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Annoranusi: [Ipeanaraercst YMCIEHHBI aNrOpUTM PELICHUs 3a7a4yd MOMCKAa ONTHMAJIBHOTO
MIPOrPaMMHOTO YIIPaBJICHHs, OCHOBAaHHBIH Ha PA3JIOKEHWM 3aKOHA YIPABJICHUS II0 CHUCTEME
panuanbHO-0a3uCHBIX (DYHKUMH M HCIIOJIB30BAHUM MYJBTHAreHTHOTO METa’BPHCTHUYECKOTO
MeToJa ONTHUMHU3aLMH. B KadecTBe pagMaibHO-0a3UCHBIX (YHKIMH paccMaTpUBalOTCS:
¢yakmms [aycca, MynbTH-KBanpaTHdHas (QYHKIUSA, oOpaTHas KBaapaTHdHas (GYHKOUS W
oOpaTHasi MyJbTHU-KBaApaTH4Has (QYHKOUS, a B KAuecTBE MYJIBTHAareHTHOIO MeToxa —
THOPUIHBIA ~ MyJIbTHAareHTHBIH  METOA  MHTEPIOJILMOHHOrO Ioucka. Ha  ocHoBe
NPEIUIOKEHHOr0 MOAX0Aa pa3paboTaHO MNPOrpaMMHOE OOECIeYeHHE M HCCIEeJOBaHA €ro
3 }eKTUBHOCTS TNPH pELIeHHH MOJIENbHOro mpuMmepa. IIpoBeneH CpaBHUTENBHBIH aHAIU3
BJIMSTHHSL BBIOOpA MapaMeTpoB 0a3MCHON CUCTEMbI Ha TOUHOCTD PellaeMOi 3a/1a4u.

1. BBenenue

3ajmaya CUHTE3a ONTUMAJIBHOTO YNPABICHUS HEJIUHEHHBIMU JI€TEPMUHUPOBAHHBIMHU
CUCTEMaMH ABJIACTCA BOCTpe6OBaHHOfI n IIOJHHUMACTCA BO MHOI'X o6nacmx HAayKn H"
TeXHUKHU. VICMONB3YIOTCS pa3inyuHble MOAXOJbI K PEHICHUIO STOM 3aladH, KOTOPhIE MOXXKHO
pa3nenuTh Ha JBa Kjacca: NOpsMble W KOcBeHHbIe. KocBeHHble meToabl [1] permieHus
3aKJIIOYAIOTCS B PEIICHUH JABYXTOYEUHOM KpaeBoil 3amauu. [lpsimble Metonsl [2] cBomsT
3a/1a4yy MOMCKa 3aKOHa yIPaBJICHUS K 3aJ1a4e MapaMeTpUIecKol ONTUMU3AIIIH.

B pabore wucmonp3yercs MpsMOM METOJI TIOMCKA ONTHUMAIbHOTO MPOTPaMMHOTO
YIPABICHUA:  OCYILIECTBIAETCS  OUCKPETHU3allMs  3aKOHA  YIPABICHUSA, a HMEHHO
NpEeJCTaBICHUE €ro B BHJE psAAa MO paaualbHO-0a3MCHBIM (YHKIMSM C HEU3BECTHBIMHU
KOB(i)(l)PII_[HeHTaMI/I. I[JIH HUX TMOUCKAa NPHUMCHAIOTCA MYJIbTUAICHTHBIC MCTOABI ONTHMU3ANN
[3], uaes KOTOPHIX OCHOBBIBAETCA HA PA3IMYHBIX 3BPUCTHYECKUX mpouenypax. [IpuHuun
pa6OTBI TaKUX MCTOJOB 3aK/IIOYACTCA B TCHCpALIMH IMOIIYJIANHWU arC¢HTOB Ha MHOKCCTBC
JOTYCTUMBIX PEUIeHUI U yIPaBIE€HUHU X JBUKEHHEM, IPUBOIAIINM K pelieHuto. B kauecTe
MYJbTHAr€HTHOTO aJTOpUTMa HCIOJIb3YeTCs TUOPUAHBIA MYJIBTHAr€HTHBI aJTOPUTM
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MHTEPIIOIALMOHHOTO MOKUCKa [4], B KOTOPOM I OpraHM3alvy Mpolecca MOMcKa areHTaMu
IPUMEHSAIOTCSI MHTEPHOJSLUOHHbIE KpuBble be3be, Karmymia-Poma u cruaiiHbl pasHbIX
CTEMEHEeH, YTO MO3BOJIAET MOACTPOUTHCS MOJ CTPYKTYPY IOBEPXHOCTH YpPOBHS II€JIEBOI
byHKIMN.

PanuanbHo-0a3ucHble (YHKIMM HCHOJB3YIOTCS MPU PEUICHUH 3aad HWHTEPIOSIHH,
CUHTE3€ HEJIMHENHBIX CUCTEM YNPABIEHUS U B HEHPOHHBIX CETAIX [3, 6].

2. [locTaHoBKA 3aaa4u

HyCTB IHOBE€ACHUE MOACIIHN 06I:eKTa YHOpaBJICHUA  OMMUCBIBACTCA OGBIKHOBCHHBIM
nudepeHIaIbHBIM ypaBHEHUEM

(1) x(t) = f (&, x(t), u(®)),
r1e X — BEKTOP COCTOSIHHS CHUCTeMBI, X = (Xq,..,X%,)T € R™; u — BeKkTop yIpaBlicHHS,
u= (ul,...,uq)T € U € RY, U — HEKOTOpOE 3aJIaHHOC MHOXKECTBO JOIYCTHUMBIX 3HAUCHUHN

YUPABIEHHUS, ONPENENAEMOE MPSIMBIM TPOM3BEACHUEM OTPE3KOB [ay, by] X...X [ag, bg];
t eT = [t tf] — MPOMEXYTOK BpEeMEHH (DYHKIIMOHMPOBAHUS CHUCTEMbI; MOMEHTHI Hadasa
nporecca ty U OKOHYaHus tr 3amanbl; f(t,X,U) — HENMpepbIBHASA BEKTOP-QyHKIms; R™ — n-
MEPHOE E€BKJIMIOBO IPOCTPAHCTBO.

HauanbHnoe ycioBue
(2) x(to) = Xo
3aJ]aeT HA4aJIbHOE COCTOSIHHE CHCTEMBI.

Omnpenenum MHOKECTBO JIOITYyCTUMBIX TiporieccoB D (t,, x,) kak MHOkecTBO ap d = (x (-
),u(:)), xoTtopble BKIIOYAIOT Tpaektopuio Xx(-) u ympaienue u(-) (rme Vt € T:x(t) €
R™ u(t) € U, dynkuu x(-) HepepbIBHEI U KycouHO-nupdepeHupyemsl, a U(+) KyCO4HO-
HETIPEPHIBHBI), YIOBICTBOPSIIOIINE YPaBHEHUIO (1) ¢ 3aJaHHBIM HaYaJIbHBIM yCIOBHEM (2).

Ha muoxectBe D(t, X) onpenennmM HyHKIIMOHAT Ka4eCTBa YIPABICHUS
3) I(d) = F(x(tr)),
rae F(x) —3amanHas HempepbIBHAS QyHKIUS.

Tpebyercs waiitm Takyro mapy d* = (x*(-),u*()) € D(ty, %), uro I(d*) =

min I(d).

de D(to,Xo)
3. CTpaTerusi moucKa pelieHus 3a1a4u

Jliig gacTHOTO citydas cucteM (1), B KOTOpOM CTPYKTypa ONTHUMAJIbHOTO MPOTrpaMMHOIO
YIpaBJIECHUS COIVIACHO MPUHLUIYY MaKCUMyMa SIBIISIETCS PEJIeHHOM, Ipeuiaraercss UCKaTh
NpUOIMKEHHOE peIIeHHEe B BUAE (PYHKUMH HACHIIEHUS, KOTOpas JOJKHA TapaHTHPOBAThH
BBIIIOJIHEHUE 3a/laHHbIX OTrpaHMYEHMH Ha YIpPaBJICHHE MapajuIeeNuIeHOro TUla, a
apryMeHThl (DyHKIIMM HACBHIIICHUS — B BUJE JUHEWHOW KOMOMHALIMM 33JaHHBIX paJuaIbHO-
0a3uCHBIX (PYHKITUH.

3aKoH yIpaBieHHs 3amaeTcs B BUAE (YHKIMHM HACHIMICHUS Sat, TapaHTUPYIOMIeH
BBINOJIHEHHE OTPAHNYECHUH HA yIIpaBJICHUE:

4) u;(t) = sat{gj(t)},j =1,...,q,
_ . aj, g;(t) < aj,
e VtET g;®) =Xt (|t — £, sat g;(t) ={9;(t),a; < g;(t) < by,
b;, g;(t) > b,

{cé,c{,...,cij_ 1} —HEU3BECTHBIE KOX(PQPUIIMEHTH pa3joKEeHUs Mo 0a3ucCHOM cucrteme
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byHKIHH {(p(lt —t! |)}L1 L L) >1,j=1,...,q — MacmTabsl yceueHHs pa3IOKEHHH II0
Ka)XJI0M M3 KOOPJIUHAT BEKTOpA YIIPaBJICHHS.

B KauectBe pajmanbHo-6asucroit cuctemsr dymxkumit {@(|t — t{)}ot  moxmo
HICTIONB30BATh:
e ¢ynxnuro ['aycca
) o(r) =™ %
®  MyJbTH-KBaJPaTHYHYIO QYHKIHIO

(6) @) =1+ (ur)?;
e 00paTHYIO KBaJpaTUYHYIO (DYHKIIHIO
(7) () =1/A+ (wr)?);

e 00paTHYIO MYJIbTH-KBaJAPATHUHYIO (DYHKIIUIO

(8) o) =1/y1+ (ur)2

3nech u — macmtaOHBIN Kod(pduuuent, t' — Oa3oBas Touka, r = |t — t'|. Ba3oBsie

i . i . tr—to

TOYKH 3a7af0TCs CleAyrommM obpasom: t'=t,+ih,i=0,...,L7 =1, tne h= h,
j=1,...,q.

[Ipu permennu 3ama4u MPUHUMAETCS THUIIOTE3a O TOM, YTO C POCTOM YHCJIA UYJICHOB
pasznoxkeHuss (yBenudeHHMH 4Yucia LJ) TOYHOCTH TPHOIMKEHHOTO pEIICHUS JO0JDKHA
Bo3pactarh. [lporecc yBenmuueHUs umcen L/ MOXXHO 3aBEpIIUTh, €CIM OTHOCHUTEIHLHOE
MpHUpAIICHHE BEIUYHHBI (YHKIIMOHAJAa CTAaHET MEHBIIE 3apaHee 3aJaHHOTO IOPOTOBOTO
3HAYCHUs, T.€. KOTJa J0OaBIIEHUE HOBBIX CIIaraeMbIX M, KaK CIJIEJCTBUE, YCIOKHEHHUE 3aKOHA
yIpaBJICHUS HE MPUHOCUT CYIIIECTBEHHOTO YIYUIICHHUS 3HAYCHUST KPUTEPHSI ONITUMAIEHOCTH.

Tekymiee npubIMkeHNE pEIICHUs 3a1a€TCsl B BUE OJIOYHOTO BEKTOpa

1 1 .1 1 N &
9) (L ,...,quco,cl,...,cL1_1|. |co,c1,...,ch_1) ,
OTIPENENISIONIETO TPEICTaBIeHUue 3akoHa ympaeieHus (4). Ha koopmunatel BekTopa (9)
HaKnaﬂHBamTca 'UHTCPBAIIbHBIC OTPAHUYCHUS BH/IA

c S [ Cimin’ lmax],j =1...,q;i=0,...,. L — 1.

HOCKOJIBKy nepBbld OIOK MaTpuilbl (9) COAEPKUT IENOYMCICHHBIE MEepEeMEHHbBIC, a
nocienyroomue OJOKH COAEp)KaT BEIECTBEHHbIE INEPEMEHHbIE, 3ajjada MapamMeTpUYECcKOn
MUHMMHU3aUUU QyHKIHMOHANA (3) HA MHOXKECTBE JOMYCTUMBIX BEKTOPOB BHA (9) OTHOCHUTCS K
KJIaCCy IICJIOUYMCICHHO-HENPEPBIBHBIX. Ee penieHue CBA3aHO € MOCJIEIOBATEIIBHBIM
yIIy4IICHUEM 3HaUYCHHH, KaK [EJIOUNCICHHBIX TEPEMEHHBIX, 00pa3yIOLINX BEKTOP MAaCIITa00B
yceuenuss L = (L',...,L9), Tak W JE€ACTBUTENBHBIX NEPEMEHHBIX, O00pPa3yIOIMX BEKTOP
C=(cgctrciy|ledcl,....cfq_)T. Tlpennaraercs mpu MOMCKe METOUUCITEHHBIX
pelIeHni peaan30BaTh WK MOCJIEI0BATEILHOTO MOKOOPAMHATHOIO CIIyCKa C BO3BPAaTOM
IpY HEyJa4yHOM IIare, a IpH IMOUCKE 3HAYCHHUH OCTAJIBHBIX IEPEMEHHBIX ~3aMOPO3UTH”’
TEKyIIHE 3HAUEHUS LETOYUCIECHHBIX MNEPEMEHHBIX U NPUMEHUTh MYJIbTUAr€HTHBIE METObI
ONTUMM3AIMH, B YACTHOCTH THOPUAHBIM MYJIbTHAreHTHBIH AITOPUTM HHTEPIOJISLUOHHOTO
MOMCKa.

4. MoaeJabHbI IpUMep

[TapamMeTpsl MOCTAaHOBKH 3a7a4M MPUBEICHBI B TA0I. 1.

Taoauna 1. IToctanoBka 3agaun.

Cucrema quddepeHnnanbLHbIX {561 = x,(t) + sinx4 (t) + u(t)
ypaBHeHuii Xy, = xq(t)cosx, (t) u(t)

XIV BCEPOCCHUIICKOE COBEILIAHME I10 [IPOBJIEMAM VIIPABJIEHU S
BCI1Y-2024
Mocksa 17-20 urons 2024 t.



360

HavanbHoe ycjioBue x(0) = (0;0)T
BpemenHnoii unTepBa t€[0;1]
Orpanuyenns Ha ynpaBJieHUe -1<u<l1
@Dyuknuonal (3) I(d) =x, (1) - min

PemmM 3aady ¢ moMoIIbi0 paccMOTpEeHHOro anropurMa. s storo Tpedyercst BEIOpaTh
OHY W3 YyKa3aHHBIX paauaNbHO-0a3uCHBIX (GyHKOWA: ¢QyHKOuo [aycca, MyJbTH-
KBaJPaTUUHYIO (YHKIMIO, OOpaTHYIO KBaJpaTUYHYIO (PYHKIHMIO WIX OOpaTHYIO MYJIBTH-
KBaJpaTUYHYIO (yHKIMIO, a TakkKe 3aJaTh MapaMeTpbl MYJIbTHATEHTHOTO aJIrOpUTMa
YCIOBHOHM onTuMu3auuu. BeiOpaHbl 3HaueHus napaMerpa octaHoBkH anroputma € = 0,05 u
nrara uHTerpupoBanus h = 0,001, makcuManbHOE YHCIIO MPOXOI0B paBHO 10.

PaccmoTpeHo dYeTblpe ciyyas MOMCKa ONTUMAIBHOTO IMPOTPAMMHOIO YIPABICHHS C
pa3HBIMH pagralibHO-0a3ucHBIMU  GyHKIMsIMHE (5)-(8). i Kaxmoro ciydas HalaeHO
HamTy4IIee KOJMIecTBO L K0d((HUIIMEHTOB Pa3oKeHUSI U UX YHCIIOBBIC 3HAYCHUS, a TAKKE
ONpeNeNeHbl  HAWIydllde TapamMeTpbl THOPUAHOTO  MYJBTHAr€HTHOTO  alrOpUTMa
UHTEePIOJIAIUOHHOTO oucka: NP = 20, I, = 10, M; = 2, M, =5, PRT = 0,9, nstep = 5,
b, = 8. MacmTabublii KOXQQUIMEHT AN paguanbHO-0a3UCHBIX (yHKOMA p = 2L,
MaKCHUMalbHOTO umncina mnpoxonoB 10. Ha 3HaueHuss KOA(PQPHUIMEHTOB B PaslOKECHHU
HAJIOXEHBI OTPAHUYEHUS Cpiny = —5, Cryax = O-

Pe3ynbraThl YMCIEHHOTO ASKCIEpUMEHTa NpuBeACHBI B TaOn. 2. Ilpm mcmonp3oBaHHA
¢ynkuuun ["aycca xonmudecTBO K03((HUIIMEHTOB B pa3iokeHuu L = 6, MyIbTU-KBaIpaTHUYHON
byukmun — L = 6, oOpaTHOW kBaapaTuyHoW (yHKUMH — L =4 u oOpaTHON MyIbTH-
KBaJpaTHIHON QyHKIMK — L = 6.

Tabauua 2. Pe3ynpTaThl pemeHns MOASIFHOTO IpUMepa.

PaananbHo-0a3ucHbIE 3HauyeHUs] KOOPAUHAT Ko puuuenTsr 3navenue
(pyHKUH x; (1), x, (1) pa3JioKeHus dynkuuonaua I
@ Taycea 0.4512; - 0,1361 —3;—4,65,~4,64; —0,136065
YHKIHUSA 1 ayce B 5 > 3,91;4.24; 5 i
MyJbTH-KBAAPATHYHASA . —4,06; —3,28; —2,34; B
bynicums 0,47, -0,1362 2.69: 3.4: 4.29 0,136163
Obparnas 0.4403; — 0,1354 52555 —0,135446
KBaJApaTu4Hasi GyHKIus
OO6paTHasi MyJIbTH- . —4,38;-4,38;,—4,13; _
KBaJpaTH4Has QyHKIMA 0,4649; - 0,1357 3,85;4,33; 4,66 0,135674

Ha puc. 1 nzo0pakeHsl TpaguiKi TPACKTOPUH U yNPaBICHUS MPH MPUMEHEHHH MYJIbTH-
KBaJIpaTHUHOW PyHKIMHU (AT OCTATIBHBIX TPEX CIIydaeB rpauKu aHAIOTUYHbBIE).

N3BectHoe pemenne mnpumepa 1 mpenacraBieHo B [7]: 3HAUYEHHUA KOOPIWHAT
(x4 (1),x, (1)) = (0,440804; - 0,13593), 3Ha4YeHHe QyHKIMOHANA [ = - 0,13593.
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U

Puc. 1. OnTumanbHble yOpaBlIeHUE U TPAeKTOpHs B puMepe 1.

6. 3akiaouenue

I/ICXOIUI N3 TIOJYYCHHBIX PC3YyJbTAaTOB, OITMICAHHBIN II0AX0J IIOMCKa OITHMAJIBHOI'O

yIOpaBJIE€HUS Ha OCHOBE paJualbHO-0a3UCHBIX (YHKUUH C MCIIOJIB30BAaHMEM THOPHUIHOTO
QITOPUTMA HWHTEPIOJSIIAOHHOTO TIOMCKa TOKa3al cBow 3ddexkruBHOCTh. [IprMeHenue
¢yukuun [Maycca, MynbTU-KBaJpaTUYHOM (DyHKIMM, 0OpaTHON KBaapaTUYHOW (YHKLUUU U
00paTHOW MYJBTH-KBAaJIPATUYHON (PYHKIIMHM ITO3BOJIIET HAWTH TPOTPAMMHOE YTIpaBIICHUE,
O6nu3koe K onTUMaibHOMY. HaliieHbl MCKOMBIE TPAaeKTOpUM U YHpaBJIECHUE, KOJIUYECTBO
K02(pPHUIIMEHTOB B Pa3lIOKEHUM 3aKOHA YMPABJICHUS W 3HAYEHUS 3TUX KOA(D(HUIMEHTOB, a
TaKXke Mo100paHbl MapaMeTpbl MyJbTHATEHTHOTO aITOPUTMA.

—_—
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