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OBIIAA XAPAKTEPUCTUKA UCCJIEJOBAHUSA

AKTYaJIbHOCTb TeMbl. B mpuiioxeHUsAX BCTpEUaroTCsl MPHUKIAIHBIC
3aJa4yd, OIMCBHIBAEMble MHTETPO-Au(epeHINATBHBIMA YPaBHCHUSIMUA B
YaCTHBIX IIPOM3BOAHBIX. TakwWe 3aJaddl MOXKHO HCCIIEIOBATh METOAAMH
TEOpUH ONTHMAJIBHOTO YNpaBJIEHHs U paclpelesieHHbIX cucTeM. B 3Tom
HanpaBjIeHUH HWMEETCs JIMIIb HeOOoJbIIoe KOJIMYeCTBO pador, Trae
MCCIIEI0BaHMS POBOJUIINCE, KOTa (DYHKIUS yIIPaBICHUs JUHEHHO BXOIUT B
MPaBy0 4acThb YpPaBHEHUS WM B IpaHU4YHBIe ycioBusA. Ha mpakTuke dacto
BCTPEYAIOTCS MPUKIAAHBIE 3a/ayM, MaTeMaTHYeCKOE OIMHCAHHE KOTOPBIX
NPUBOAMT K 33j1a4aM YIpaBlieHHUs], I1e (YHKIHS BHEUIHEIO WIN FPAaHUYHOTO
BIIMSTHUS SIBIISIETCS] HETMHEHHON OTHOCHTENLHO YNPABILIONINX MapaMeTpOB.
Takue 3amaud, BCTpPEUAIOUIMECS TPH YIPABICHUH TEXHOJOTHYECKUMHU
MPOLIECCAMH, ONUCHIBAEMBIMH HHTErpO-AnGPepeHIINAIbHBIMI YPaBHEHUSIMA
C YacTHBIMM TPOM3BOJHBIMH MO H3y4YECHBl, W CO3IaHUE ONTHMAJIbHBIX
METOJIOB MX PELICHUs, a TaKKE METOJOB KauyeCTBEHHOT'O HCCIICIOBAHUS HX
ABJISTIOTCSI aKTyaJIbHBIMU 3aJjadaMi TEOPUH ONTHMAJILHOTO YIPABICHHS JUIA
pacrpeielIeHHBIX CUCTEM.

@dopMHUpOBaHHE OCHOB TEOPUH ONTHUMAIBHOTO YHpPABICHUS IS
pacrpeieleHHBIX CHCTEM OCYIIECTBIISIOCH B 60-€ ToJ(bl MPOIUIOTO CTONETHUS
paboramu A.I'. bBytkoBckoro, A.M. Eroposa, T.K. CupaszernunoBa u ap. B
HacTosIIee BpeMs TEOpHs MOJy4Hia IMIMPOKOE PAa3BUTHE M NPOHUKAECT B
pas3IMyHbIe 0Tpaciy HayKH. Pa3pabaThIiBaroTCsl HOBBIE METOMABI NCCIIETOBAHUS
Y aITOPUTMBI MTOCTPOCHHS PEIICHMS 3a/[adi ONTUMAJIBHOTO YIPaBICHUS VIS
pacIpesieNleHHbIX CUCTEM.

B namcceprammm wmccienoBaHa 3ajada  yNpaBIEHUS TETIOBBIMH
IpoLeccaMH, OITMCHIBAEMBIMH (bpeAronbMOBEIMU WHTETpO-
muddepeHInaNBEHBIMYA yPaBHEHUAMHE 11apab0JIMYecKOro THUMA Koraa (QyHKIUs
BHEILIHETO BJIMAHMS SIBJISETCS HEJIMHENHON OTHOCHUTENIBHO PaclpeelIeHHOTO
yrnpaBieHus. B 3ToM HampaBieHHHM HPOBOMINCH HCCIeOoBaHMA B paboTax
A K. Kepumbekona, A.K. Kagupumberopoit u 3. CeiirakmaT KbI3BI U JIp..

CBsi3b TeMbl JHMCCEPTAMM € KPYNHBIMH  HAYYHBIMH
NMpPOrpaMMaMHi, OCHOBHBIMM HAay4YHO-HMCCJIEA0BaTEeJIbCKUMHU padoTramu,
NMPOBOAMMBIMH HAYYHBIMHM Y4pexkaeHUsiMH. [lyiccepTaiusi BBINIOJHEHA B
pamkax HayuHoro mnpoekta Ne KP-05 (Homep roc.perucrpamun Ne 0006988)
«Maremaruueckoe ~ oOecliedeHHe  MPOLIECCOB  YNpPaBJEHUS  JHEpro-
MacCONepeHocaMy, MPOUCXOMAIIMMU B JIMHHMAX MHepeAad, U HpOLyKIHOH-
HBIMU [I0OYBO-pacTUTENbHbIMU cucTeMamMuy» MOuH KP.



Henun u 3axauu uccaegoBanus. Llenpro quccepTannoHHON pabOTHI
ABJSIETCS  MCCIICIOBAaHUE 3aJad HEIMHEHHOW ONTHUMH3AIMH TETJIOBBIX
MPOIIECCOB,  ONMMCHIBaEMBIX  (DPEATONBEMOBBIMH  HHTETpo-nuddepeH-
[MaJIbHBIMH yPAaBHEHHSMH B CiIydae paclpeelICeHHOTO W PaBHOMEPHO
pachpeseNeHHOT0 YNpaBI€HHMH M YCTAHOBHTh JOCTATOYHBIC YCIIOBHUS
OJIHO3HAYHOM pa3pelIMMOCTH 33Ja4l HETMHEHHON ONTUMHU3ALUY.

Hayuynasi HoBm3Ha paGorsl. Ha mpumepe pacmpeneneHHOTO Hu
PaBHOMEpPHO pACIpPEJENICHHOIO YIPaBJICHUH TEIUIOBBIMU  IPOIIECCAMH,
OIUCHIBAEMBIMH (peAroIbMOBBIMU UHTErpo-nudhepeHraIbHBIMU
YpaBHEHHUSMH, DPa3padOTaH alrOPUTM IOCTPOEHHs pEIICHHsS HEIHHEHHON
3aJa4y ONTUMU3AIIUU U €TI0 HpH6J’II/DKCHI/II>i.

IMomny4eHs! cnenylomue pe3ynbTaThl:

- ycraHoOBieHO, dYTto Kod(p¢ummeHTsl Dypbe cr1abo0000IeHHOTO
pELICHUsI OCHOBHOM M CONPSKCHHON KPaeBBIX 33/1a4 MOXKHO OTPEIEIHNTh Kak
peLIeHNs! IMHEHHBIX HEOMHOPOAHBIX HHTETPAbHBIX ypaBHeHHH Dpenronpma
II pona;

- YCTAHOBJIEHO, YTO HHTEPBAIBl CXOAMMOCTH psaoB Helimana mnpu
MIOCTPOCHHUN C1a000000IMIEHHBIX pEMEeHNT OCHOBHOH M CONPSDKEHHOM
KpaeBbIX 3a/ad, paclIMpSAIOTCS C yBeIMYeHHWeM HoMmepa N=1,23,...
k03¢ ¢punnentos dypobe;

- yKazaHbl Kjacchl (YHKIMH BHEIIHEro BIMSHHA, TJA€ 3a/1a4u
HEJIMHEWHONM  ONTHUMH3allMM C  paclpelesieHHbIM UM pPaBHOMEPHO
pacuope€acjICHHBIM YIIPAaBJICHUAMN UMCIOT PCIICHUS,

- TIOJyYeHBl HEJIWHEWHBIC WHTErpajibHble YPaBHEHUS ONTHMAaJIbHOTO
pachpesieNeHHOT0O ¥ PaBHOMEPHO  Ppaclpele]IieHHOTO — YNpaBICHUH, W
MCcIeIoBaHa MX OJIHO3HAYHasl Pa3penInMoCTh;

- Hali/IeHbl 10CTaTOYHbBIE YCIOBHUS CYIIECTBOBAHUS M €JUHCTBEHHOCTH
penieHust 3aJaddl HEeJMHEHHOTO ONTHUMAIBHOTO YIPABJICHHUS TETJIOBBIMH
IpoLeccaMH, OITMCHIBAEMBIMH (bpeAronbMOBEIMU WHTETpO-
muddepeHIUaTbHBIMA yPaBHEHUAMH, TIPH PaclpeieIeHHOM U PaBHOMEPHO
PACIpeeNeHHOM YIIPaBICHUIX;

- pa3paboTaH aNropuTM MOCTPOSHUS HPUOJIMIKEHHOTO PpEIIeHHUs
3aJa49u HEJIWHEHHOMN OIITHMH3AaIlMM W JOKas3aHa HUX CXOJUMOCTH IIO
YIpaBIEHUIO, TI0 ONTUMAIBHOMY MPOIIeCcCy U N0 (PYHKIIMOHATY, KaK B cllydae
paclpelieNieHHoro, Tak M B ClIydae pPaBHOMEPHO pacIpeAesICHHOTO
yIpaBJIeHUSI.

Teoperndeckue pe3ynbTaThl JAHHOTO HCCIIEIOBAHHS MOJIYUYECHBI
BIEPBBIE W SBIAIOTCS HOBBIMH B TEOPHHM ONTHMAJbHOTO YIPaBICHHS
TEIJIOBBIMH  IIPOLIECCAMH, OIKMCHIBAEMbIX (PPENTrOJbMOBBIMH  HMHTETPO-
muddepeHInaNbHBIME  YPaBHEHHUSIMM B CIIydae paclpeleleHHOro ¢
PaBHOMEPHO PAaCIIPEEIICHHOTO YIIPaBICHHUI.
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Teoperuyeckasi W mNpaKTHYecKass IeHHOCTb. Pa3paboTaHHBIN
QITOPUTM TIOCTPOCHUS TNPHONIKCHHOTO pEINCHHs 3aJadd HEIMHEHHON
ONTHMU3AINI P HETMHEHHOM paclpeleIeHHOM W PaBHOMEPHO
pacipesneNeHHOM YIPaBICHUAX MOET OBITh MCIONB30BaH B NMPHIIOKEHHAX,
HalmpuMep, B 3aJadax YOPaBICHHSA TEXHOJOTHYECKUMH IPOLECCAMH,
OTIMCHIBAEMBIMHU ($pearonsMoBEIMU HHTETPO-nud hepeHIHaTEHBIMI
YpaBHEHHSMH MapadoIN4ecKoro THmna. [lomy4yeHHble TeOpeTHUECKHE BBIBOJIBI
NPE/CTABISIIOT UHTEPEC B TEOPUHM ONTHUMAIBHOTO  YIPaBJICHHS  JUIs
pacmpesieNieHHbIX CHUCTeM W INPUMEHUMBI Ui PasBUTHSL  METOJIOB
KaueCTBEHHOTO MCCJIEJOBaHMS M NPHU pa3paboTKe KOHCTPYKTHBHBIX METOJIOB
peLICHUs HETMHEHHBIX 3a/1a4 ONTUMH3ALUH.

OcHOBHBIE N0JI0KEHUS IUCCEPTALMH, BLIHOCUMBbIE HA 3aIUTY:

- onpepencane kodddummenro Dypre cmabo 0000MEHHOTO
pELICHUsI OCHOBHOW M CONPSDKEHHOW KPAaeBBIX 3a]ay KaK PeIICHUs IMHEHHBIX
HEOJHOPOAHBIX HHTETPANBHBIX ypaBHeHHH Ppenronpma BTOpOro poja B
3aadax ONTUMM3AILMH C PAcIPEACICHHBIM U PaBHOMEPHO PACHPEICICHHBIM
YIIPaBICHUSMH;

- ONIpesAeleHHe pajnycoB CXOAMMOCTH psnoB Heilimana mpu
MOCTPOCHUU ¢J1ab0 OOOOIICHHBIX pENIeHUH OCHOBHOW U COMpPSHKEHHOMN
KpaeBbIX 33Ja4 NpU KaXIoM (HUKCUpOBaHHOM Homepe N=1,2.3,...
k03¢ ¢unuenros Oypbe B 3aqayax ONTUMH3ALUK C PpaCIpeleiCHHBIM H
PaBHOMEPHO pacIpeeCHHBIM YIPaBICHUSIMI;

- YBEJIMYEHHE PaJUyCcOB CXOIUMOCTH psgoB Heilmana ¢ pocrom
uHnekca N=1,23,... xo3dpdummentor dypre B 3amayax ONTHMHU3ALMUH C
pacnpesieneHHBIM W PaBHOMEPHO pACIpeeNICHHBIM YIPABICHUSIMUA TpPH
MIOCTPOCHHH PELICHN OCHOBHON M CONPSIKEHHOW KPAeBBIX 33/1a4;

- ompezereHue Kiacca (QyHKIMH BHENIHMX HCTOYHHMKOB B 33ja4ax
ONTHMHU3AIIMM C paclpeieleHHBIM ¥ PaBHOMEPHO pacIpe/eleHHbIM
YIIPaBICHUSIMH, I'7i¢ QyHKIUS yIpaBiIeHUs SBISETCS ONTHMAIBHOM;

- NOJIyYeHHE HEJIMHEHHBIX UHTErPAJIbHBIX YPaBHEHHI ONTHMAIILHOTO
pacmpesielIeHHOTO Y pPaBHOMEPHO PACIpPENeNIeHHOTO  YIpaBleHUl U
HCCIIeIOBaHUE MX OJJHO3HAYHOH pa3pernMoCTy.

- HaXOXKJCHHE JOCTATOYHBIX YCIOBHN OJHO3HAYHOW Pa3pemnMOCTH
3aJa4dl HEJIMHEHHON ONTUMM3AIMK TEIUIOBBIX MPOLECCOB, OMHUCHIBAEMBIX
(hpearosbMOBEIMH  MHTETpO-TUPPEPEHINANEHEIMA ~ YPaBHEHUSIMH,  IIPH
pacnpeielleHHOM ¥ PaBHOMEPHO Paclpe/ieIeHHOM YIPaBJIeHUX;

- pa3paboTKa AJIrOpuTMa IOCTPOCHUSI NPUOIMKEHHOTO pPELIeHHS
33724l HEJNWHEHHOW ONTHMHW3alMM M J0Ka3aHa MX CXOAMMOCTH IIO
YIIPaBJICHUIO, 110 ONITUMAIEHOMY MpoLeccy M MO (YHKIMOHANY, KaK B Cily4yae
pacmpesiieneHHoro, Tak ¥ B CIydae paBHOMEPHO pPacHpeieICHHOTO
yIIpaBJIECHUSL.



- pe3ynpTaThl  YHCICHHBIX  pacyeToB,  IOATBEPIKAAIOIIHUC
TEOPETHYECKUE BEIBOJIBL.

JInynblii BkJag couckareasi. [lo pesynpTatam HcClE€IOBaHUN
omybmukoBano 10 crareif, 2 Te3mca, W3 HUX 5 crareil, OmMyOIMKOBAaHHBIX
3apybexom, 3 U3 KoTopeix BxozsT B 6asy Web of Science (2 8 PUHI[u 1
uMmakt-pakropom 1,23 Bxomur B Gasy Thomson). B omyGnukoBaHHBEIX
paboTax B COaBTOPCTBE, IIOCTAHOBKAa 33Ja4d IPHHAUICKUT HAYIHOMY
PYKOBOJIUTENIO, @ OCHOBHBIE PE3yJbTaThl: IMOCTPOCHUE MOJHOTO PEIICHHS
3aJa4y HeJIMHEHHOI ONTUMHU3AIMK U UX NPHUOIVDKEHUH, 8 TAK)KE CXOUMOCTh
NpUOIMKEHUH, YHCIICHHAs pealu3alusi TEOPEeTHYEeCKHX BBIBOJOB Ha
MO/JICIEHOM IIpUMepe MPUHAJJICKHUT COUCKATEITIO.

Anpodanuu pe3yabTaToB AuccepTAlUH. PesynbraTh!
WCCIEOBaHUH  JOKIAABIBAINCh Ha MEKAYHAPOIHBIX  KOH(EPEHIHAX,
CHMITIO3MyMaX M MEKBY30BCKHX, By30BCKHX KOH(EPEHIHAK:

- 2-1 MEKAyHaponHas HaydHas KOH(QEPEHIMS «AKTyalbHbIC
npoOJIeMbl TEOPUH YIIPABJICHUS, TOMOJOTHH W OMNEPATOPHBIX ypaBHEHHWN».
Keiprezeran, bynan-Corotry, 5-7 centsaops 2013;

- Second International Conference on Analysis and Applied
Mathematics, Shymkent, Kazakstan, September 11-13, 2014;

- pecriyOnuKaHCKas Hay4yHO-TIpakTuueckas koHdepeHims "Hayka un
coBpeMeHHOCTh - 2015", mocsamenHol peanusanuu [locnanus IIpesunenta
Pecniybnmukn Kazaxcran wHapony Kaszaxcrana "Hypnbr kon - myTh B
Ooynymee". Kazaxcran, Tapa3, 13 mapta 2015.

- Pe3ynpraThl HMcCiieOBaHUM PETYNApHO OBUIM  OOCYXXIEHBI Ha
HAyYHOM ceMHHape (Hay4HbIH pykoBomuTenb mpod. Kepumbeko A.K.)
kagenpel «llpuxiagnas wMarematnka u  uH(opmarmka»  Kslpreiscko-
Poccuiickoro CnaBsHCKOro Y HUBEpPCUTETA.

IMonHoTa OTpaKeHHust pe3yJbTaTOB  JAHMCCePTANMH B
nyoaukanmusax. OCHOBHBIE pe3yJbTaThl ANCCEPTALMOHHOTO HCCIEIOBaHMS
onyOsimkoBaHel B 10 HayyHBIX CTaThsix W B 2 Te3uUcCax, B TOM 4YHCIE B
pedepupyembix  xkypHasmax Keipreisckoit PecnyOomuku — 5 crareid, B
pedepupyembix 3apyOeKHBIX KypHaNax — 5 cTaTel, U3 HUX B €JHHOIMYHOM
aBTOPCTBE — 3 CTAThU.

CTpykTypa u o0beM auccepranmu. Jluccepranus COCTOUT W3
BBEJICHHS, TPeX TJaB, JEBSITH  pa3/ieNioB, 3aKIIOYEHHs,  CIHCKa
UCIIONIb30BAaHHOM ~ JIMTEpATyphl, cojepkamero 82 HaWMEHOBaHMSA H
npwioxkenus. OOmmit  ob6bem  paborbl  Brmowaer 110  crpanun
MAIIMHOITUCHOTO TEKCTA.

Copep:xanue guccepranuu. B  HyneBoll T[aBe MNpHUBEIEHBI
pUMEpHI 3ajad, OITUCHIBAEMBIX (bpeAronbMOBBIMA HHTErpo-



muddepeHInaTbHEIMA YPAaBHCHUSAMH H CHEJaH KpaTKuid 0030p padoT, Mo
COJICPKaHUIO MPUMBIKAIOIINX K TEME JaHHOH AUCCEPTAIOHHON PabOTHI.

B nepBoil riaBe uccienoBaHa 3ajada HEJIMHEHHOM ONTHUMU3ALUU
TEIJIOBBIX ~ MPOLIECCOB,  OMHCBIBAEMBIX  (DPEArOIBMOBBIM  HHTETPO-
mudQepeHInaTbHEIM YpaBHEHHEM, B Cilydae, Korja (YHKIWS BHEIIHETO
MCTOYHMKA HEJMHEITHO 3aBUCHUT OT PacIpeiesICHHOTo ynpasieHus. [Ipu 3tom
KaueCTBO  YNpABJICHHUS  OLEHHMBACTCS  OOOOLICHHBIM  KBaJpaTHYHBIM
(yHKIIOHAJIOM.

CoopMynupoBaH NPUHLIUII MaKCUMyMa JUlsl paccMaTpHBacMoil
3aJa4dl ¥ TIOJIy4EeHbl YCIIOBHSI ONTHMAIBHOCTH YIPaBIICHUS. YCTaHOBIICHBI
JIOCTaTOYHbIE YCJIOBUS OJHO3HAYHOW Ppa3pelIMMOCTU 3aJa4d HEIUHEHHOU
ONTHMU3ALMU C PpaCIpe/CiCHHBIM YIpaBlieHneM. Pa3paboraH airoputm
MOCTPOCHMSI TOYHOTO PEUICHUs 3a/Jadd HEIMHCHHOW ONTHMH3AIMK B BUAE

tpoitku  U°(t, x), v°(x,t),J (U°(t,X) u mpubmmKeHHBIX pemrenuit. Jlokazana

CXOJMMOCTh TPHUOIMKEHHOTO PEIIeHUS 3a/1a4d HEJMHEHHOH ONTUMM3aliK
0 YIIPaBJICHUIO, ONTUMAIFHOMY NpOLeccy U (QyHKIIHOHAITY.

B mynmkre 1.1 paccmarpuBaercs  3ajaya  MUHUMH3ALUH
0000IIeHHOTO KBaApaTHYHOTO (PYHKIIHOHAIA

1 T1
J[u(t,x)] = j[v(T, X) — E()Pdx + B ”q2 [t.x.u t,x Jdxdt 1)
0 00
Ha MHO>KXECTBEC peH.IeHI/Iﬁ KpaGBOﬁ 3aJauun

T
Vt:VXX+lIK tr v r,x dr+ ft,x,u t,x], O<x<l, O<t<T (2)
0

v OX =y X, O<x<], 3
v, 1,0 =0, v, t1 +av tl =0, 4)
rne K t,r — 3amanHas GyHKOWSA, OHAa oOmpeaesiiecHa B 00JacTH

D={0<t<T,0<7<T} u ynosnersopseT ycIoBUIO
TT
”KZ t,z drdt =K, <o, (5)
00

te. K(t,z)eH(D),; &(x)eH(0,1), w(x)eH(0,1) - 3anannble GyHKIUH;

ft,x,u(t,x)] € H(Q) - 3amanHas (QyHKIMS BHEIIHETO HMCTOYHHMKA, KOTOpas
HenuHeHHO 3aBucuT oT ¢ynxuuu ynpasnenus  U(L,X) € H(Q) u
YIIOBIETBOPSET YCJIOBUIO

f lt,x,u(t,x)]#0, V(t,x)eQ=(01)x(0,T); (6)



A - mapamerp, T-(uUKCHpPOBaHHBIH MOMEHT BPEMEHH, IIOCTOSIHHas « >0,
H(Y) - runs6epToBo MPOCTPaHCTBO KBAAPATHYHO CyMMHUPYEMbIX (QYHKIIMIA,

ONIPE€ACIICHHBIX HA MHOXECTBE Y .
HJ'IH IMpupamcHusd (byHKIII/IOHaJ'Ia HCMOCPCACTBCHHBIM BBIYHCIICHUEM,
IMOJIYY€HO COOTHOLICHUEC

AJ[u]= —Tﬂ o(t,X)(f[t,x,u+Au]- f[t,x,u]) -
—ﬂ[qz t,X,u+Au —q° t,x,u } dxdt + 1J'AVZ(T,x)dx = (7
= —TJ']'AH(t, X, o(t, X), v(t, x),u(t, x))dxdt + ]'A VAT, x)dx,

rae
TI(t, X, o(t, X), v(t, X),u(t, X)) = a(t, X) f [t,x,u(t, x)] = B9°(t, X, u(t, X)), (8)
a o(t,x)e H(Q) sBnsercs exuHCTBEHHEIM c1a60 0OOOUICHHBIM pElICHHEM

CONPSDKEHHOW KpaeBoW 3amaud (OHO CTPOUTCS AHAJOTUYHO DEIICHHIO
OCHOBHOI KpaeBoii 3aaun), cooTsercTByromuM ynpasnenuto U(t,X) € H(Q)

:
o+ 0, =—/1J.K(r,t)a)(r,x)dz', O<x<1 0<t<T,
0

o(T,X)+2[v(T,X)-£(X)]=0, 0<x<1, )

,(t,0)=0,0,(t,) +an(t,]) =0, 0<t<T.

ChopmynupoBaH NPUHIMI MaKCUMyMa: JJIs TOTO, YTOOBI B 3a7ade
omrummsatmu (1)-(6), ynpasnenne UC(t,X) e H(Q) 6buto onTUMATBHEIM,

HeO6XOI[I/IMO 1 JO0CTAaTOYHO, ‘ITO6I)I COOTHOIIICHHUC
TI(t, X, 0° (t, X),V° (t,X),u°(t,x)) (=) supII(t,x,a°(t,x),v°(t,x),u),

uezZ

rie Z — MHOXECTBO NOMyCTHMBIX 3HaueHmit ¢ymxmum U(L,X), B kaxmoit
touke (t,X) € Q, BEmMONHANOCH TOUTH BeroAy B o6macTu Q.

Kak CJICACTBUC IIPUHIUIIA MAKCHUMyMa MOJY4YCHbI CJICAYIOIINC
COOTHOIICHHUA

IT,[t, x, o(t, X), v(t, X),u(t, x)] = o(t, x) f,[t, X, u(t, )] -

_Zﬂq(L X, U(t, X))qu (t1 X, U(t, X)) = 0,
IT,,[t, x, o(t, X), v(t, X),u(t, x)] = o(t, X) f,, [t, X, u(t, X)] -

=2 q(t, x,u(t, x))q,(t, x,u(t,x)) , <0,
8

(10)

(11)



KOTOpPBIE B COBOKYITHOCTH Ha3bIBAIOTCS YCIOGUAMU ONMUMATHHOCTIL.
Hckmouus @(t,X) u3 (11) nepenuiuem 3T0 yCIOBUE B BUIE

g txutx g, t,xutx
fu[t,x,u t,x]

B mymkre 1.2 wmW3moxkeHa Tmporeaypa IOCTPOCHHS — Clabo
0000I1IeHHOT 0 PEeIIeHNUs] OCHOBHOMU KpaeBoi 3afauu. OHO IIOCTPOEHO B BUJE

f, [t,x,u t,x ] >0. (12)

u

vix =Yy tz, x, (13)

n=1
rac KOB(i)CI)I/ILII/IeHTLI Vi t ONPEHACIIIOTCA KaK PEIICHUC JIMHEHHOTO

UHTerpanbHoro ypaBHenus @pearonsma |l poga
T t
2 2
v, t :/?,J.Kn tsv,sds+a, t, a t :e""‘z//n+J‘e"{"(t’T)fn 7,u dr,
0 0
C AAPOM

t
K, t,s = f#“7K 7,5 d7, K, (0,5)=0,
0

U UMCIOT BU
.
v, t :ljRn t,s,A a, sds+a, t. (14)
0

PezomsBenta R (1,5,4) npu xkaxagom dukcupoanHoM N=12,3,...,
ONpEENAETCS PAIOM
R, t,5,4 =>A7'K,; t,5, n=123..., (15)

i=1
KOTOpHﬁ CXOAUTCA MPH 3HAYCHUAX )\,, YAOBJICTBOPAIOIIUX YCIIOBHUIO

Z
T

Ha mpaktuke He Bcerga ymaercss HaWTH PE30JIbBEHTY, KaK CYMMY
6eckoneuHoro psga. [To popmyne

RILSA) =Y A, (08), n=123,.. 1)

|41 <

HOCTPOCHO M-e MpUOJIMKEHHE PE30JBbBEHTHl M COOTBETCTBYIOLIEE PEIICHUE
KpaeBoii 3anaun (2) — (5) B Bune



vi(t,X) = i(/iTJ'R:‘ (t,s,A)a,(s)ds +a,(t))z,(x). @an

Z[oxa3aH0, YTO UMCKOT MECTO COOTHOILLICHUA
v(t,X)eHQ) u |v(t,x) —vm(t,x)"H(Q) ——0. (18)

Pemrenue comnpsikeHHOM KpaeBo# 3agauu (9) mocTpoeHo B BUIIE
00 1

o(t.X) =Y 0,(02,(x),  @,(t) = [o(t,X)z,(x)dx, (19)
n=1 0

rae ko3ddunuentsr Pypoe @, (t) npu xkaxaoM GuKcHpoBaHHOM n=1,2,3,...

OIIPENeISIFOTC KaK peIIeHHe JMHEWHOr0 HEOTHOPOIHOTO HHTErPalbHOrO
ypaBueHus @pexaromsma Il pona

w,(t) = szBn (s.t) o, (s)ds — 2 # Ty, (T) - &), (20)
C AApOM i
B,(s,t) = TJ.e"ﬂz”")K(s, r)dz, B.(s,T)=0.
1 UMCIOT BUJ t
o, (t) = szRn(s,t,@(—z)e*‘f(“)[vn (T) - & Jds —2e # Ty, (T) - &,
riue pe30J‘ILBeHTaO ﬁn (s,t,A) ompenensiercs 1o popmyiie

R(st.4) =Y 4B, (s.0) @1)

i1
YCTaHOBIIEHO, YTO  PE30JILBEHTHI R,(ts,A) w Iin(s,t,i)

YAOBIETBOPSIOT OJHUM M TE€M e OIIEHKaMm; MPH ATOM COOTBETCTBYIOIINE
panbel Heiimana HMEIOT OJIMHAKOBBIE PAJUyChl CXOJIUMOCTH.
Pemenue conpsbkeHHOM KpaeBo# 3a1auu HailieHo 1o hopMyiie

o(t,X) = —.2i[vn (M) -&1Ee T4 szfen(s,t,z)e*f(”)ds)zn(x).
COOTBGTCTByIOH.leenl':I;I/I6HI/I)KeHI/Ie «I10 pesonL;eHTe» HMeeT BU
@"(t,X) = —2§m:[vn M -&1e T+ szfe;"(s,t,z)e*ﬁf”*s)ds)zn(x), (22)
rae " 0

RI(st,2) =3 4B, (s.),

i=1

10



1 YIOBJETBOPSAET COOTHOIIECHUIO

2m
%@m—w@mmsqu{w Ko ]_ﬁgﬁa

=
242

B nyskre 1.3, cormacHo mepBOMY YCJIOBUIO ONTHUMAJIBHOCTH, C
y‘IeTOM peIHeHI/ISI COHpﬂ)KeHHOﬁ KpaeBOfI 3aJa4yu, OTHOCHUTCJIIBHO
OIITUMAJIBHOT'O yl'[paBJ'IeHI/ISI l'IOJ'Iy‘IeHO HeJ‘IHHeﬁHOG I/IHTeI’paﬂbHoe
YpaBHCHHC BUIA

ﬂqwxuam»%GMMﬂm»+
f,(t,x,u(t,x))

#3610 [6,(0) [ 1 (5. y.u(r. )2, ()72, (0 = 361 (DR 2, ),

rae G, (t), G; (t), h, u3BeCTHBIL.

(23)

OnHO3HAuHas  pa3peliuMOCTh  HEJIMHEHHOT0  WHTErpajbHOro
ypaBHeHHs (23) WCCliefoBaHa COTJIACHO METOAMKE, pa3paboTaHHOW MpPOod.
KepumbexoBrim A.

Ecmu nonoxxuts

5A0%.U(0)0, (L X0(LX) _

f, (t,x,u(t,x)) p(t,x) (24)

TO, corIacHO yciaoBuio (12) 3TO paBEeHCTBO OIHO3HAYHO pa3peraeTcs
OTHOCUTENBHO QYHKIMHU U(t,X) , T.€. CyIEecTBYeT GyHKIUSA ¢(-), Takas 4To

u(t,x) = o(t,x, p(t,x), B). (25)

1 ypaBHeHHE (23) MOKHO TIEpEeHCaTh B BUIC

PEX)+ Y 6,0 [6, (D [T 7.0 7y P(ry)B 2,0)dy dr2,(0 -

) (26)
=ZQmmmmﬂ
Wnu B onieparopHoit popme
p=h+G[pl, (27)
TIe
G(P) = -Y.G:(1) [6.,(7) [T 7.y, 0(z.¥. P(.y). A2, (y)dyd 2, (%)
n=t 0 0 (28)

h=h(t,x) = 3G (Oh,z,(%).

11



Jlemma 1. ®Dynknus p(t,x) ABIIETCS 3JIEMEHTOM THILOEpTOBA

npocrpadctea H(Q), r.e. p(t,x) e H(Q) .
Jlemma 2. ®ynknmsa h(t,x) sABmasgeTca 37eMEHTOM THILOEpTOBa

npoctpanctea H(Q), r.e. h(t,x) e H(Q) .
Jlemma 3. Onepatop G, [ p] mepesomut mpocrpancteo H(Q) B cebs.
Jlemma 4. Ilycte  dynxums f (t,X,u(t,X)) yIOBIETBOPSET YCIOBHIO
Jlumuuna no ¢pyHKnnoHansHOI nepemennoit U, t.e.

”f t,xu(t,x) — f [t,x,u(t,x)]“H(Q) < fo"u(t,x)—u(t, x)"H(Q),

a ¢ynkuus o(t, X, p(t, X), ) 10 QyHKIHOHAIBHOI epeMEeHHO [, T.e.
o txpt0.8 —o[txpex.8] <
H(Q)

<o (APt —pt x|, . 9(B)>0.

Torna npu BEIOJIHEHUN YCIOBUS

KT 1 114 %
=1 0 —+—=| f 1,
e { +( ’_2212 _|1|‘/K0T)2J[214 +7Z4 3] o?o(B) <

rne fy,0,(f) - monoxurensubie nocrosuusie, onepatop G[p]=h+G;[p]

f, >0,

SABJISIETCS COKUMAIOIINM.
Teopema. llpu BeimonHeHun ycinoBud Jlemm 1-4 omnepatopHoe
ypaBuenue (27) uMeer eauHcTBEHHOE pemmenue B npoctpanctee  H(Q).

Pemenne omepaTopHOTO ypaBHeHHs (27) CTpPOHTCS METOIOM
HOCTIeZIOBATENBHBIX PHOIMKESHHH 10 CIeAyroLIeil cxeme

p,(t,X)=G[p, ,(t,X)], n=1,2,3,...,

1 YAOBJICTBOPSCT OLICHKE
[p°x) - p, (9], < 17:—7/||h(t,x) +Go[py(t, )] = Pyt X)), (29)

roe p°(t,x) = M’g P, (t,X) - TouHOE peleHHe onepaTopHOro ypaBHeHus (27),

a P,(t,X) - mpousBosbHbIH d1eMeHT npoctparcTsa H(Q).

MoxcraBnas maiinennoe pemenne p°(t,X) B (25) Haxomum

OINTUMAJILHOE yIIpaBJICHUE
u(t,%) = o[ t,x, p°(t,X), B, (30)

KOTOPOE SIBISIETCS PEIIEHHEM HEJTMHEHHOTO HHTETPAIbHOTO ypaBHeHus (23).

12



B nymkre 1.4 mocTpoeHO MONHOE peIICHWE 3alavyd HEIHHEHHOMH

ontummsanuu B Buze Tpoitku  U°(t, x), v°(X,t), I (u°(t,X) , rae

u(t,x) = (p[t, X, p°(t, X), ﬂ] - ONTHMAJBHOE YIPaBIeHHE;

» T
VOt x =Z{JLIRH ts, A a’ sds+a’, t }zn X - ONTHMAaJbHBIN TPOLECC;
0

n=1

J[U°(t,x)] = 1J'[vo(T, X) — E(X)Pdx + ﬂ]]qz(t, x,u°(t, x))dxdt.

- MUHMMaJIbHOE 3HaueHHe (QyHKIMOHAaA.
Tpubaudicenus onmumanbHO20 YRpasieHus u ux cxooumocms. Jns
N-ro NpHOIMKEHNUS ONTUMAJIBHOTO YIIPaBICHUS

u,tx)=¢ t,x,p,tx),5, n=123.., (31)
B CI/IJ'Iy YCJ'IOBI/ISI }/ < 1 HNMECT MECTO COOTHOILLICHUC

W°t0-u,6.0], , < %(ﬂ)ly_—yllh(t,X) 4GPyt X)] - Po(t )],y 0y —550- (32)

THpubnusxcenus onmumanvHozo npoyecca u ux cxooumocms. Ilpn
MOCTPOCHUN TIPHONMIKCHUH ONTHMAIBHOTO TIpoliecca OyAeM pa3nndarth
CJIeIYIOINE BUJIBI TPUOIMKEHUIN:

1) m-e — npubIMKEHHE ONTUMAIBHOTO MPOIIECCA MO PE30JTLBEHTE HAXOIMM
o hopmyiie

© T

vitx =) ﬂv'[an ts,4 @ s ds+a’t [z, x ,
n=1 0

rae R,:n t,S,4 —m-e npubmmxenue pesonsBentsl R, t,5,4

2) M,k — e — npubnuKeHre ONTUMAIBHOIO IPOLECCA HAXOAUM 110 GopMyIie

© T
vt X =Z{2J‘an t,s,4 a* s ds+a t}zn X

n=1 0
rae a* t :e""z‘y/n+]‘e’*"2(”)i[f[r,y,uf 7y z, y fydr;
0 0

3) m, K, r —e npubnmKeHre ONTUMAIIBLHOTO MPOLIECCA HAXOAUM MO (hopMyIie
T

vt X :Z{AJ‘R;‘“ t,s,4 a“ s ds+af t}zn X .

n=1 0
HeHOCpe)ICTBGHHLIM BBIYHCJICHUEM NOKAa3aHbI CJICAYIOINE COOTHOLMICHUS !

13



2m
D tx =" tx |, <Ci 2 (|,1| /'2(;;} ——0, (33)

2) "Vm t,x - t,Xx " < Cz(/l)f(f"u tx —u, t,x "2 —0, (34)

H(©Q) HQ ko

CIpaBeTNBOC TIPH KAKIOM (PUKCHpOBaHHOM M=1,2.3,...

3) | tx =" tx ||i(Q) < cg(z)rr—tlr—m, (35)

—>0
CIIpaBeIUTUBOE TIPH Kaskaoi pukcupoBanuoi mape (M, k), m, k=1,2.3,...
Jlamee 3 COOTHOIIICHUS

||l/0 t,x -y t,x " < "v0 t,x —v™ t,x " +

HQ HQ

+||Vm t,x —v t,x " +||V|:” t,x =" X " — 0

HQ HQ  mkro0
CJIElyeT CXOAMMOCTD TPUOIMKCHUS V&“" t,X K ONTHMaJbLHOMY IIPOLECCY
0

voLX

OTHOCUTENBHO MUHUMAJIBHOIO 3HAYEHUS (I)YHK].[I/IOHaJ'Ia, C y4uceTOM
BHUOB HpI/I6J‘II/I)K€HI/II71 ONITUMAJIBHOTO  IIpo1ecca, 6y,[[€M pas3jandyarb
CJICAYIOIIHNC HpI/I6J‘II/I)K€HI/I$IZ
1) m - e mnpubmKeHHe MUHUMAIBHOTO 3HaueHHs (YHKIHMOHAA,

COOTBETCTBYIOIIEE Mporeccy V" t,X , HaXouM 110 GopmyIie
1 T1
Jm[uo t,x ]: J'[vm T,x =& X ]de+ﬁ”q2 t,x,u® t,x dxdt;
0 00

2) m, kK — e npubmmwKeHHE MHHUMAJIBLHOTO 3HAYEHHS (YHKIHOHANA,

COOTBET-CTBYIOLIIEE IIpoLeccy v, t,X , HaxoauM 1o ¢opmyie

1 T1
In[u, tx ]:_[[vkm T.x =& X ]de+ﬁ”q2 t,x,u, t,x dxdt,
0 00

3) m k, r — mpubmmkeHHe MHHMMAILHOTO 3HauyeHUs ()yHKLIHOHANA,

COOTBETCIBYIOLIEE Ipoueccy v, t,X , HaxomuMm 1o dpopmyie

1 T1
In[u tx ]= j[vf" T,x —& X ]zdx+,8_|'_|'q2 t,x,u, t,x dxdt.
0 00

JloKa3aHbI CIEAYIOIUE COOTHOMICHUS:
1) |J[u° tx |=3,[u® tx ]sCm"v” Tx —v" Tx |, — —0;

H(31) Mo
2) |Jm[u° tx |-J,[u tx ]|s

14



SCn"Vm T,x —v; T,x ” +C21||u° tx —u, t,x ||k—>0
o

H(Q)
JUTS KaxJ1oro GuKCcupoBaHHOTO M=1,23,...

3) |Jm[uk t.x |-35[u, tx ]|SC31||Vkm t,x — v t,x ||H s 0,

JUTSL KKI0M (pukcupoBanHoi mapsr (M, K), m, k=1,2,3,...,
rae C,, C,, C,, C, —HekoTopble [0I0KUTEIIbHbIC HOCTOSHHBIC.
Jlamee U3 cOOTHOIIECHUS

‘J [u® tx ]-3;[u, tx ]s‘\][uo tx ]-3,[u tx ]‘+
I (U tx =3, [u, tx ]‘+

clleflyeT CXOAMMOCTb IPUOIMKECHUS Jnﬂ[uk t,X] K MHUHHUMaJbHOMY

+

Jn[u tx ]=35[u, tx ]|—>0

m,k,r—o

3HaueHuI0 pyHKuKoHana J [UO t, X J .

Bo BTOpoi TrmaBe wuccienoBaHa OJHO3HAYHAS —Pa3peIIMMOCTh
HEJIMHEIHOW 3a7a4yl paBHOMEPHO PacIIpeAEICHHOTO YIPaBICHNS TEIUIOBBIMU
MPOLIECCAMH, OMHICHIBAEMBIMH ()PEATOIBMOBBIMH HHTErpo-audhepeHnnas-
HBIM YpaBHEHHAMHU.

B nynkre 2.1 paccmarpuBaeTcs 3aada HEIMHEHHOM ONTUMU3ALUH,
rie  TpeOdyercs ~— MHUHHMHU3UPOBAaTh  OOOOIIEHHBIH  KBaJpaTHYHbIH
MHTETpaJbHBIN (yHKIIMOHAI

Ju(t)] = ] (T, X) = £(X) 2dx+ﬂqu2 tut dt,p>0, (36)

Ha MHOYKECTBE peleHuil kpaeBoii 3aaaun (2)-(5), B ciyyae, koraa
flt,xu t,x =g t,x f[tut],

e £(x)eH(@OL), gt,x)eH(@Q), f tu(t) eH(OT) - 3anaunse
¢ynkuun, npudem ¢ynkuus f t,u(t) HenmueitHo 3aBucuT OT (GyHKUMM
ynpasnenust u(t)e H(0,T) u mno ¢QyHKOIMOHANBHOW mepeMeHHON Uu(t)
MOHOTOHHA, T.€.

of tu(t)

ou

A — mnapamerp, mocrosiaHast & >0, T - QUKCHPOBaHHBIM MOMEHT BPEMEHH,
H(Y) - runp0epToBO MPOCTPAHCTBO KBAAPATHYHO CYMMHPYEMbIX (DYHKIUH,

#0,vte[0,T];

OTIpe/IeIeHHBIX Ha MHOKECTBE Y

15



PaccmaTtpuBaemast 3amava MCCIEOBaHA IO CXEME, H3JIOXKCHHON B
MepBOM TaBe, T.e. CHOPMYJIMPOBAH TPHHIHUI MAaKCHUMyMa; IOIY9IEHO
HEIIMHEITHOE MHTETPANbHOE YpaBHCHHUE

Bgtut g tut fltut) +

+iGn(t,/1)T_[Gn(s,/1)f 5,u(s) ds =5 Ga(bh,,

rae Gn(t, 1), G,(t,4), h, ©u3BeCTHBI, KOTOPOE, PH BBINOJIHEHHHU YCIOBHS

1 1 K
7 =la(t,x) ”i{(Q) (_2 +_j 1+ . 7 | oo (B) <1,
SO BN YRV IN
umeet B npocrpasHcTse H(0,T) €IUHCTBEHHOE PELIEHUE; IIOCTPOEHO MOJIHOE
pelIeHre HeMMHEMHOW 3a/1aui ONITUMU3AIMUB BUJIE TPOUKHU
u’(t),v°(t,x),I[u’(t)] , rme

u’(t) = ¢)[t,_p(t), ,BJ - ONTUMAJIEHOE YIIPABIICHHUE;

v°(t,x)=i{y/{eﬂf“T>+/1TjRn(t,s,/1)e‘ﬂzSds}Tjgn(t,r,z)gn r f ru'r) dr}zn(x),

n=1 0 0

.
e htD 4] J'Rn (t,s,A)e"ds, 0<7<t,

e e, (tr,A) =4 . :

y) jRn (t,s,A)e ¢ ds, t<r<T.
- ONITUMAaJIbHBIN MTPOIIECC;

1 T 2
Ie®]= [V T -] dx+ 4 [ut)] dt
0 0
- MUHHMAJTBHOE 3HAUCHUE (QYHKIIMOHATA.
Jlanee moctpoeno mpuGmmkenue tpoikn  U°(t),v0(t, x),J[u’(t)] u

JIOKa3aHbl CIEAYIOLUE COOTHOLICHHUS:
1) OTHOCHTENEHO ONITUMAIBHOTO YIIPABJICHUS:

Ju® - u @)

H(0,T)

< %(ﬁ)lﬁ—yncs[po(t)] = POy 0.y 50

2) OTHOCUTECJIIbHO ONITUMAJILHOI'O IIpoIecca
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2m

KT

2.1) ||v0 t,x —v" t,X ||2H(Q)_C1(/1) |/1| —5—0,
— m 2
VX [ o < oA 2 0) - uk()IIH(OT,TO-

JUTS Kaxaoro pukcupoBaHHoro m=1,2.3,...;
m m,r 2 ~ - i
23) ||Vk t,X — W t,X ||H(Q) < C3(l)n:zr+l/1nz T}O,
JUTSL KaK 10 (pukcupoBanHoi maper (M, k), m, k=1,2,3,....
3) OTHOCHTEIBHO MUHUMAJIBHOTO 3HaYeHUs PyHKIMOHAIA
3.1) |J [u” t ]—Jm[uo t ] SEm"vo T,x —v™ T,x || —50;;

H(O1) Mo

32) |3,[v t -3, [u t ] <Culy, Tox —vi Tox |, +

+Ca ||u t —u t "WO JUTS Kakoro pukcupoBanuoro m=1,2,3,...

ou t =30 u t <Calph Tx =k Tox | —=0,
JUTSL KakIoi rkcupoBanHoi maper (M, K), m, k=1,23,...
rae Ciwo, Cu, Coa1, Csi — HEKOTOPEHIE OCTOSHHEIE.

Ha ocnoBe 3tHX yTBep)KI[CHI/Iﬁ NOJYYHM CJICAYIOMNE COOTHOLICHHUS

HV t, X —Vkr tXH
H(Q)

<Hv t,X —-v, tXH

k
+v, X =y, X HH(Q)+

k k,r
HO Vi t,x Vi t, X HH(Q)WO

n

[t ]-9,[u t ] =<fa[w ¢ ]—J [t ]+

+|J [u t ]-Jn[u, t]| —

A3 KOTOPBIX CIIEAyeT CXOIUMOCTh an6Jm>1<eHm?1 3a7laui  HeJIMHEeHOU
ONTUMHU3AIUU K TOYHOMY PELIECHHUIO.
B tpeTbeil rnaBe npuBeAeHbI pe3yIbTaThl UUCICHHBIX PACUETOB.

Jm[u° t ]—Jm[uk t ]|+

BbIBO/1bI
B mmccepranmu wccieoBaHBI 3a/1aud HEIMHEHHOW ONTHMHU3AIUH C
pacrpelieliecHHBIM W PaBHOMEPHO paclpeleieHHBIM yrpaBieHusMe. [Ipu
3TOM OCHOBHOE BHUMAaHHE yJICJICHO:
1) nmpomeaype  mocTpoeHust  ciabo  0OOOIIEHHOTO  PEIICHHS,
ko3 putneHTs! Dypbe KOTOPOTOo, KaK B Cydae pelleHrss OCHOBHOM, Tak U B
cllydae  pellieHHsT  CONPSDKEHHOW — KpaeBbIX  3aJad  OHpENelsIoTCs
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COOTBETCTBEHHO KaK PEIICHHS JHHEHHBIX HEOJHOPOIJHBIX HHTErPalbHbBIX
ypaBHenuil @penromnsma Il pona;

2)  OmpeneNcHHIO PaANyCOB CXOMMMOCTH psitoB HeiimaHa mpu pereHnn
JIMHEMHBIX HEOJHOPOJIHBIX MHTErpalbHbIX ypaBHeHUN Ppenronsma Il pona.
YCTaHOBIEHO, YTO PagMyChl CXOAMMOCTH COBIAIAIOT B OOOMX Ciydasx H
pacmmpsIoTes ¢ yBenmdeHneM Homepa N=1,2.3,... ko3 purnmentor Oypoe;

3) ycTaHOBIEHHIO KIacCOB (YHKUHMHA BHEIIHUX HCTOYHHKOB, TIJIE
3aJjayd HEJIWHEWHON ONTHMHU3alMK C paclpeieieHHBIM M PaBHOMEPHO
pacnpesielieHHbIM YIIPaBICHUSIMH pa3peIliMbl;

4)  HaxXOXKICHHIO NOCTATOYHBIX YCIOBUIl OJHO3HAYHOW pa3pelInMOCTH
3aJa4u HEJIUHEHHOM ONITUMHU3AINNU TEIIJIOBBIX MPOLECCOB, OIMCBIBAEMBIX
($pearonbMoBBIMH  MHTETpO-AudhepeHIMaIbHBIME ~ YPAaBHEHUAMH, — IIpU
pacmpesielleHHOM U PaBHOMEPHO paclpeieIeHHOM YIPaBICHUIX;

5) co3maHHMIO aNrOpHUTMa TOCTPOCHUS NPHOIMKEHHOI'O PEIICHUS
3aJaydl HEIMHEHHOW ONTHMH3AaLMH U JO0Ka3aTeNbCTBY HMX CXOIMMOCTH IO
YIIPABIICHUIO, 10 ONTHMAIEHOMY IpoLeccy U 0 (YHKIMOHATY, KaK B Cllydae
pacmpesieneHHoro, Tak M B CIydae paBHOMEPHO pPacCHpeneICHHOTO
yIIpaBIECHUSL.

HpHBeHeHLI pe3yiabTaThl YHUCJICHHBIX PACYCTOB, MNOATBECPIKIAAIONIUC
TCOPECTUYCCKUEC BbBIBOJbI.

HOHy‘IeHHI)Ie PE3YJILTATHI ABJIAIOTCA HOBBIMU B TCOPHUU ONITUMAJIBHOI'O
YHpaBJICHUA CUCTEMaMU C PACTIPECACIICHHBIMU MTapaMETpaMu U NPEACTABIAIOT
Hay4YHbIH MHTEPEC C TOYKU 3PEHUS TECOPUHU U NPUIOKECHUM, a TAaKKE MOTYT
OBITH UCIIONIB30BAHbI NIPH Pa3pabOTKE HOBBIX METOJIOB PEIICHHS HEIIMHEHHbBIX
33724 ONTHMAJIFHOTO YIPABJIECHUsS MPOLECCaMH, ONHCHIBAEMBIMH HHTETPO-
muddepeHInaNTb HBIMKA YPaBHEHUSIMH C YACTHBIMU TTPOU3BOIHBIMH.
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HamerkynoBa Paiixan JKamysakosHanein 01.01.02 - nguddepenuusibix
TeHJeMesep, AMHAMHUKAJIBIK CHCTEMAJap JKaHA ONTUMANIBIK Oamkapyy
agMcTHrd ~ 60HYa  QU3MKA-MaTeMaTHKa  WJIMMAEPHMHMH  KaHIWIATbI
OKYMYIUTYYJIYK AAapazKacblH M3AEHUI aJblll Y4yH «®PpearoasM THOUHIETH
HHTerpo-updepeHINATIBIK  TeHIeMeCH MeHEH MYHO3JO0JIIOH KbLIYYJIYK
NMPOLECCTEPHH  CBI3BIKTYY JMec  Oamkapyy»  TeMachlHIA  JKa3bUITaH
ANCCePTANUSIIBIK HINHHHH
KBICKAYA BASIHIAMACBHI

YpyHTTYYy ce3a6p: JKbUTyylyK NpOIECCH, CONTYH KaJMbUIAHTaH YbIFapbUIBILI,
(GYHKIMOHAJT, ONTHMAIIbIK OalllKapyy, CBIBIKTYY 3MeC HMHTETPaIABIK TEHACME,
JKAKBIHAAMITHIPBUITaH YbITapbUIbIII, KbIHHATYYIyITyK.

HN3uapeenyH 00beKTHCH Opearonsm TUOUHACTH HHTErpo-
TG PepeHITNATIBIK TEHIEMEIep MEHCH MYHO3IONTeH OallkapbUlyydy >KbUTYYIyK
rpoueccrep.

WM3nnneenyn mnpenvern: JKaifpuran Oamkapyy —(QYHKIUACEI MEHEH
JKBUTYYJIYK TPOIIECCHH YeKTeIreH YOaKbIT HunHIe Oarmrankel abanmaH Ou3 xaanaraH
abanra KelITupyy.

M3nnneenyn MaKCaThI: KBazgpaTTsik (yHKIISHAT AP IBI
MHUHUMAIIAMITEIPYY YIypyHIA S>KBUIyyIdyK HpOLECCHH KaibuIraH OamrkapyyHyH
CBI3BIKTYY 3MEC ONTHMAIJAIITHIPYY MAcCEeIeCHHUH OMp MAaHMIYY YbITapbUIBIIIKA 33
GOJTYIIYHYH JKETKIJIMKTYY HIapTTapblH aHBIKTOO.

M3unneenyH WiMMuii JKaAHBLIBITBI KaHA TEOPUSIIIBIK MAaaHWITYYIYTY:

— Hermsru »xaHa TyTymJanl YeKTHK MaceNeIepUHUH CONT'YH YbIrapbUIBIITAPBIHBIH
Oypre kordpduimentepn GpeAroNbMIYH SKHHYM TYpAery OHp TEKTYyYy 3Mmec
CBI3BIKTYY MHTETPATIBIK TEHJEMEIICPHHIH YbITapbUIBIIIEI O0JIOPY TaKTANTaH;

— DOxu yuypna teH HeiimaH xatapiapbelHBIH KBIHHATYY pagmycTapbl Oupaeii 6oy
kaHa DypbeHHH KOX(PPHUIMECHTUPUHUH HHAEKC HOMEPIICpH YOHOWTOH CaifbIH
JKBIMHAIYY paJiycTapbl KeHele TypraHABITbl TAKTaJITaH;

— Kaiibutran Oamkapyy jkaHa OMp KajbInTa KalbuiraH Oamkapyy (yHKIUsIIapbl
KaTBIIIKaH y4ypJa CHIPTKBI KYYTOPAY MYHO3JOTOH (YHKUMSIAPIBIH CBI3BIKTYY
9MeC ONTHMAJIAIITHIPYY Macejejepy YbrapbUIbIIIKa 33 0O0JI0 TypraH KJaccChl
TaKTaJITaH;

— Kapanran wmacenenepmuH ap OHpPHHAEC ONTHMAIABIK OamKkapyy (QYHKIUSICH
CBI3BIKTYY 5ME€C HMHTETPAIJIbIK TEHAEMEHHH YbITapbUIBIIBl OO0JIOpYy >KaHa ai
TEHJIEMEHHUH >KaJIThI3 YBITAPBUIBIIIKA 33 00Tyy MIapTTaphl TAKTAITaH,;

— UprapbUIBIIBI  THEIIENYY TYPAe >KaWbuIraH Oamikapyy »aHa OWp KasblTa
JKaWbpUIraH Gamrkapyy (yHKOHSUIapsl 0OJIO0 TypraH CHI3BIKTYY SMeC HHTErpajlIbIK
TCHACMCIICPAUH >KAJII'bI3 YbIrapbUIbIIIKA 33 60J'Iyy mrapTrapbl U3WJIACHI'CH JXaHa
JKaJITbI3 YbITapbUIBIIITBIH KallalllbIHbIH XECTKUJIMKTYY HIapTTapbl AHBIKTAJITaH,

— Kapanran »sxu MaceneHMH ap OHpM Y4YYH ajapAblH >KaKbIHAAIITBHIPbUITaH
YbITrapbUIbIIITAPbIH Ta6yyHyH AJIrOPUTMH HIITCIITCH JKaHa ajapablH
KBIMHATYYqIyIIyTy JaTAIICHTeH.
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ANBIHTaH TEOPHSUIBIK MaajJbIMaTTap JXKalbUITaH IapaMeTpiyy CHCTeMajapIibl
onTHManLyy  OamKkapyy — TEpHACHIHIAA  JKaHBUIBIK  OONyNl ~ caHamaT  JKaHa
ONTHMAJJIAIITEIPYYHYH CBI3BIKTYy 3MEC MaceJelepUH UbITapyyHyH KOHCTPYKTHUBIYY
BIKMAJIAPbIH HIITET YbITYY/a KOJIIOHYIYITYy MyMKYH.

H3nnneenyH npakTHKAIBIK MaaHHCH. ChI3BIKTYY 3MeC ONTHMAIIALITEIPYY
MacelleCHHUH J>KaWbpUIraH Oalmkapyy »aHa OHp KajbInTa >KaWpuiraH Oamkapyy
(YHKIUSACH CBI3BIKTYY 3MeC OOJTOH y9ypAarsl KaKbIHAAMITHIPEUITaH YbIrapbUTBIIIBIH
TaOyyHYH TY3YJIT6H ITOPUTMH JKBUIYYJIyK IIPOIECCHH Oamkapyyra OaiaHBIIIKAH
MacelenepIu Yblrapyyaa KoJJoHyJIar.

PE3IOME
auccepranuoHHoii padorsl HamerkysoBoii Paiixan 7KaHy3akoBHBI Ha TeMmy:
«HeauHeiiHoe  onTHMAlbHOe  yNpaBJeHHe  TeIJIOBBIMH  MPOLECCAMH,

ONUCHIBAEMBIMH ¢penrobLMoBbIMH HHTerpo-AuddepeHuaIbHBIMU
YPaBHEHUSIMH» HAa COMCKAHHME Y4YeHOH CTemeHHM KaHauIaTta (U3HKO-
MaremMaTHyeckux Hayk cnemuaasnoctu 01.01.02 - auddepenunanbubie

YPaBHEHUs1, THHAMHYeCKHe CHCTEMBI H ONTHMAJILHOE YIPaBJIeHne
KuroueBble cjioBa: TemuoBoi Tporecc, ciaabo 00O0OIIECHHOE peIleHHE,
(GYHKIMOHAJN, ONTHMAJBHOE YIIPaBICHHE, HEIMHEHHOE HHTErpaJbHOEC ypaBHEHHE,

HpHOIMKCHHOE PELICHHE, CXOAUMOCTb.

O0BbeKT MCCiIeI0BAHMS: YIIPABISIeMbIe TEIUIOBBIE HPOILIECCHI, ONUCHIBAEMBIC
(peAroIbMOBBEIMI HHTETPO-AN(GepeHINaTbHBIMHE YPAaBHEHHIMH.

IlpenmeT mMcciIe0OBaHMS: ITOCPEACTBOM PACHPENEICHHOTO YIPABICHUS
MepeBo/] TEIUIOBOTO IPOIEcca U3 HAYaIbHOTO COCTOSIHHUS B JKEJIaeMOE COCTOSHHE 3a
KOHEUHOE BpeMs.

Ienb wHccaeI0BaHMS: YCTAHOBHTH JOCTATOYHBIC YCIIOBHS OJHO3HAYHON
Pa3pelMMOCTH 3aa4i HEJIWHEHHO ONTUMH3AIMU TEIIOBOTO IpoLecca B CIydasx
pacrpesiesIeHHOr0 U PaBHOMEPHO PACIIPEe/IelIeHHOTO yIpaBICHNHH MPpU MUHUMH3ALUH
KBaJpaTHYHOT0 (YHKIMOHANA.

MeTonbl MccaeqOBaHUS: TIPH MCCIEIOBAaHUHM OBLIM HMCIIOJIB30BAHBI METOJIBI
TEOPUH ONTHUMAIBHOTO YIPABIEHHS CHCTEMaMH C PACIpeiesICHHBIM IapaMeTpamy,
KJIACCHYECKOTO BapHAI[IOHHOTO WCYMCIICHUS, YpaBHEHUH MaTeMaTHUecKOW (HU3MKH,
(YHKIMOHATIBHOTO aHaJIM3a M TEOPHHU HETMHEWHBIX HHTErPAIBHBIX YPaBHEHHUI.

HayuHasi HOBM3HA U TeOpeTHYECKAasi 3HAYUMOCTH MCCJIEOBAHMSA:

— YCTaHOBJIEHO, 4YTO Ko3duimeHTsl Dypbe ¢1a600000IIEHHOTO pEIICHHS
OCHOBHOIl M CONpSDKCHHOM KpaeBbIX 3a/lad MOXKHO OMPEIETUTh KaK PEeIICHHsS
JIMHEWHBIX HEOJHOPOIHBIX HHTETpalibHBIX ypaBHeHul dpenronsma Il pona;

— YCTaHOBJICHO, YTO WMHTEpPBAIbl CXOJMMOCTH psinoB HeliMaHa mpu MOCTpOCHHH
c1ab00000IICHHBIX PEIICHUH OCHOBHOM W CONPSDKCHHOW KpaeBbIX 3ajad,
paciupsoTCs ¢ yBenuueHneM Homepa nN=1,2,3,... koappunuentos Oypoe;

— yKasaHbl KJIacchl (YHKIMH BHEUIHETO BIUSHUS, TJ€ 3aJauydl HEJIMHEHHOM
ONTUMHU3ALMH  C  pACOpElENeHHBIM M  PAaBHOMEPHO  pacHpeleleHHbIM
yIpaBJICHUAMH UMEIOT PEIICHUS;
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— TOJIydeHbl HeNUHEIHble MHTErpalbHble YpPaBHEHHS ONTHMAJIbHOTO pacIpe/eNieH-
HOTO U PaBHOMEPHO pacHpeleleHHOTO YMNpaBlIeHWH, MU HCCIef0oBaHa WX
OJHO3HAYHas Pa3pelIiMOCTh;

— HailleHbl JOCTAaTOYHBIC YCIOBUS CYIICCTBOBAHUS U E€IMHCTBEHHOCTU PpeEILCHHS
3a]a4d HEJIIMHEHHOIO ONTHUMAIbHOIO YIPABICHUS TEIUIOBBIMH IIPOLECCAMH,

OITUCHIBACMBIMH (peArobMOBEIMU HHTETPO-TH( hepeHINATHLHEIME
YpaBHEHUSIMH, TIpU  PACNpeleleHHOM U PaBHOMEPHO  pPaclpeneleHHOM
YNIPaBIEHUSX;

— pa3paboTaH aNrOpUTM TOCTPOCHHS HPUOMKCHHOTO  peIleHHs  3aJaqd
HEJIMHENHON ONTHMHU3allMd U JOKa3aHa HMX CXOAUMOCTb II0 YIIPABICHUIO, II0
ONTHMAJIBFHOMY IIpOLECCy W 10 (YHKIMOHATY, KaK B CIIydae paclpeereHHOro,
TaK U B ClIy4ae PaBHOMEPHO PaclpeIelICHHOrO yIIpaBICHUsL.

IlomydyeHHble TeopeTHUECKHE pE3YJbTAaThl SIBISIOTCA HOBBIMH B TEOPUU
ONITHMAJBHOTO YIPaBICHHUs CHCTEMaMH C paclpeelIeHHbBIMU ITapaMeTpaMid U MOTYT
OBITh HCIIONB30BAaHO MPH Pa3pabOTKe KOHCTPYKTHUBHBIX METONOB PEIICHUS
HEJIMHENHOH 3a1a4d ONTUMH3ALUY.

IIpakTHyeckoe 3HaYeHHe HccjeAoBaHMs. Pa3pabOTaHHBIH —ANITOPUTM
MOCTPOCHUSI NPHUOIIVDKEHHOTO pEIICHUs] 3afavyd HEeJMHCHHOW ONTHUMHU3alUM IIpH
HEJIMHEHHOM pacHpeeIeHHOM U PaBHOMEPHO PacIpeeICeHHOM YIPaBJIECHUIX MOXKET
OBITH MICIOJIB30BAH B MPWJIOKEHHSX IIPU PEIICHUH MPAKTUIECKUX 3a71ad, CBSI3aHHBIX C
YIpPaBICHUEM TEIIOBBIX IIPOLECCOB.

SUMMARY
Dissertation “Nonlinear optimal control of thermal processes described by a
Fredholm integral-differential equations” of Nametkulova Rayhan Januzakovna
is submitted for the scientific degree of candidate of physical-mathematical
sciences, speciality 01.01.02 — differential equations, dynamical systems and
optimal control

Key words: thermal processes, weakly generalized solution, functionality,
optimal control, nonlinear integral equation, approximate solution, convergence

Object of research is the controlled thermal processes described by a
Fredholm integral-differential equations.

Subject of research is the control of the transformation thermal process from
the initial state to the desired state for the finite time.

Purpose of the work is to establish the sufficient conditions of the unique
solvability of nonlinear optimization of thermal process in case of the boundary
control while minimizing the quadratic and piecewise linear functionals.

Research methodology. The methods of the optimal control theory of the
distributed parameters systems, methods of classical variational calculus, methods of
solving of equations of mathematical physics, methods functional analysis and the
theory of nonlinear integral equations.
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Scientific novelty and theoretical significance of research

— The Fourier coefficients of the weakly generalized solution of the basic and
adjoint boundary problems are defined as the solutions of linear inhomogeneous
Fredholm integral equations of the second kind;

— Radiuses of convergence of Neumann series are expanded when the number
n=1,2,3,... of Fourier coefficients is increased;

— The classes of external sources functions for the solvability of nonlinear
optimization problem with distributed and uniformly distributed controls are
stated;

— Nonlinear integral equations of optimal distributed and uniformly distributed
controls are obtained and their unique solvability is investigated,;

— Sufficient conditions for the unique solvability of nonlinear optimization problem
of thermal processes, which described by Fredholm integral-differential equations
with the distributed and uniformly distributed controls, are found;

— Algorithm for constructing the approximate solution of nonlinear optimization
problem is worked out and its convergence for control, optimal process and
functional is proved in cases of distributed and uniformly distributed controls.

The theoretical results are new in the theory of optimal control of systems with
distributed parameters and can be used in the development of constructive methods for
solving nonlinear optimization problem.

The practical significance of research. The developed algorithm for
constructing the approximate solution of nonlinear optimization in nonlinear boundary
control can be used in applications for solving practical problems related to the
management of thermal processes.
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