAXKEHUS UMEEM €4(f) = —Vs,,(1)/(a3,45,), C YIETOM KOTOPOIA TOCTPOUM KOPPEK-
TUpYIOLlee BO3NCWCTBHUE I YETBEPTOM TONCUCTEMBI (3.2) B BUIE V4 = [(—Vs,,(1)/(a30)) = LE,,
I, = const > 0. [Nocie MOACTAaHOBKM KOPPEKTUPYIOIIETO BO3AEHCTBUS YeTBEPTAs MOACUCTEMA TIPUMET
BUI £,(1) = —1,€,(t) — aym, . B npennonoxennn |m, | < M, || < M, M;, M, = const, cormacHo jeM-
Me, obecreunBaeTcsl cTabuau3alus NEpeMeHHON €, C 3alaHHOW TOYHOCTBIO |£4(t)| <ayM,/l, = A,
limA, = 0 npu /, — oo, T.€. OJTY4aeM OLIEHKY MEPEMEHHOM x4(7): €,(t) = 0 = z,(¢) = x,(¢r). Kpome To-
r'0, U3 COOTHOLLEHUS JIEMMBI |—l484(t) - azlmL| <a,M,/l, =A,, limA, = 0 11pu [, — oo 1OJy4aeM OLIEH-
KY MOMEHTa COTIPOTUBJICHUS C 3aIaHHON TOUHOCTHIO:

Uy
ay

LEgy(t) = —aymy +8,(1), 8,(t) S A, = my ~—

OTMETUM YTO, CODJIACHO JIeMMe, IpY m; = const, #1;, =0 = A, — 0 oLEHKa MOMEHTa Harpy3ku
CXOOUTCSI K UCTUHHOMY 3HAYE€HUIO aCUMIOTOTUYECKU:

lim l484(t) = _a21mL.
t—so0

3. Mcnmonb3yst UCXOMHYIO MOeb 00beKkTa ynpasieHus (1.1), cuHTe3upyeM BcrioMoraTe/bHbI aBTO-
HOMHBII HabJTI0maTe b TIEPBOTO MOPSIIKA COCTOSTHUS:

Cy2o(t) = k,z3(t) — k| Pp(1) = Pr(1) + 0,

Y 3alUILIEM ypaBHEHNE OTHOCUTENBHO HEBA3KU €, = P, — 7, ¢ yueToM o003HauYeHus x; = Dy u3 (1.3):
Cy€, = k,€; —U,. BbIOOp KOPPEKTHDYIOLIETO BO3NCHCTBHSL U, = M, sign (§,(r)), M, = const > |k, & ()|
obecrieynBaeT CKOMB3SIIMI PEXUM IO TJIOCKOCTH CKONbXeHus €, = (), a cpenHee 3HAYEHMs] pa3pbIBHOTO
YIPaBJICHUSI B CKOJIB3SILLIEM PEXUME PABHO Uy, = k,,€;. DopmMupyst KOPPEKTUPYIOIIEe BO3AEHCTBYE B TPEThEM
nozcucreme (3.2) B BUIIE V5 = L0,,, = 5k, €, IMeeM NOACKCTEMY BUTa &£5(¢) = —b[€;(¢) + me,] — Lk,&;. C
YIEeTOM |84(t)| < A, BeIOOpoM koaddunmeHTa /; > 0 MOXHO 0OECIIEUUTh 3aJaHHYIO0 TOUHOCTb CTA0MJIU-
3allMy IEPEMEHHOM €4(7):
les(n)| < bmhs )
b+ Lk,
4. PaccMoTpuM BTOpYIO NoacucteMy (3.2), KoTopas NpH €;(f) = 0 TpUMeT BUL

Lt () (1) - Lea(0). (33)
2x,(1)
Cucrema (3.3) B 0003HaUYEHUSIX JIEMMBI 3aITMCHIBACTCST KaK

&,() =

(1) = —he,(), M= ﬁni“(t) —M(0).
2

B npennonoxeHun |n* (t)| < N* |1'1* (t)| < N*; N* N = const > 0 ClIpaBeUIMBbI COOTHOLIEHUS U3
JIEMMBI: CYILIECTBYeT Takoii KoadduumeHt , > 0, uto [e,()| < A, = N* /L, [¢()| S A, = N*/L, A,, A, —
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Harlepell 3adaHHBle uMcla, —he,(f) +N* (f) = &,(t) < A, M, cleqoBaTeNbHO, MepeMeHHas hLey () =
=N*@#) + Sz(t) CJIy>KUT OLIEHKOI BO3MYIIIEHUS C HaTleped 3aaHHOKM TOUYHOCTHIO.

5. C yuetoMm &,(f) — 0 mepBoe ypaBHeHUe cucTeMbl (3.2) npuMert BUI &,(¢) = —N;(¢) — [,,(¢), Tne B
npennonoxenun MF(#)| < N, MF@)| < N5 N, N = const > 0 Bbi6opom koabduimenTa /; > 0 obec-
neunBaercs crabuamsanmst [¢,(1)| < N/l = A, ipu [j = 0 = A 1= 0 = z,(r) — ¢(¢). CoracHo em-
M€, C Y4ETOM |él(t)| < N}/l = A, TakXe MOXET GbITh [OJIy4eHa OlIEHKA BHEITHETO BO3MYILEHUS C 3a/IaH-
HOIt TOUHOCTBIO L€, (f) = -N¥(7) + §,(F), §,(1) < A,.

B pesynbrare cuHTe3a HabmogaTeN sl BEKTOPa COCTOSIHUS U BO3MYLLUEHM (3.1) UMEIOTCST OLIEHKH C

3aJaHHOM TOYHOCTBIO EPEMEHHBIX BeKTOpa cocTossHUS cucteMsl (1.3), (1.4) z,(1) — x,(1),i = 1,_5, npu-
YeM BMECTO OLIEHOK IIEPEMEHHBIX Z,(f) = ¢/(f) U Z,(f) = X,(f) MOXHO UCIIOJb30BATb JOCTYIHbIE IS U3-
MepeHUs [IEPEMEHHBIE ¢)(¥) U X,(7).

Kpome Toro, uMeeM OLIEHKU BHEIIHUX BO3MYIIEHUI C 3aaHHOI TOYHOCTBIO:

MOMeHTa conpoTuBieHus Ha Bary JITTT Ha BropoM aTane: m; = —V,/ay;;

Ha 4eTBEPTOM 3Talle MpOlledyphl MOJydeHa OLEeHKa BO3MyIeHHs: M*(£): Le,(f) = —M*() + &,(F),
Le, (1) = N*(?);

Ha TIATOM STare TMpolledyphbl HaiileHa oOlleHKa Bo3MylleHus M (1): he(f) = =5 (¢) + 8,(1),
hey(t) = M{(®);

M3 BBIpaXeHUs N* = NF(¢)/(2x,(t)) — M,(¢) 4eTBEpTOTrO ITara HAXOAUTCS BO3MYIIICHUE

Ly = m* () = —L— e, (0) + 8,001 - e, — S.0* (0),

2x,(7) 2x,(1)
Mo(?) = —hey (1) —

my(t) =

1
2x,(2)

hg (1),

n3 BeIpaxeHus N; (t) = qq()[e(t) + Pr,] = a,q(®)x,(t) u3 (3.2) onpenensieTcst olleHKa MOJOXEeHUs 3a-
BIKKI: g(r) = (1) /ayx, (0).

32.CuHTe3 Habnwanatensas-nuddepeHuunartopa. Kak cienyer us pasa. 2, 1i1s1 popmMu-
poBaHus yrpabiieHus (2.21) TpedyeTcss nHbopMaus o MOJOXEHUN 3aABUXKHU ¢(f) U ee YeThIpex nep-

BBIX TPOU3BOAHBIX. OlleHKA MOJIOXKEHUS 3aIBVKKIY HaliieHa Bhile. [Jisl MoIy4eHUs OLICHOK €€ TIePBhIX
YeThIpeX MPOU3BOIHBIX IMTOCTPOUM JIOIOJIHUTENIbHBII HaO 0aaTeIb-I11uMGEPEHLITATOD.

M310xu1M KpaTko Mpoleaypy CMHTe3a Habaoaares-auddepeHimaropa.
1. ITocTpouM pUIBTP C YCTOMUMBOM COOCTBEHHOI IMHAMUKOI:

EN =80 +q0), =14, &) =cE0)+q0), (3.4)
e &' (1) = (§,(),....Es(f)) € R’, c € R’ — BekTOp KO3 DUILMEHTOB I'ypBUIIEBOTO MOTUHOMA.
2. I[IpencraBum cucteMy (3.4) B KAHOHMYECKOM BUIE

EO=Cn, i=14 &) =c"E0n+E), (3.5)

rae

El(t) =& ),
& (1) = &) + (1),
&) = &) + q() + 4(1),
E,(1) = E4(0) + q(1) + () + (1),
Es(t) = Es(1) + q() + 4(1) + () + § (1),
&) = &+ q(t) + 4(0) + GO + (1) + ¢ (0).

(3.6)
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3. Tloctpoum HaGonatenb Bektopa coctosHus & (1) = (§(r), ..., &5(f)) v curHana &(f) npuMeHnu-
TeNIbHO K cucteme (3.5):

ED =8 +v, i=14 En=c&n+vs &0 =EW,.E0). (3.7)
4. 3anuiem ypaBHeHus (3.6) 1 (3.7) B HeBsI3Kax € (f) = E,-(t) — &,»(t):
EO =5, -V, =14, E&O=CEO+E0O-vs T O)=EO,....E0). (3.8)

5. B pabotax [24, 25] moka3aHO, YTO BRIOOP KOPPEKTUPYIOIINX BO3aeiicTBUI B Habmoaareie (3.7) B
KJ1acce JUHEWHBIX QYHKIINMN ¢ HACHIIIIEHNEM 110 MepapXuIecKOMY TTPUHIIUITY

v = Lsat(hg (), v, = Lsat(y,_), i=2,5 L,L,l = const
MO3BOJISIET PEIINTh 3a1a9y CTa0MIM3alny cucTeMbl (3.8) ¢ 3aMaHHOI TOUHOCTHIO.

HelCTBUTENBHO, B IPEATTOTOXEHUAX |§i(t)| <E, ?,(t)| <E,E =constu |E(t)| < E¢ = const onuiuem
CXeMaTUYHO MpOoLeaypy CTaOMIn3aluy CucTeMsl (3.8).

1. B nepsoii noacucreme £ (t) = €,(¢) — Lsat(l,(f)) npu BeIGOpE aMIIUTy bl L, > |§Z(t)| nepeMeHHas
§,(f) 32 KOHEYHOE BPEMSI OKA3bIBAETCS B JIMHENHOI 30He U UMEET MecTO: & (t) = &,(¢) — /& (t). CoracHo
JieMMe, BBITOJTHSIIOTCST COOTHOWEHUsE [€(1)| < E, /1, [€(1) — & (1) < E,/l u ¢ poctoM KoadbuumeHTa
YCUJIEHUSI CTAOMIIM3UPYETCS C 3aJaHHOM TOYHOCTBIO epeMeHHasl () = 0. B uTore umeeM oLleHKY ¢ 3a-
JAHHOU TOYHOCTBIO ITEPEMEHHOM &,(f) = /§ (7).

OnuieM nepBbiid MyHKT JIOTUYECKOM CXeMOIA:

§() = 50 - Lsat(i§(1), L > [B0)] = &1 = 5(01) — (5 () = [§()] < %

1

() — 5 (1) < % S e B =0, Byl = [EW).
1

2. B nanpHeiileM Ha MOCHEayIOLIMX dTamnax i = 2,4 CUHTE3UpPyeM KOPPEKTUPYIOIe BO3IeCTBUS
IO CJIeAYIOLIEeH JIOTUYECKOM CXeMe:

Eiy
A

1

€(t) = §,(0) — Lsat(E@1), L >[€,0)| = &) =€) - [E@) = [§0)] <

B =B S P S > = B0 =0, Bu) = [EO).
3. PaccmatpuBaeTcs cuctema €(f) = B + E,(t) — Lsat(ls&(f) u c yuetoM E(f) = 0 BHIGOpPOM
Ly > |EG(t)| obecreunBaeTcs cOOTHoLIeHUe &(f) = [&(F).

C UCroIb30BaHKMEM MOJYYSHHBIX OLIEHOK BEKTOPa COCTOsIHUs &(f) 1 curHasa E(f) HaXoaMM MepBbIe
YeThIpe TTPOU3BOIHBIC CUTHANA ¢(¢), pellias TOCIeIOBaTeIbHO CBEPXY BHIU3 CUCTEMY ypaBHeHUI (3.6).

Taomuua 1. [TapameTpbl Moaeau 0O0bEKTa YIIpaBIeHUs U 0OpaTHOI CBSA3U

Mopnenb maporeHeparopa: k, = 2.41, ky =0.25,C, = 2.78,C, = 27.767,k,, =0.2,T, =150, m =3, g =0.6
Mogens AIT: ay; = 0.5, ay, = 1.8, a3; = 0.02, a3, = 20,m; =10

Havanbneie ycnosus OY: Pr(0) = 18, Pp(0) = 19.27, Dy(0) = 13.5,0(0) = 450,/ = 0.05

Cuenapwnii MmonenuposaHus: Pr,(f) =18 mpuz € [0,t)) U [ty,00], Pry(f) =14 ipu ¢ € [, t,),4 = 2000, 1, = 4000
[Tapametpsl Habmonarens: z;(0) = 0, i = 1,_4, 5, =100,,, =10, =0.1,l, =1, M =1000
[TapameTtpsl kKoHTpoepa: k; =0.1, k, =1, ky; =50, k, =1000, M, =10, M; = 30, M, = 1000, M5 =30, My=220

q)I/I3I/I‘{CCKI/I€ OIrpaHUYCHMUA Ha (l)a3OBbIe IICPEMECHHBIC!
Py € [0,30], Dy € [0,150], @ € [0,9000], |1,] < 20, |u| < 220
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Puc. 5. Omnbka HaGnoneHUS €, (F)

Takum oOpaszom, misga opMUpoOBaHMsS yipaBieHUs (2.21) BMeCTO HEIOCTYITHBIX IJISI U3MEpPEHUS
KOMIIOHEHT BEKTOpa COCTOSIHUS U Bo3MyleHuit B cucteme (1.3), (1.4) cneayeT ucnoab30BaTh MOJIyYEH-
Hble B JaHHOM pa3zjeJie OLeHKH.

4. UYncaennoe MmoaenupoBanue. Pe3ynbTaThl YMCIEHHOTO MOIEJIMPOBAHUS TIPOBOAMINCH B CUCTEME
MATLAB—Simulink. ITpu momenupoBanuu cucremsl (1.4)—(1.5), Habmonarensa (3.1) u ynpaBlieHUS
(2.21) 611K BEIOpaHBI MapaMeTphl U3 Tao0. 1.

IIpennonaraercs, 4To B OOBEKTE U151 USMEPEHUS TOCTYIIHBI JABJICHUE NIapa Nepes 3aiBUXKon Pr(7),
JaBJICHUE ITapa Ha BBIXOJE U3 KOTJIa — naporeHeparopa Pp v Tok sikopst 1. 111 mojryyeHus: oJaHoi UH-
dopMaliu o ha3oBbIX IEPEMEHHBIX 0OBEKTA YIIPABICHUS U O NIEWCTBYIOIIMX HA HETO BHELITHUX BO3MY-
IIEHMSIX OBLT IIOCTPOEH HaOMomaTe b cocTossHu (3.1), malolunii OlleHKA HeU3BECTHBIX CUTHAJIOB C 3a-
ITAaHHOI TOYHOCTBIO.
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Puc. 10. OTK/I0HEHUE peabHOTO AABJICHUS MTEPE 3aABUXKKOI1 OT XKeJaeMoro e (f)

Ha puc. 4—8 npencrapiieHbl OLUMOKY HAOMOOEHUS €; = X; — Z;, i = 1,5. Ha puc. 9 npuseneH rpadpux
3aBUCUMOCTU MOMEHTa Harpy3ku m, (¢) Ha Baixy AIIT oT BpemeHu, NyHKTUPHOI TUHUEN 0003HAYEHO
WCTUHHOE 3HAYCHNE MOMEHTA HArpy3KU U3 TaOIUIIbl, HEIIPEPBIBHOM JIMHUEI — 3HAUCHUE, TTOJTyYeHHOE
¢ moMolkto Habmonatens (3.1).

Ha puc. 10 nzob6pazkeH rpaduk OTKJIOHEHUS AaBJICHUS T1apa nepen 3aIBUXKKOM OT XXeJJlaeMOoro 3Ha-
yeHus, a Ha puc. 11 — rpaduk gaBiaeHUS ITapa Ha BBIXOJE U3 KOTJIa — ITaporeHeparopa B 3aBUCUMOCTU
OT BpEMEHMU.

Ha puc. 12—15 npezcrasineHsl rpaduKu TETIOBOTO MOTOKa 1euu Dy (f), YIJIOBOM 4aCTOThI BPALIEHHUS

BaJIA IBUTATENS O(7), TOKA sIKOPS [, (f) M HANIPSKEHUS SIKOPS U, (f) B 3aBUCUMOCTHU OT BDEMEHU COOTBET-
CTBEHHO.

3akmouenne. [IpennoxXeHbl aJITOPUTMBI CUHTE3a 00paTHOM CBSI3M IMIPUMEHUTEIILHO K PEIICHUIO
MoAaePKaHUIO 3aJaHHOTO JaBJIEHUs Mepell BHIIMYCKHOM 3aABUKKOM B ITapOreHepaTope B YCIOBUSIX
JEeMCTBUS BHEITHUX BO3MYILEHNN U HEMOJHOI MHMOpMALIIU O BEKTOPE COCTOSTHUS MOAEIU 00beK-
Ta ynpasieHUs1. CylleCTBEeHHbIM OTJIMYMEM JaHHOM paGoOThl OT U3BECTHBIX PE3YIbTATOB PEIICHUS
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Puc. 15. HanpsokeHue sikops u;(7)

aHaJloru4yHo¥ 3amauu [4, 7, 9, 11] aBisieTcsl ydeT TEXHOJIOTMYECKUX OTpaHUYEeHUIT HaA KOMIIOHEHTHI BEK-
TOpa COCTOSIHUS U YIIPaBJISHMS Ha CTaIuK pa3pabOTKU aJITOPUTMOB yIIpaBJICHUSI.

Hcnonb3oBaHue 6JI0YHOIO ITOAX0a MO3BOJIMIO, C OOHOM CTOPOHBI, OCYIIECTBUTh JIMHEAPU3aLIAIO
o 0OpaTHOM CBSI3M HEJIMHEIHOM MOJE/IN ITaporeHeparopa, a ¢ IPyroi CTOpoHbI, 00eCIeUYnTh 3aJaH-
HbIe OrpaHWYeHUS Ha (pa30BbIe MepeMEHHBIE 1 YIIpaBJICHUE 32 CUET UCIOJb30BaHUS B KauyeCTBE JIO-
KaJIbHBIX 0OpaTHHIX CBS3eli IMHEMHBIX (DYHKIMI ¢ HachleHueM. s nHdpopMaiimoHHOro obecriede-
HMSI TIPEMIOXEHHBIX aJITOPUTMOB YIIpaBIeHUs pa3padoTaH KOMOMHUPOBAHHbBIN HAOMIOIATENb COCTOSI -
HUI U BOBMyLL[eHI/Iﬁ Ha OCHOBE METOIOB CUCTEM C Fﬂy6OKI/IMI/I O6paTHbIMI/I CBA35MU U CKOJIb3AILLIUMUA
peXrMaMu, ITO3BOJISIIOIINIT ITIOJIYYUTh OLEHKM KOMIIOHEHT BEKTOpa COCTOSIHUI Y BO3MYILIEHUIL C 3a-
ITAHHOI TOYHOCTBIO.

PaboTtocnmocoOHOCTE IIpeaIoXKeHHOTO aJITOPUTMA TTOATBEPKACHA KaK aHATUTUYECKH, TaK U C TTIOMO-
b0 MoneaupoBaHus B cpene MATLAB—Simulink.
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