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PA3PABOTKA MATEMATHYECKOW MOJEJH YIIPABJISAEMOI'O
KACKAJIA BOOJOXPAHUJINILL

PosrnsmaeTses 3agaua MOJEIMIOBAHHS Kackaly BOJOCXOBHIN i3 PIYHHM IIOTOKOM, IO PEryTIOeThCs. I3
3aCTOCYBAaHHSIM PIBHSHb JUHAMIKH MOTOKIB OTpUMaHA MaTeMaTHYHA MOJENb CKIAJHOI TiApOTEXHITHOL
cHCTeMHU sIK 00’€KTa KepyBaHHs. BHKOHaHO aHaii3 OCOONHMBOCTEH 3aqavi CHHTE3y 0GaraTOBHMipHOIO
peryisropa, 1o cTabinizye piBHI BOAU y BOJOCXOBHINAX 13 ypaXyBaHHSM 3alli3HEHHS B KaHAJIaX 00 €KTa.

The problem of cascade reservoirs modelling with contolled river flow is considered. Based on fluid flow
dynamics equations the complex hydroengineering system mathematical model as a controled object is
obtained. The reservoir water-level stabilizing multivariable controller design problem features is
investigated subject to delay in control object channels.

HocTtanoBka mpobaembl. HaubGonee 3ddexkTuBHOE  HCMOIB30BAHUE
THJPOIHEPIETHYECKUX PECYpPCOB JIOCTHTaeTcs TIpH CTPOUTEIbCTBE Ha peKax
KacKaJI0B BOJIOXPaHMIIHIL, TI03BOJISIFOLIMX 00ECIIEYUTh BOZMOXKHOCTh () (HEKTHBHOTO
pEryJIMPOBaHUs CTOKA C LENbI0 CTAOMIIN3AIMK YPOBHEH BOJBI B BOJOXPAHMIIUINAX
NP BBIMOJHEHUH 3aJJaHHBIX TPEOOBaHHI K BBIPAOOTKE AIeKTpodHepruu. [Ipu 3Tom
KOMIUIEKCHOE  HCIIOJIb30BaHHE BOIHBIX PECYpPCOB 3HAYUTEIBHO  YCIIOXKHSET
MpPOLIECChl  B3aUMOJICHCTBHUSI  BOJOXPAHWJIMIN Kackaia. I[lOCKONIbKY JIMHAMHUKA
WU3MEHEHHsI YPOBHEW BOJbI B BOJOXPAaHHJIMIIAX KAaCKaaa ONpesessercs OamaHcoM
NPUTOKOB M PACXOJIOB BOJbI, B TOM YHCIEC HEYNPABISIEMBIX CTOKOB M yTEUEK U
YIPaBISIEMBIX BOJIOCOPOCOB M PacXOAOB uepe3 TUAPOTYPOMHBI, TO C TOUYKH 3pEHUS
TEOpHUH aBTOMATHYECKOTO YIPABIICHMS! paccMaTpHBaeMasi CHCTeMa IpeCTaBIIseT
co00if MHOTOCBSI3HBIN JAMHAMUYECKHH OOBEKT YNpABICHHS, MOIBEPKEHHBIN
JICHCTBUIO BHEIIHUX BO3MYINEHHA. Bo3HUKaeT HEOOXOIMMOCTH B pa3paboTke
METOAOB MAaTCMaTU4Y€CKOIro MOACIUPOBAHUA CJIOKHBIX THUAPOTCXHUYCCKUX CUCTEM
KaK OCHOBBI Ui PpCIICHUA 3ada4 OICPATUBHOI'0  YIIPABJCHUA KaCKaaOM
BOJIOXPAHMIIMILl C IIENbI0 MOJJIEPXKaHUsI B HUX ONTHMAJIbHBIX YPOBHEW BOJBI B
YCIIOBUSIX HECTAI[HOHAPHOTO CTOKA.

AHanu3 Jjurtepatypbl. B paborax [1 — 8] paccmarpuBaroTcs paziaHyHBIE
MOAXOMBl K PEIICHWIO 33/Jad MAaTeMaTHYECKOTO MOJCIMPOBAHHA U YIPaBICHHUS
cucremorr "peka-mmotuHa". B pabotax [1, 2, 5, 6, 8] cuHTe3UpOBaHBI 3aKOHBI
pobacTtHOro ympaBiaeHHs THIPOTEXHHMYECKONW CHUCTEMOW HAa OCHOBE YacCTOTHOTO
noaxoja. Pa3nuuHble 3aKOHBI YHpPaBIeHUS I OTKPHITOIO OPOCHUTENILHOTO KaHala
MpeJIoKeHbl U uccienoBansl B [3, 4, 7]. g moctopoeHus: Mojend oO0beKkTa B
3a/la4yax OMEPAaTUBHOTO YIPABJICHUS KacKaJaMH BOJOXPAHWIMI] BO3HUKAET
HEOOXOMUMOCTh B  Pa3BUTUH W OOOOIICHHM  MPEIJIOKEHHBIX  IMOJXOJI0B
MPUMEHHUTEIBHO K  3aJauaM MaTeMaTH4YeCKOrO  MOJEIUPOBAaHUS  CIOXKHBIX
THIPOTEXHIUYECKUX CHCTEM.
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I_[e.m, CTAaTbH COCTOUT B pa3pa60TKe MaTeMaTHYeCKOU MOJEIU YIpaBJIsIeMOTO
KaCcKkaJga BOJOXpAaHWIUIL JiA1 PCEHICHUA 3aJadyd OICPATUBHOTO  YIIPABJICHUA
YPOBHSIMHU BOABLI B CUCTEME BOAOXPAHUIIUI C HCIOJB30BaAHUEM METOAOB CHHTE3a
ONTUMAJIBHBIX MHOTOMEPHBIX PETYJIATOPOB.

ITocTpoenne Mojenu Kackaaa BOAOXPaHWIHIN. MopaenupoBaHHE TEUCHUS
PEKH B CTPYKType T'HAPOTEXHHYECKON CHCTEMbI MOXET OBITTH OCYIIECTBICHO C
UCIIONb30BaHUEM  TaK  Has3blBaeMbIX  ypaBHeHHMii  CeHr-BeHaHa, KoTopsle
NPE/CTABIAIOT COO0OH THIEpOONNYECKHe HENUHEHHbIE YPAaBHEHHS B YaCTHBIX
MPOU3BOIHBIX OTHOCHTENIFHO YCPETHEHHOTO CTOKA Q(x,t) " ypoBHA BoAbl H (x,t) B
oIHOMepHOM mpubnmxeHun [1]. PaccMoTpuM Maible OTKIOHEHUS YPOBHSI BOJBI
h(x,t) U CTOKa q(x,t) OT WX CTAlMOHAPHBIX 3HAYCHUH, NPEICTaBICHHBIX Kak

H, (x) M) u Q, (x) (ky0.M/C), TO3BOJISIONIUE TMEPEHTH K JIMHEAPU3OBAHHBIM
ypaBHEHHsIM (HenpepbIBHOCTH 1 MoMeHTa) CeHT-BeHaHa ciieyromiero Buia:

oh 0Oq

Ly—+—+=0; 1
‘o ox M

86] 86] 2 2 Oh
— 42V, —- +\Ci -V, ——yoh=0, 2
o Oax Bo‘](o 0 Oax Yo 2
rae L, — MMpHHA BOJHOM IIOBEPXHOCTH B PABHOBECHOM pexnme (M); V,, — cpennss

A

ckopocth (M/c); Cy = % — CKOpOCTb PaclpoCTpaHeHusl BOJHBI (M/C); A, —

0
CpelHss IUIOIIAIbh CEYCHUS PeKH (KB.M); g — YCKOpEHHe CBOOOIHOIO MaJeHUs;
Bo> Yo — TOCTOSHHBIC MapaMeTpel Mojend (2), BBIUHCISACMBIE Ha OCHOBE
(u3MYeCKUX XapaKTepUCTHK BOJOXpaHMIHUIIA (YroJl ECTECTBEHHOTO OTKOCA IPYHTa,
HEepPUMETP CMOYEHHON MOBEPXHOCTH U T.1I.).

[penmonararoTcss 3aJaHHBIMH T'PAHUYHBIC YCIOBHS INPUTOKOB M PacXoioB
BOJIOXPAaHWIIHIIA q(O,t) u q(X ,t), rae X — anwHA BogoxpaHumuma (opeda).

I'mppaBnuyeckass cTpykTypa (BOJOHANIOPHOE COOPY)XEHHE — IUIOTHHA WIIU
IJIF03) MOJETUPYETCS C UCIIOJIb30BAHUEM JIMHEAPU30BAHHBIX YpaBHEHHH [2] BUa

q(X,t)=kyh(X, 1)+ kyult), 3)

rie q(X ,t) — pacxonx (CTOK) dYepe3 THAPOCUCTEMY; h(X ,t) — TayOuWHa BOZBI
BepxHero Obeda; u(t) — nopHATUe Topora (Bopo3abopa). Koadduuuentsr &, k,
BBIYMCIISIOTCS  IOCPEICTBOM JIMHEApU3alUH (YHKIHOHAJIBHBIX 3aBHCHMOCTEH
NapaMeTPOB HUCXOAHBIX YpPaBHEHH B TOYKE, COOTBETCTBYIOIIEH I'MAPABINYECKOMY
CTaI[IOHAPHOMY PEXHMY.

C ucnonb3oBaHueM npeoOpazoBanus Jlamnaca JiMHeapu30BaHHOTO YpaBHEHUs
TedeHus [3], MOJyduM MOJENb BOJOXPAHMWIUIIA B CTPYKTYpe Kackaja, KoTopas
MOXeT OBbITh NPEICTAaBIICHA B BU/IE TIOJIMHOMHUAILHOTO YPaBHEHUSL:

H(s)= Gy (s) Uy ()+ Gs (s) U5 (s)+ Gls)F(s). 4
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TJ€ OpWIMHAIbl IEPEMEHHBIX MOIEIH h(t):Lfl {H (s)} — YpOBEHb BOABI B
BOJIOXPAHUJIUIIIC, ul(t)=q(0,t), uz(t)zu(t) — COOTBETCTBEHHO YNpPaBiIsICMbIC
NPUTOK W pacxonm; f (t) — HeperyJaupyeMble CyMMapHBIE TOOOYHBIE MPUTOKH U
pacxopl, a G, (s), G, (s), G(s) — nepeiaTouHble QyHKINKM 00OBEKTa yIpaBICHUS.

Kak mnokazano B [4], mepematounble ¢GyHKUUH Monenu (4) MOryT OBITh
HpeICTaBIICHBI KaK

e’ -k, ~ kG, (s)
G(s)= G,(s)= Gls)=—— 5
I(S) (x(s) > 2(S) OL(S)’ (S) k, (%)
£ dx
rae T = .[7 — 3ama3/blBaHUE MPOXOKACHUS BOJBI BHU3 110 TCUEHUIO;
0 Volx)+Colx) ’
(x(s) =A,;s+k, — XapakTepUCTUYECKHH IIOJIMHOM, TIIOJy4aeMbli Ha OCHOBE

HM3KOYAaCTOTHOHM anmpoxkcuManuu; A, — xodQQUUUEHT, cBA3pIBaOmUil CKOPOCTh

U3MEHEHUs 00beMa BOJOXpaHUIMIIAa C COOTBETCTBYIOIIUM MNOAHATHEM YPOBHSA BOABI
HHXXC 11O TCUCHUIO.
PaCCMOTpI/IM MaTEMAaTHYICCKYIO0 MOJICJIb KaCKa/la BOJOXPaHWIHIL, COCTOAIIETO

n3 N pesepByapoB. Homep BogoxpaHuiuiua onpeneisieTcss uHaekcoM i, i=1L, N,
IpUYeM HauMEHbIEee 3HAaUYEHWE WHJEKCa COOTBETCTBYET BOIOXPAHIIIHIILY,
HaxoJslleMycsl BbINIE BceX IO TeueHHto. CTpyKTypa MOJENM KacKaja 3alaeTcs
MaTpuLen A:"ESU", i,j=1,N, mpudem 9§; =1, ecnmu COOTBETCTBYyIOLIEE j-€

BOJOXPAaHUIINIIE HENOCPCACTBCHHO CBsA3aHO C i-M BOJOXPAaHUIIUIIIEM,
HaXOOAMMUMCS HUXKE IO TECUCHUIO PEKHU, U 611 =0 B MNPOTHUBOIIOJIOKHOM Cliy4ac.

QOueBUHO, YTO 81-/- =0 gns Bcex j>i. Ilpu 3TOM (GYHKIMOHMPOBaHWE OIHOTO

BOJOXpAaHWIHIIA B CTPpyKType Kackama ¢ yderom (3) — (5) Moxer OBITH
NPEICTaBICHO CUCTEMOH OOBIKHOBEHHBIX AH(QepeHInaIbHbIX YpaBHEHUH ¢
3aMa3/IbIBAIOIIIMHU apryMEHTaMH:
Ay h (t)+k1,~hi (f): _kz,-”i(f)+25yl3,jqj (t_Tij )+fi(f);
= ()
q:(1)= ki, b (f)+k2,~”i(f)’
rae B — KOI(Q(UIMEHTEI, ONHUCHIBAIOIIME TIOTEPH BOABI BIOJb PyCiIa PEKH MEXKILY

COOTBETCTBYIOLIUMU BOAOXPaHUJIUIIIAMU, Tij — 3anasJibIBaHuC, OonpeacsieMocC I10

PacCTOSHHIO MEXAY COOTBETCTBYIOIIMMHU BOJOXPAaHWIMILAMM KacKala M CpeaHei
CKOPOCTH TE€UYEHHS PEKH.

Mopnens B NEpPEMEHHBIX COCTOSHHS KacKaja BOJOXPAHWIHI] C YYETOM
ypaBHeHHI (6) IpHOOpETAET CIeIYIOIIN BHI;

%(e) = Ax(e)+ Bult)+ B,wlr),  y(t)=Cx(e)+ Dulr), (7)
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rae x(t): (hl (t) e hy (t))T — BEKTOP YPOBHEW BOIBI B CHCTEME BOIOXPAHIIIHII;

u(t): (ul-(t) e U N(t))T — BEKTOp JIOKAIBHBIX YHPaBISIOIINX BO3JICHCTBUIA;

w(t)zPQ(t)+ f (t) — BEKTOp OOOOIIEHHBIX BO3MYMIAIOIIMX  BO3JEHCTBUIA,

BKJIIOYAIONIMH  BEKTOpa  PETyIUPYyeMbIX M HEPeryJIHpYyeMbIX  PacXOIOoB

00)= g1t =m20)r-. 2, (=) SO=(h O Sy ) Marpru
J<

monemn (7) A4, B, B,,, C, D, P ¢popMupyroTcs Ha OCHOBE ypaBHEHHH (6).

AHaau3 oco0eHHOCTell 3a/la4d CHHTe3a PeryJsiTOpOB YpPOBHeil BoAbI B
BojoxpaHuaumax. IlonyueHHsle ypaBHEHHs Mojenu oObekTa ympasieHus (7)
SBJIIIOTCSI OCHOBOM CHHTE€3a MHOTOMEPHOTO pErynsaropa YypoBHEH BOJBI B
BojoXpaHwininax. OCOOEHHOCTh paccMaTpUBaeMOi 3aJayd  3aKiIO4aeTcs B
HaJIMYMK Pa3JIMYHbIX 3ama3/iblBaHui B KaHaJaX 00BbEKTa YIPaBJICHHS, CIIEACTBHEM
9ero sBJSETCA CYIIECTBEHHOE CHIDKEHHE KadecTBa YINPaBICHUS M BO3MOXKHAS
MOTEeps] YCTOMYMBOCTH 3aMKHYTOH cHCTeMBl. D(GQEKTUBHBIM METOJOM pEIICHHUS
3aJayd yNpaBJICHUs B 3TOM CiIydae SBJISIETCS WCIIOJIB30BAHHE MHOTOMEPHBIX
perymatopoB CMHTa, CHHTE3MPOBAHHBIX HAa OCHOBE pAa3BUTHS NPUHIUIA
BHyTpeHHeH Mozenu [9], dro oOecrieunBaeT BO3MOMKHOCTH KOMIICHCAIMU
3arna3/ibIBaHuN 1 00ecTieueHns CBOMCTB poOacTHOCTH.

BeiBoasl. B pabote 060cHOBaHa BO3MOXHOCTD U 3(D(PEKTUBHOCTH PUMECHEHUS
METOJIOB MaTeMaTHYECKOT0 MOJEJIUPOBaHUs ISl TOCTPOCHUS MOJENN OOBEeKTa
yOpaBleHUs B 3ajJade yNpaBJIeHHs KackagoM BojoxpaHuiuil. JlanbHeliiee
pa3BUTHE NPEI0KEHHOW METOJUKH IO3BOJIUT PACCMOTPETh KOMIUIEKCHYIO 3a7auy
VIPaBJICHUsI peXHMaMH pabOThl THAPOTEXHHUYECKHX KOMIUIEKCOB C Y4YETOM
TUAPOJIOTUYECKUX OTPAHUYEHUN U BHEIIHUX BO3/ICHCTBUM.
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