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MOJAEJIMPOBAHUME U OIITUMAJIBHOE YIIPABJIEHUE CUJIOBBIMH
AT'PETATAMHU CYAOBOI'O KOMIIVIEKCA HA
HECTAIIMOHAPHBIX PEJKUMAX

Hccneoosanusi ~ OCHOBHLIX — OUHAMUYECKUX — XAPAKMEPUCIUK — IHEPLeMUiecKux
KOMNIEKCO8 CYOOBbIX CUCMEM 8 YCMAHOBUBUIEMCS pexcume npu Oeticmeuu 803myuarouen
cunvl A6aAmMcs akmyanvuvimu. OcobeHno 9mo noOmeepHcOaemcs co30anuem Ynpasiaouux
cucmem 015l CYOOBbIX CUNOBLIX YCMAHOBOK.

B cmamve asmopamu paspabomana mamemamuieckas Mooeib OUHAMUKU CYO0BO20
KOMNJIEKCA C Y4emoM NepexoOHbIX Npoyeccos U HAll0eH KOHMpOJb, 00eCcnedusaromull e2o
08udICeHUe ¢ MAKCUMATLHOU CPeOHell CKOPOCMbIO U MUHUMANbHBIM PACX000M MONAUGA HA
eounuyy nymu. Paccmompenvr ougppepenyuanvhvie ypasuenus 08udceHus KOMNIEKCA
Kopabnsi 6 0e3pasmMepHoM 6uoe 6 HeCMAYUOHAPHLIX YCA08UAX. [l ONMUMATLHO2O
VApasueHuss 3mum 00vbekmom Ovll pazpabomar Kpumeputi ONMUMATbHOCMU, KOMOPbILL
C6A3aH DYHKYUOHANbHBIMU CEA3AMU C XAPAKMEPUCMUKAMU CYO0B020 KOMNIEKCAd U C
KOMOPbIM 00CmMuU2aemcs Onmumym. 3adauu OnmumaibHo20 YnpagieHus Obliu NoOCmaeieHbl U
peuwiensl, umobvl Haumu ynpasienue, obecneuugarouee 0BUNCEHUE CYO08020 KOMNIEKCA C
MAKCUMANbHOU CpeOHell CKOpocmbvio ¢ OUu@depeHyuanvHbiMy CeA35MU U 2PAHUYHbIMU
yenosuamu, U ynpagieHue, obecneyusaroujee MUHUMATbHLIL CPEOHUll pacxo0 MONIuea Ha
eOuUHUYY nymu Ccy008020 KOMNIEKCA. NPU 3A0AHHOU CpeoHell CKOPOCMU €20 OBUNICEHUSL.
Yemanoeneno, umo 3nayenuss OCHOBHLIX XAPAKMEPUCMUK CUNOBbIX YCMAHOBOK CY008020
KOMNJIEKCA CYWeCMBEeHHO 3A8UCAM OM 6CeX Napamempos Cucmemvl, HOIMOMY OJis
MOOeNUPOBAHUS 8600AMCI ANNPOKCUMUPYIOWUe QYHKYUU dmux xapakmepucmuk. I1ockonbky
NOYYEHHbIL 3AKOH YNpaeieHus Oelicmeumener O JH00bIX  803MYWAOWux @OyHKYull,
cucmema asmMoMamu4yecKko2o YNpaeieHus ¢ XapaKkmepucmukol pe2yiamopa cCKOpoCcmu 6
seoyuem 38eHe NO000EPHCUBAEM DPENCUM, ONUBKUL K ONMUMAILHOMY, NOO Oeticmeuem
APOU3BONLHBIX BOIMYWAIOUUX CUT, 8 MOM YUCTIe HENEePUOOUUECKUX.

Hccneoosanus, npogedennvie 01 CYOOBbIX KOMIIEKCO8, NOKA3AMU, YMO BeIUYUHA
APUPOCMA CKOPOCMU CYOHA 6 HeCMAYUOHAPHBIX YCIOBUAX UBMEHEHUs Nnapamempos
oocmuzaem 8%. CmeneHb KOHMPONA 3A6UCUM OM BCEX NAPAMEMPOS, XAPAKMEPUIVIOUJUX
KOpabenvbHblli KOMNIEKC U cocmosiHue mops. Ilonyuentvie coomHowenus npu Mooeaupo8aHuu
U ONMUMANLHOM  VNPAGIEHUU  DHEP2OONOKAMU  CYOOBbIX — KOMIIEKCO8  NO38ONUNU
APOAHATU3UPOBAMb PACX00 MONAUBA HA eOUHUYY NYmu ¢ ONMUMATbHBIM YAPAGIeHUEeM
MEMOOOM  OUHAMUYECKO20 NPOSPAMMUPOBAHUSL NO CPABHEHUI0 C COOMBEMCMEYIOUUM
NOCMOSHHHBIM YNPABLEHUEM.

Kniouesvie cnosa: mamemamuyeckas mooenb, ONMUMALbHOE YNPAGIEHUe, Memoo
ycpeoHeHust, nepexooHol npoyecc, cy0080li KOMNIEKC.
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Hocniooicenns OCHOBHUX OUHAMIYHUX XAPAKMEPUCTNUK EeHEeP2eMUYHUX KOMNIEKCI8
CYOHOBUX CUCMEM 8 YCMANEHOMY pedCuMi npu Oii UMYUWEHUX KOAUBAHb € AKMYATbHUMU.
Ocobnuso ye niomeeporiCyeEmMbCs CMBOPEHHAM Kepyruux cucmem OJisi CYOHOBUX CUTOBUX
VCMAHOBOK.

YV cmammi asmopamu pospobrena mamemamuyHa Mmooeib OUHAMIKU CYOHOBO2O
KOMNIEKCY 3 YPAXyB8AHHAM NepexioOHux npoyecis i 3HatdeHutl KOHmpo.b, o 3abe3neyye 1o2o
PYX 3 MAKCUMATILHOIO CEPEeOHbOI0 WUBUOKICMIO | MIHIMANbHOI 8UMPAMmMO0 NAIUBA HA OOUHUYIO
wsxy. Pozenanwymo oughepenyianvhi pieHAnHA pyXy KOMHAEKCYy KopabOlis 6 0e3po3mMipHOMY
8UNA0l 8 HeCMAayiOHApHUX yMoeax. [{ia OnmumanbHo20 YNpaeninHs yum o6’ €kmom 6y8
PO3pobNeHull Kpumepitl. ONMUMaibHOCMI, AKUU NO8's13aHull (OYHKYIOHANbHUMUY 38'S3KaAMU 31
Xapaxkmepucmukamu cyOH08020 KOMNIEKCY 1 3 AKUM O00CA2AEMbCA ONMUMYM. 3a80aHHS.
ONMUMANLHO20 YAPAGLIHHA OVIU NOCMAGNeH | GupilieHi, wob 3Haumu YNpPAaeiinHs, sKe
3abesneyyc pyx Ccyo008020 KOMNIEKCY 3 MAKCUMAIbHOW CEPeOHbOol0 WBUOKICmIO 31
ougepenyianoHumMu 36's13Kkamu i SPAHUYHUMU YMOBAMU, [ YAPAGNIHHA, WO 3ab6e3neuye
MIHIMANbHULL cepeoHiti eumpama naiuéa Ha OOUHUYIO WIIAXY CYOHOB020 KOMNJEKCY, Npu
3a0aniii  cepeoHii weuokocmi 1o2o pyxy. Bcmanoeneno, wo 3HaueHHs OCHOBHUX
Xapaxkmepucmux CUuilo8ux YCMAaHOBOK CYOHOB020 KOMMNIEKCY ICMOMHO 3Alexcams 6i0 YCix
napamempis cucmemu, momy 0Jisi MOOENI0BAHHA 8800AMbCA PYHKYIT XApaKmMepucmuku AKux
anpoxcumyromovcs. OCKinbKu OmpumMaHutll 3aKOH YAPAGLiHHs OTUCHUL 015 OYO0b-aKux QyHKYill,
AKI  Malomes  00yploloue  NOXOO0JCEHHA,  CUcmemd  a8MOMAMUYHO20  VNPAGIIHHA 3
Xapaxkmepucmukow pe2yisamopa WeUOKoCmi 8 NpoGIOHOMY JNAHYI NIOMPUMYE DENCUM,
OMU3LKULL 00 ONMUMANLHO20, Ni0 0I€l0 O00BIIbHUX CUT, WO 00YpPIOIOMb, 8 MOMY YUCTE
HeNnepioOUyHUX.

Hocnioocenns, nposedeni O0nsi CYOHOBUX KOMMIEKCI8, NOKA3AAU, WO BeIUYUHA
npupocmy weUOKocmi CyoOHa 8 HeCMAayiOHApHUX ymMoeax sminu napamempié oocseac 8%.
Cmyninb KOHMpPOIIO 3anexcums 6i0 6CiX NApamempis, Wo Xapakxmepuzyloms KopabenbHull
Komniaekc i cman mops. Ompumani cnie8iOHOWEHHS NPU MOOEN0BAHHI | ONMUMATbHE
VAPABNIHHA eHepeoOIOKaMU CYOHOBUX KOMNJIEKCI8 00360UNU NPOAHANIZYEAMU GUMPAMY
nameéa Ha OOUHUYIO WIAXY 3 ONMUMATLHUM KEPYBAHHAM MemooOM OUHAMIYHO20
NPOSPAMYBAHHSL 8 NOPIGHAHHI 3 6I0NOBIOHUM NOCMIUHUM YIPAGIIHHAM.

Knouoei  cnosa: mamemamuuna mooenvb, OnmumaivbHe YAPAGNIHHA,  Memoo
ycepeOHenHsl, nepexioOHutl npoyec, cyOHOBUL KOMIIEKC.
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DESIGN AND OPTIMAL MANAGEMENT POWER AGGREGATES OF
SHIP COMPLEX ON NON-STATIONARY MODES

Studies of the main dynamic characteristics of the energy systems of ship systems in
the steady state under the action of a disturbing force are relevant. This is especially
confirmed by the creation of control systems for ship power plants.

In the article, the authors developed a mathematical model of the dynamics of the ship
complex taking into account transients and found control that ensures its movement with a
maximum average speed and minimum fuel consumption per unit of track. The differential
equations of motion of the ship complex in a dimensionless form under unsteady conditions
are considered. For optimal control of this facility, an optimality criterion was developed,
which is connected by functional relationships with the characteristics of the ship complex
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and with which an optimum is achieved. The tasks of optimal control were set and solved in
order to find a control that ensures the movement of the ship complex with a maximum
average speed with differential connections and boundary conditions, and a control that
provides the minimum average fuel consumption per unit of the way of the ship complex. at a
given average speed of its movement. It is established that the values of the main
characteristics of the power plants of the ship complex significantly depend on all parameters
of the system, therefore, approximating functions of these characteristics are introduced for
modeling. Since the obtained control law is valid for any disturbing functions, an automatic
control system with the characteristic of a speed controller in the driving link maintains a
near optimal regime under the action of arbitrary disturbing forces, including non-periodic
ones.

Studies conducted for ship complexes showed that the magnitude of the increase in
ship speed under unsteady conditions of change in parameters reaches 8%. The degree of
control depends on all parameters characterizing the ship complex and the state of the sea.
The obtained ratios during modeling and optimal control of power units of ship complexes
made it possible to analyze fuel consumption per unit of track with optimal control using the
dynamic programming method in comparison with the corresponding constant control.

Keywords: mathematical model, optimal control, averaging method, transient, ship
complex.

ITocTanoBKa MpodJieMbI

UccnepoBanusi  OCHOBHBIX — JMHAMHYECKUX  XAPAKTEPUCTUK  SHEPreTUUYECKHUX
KOMILJIEKCOB CYJIOBBIX CHCTEM B YCTAaHOBHUBIIEMCS PEKHUME TPH ACHCTBUU BO3MYIIAIOIICH
CWJIBI SIBJISIFOTCSL aKTyalbHBIMA. OCOOEHHO ATO MOITBEPKIACTCS CO3JAHUEM YIIPABIISIOMIUX
CHUCTEM JUTsI CYJIOBBIX CHJIOBBIX YCTaHOBOK.

JlJis  ONTHMaNbHOTO YIPABJICHUS CYJOBBIMU CHIIOBBIMH CHCTEMaMU HEOOXOIMMO
pa3paboTaTh MaTEeMAaTHYECKYIO MOJIEb JUIS TAHHOTO KJlacca OOBEKTOB M UICHTU(DHUITMPOBATH
ee K BbIOpaHHOMY 00BeKTy. [lomyueHHBIE pe3yNbTaThl MOACIUPOBAHUS HCIIONH30BATH IS
YIPaBJICHUS JaHHBIM 0OBEKTOM.

OnTumanbHOE YOpaBlIeHHWE JAaHHBIM OOBEKTOM TIpeayCMaTpHBaeT pa3paboTKy
KPUTEpPUS  ONTUMAJIBHOCTH, CBS3aHHOTO  (DYHKIMOHAIBHBIMA  COOTHOIICHUSIMH  C
XapaKTEepUCTUKAMU JAHHON CHUCTEMBI U C TIOMOIIBIO KOTOPBIX U JOCTUTAETCA ONTUMYM [1].

Kputepuii onTUManbHOCTH — Ba)KHEWIIMI KOMIIOHEHT 3aJa4yd ONTUMHU3anuu. Poib
MOJICJIMPOBAHUS U ONTUMHU3ALMK B cuctemax ympasieHus (CY) cienyer paccMarpuBarh B
KOHTEKCTe >ku3HeHHoro mukia CY [1-3]. Hekoropsie »3Tanbl KU3HEHHOIO IIHMKJA
MpECTaBIICHBI HA pucC. 1.

ITocTanoBka 3axaum ynpasJieHUs! 3agavya MogeMpoOBaHNUs
A A L 2

Mozaens 00beKTa

v

Monens cucteMbl

A\ 4

HccnenoBanmne o0beKTa ynpaBieHUs

OnTumasbHOE IPOEKTUPOBAHUE
CHCTEMBI YIIpaBJICHHUS

A
\ 4

Puc. 1. ®parMeHnThl sKH3HEHHOI0 IUKJIA CHCTEMbI YNIPABJICHHS.
BaxknelmmM KOMIIOHEHTOM Tpoliecca IKCIUTyaTalluu 00BEKTa SBISETCS ONTUMATBHOE

YIIpaBJICHUE €TI0 CHCTCMOﬁ, KOoTOpas 00eCIIeunBaeT BBICOKHE TEXHUKO-DKOHOMUYECKHE
IIOKa3aTCIIn.
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AHaJIM3 MOCJIeTHUX UCCIIe0BAHNIA U My0JJUKANM I

B paborax [4—6] ananm3upyroTcs cnocoObl MOJAEPHU3AIMUA CHCTEM TOIUTMBOIOIAAYH
HEMOCPeACTBEHHOro JAeWcTBUs. [Ipy 3TOM OCHOBHOE BHUMAaHHE YIENSAETCS HE TOJIBKO
NOBBIIICHUIO JABJICHHUS BIPBICKUBAHUS TOIUIMBA, HO M BO3MOXKHOCTSIM aJaNTallMOHHOTO
peryaupoBaHMs MPOLECCOB MOAaY TOIUIMBA JIJIs MOJIydeHHs TpeOyeMbIX 3HaUeHU I LIMKIIOBOM
NOJA4YM, yIJIa ONEPEKECHHs BIPHICKMBAHUS M 3aKOHA MOJAaYM B YCIOBHUSX MEHSIONICHCS
Harpy3ku W IEepeXOAHBIX IMpoleccoB. s onTHMManibHOTO BBIOOpAa MapaMeTpoB Ipolecca
TOIUTMBOMNOa9H 3(h(HEKTHBHBI METOIBI MOACTHPOBAHHUS.

OnHako B psijie METONOB MOJETHPOBAHUS HE PAcCMaTPUBAIOTCS BONPOCH OLCHKH
B3aUMOBIIMSHIS N3MCHSIOUIMXCS TApaMETPOB MaTEMaTHIECKUX MOJIETICH.

[TosTomy pa3zpaboTka MaTeMaTWYeCKOH MOJENN ONTHMAIBHOTO  YIPABICHUS
TOIUTMBHON CHCTEMOM CYZOBOTO KOMIUIEKCA Ha MEPEXOHBIX PEKUMaX SBIACTCS aKTyaTbHON

ean nccaenoBanmsi

Llenvlo uccnedoeanus SBISETCS TONYYEHHE MATEMATUYECKOM MOJEIU JTUHAMHKU
CyJIOBOTO KOMIUIEKCA C YYE€TOM II€PEXOJIHBIX MPOIECCOB W HAXOXKJICHUE YIPaBJICHUS,
o0OecrieunBaroIIee ero ABMKEHHE C MaKCHMAIbHOW CpEIHEH CKOPOCThI0O M MHUHUMAIBHBIM
pacxo/ioM TOTUIMBA Ha €IUHMITY TTYTH.

Jlis petieHust TOCTaBICHHOU e He0OXO0IMMO PaCCMOTPETh 3a/1a4H:

—B Ka4ecTBE MAaTEMAaTHYEeCKOW MOJEIM HCMOJb30BaTh AU depeHnaaIbHbIe
YpaBHEHHsI JBM)KEHUS CYAOBOTO KOMIUIEKCa B Oe3pa3MEpHOM BHJE B HECTAllMOHAPHBIX
YCIIOBHSIX;

— IIOCTPOEHUE ONTUMAILHOIO YIIPABICHUS 110 METOAY YCPEIHEHHUS.

N310:xeHNe OCHOBHOTO MaTepHaJIa MCCIIeJOBAHUS
Juddepennmranbaple YpaBHEHHsI JBHKEHUSI CYJI0BOTO KOMILUIEKCa B Oe3pa3MepHOM
BU/JIE B HECTALIMOHAPHBIX YCIOBUIX UMEIOT BUJ [7]:

do _B Mg (w)—ﬁi’ (0,0, go,t)],
dt 4
do 1 |=o (1)
oA (o,0,0,t)— R°(u)]
npu »(0)=1; v(0)=1, )
rac w, v — OTHOCUTCIIbHAA YIJIOBAasd CKOPOCTb BCAYHICITO 3BCHA W OTHOCUTCIIbHAA

MOCTyTaTeNbHAs CKOPOCTh BEJIOMOTO 3BeHA (CYI0BOTO KOMILIEKCA);
A, B, t — 6e3pa3MepHbIc TUHAMUYCCKHE TapaMeTPhl U OTHOCUTEIHLHOE BpEMS;
P, R, Mg, M. — OTHOCUTEIbHbIEC BETUYUHBI;
/1 2 12
P(w,v,0,t)= P -06-" o +125°-0° |-16,° 0° [C,(t) —cuna Tarum BuHTE;

max max max max

R(u) = ;(P(l,l, ®, ,O)U2 — CHJIa COPOTHUBIICHHS BOBI IBUKEHUIO CY/IHA;
@ — yTJI0Basi CKOPOCTh BUHTA;
M, (w,u)=M,(11,0,,0)Mc(@)u(t) — mBmKymmii MoMenT;
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2
q’(af—o,es b o i145 Jo uz]
)

2
Prmax max max

M, (@,0,0,t)= , ~TC,(t)- MOMEHT
18 o

2 max

COIPOTHBIICHHUS BHHTA,;

Aol Ao2max, 4, B, ¢ | pmax — 6€3pazMepHbie KOAPPHUIIMESHTHI;

¢(t) — maroBoe otHomenue BuaTa (BPII);

o(t) — oTHOCHTEIbHAS MTOaua TOILINBA,;

Ca(t), Co(t) — dyukumu, xapakTepHU3yroIIne HECTAHOHAPHOCTD BOJIHOM CPE/IbI;

2
1%

1-sign D _q 1+ sign D
@ w
M, (a)) = : /U(a))"' ° ﬂ(a’) : (3)
) @,
2-(C —1){1+ (p —1)4 z(c -~ J
(ON Wy
. () . [0
1—S|gn(w—"J 1+S|gn(a)—"J
(o)=| wlc -1 %), o %[0 2)
2 @, 2 @,

3necs &, C, w, | wp, Y — XapaKTEPUCTUKU IBUTATEI.

BaxxHol XapakTepuCTUKOMN, OIEHUBAIOIICH AKOHOMHUYHOCTh pabOThl SHEPTETHUUECKOU
CUCTEMBI, SIBJISIETCS OTHOCUTEIBLHBIN PAacXxo/] HEKOTOPOro pecypca B KayecTBe, KOTOPOIo s
CYJIOBOTO KOMILJIEKCA SIBJISIOTCS TOTIIMBO, AIEKTPOIHEPI sl HA EAUHUILY MYTH:

_ My (@)oM (o) (4)

L

CO

ITpu mocTaHOBKE 3a/1a4 ONTHMAILHOTO yIIPaBICHUS MOKHO [8—9]:
1) Haxomute ympasienune 0 <u(z) <1, oOecneunBaroiiee ABMKCHHE CYyI0BOIO
KOMIUIEKCa ¢ MAKCUMAaJIbHOU CpeIHEeN CKOPOCTHIO, T.€.

1 2z (5)
o Iu(r)dr — maxuv,,

o

npu auddepennuanbabix cBsa3ax (1) u rpannunsix yenoBusx: w(0) = w(2x), v(0) = v(2x);

2) Haxomuts ympasinenue 0 <u(z) <1, obecreunBaroiice MUHUMAIbHBIA CPEIHUN
pacxoj TOILUIMBA HA €IMHUILY IMYTH CYJIOBOTO KOMILJICKCA MPH 33JaHHOW CPEIHEH CKOPOCTH
€ro aBMXEHUA U < Umax, T.€.

27rM M
1M @eMo, - )
2r ’ L

npu auddepernnanbHbIX cBs3sX (1), rpaHUYHBIX YCIOBUSAX U HHTETPAJIbHOW CBSI3U
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2z
I R

OcobeHHO 00bIIOE MPAKTHYECKOE 3HAUCHHE OHUM HMEIOT B PEIICHWH OJHOW U3
OCHOBHBIX TIPOOJIEM CYyIOBOM MEXaHHKH — aBTOMATH3alM{ CHJOBBIX YCTaHOBOK CYIOB
Pa3JIMYHBIX KJIACCOB U THIIOB C BUHTaMu perynupyemoro mara (BPLL) npu muiaBanuu cynos B
HanOoJee TSHKETBIX MOPCKUX YCIOBHSIX.

Paccmorpum BrusiHHMe ympasisitoriero napamerpa U(t) Ha OCHOBHBIE TUHAMHUYECKUE
XapaKTEPUCTHKH CYTOBOH CHCTEMBI.

PaccmoTpenne 3amau 1) u 2) HeoOXOAMMO Ui CpPaBHEHHUS COOTBETCTBYIOLIMX
(yHKIMOHANIOB, NPU ONTUMAaIGHOM YyrpaBieHHH U(1) ¥ Ha BBITOJHEWIIEM MOCTOSHHOM
3HayeHUU U (U = Umax — 3a1aua 1, U (U = Upyin — 331a4a 2, T.€. JUIst OLCHKH 3PPEKTUBHOCTH OT
BBE/ICHHS yIIPABJICHNUS 110 U.

OG6bryno0, mapametp 1/ A<<I. IloaTomy, ucmoss3ys Meron ycpeaHeHus [8], MoxHO
3amKcaTh:

—(M g(a)) (a) v,u t)] (7
_ TM g, (M g (w))d
2z

HccnenoBanue BausiHus mapamerpa B / A moka3aHo, 4TO MPHU YBEJIWYCHUU 3HAYCHUS
SKCTPEMAJIbHBIE BEJIMYHMHBI BCEX XAPAKTEPUCTUK CYIAOBOM CHCTEMBI ACUMIITOTHYECKU
NPUOIKAIOTCS K HEKOTOPBIM IMpeeiabHbIM 3HadeHusM. [Ipu B/ A > 5, BenuunHbl 0 U v, a
cnemoBarensHo, Mg, M’ m P° NpakT4eckd HE OTJIMYAIOTCS OT CBOMX MPEETbHBIX
3HAYEHUM.

ITpu AC2 > 0,5, tae AC,=maxC,(t) — minCy(t) 3Hauenus v(U), Unax , Umin TPAKTHYECKA
He 3aBucAT oT B/ A. Tloatomy, mis mpou3BosbHOrO B/ A MOXHO 3amaBaTh Umax M Umin
HOJTy4eHHBIC B pennonoxennn B [ A <<1.

IIpu AC2> 0,5, T.e. 11 OONBIIMX BO3MYIICHUH cpebl (IpU OOJBIINX aMILUTHTYAX
Mopckoil moBepxHocTu) Ha mnpomexyrtke (0,1; 1,0) 3HaueHus Umpax U Umin JTOCTUTAIOT
HEKOTOPBIX MAKCHMAJbHBIX BEJIWYMH, a 3aT€M MOHOTOHHO yMmeHblaroTcs. Ecnm 3amaBaTh
3Ha4YeHHUE CKOpocTH v Tipu B/ A >>1 u U = U, , TO 3HAYCHUE Upin MPAKTUYCCKH HE 3aBUCUT OT
B | A npu npou3BoIbHOM peajibHOM 3HaueHUH A C>.

[IpoBeaeHHOE HccaeAOBaHUE TaKKE MOKA3aJI0 BO3MOXKHOCTH IMOJTYYEHUsS] PEIICHUS B
npeamnonoxenud B/ A<<1l u B/ A>>1. B TOXe BpeMs, NPH OSTUX MPEAMOIOKEHUIX
MCIIOJIb30BaHUE MeTo/1a Majioro napamerpa [9—10] naeT BO3MOKHOCTh IPAKTUYECKH J1OBECTH
HcCIeTIOBaHME 3a/1a4d | ¥ 2 10 YUCIIEHHBIX PAaCUYETOB.

3HaueHHE OCHOBHBIX XapaKTEPUCTUK CUJIOBBIX YCTAHOBOK CYJOBOTO KOMILIEKCA U,
Omax, ®min, C° 3aBHCAT CYIIECTBEHHO OT BCEX MAPAMETPOB CHCTEMBI, TOITOMY JUIS
MOJICTTMPOBAHUSI BBEIEM B PACCMOTPEHHUE aMMPOKCUMHPYIOMNE (QYHKINH yKa3aHHBIX
XapaKTEPUCTUK B BUJE:

3HaueHHE OCHOBHBIX XapaKTEPUCTUK CUJIOBBIX YCTAHOBOK CYJOBOTO KOMILJIEKCA U,
®max; ®min, C° 3aBUCAT CYINIECTBEHHO OT BCEX MAPaMETPOB CHCTEMBI, ITOITOMY IS
MOJICTTMPOBAHUSI BBEIEM B PACCMOTPEHHUE AaMMPOKCUMHPYIOMHE (QYHKIHH YyKa3aHHBIX
XapaKTEPUCTUK B BUJE:

243



B

f= Vo +ao(‘//1§ _'//25)5 A
rae & — oJIHa U3 IEPEUNCIICHHBIX BBIIIEC XapaKTEPUCTHK;
2
A h fu
H§ =a1+a2—/1 °—+a,U, +a4;(+a5g+a6§°+a7%+a8 RO +agU

max

Wi — anmpokcumupyromue Gyakuuu s Snpu B/ A<<1l,i=1uBlA<<1,i=2;
@; — TIOCTOSIHHbIE KOX(P(PHUIMUCHTBI, KOTOPbIE OMPEAEISIIOTCA METOAOM HAMMEHBIITHX
KBaJIPaToB.

Anmpokcumupytomue GyHKnuu moiaydeHbl npu AC;<0,5 nmus mpous3BOIBHOTO
otnomeHues B/ A, anpu AC2> 0,5 na B/ A > 1.

PaccmoTpuM noctpoeHue yrpaBiieHUs CHCTEMOM, Coiep Kalle Maibiii napamerp. s
9TOro BBeneM ympasienue U(t), Munumusupyromee Gynkiuonan [10-11]:

I[u]:iZHF(x)dt; (8)

27r0

x'<t>=ei_lxi<x>w,-(u,t> ©

IIPY TPAHUYHBIX YCIOBUAX:

x (0) = x(2). (10)

3amaya (8)—(10) cBOAUTCS K 3a7a4aM ONTHUMAJIBHOTO YIIPABJIEHHUS, COOTBETCTBYIOIIUM
MI0CJIEIOBATEIBHBIM MTPHOIMKEHHEM METO/1a YCPETHEHHSL.

321,[[3.‘-13. ONTUMAJIBHOI'O YIIPABJICHHA, COOTBCTCTBYIOIIAA TICPBOMY HpI/IGHI/I)I(eHI/IIO
dbopMHpyeTCs CIeAYIOMNUM 00pa30oM: HAUTH yIpaBiieHHe, MUHUMH3UpYIoIIee (yHKITMOHAIT:

L[u]=F(&) (12)
Zn:xi(g)y/j u,t)=0,
R (12)
W :EJ-V’j(U’T)dT-

CornacHo cenaHHBIM MIPEANONIOKESHHSIM crucTeMa (12) uMeeT eMUHCTBEHHOE pPelIeHUe
[11]:

&= ¢lpu )

OxoHYATEeIBHO, MOIYYaeM 3a/1a4y C MUHUMH3UPYEMBIM () YHKIIHOHAJIOM:
Hu]=w[z(27)]; (13)

Z'=—y(u), 2(0)=0, W[z(27)]=Flelp) (14)

27

Ha ocHoBanuu npunmuna Makcumyma | teopuu ynpasieHus JI.C. Ilontpsruna [11]
u(t) ompenensiercss U3 yCIOBUS:
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n Py.(u,t) > max, u e,
i=1

rae U = u(t, p), rme P = const.

OnruManbHOE yrpaBieHnue Uit 3a1ad 1) u 2) B cirydae M/ A<<l, COOTBETCTBYIOIIEE
NepBOMY NMPUOIIKEHUIO UMEET BHI:

PC,(t)+PC,(t)
ult)= 15
0= b+ e, (15
JInst cynOBBIX KOMILJIEKCOB:
i) =a+6S0). (16)

rnea=P1/P2,b=P3/P4_

Takum oOpazom, 3a7a4i ONTUMATILHOTO YIpaBjieHus 1) u 2) B mepBOM NMPUOIMIKEHUN
MO>KHO CBECTH K 3a/1a4aM dKCTPEMAIBHOTO PETYIUPOBAHUS T10 mapamerpam Pj.

B caygae n/A>>1 monydeHO aHAIMTHYECKOC BBIPAKCHHE JUIS ONTHMAILHOTO
yIIpaBJIEHUS] COOTBETCTBYIOIIETO MIEpBOMY MpUOIKeHuto. Tak, pemenue 3agaun 1) cunTesa
ONTUMAJIFHOTO YIPABIEHUS MPEICTABIIETCS B BUJE:

1-sing a)—& 17
(0}

U(a)):l-l—]/ > “o — a)_iwp ' ( )
0

rae y >>1.

VYrupasnenue (17) nact TeM mydiee NMPUONMKEHHE K ONTUMAIBHOMY, 4YeM OOJbIIe
3HaueHue ). Tak kak 3akoH ympamienust (17) cmpaBemiuB Ijs JTIOOBIX BO3MYIIAFOIIMX
byuknuii Ci(t) m Cy(t), To cucrema aBTOMATHYECKOTO YIPABICHUS C XapaKTEPHUCTHUKOU
perymstopa CKOpocTH Beaymiero 3BeHa (17) mnonpmepkuBaeT pexum, OMU3KHA K
ONTUMAJIBFHOMY MpHU JAEUCTBUM MPOU3BOJBHBIX BO3MYIIAIOMIMX CHJI, B TOM YHCJIE€ U HE
NEPUOANICCKHX.

[IpoBeneHHble MCCIEAOBAHUS IS CYJOBBIX KOMILJIEKCOB MOKAa3ald, YTO JOCTATOYHO
orpannunBarbcs 3HadeHweMm y=50. [Ipu 3TOM BeNWYMHA BBIUTPHINIA CKOPOCTH CyIHA B
HECTAIlMOHAPHBIX YCIOBUSX H3MEHEHHs NapaMeTpoB Jocturaer 8%, a Ipu HaWIydlieM
yOopaBieHUH U = Umax—4%. BenuumHa  Umax  3aBUCUT OT  BCEX  IapaMETpPOB,
XapaKTEePU3UPYIONINX CYJI0BOM KOMIUJIEKC M COCTOSTHUE Mops. 3akoH perymupoBanus (17)
SIBIISICTCS.  OJIMHAKOBBIM  JUISI BCEX CJIy4aeB W TMO3TOMY He TpeOyeT NpoBEACHHUS
JOTIOTHUTEIbHBIX PacyETOB.

Jns 3amaun 2) mpu n/ A>>1 ontumanbHoe ympasinenue U(t) mmeer Bupg (16), T.e.
COBIaJaeT ¢ 3aKOHOM yrpasieHus aus N/ A<<l. Mcnoas3oBanue 3akoHa ympasieHus (16)
s 3agaud 1) n/A>>1 1o3BOISeT MOTYYUTb CKOPOCTh CyOHA U —> Ugpt, ONM3KYI K
ONTUMAJIBHOM.

HeobOxonuMmoe ycrioBue ontuMaabHOCTH uMeeT Bun [11]:
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(1) 0 d“(aHj o

oul dt® \ au

Ecnu nBwkeHue yrpaBiisieMOW CHCTEMbI 3aJaeTcsi cUCTeMoil audQepeHImnaIbHbIX
X; oH

oP’
BXOIHUT B QyHKIMIO H, TO mpu paccMoTrpennu B KauectBe yrpasieHus Gyaxmun W = du / dt
NoJydaeM oO0cOoOble YYacTKH, KOTOpBIE YJOBIETBOPSIIOT HEOOXOAMMBIM  YCIOBHEM
ONTUMAIBHOCTU. IIpM MOJy4EHHBIX ONTHMAIBHBIX YIPABJICHUAX I 3aJa4d YIPAaBICHUE
BPIII, oGecneunBaromee MHUHUMAIBHBIA PAacXoa TOIUIMBA HAa MWJIIO IMYTH CyJHA MpH
3aJJaHHOM CpEeNHEH CKOPOCTH €ro JOBWXKECHHS V1< Umax, BCIMYMHA DJKOHOMHMHM B
OTHOCHUTEJIBHOM Pacxo/i€ TOIUIMBAa MOXKET Jocturarh 5%.

Paccmotpenue ynpasieHus Buia

ypaBHEHHIA H = ZéPi , P = ZH, rne 1=1,2,.. ., n, ympasierue U(t)
i1 4

u(t) = a+bC, (t) (18)

[0Ka3ajJ0, 4TO PKOHOMHUS B pacxoj€ TOILUIMBAa IpPHU YyNpaBlIeHUU MO 3akoHy (16) mano
OTJIMYAeTCs OT DKOHOMHUHU B pacxoje TOIUIMBA MpU ympaBieHud 1o 3akoHy (18) m Toxke
nocturaet 10 5%. OnHako 3akoH yrpasieHus Bua (18) 6omee mpoct uist pean3aimm.

[lonydyeHHbIE COOTHOIIEHMS] MPU MOAECTUPOBAHUU U ONTHUMAJILHOM YIIPaBJICHUU
CHJIOBBIMH arperaramy CyJOBBIX KOMIUJIEKCOB B OTJIMYHME OT PE3YJIbTaTOB, U3JI0KECHHBIX B
pabotax [12—13], mo3BoIMIM METOIOM JAMHAMHYECKOTO MporpaMMupoBanus [8—9] mposectu
aHAJIN3 pacxojia TOTUIMBA HA €UHUILY ITYTH MIPH ONTUMAIHLHOM YIIPABICHUU 110 CPABHEHHIO C
COOTBETCTBYIOIIUM MOCTOSIHHBIM YIIPaBICHUEM.

Pemenne mokasano 3aBUCHMOCTb COCTOSIHMSI CYAOBOIO KOMIUIEKCA OT BO3MYILEHUM
BOJIHOM Cpe/ibl IPU ONTHUMAJILHOM U MMOCTOSIHHOM YIPaBJICHUH.

BoIBOaBI

[Tonydyensl MaTemMaruueckas MOJEIb JUHAMHUKH CYIJOBOTO KOMIUIEKCA C YYETOM
MEPEeXOIHBIX TMPOLECCOB W HAWICHO YIpaBleHUE, OOECIEUMBAOIIEE €ro JBIKEHUE C
MaKCUMaJIbHOM CpeAHEN CKOPOCThI0 U MUHMMAJIbHBIM PAaCX0J0M TOIUIMBA HA €IUHUILY ITYTH.

[TonydeHHBIE COOTHOLIEHHUSI IPU MOJACIMPOBAHUM M ONTHUMAJIBHOM YIIPaBICHUU
CUJIOBBIMHU arperaTaMd CYJOBbIX KOMIUIEKCOB IO3BOJIUIM METOJOM JHHAMUYECKOTO
MIPOrPaMMUPOBAHKS ITPOBECTH AHAIU3 PACcX0/a TOIUIMBA HA €AUHULLY ITYTH IIPU ONTHMAJIbHOM
YIPaBJICHUH IO CPABHEHUIO C COOTBETCTBYIOIIMM MOCTOSIHHBIM YITPABJICHUEM.

Pemenue mokaszano 3aBUCMMOCTB COCTOSIHUS CYIOBOIO KOMIUIEKCA OT BO3MYILIECHUU
BOJTHOM CpeJbl MPU ONTUMAJIBLHOM U MOCTOSITHHOM YTIPABJICHUH.
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