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IMTPOTHO3WPOBAHUE U OITTUMU3AIINA YITPABAEHUA ITPOLIECCOB
IMPOEKTHUPOBAHINA CAOKHBIX TEXHUUECKHNX CUCTEM
B MACIIITABE PEAABHOTO BPEMEHU!

A. K. Grishko, A. V. Lysenko, S. A. Moiseev

PREDICTION AND OPTIMIZATION OF PROCESSES OF DESIGN
MANAGEMENT OF COMPLEX TECHNICAL SYSTEMS IN REAL TIME

Annomayua. Axmyanonocmo u yenu. I[IpoekTupoBaHue
BBICOKOTEXHOJIOTHYHBIX M3/IENIMI 4aCTO pacCMaTpUBaeTCs
KaK MHOTOKPHTEPHAJBbHBI CHHTE3 CJIOKHOH CHCTEMBI,
KOTZla OJHOBPEMEHHOE YIydlIEHHE BCeX MOKaszaTelel
Ka4yecTBa CHCTEMbl HEBO3MOXKHO, a CaMH KPUTEPHH IPO-
eKTHPOBAHMS, KaK IIPABHJIO, HOCST B3aHMOMCKIIOUAIO-
mui xapakrep. Kpome Toro, Bce peajbHBIE ITPOOIEMBI
YIpaBJICHUS OAYMHEHBI PA3IMYHOTO THIA OTPaHUYCHU-
SIM, KOTOpBIE SBJISIFOTCSI HEM30EKHOH 4acThio (hOpMyIIH-
POBKH 00IIeH MpobIeMbl, IOTOMY YTO CHCTeMa paboTaeT
BONMM3M HUX. KoMILIEKCHBIE 3aaull aHalM3a NPOEKTUPY-
€MBIX KOHCTPYKILUH Ha COOTBETCTBUE TEXHHUYECKUM Tpe-
OOBaHMAM, Kak IPaBHUJIO, PELIAIOTCS HA €ro 3aBepllaro-
mux ortamax. [lo3ToMy BakHO Ha paHHHX JTamax
NPOEKTUPOBAHKS JUIS TPHHATHS ONTHUMAIBHOIO KOH-
CTPYKTOPCKOTO PEIIEHHs MMETh BO3MOXXHOCTH IPOTHO-
3MpOBaTh MOBEIECHHUE CIIOKHOM CHCTEMBI M OJHOBPEMEH-
HO Y4YUTBIBATH BO3HMKAKOIIME B €ro  mpolecce
OrpaHMYeHUs. JTO TO3BOJHMT COKPATHUTH M BPEMEHHBIE
3aTpaThl Ha pa3pabOTKy CIOKHBIX TEXHHYECKHUX CHCTEM.
Llens pabOTHI COCTOHUT B TOM, YTOOBI IIPEUIOKHUTE CIIOCO0
ONTHUMU3AIMHN YIIPABICHHS ITPOIIECCAMH IPOSKTHPOBAHHUS
CIIO’KHBIX TEXHHYECKUX CHUCTeM. Mamepuanst u memooul.
B cratee paccmaTpuBaeTcst AITOPUTM YIIPABICHUS, OCHO-
BaHHBIA Ha MNPUMEHCHUN TCOPUH ONTHUMAJILHOT'O YIIpaB-
JICHUSI C MCIIOJIb30BaHNEM MOAX0Ja C PaCIIMPAIOIIAMICS
ycinoBusMU. Pezyremamsl. B pabote onucana npoienypa
ONTHMHU3AIMN YNPABICHUS, OTIMYUTEIBHONH OCOOCHHO-
CTBIO KOTOPOI1 SIBJISIETCS TO, YTO B pe3ysibTaTe ee Mpume-
HeHust Oyner (GopMHpOBaThCS 3aKOH YNPABICHUS, HMe-
IOIIMH  CTallMOHApHYI0 OOpaTHyIO CBsI3b, a TaKXke
XapaKTEePU3YIONIUHACS CUCTEMHBIM YYETOM BCEX OTpaHU-
YEHU Ha peajH3alfi0 CIIOXKHOW CHUCTEMBL. Bblg0obi.
[TpennoXeHHbIH aarOpUTM MPOTHO3ZUPYIOLIEro yNpaBie-
HUSI HalIeT HIMPOKOEe MPUMEHEHHE B CHCTEMax yIpaBJie-
HUs, paboTaIuMX Ha TpaHuax pabouux pexxumoB. Oc-
HOBHBIMH JOCTOMHCTBAMH ajropurma SIBJIIFOTCSL
BO3MOXKHOCTH MIPOU3BOIUTH OLIEHKY COCTOSIHUSI CHCTEMBI
B MaciTade peajbHOr0 BPEMEHH M IPOrHO3HPOBAHHE

Abstract. Background. Designing high-tech products is
often seen as a multicriteria synthesis of a complex sys-
tem, when simultaneous improvement of all indicators of
the quality of the system is impossible, and the design cri-
teria themselves are usually mutually exclusive. In addi-
tion, all real management problems are subject to various
types of constraints, which are an inevitable part of the
formulation of a common problem because the system
works near them. Complex tasks of the analysis of the
projected designs on compliance to technical require-
ments, as a rule, are solved at its final stages. Therefore, it
is important to be able to predict the behavior of a com-
plex system and at the same time take into account the
constraints arising in its process in the early stages of de-
sign to make an optimal structural decision. This will re-
duce the time spent on the development of complex tech-
nical systems. The aim of the work is to offer a way to
optimize the management of complex technical systems
design processes. Materials and methods. The article
deals with the control algorithm based on the application
of the optimal control theory using an approach with ex-
panding conditions. Results. The paper describes the pro-
cedure of control optimization, a distinctive feature of
which is that as a result of its application will be formed
the control law, which has a stationary feedback, as well
as characterized by a systematic account of all restrictions
on the implementation of a complex system. Conclusions.
The proposed predictive control algorithm will be widely
used in control systems operating at the boundaries of op-
erating modes. The main advantages of the algorithm are
the ability to assess the state of the system in real time
and predict future States, as well as the ability to optimize
in real time the future trajectory of the control system
subject to restrictions.

' CraThs MOATOTOBJIEHA B paMKaX Pealn3allii MPOEKTa «AJaNTHBHAS MHTEIUIEKTyalbHAs CHCTEMa BHOpAIH-
OHHBIX HCTIBITaHUI OOPTOBOM PasMO3IEKTPOHHON ammapaTrypbl paKeTHO-KOCMHUYECKONW M aBHALIMOHHOW TEXHUKU HO-
BOT'0 MIOKOJICHUSI HA OCHOBE MHOTO(YHKIIMOHAIBHOW IIU(POBON TeHepaluy UCTIBITATEIbHBIX cUTHaNIOBY (CoraleHne
Ne 17-79-10281 ot 24.07.2017) npu punaHcoBoii moep:xke Poccuiickoro Hay4uHoro GoHsa.
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OyIyIMX COCTOSIHWH, a TaKkkKe€ BO3MOXKHOCTH ONTHMH3a-
IIUHM B MacmTabe peaJbHOro BpeMeHH Oyayieil TpaeKkTo-
PHH CHCTEMBI YIIPaBJICHHs, HOAINHEHHOW OrpaHHICHHSIM.

Knroueevie cnosa: cioxHas TexHWYeckas cucrtema, mpo- | Key words: complex technical system, predictive control,
THO3HpYIOIIEe YIIPaBIICHNE, OTpaHIICHHS TPOoeKTHpoBaHms. | design constraints.

BBenenue

[IpoexTrpoBaHe BBICOKOTEXHOIOTUYHBIX M3ENINI 0 MHOXKECTBY KPUTEPHUEB U MOKa3aTenel Kaue-
CTBa, MMCIOUIMX Pa3HYIO NPUPOIY U HE JOMYCKAIIUX X OAHOBPEMEHHOE YIYyYIlCHHE, aKTyajbHas Ipo-
Onema, peleHne KOTOpOoi IMOCTPOEHO Ha KOMIIPOMUCCAX M OrpaHUYEHMSIX. BHEIHS cpena Taxoke momdu-
HEHA Pa3JIWYHOTO THUIIA OTPAHMUYCHMSAM, KOTOpBIE SBISIOTCA HEM30€KHOH 4acThio (HOPMYIHPOBKU 0OIIeH
po0JIeMbl, IOTOMY YTO cucTeMa paboTaeT BOJIN3U HUX.

Heo6xonumMocTh B IPOrHO3UPYIOMIEM YIPABICHUH U €0 ONTUMHU3ALUN BO3HUKIIA B IPOMBIIIJICHHON
cdepe Kak peakuus Ha HEOOXOAMMOCTh YUHUTBHIBATh BO3HMKAIOIINE PEAbHBIE OrpaHHueHHs. B GonpuinH-
CTBE 3a/1a4 MPOCKTUPOBAHUS TH OIPAaHMYCHUS MOKHO MTHOPUPOBATH MO MEHbBLICH Mepe Ha HavyaJbHBIX
cTagusix npoektupoBanus [1—4]. Ho cymecTByloT 3aiauu, T/ie 3TH OrpaHHUYCHHs OyIyT HEeM30eKHOU va-
CTBI0 (hOPMATM30BAHHOTO TPEACTABICHHUs 0O0Imeil mpobiemsl. Kak mpaBwmiio, 3TO MTOCTaTOYHO ITHPOKUH
KJIacC CHCTEM, KOTOpble (YHKIIMOHUPYIOT BOJIU3HU 3THUX OIPaHUICHUI.

ITocTanoBka 3agauu

Hpe,Z[HOJ'IO)KI/IM, YUTO UMECTCH CTAallMOHApHAsA MOACIb HeKOTOpOﬁ CHUCTCMBI, LICJIM U OTPAHUYCHUS KO-
TOpOﬁ TAKXKXC CTALIMOHAPHBI, @ BCE COCTOAHUC CUCTCMbI U3MCPSCTCA. Torz[a CTpaTerus ynpaBJICHUS MOXCT
OBITH BbIpa’XC€Ha KaK OIPEACIICHHOC 0TO6pa)KCHI/Ie CTATUYCCKOr'o COCTOSAHNA Ha YIIPABJICHUC

ul (k) =h(x(k)), 1)

re u. (k) — ONTUMANbHOE YNPaBIISIONIEe BO3/IEHCTBIE B MOMEHT BpEMEHH K ; h(x(k)) — Hexoropoe cra-

TUYECKOE OTOOPaKEHUE COCTOSIHUS CHCTEMBI.

Heo0xoaumo oxapakTepu30BaTh 3TO CTATUYECKOE OTOOpaKeHUE.

CylecTByeT MHOXKECTBO albTEPHATHBHBIX BApHAHTOB (popMaiu3aliyi MoJeleil MpOrHO3UPYIOLIETO
YOpaBJIeHHS, B TOM YHCIIE METOABI C UCTIOJIH30BAHMEM TIOJMHOMOB U OIMCAaHHEM B MPOCTPAHCTBE COCTOS-
HuH [5, 6]. B paboTe paccMarpuBaeTcss METO, OMMUCHIBAIONTII MOJIETh YIIPABICHUS B IPOCTPAHCTBE COCTO-
STHUH.

[IporHo3upyromum ynpaBiIeHHEM Mbl Ha3bIBa€M ajTOPUTM YIpPaBJICHHSA, KOTOPHI OCHOBaH Ha pe-
IICHUH 33JIa4X €ro ONTUMU3AIUU B MaciTade peanbHoro Bpemenu |7, 8]. JIns 3Toro npumeHsieTcs moaxo/,
OCHOBAHHBIN Ha PACHIMPSIONIMXCS yCIOBUsIX. Ero peanusanus MoXeT OBbITH MOJydeHa B pPe3yJbTare Cie-
JYIOIIUX 3TaroB:

1. Jlyig TeKymiero cOCTOSHUSI CUCTeMBbI x(k) W BPpEMEHHM k HOBOE HEOOXOIMMO HAWTH pEIIeHUE B

MaciTabe pearbHOro BpEMEHH JUIS pa30MKHYTOTO KOHTYpa 3a7ia4ll ONTHMAJIbHOTO YIIPABICHUS JUI HEKO-
TOporo Oynymiero uHTepBaia. [Ipu 3TOM YUUTBIBAIOTCS meKywue 1 6ydyuue OrpaHIICHUS.

2. Tlocne 3TOro NPUMEHSETCsI MEPBBIH IIAT IS MOCIEA0BATEIPHOCTH ONTHMAIBHOTO YITPABICHUS.

3. TloBTopseTcs mporieaypa Uit MOMEHTa BpeMeH! (k +1) ¢ MCIOIb30BaHMEM TEKYIIETO COCTOSHUS

(k+1).
B koHEUHOM UTOTe peanu3yercs CTpaTerds 3aMKHYTOTO KOHTYpA, JUISl YeTO MCIIOJIb3YeTCs U3MEPEH-
Has BennuynHA x(k) Kak TeKyllee cocTosHue. B Tex ciydasx, Korja HemocpeacTBeHHoe m3MmepeHue x(k)

HEJb3s MPOU3BECTH, TO CTPATETHIO 3aMKHYTOT'O KOHTYpa MOJMy4aroT Xx(k) Ha BOCCTAHOBICHHYIO BEIIMYHHY,
KOTOpasi TIoJTydeHa Kak HekoTopast (hopMa HabIropaTensl.

MopeaupoBaHue NPOrHO3MPYIOLIEro YIPaBJIeHHs I 0011ero HeJIMHEeHHOr0 BAapHAaHTA

Bynem mpennonarate, 4to BenuuuHy Xx(k) MOKHO HETOCPEICTBEHHO M3MEpHUTh. Torna s oduiero
HEJIMHEWHOTO BapuaHTa MeTo OylIeT BBIMIAAETh CIEAYIOIINUM 00pa3oM.
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[aHa HexoTOpast MoJIeIb
x(l+1)=f(x(l),u(l), x(k)=x, (2)

III€ HOB TOSTHUE MOJIEIN X SIBIISIETCSI HEKOTOPOI (DYHKIIMEH OT IIPEIBIAYIIET TOSIHUS X
€ HOBOE COCTOSIHHME MOJE [+1 €TCsI HEKOTOPO en o € €ro coCTo [

¥ pe3yJIbTaTa YIpaBIIsioLero Bo3aeicTBus u (/) B MOMEHT BPEMEHH /.
MogenbHOE IPOTHO3UPYIOLIEE yIpaBieHue it (x,k) HaxoAuM pelleHHEM 3a/aud B BUJE OrpaHU-
YEHHOTO ONTUMAIBHOTO yIpaBienus [6, 7, 9]:

Py (x): V3 (x) =min¥, (x,U), 3)
rae

U={u(k)u(k+1),..,u(k+N-1}; (4)

VN(x,U)=k+ZML(x(Z),u(Z))+F(x(k+N)), (5)

I=k

rae cnaraemoe F(x(k+N)) xapakTepu3syeT 3aBHCHMOCTb OT TPAaHHYHbIX yCIIOBHIA.

V, —noaMHoxecTBo U, KOTOpOE OyZAeT yJOBIETBOPATh OTPAaHUUCHHUSIM Ha BCEM PacCMaTpPUBAEMOM
uHTepBae [k, nepBeiit kK + N — 1]:

u(l)eU,  I=kk+1,...k+N-1; (6)
x()eU,  I=kk+1,...k+N, (7)

BMECTC C HCKOTOPBIM I'PAaHUYHBIM YCJIOBUEM B BUAC

x(k+N)e w.

Kak mpaBuiio, MHOKecTBO X R™ MMeeT BBIMYKIIBIA 1 KOMIAKTHBIA XapakTep, MHOXecTBO X R" sB-
JIIeTCS BBIMYKIBIM M 3aMKHYTHIM, 8 /W — 3TO MHOKECTBO, KOTOPOE MOXKET OBITh COOTBETCTBYIOIIUM 00Opa-
30M BBIOPAHO ISl JOCTH)KEHUS yCTOMYMBOCTH CHCTEMBI YIIPABICHUSI.

[Tockonpky BhIIIEYTIOMSIHYTasE HYOPMYIMPOBKA MOJIEJIN HOCUT UHBAPUAHTHBINA XapakTep BO BPEMEHH,
TO B pe3yjbTaTe OyAeT MOIy4aThCsl 3aKOH YIIPABICHUS, UMEIOLINH CTAlIHOHAPHYIO 00paTHYIO CBs3b [4—6].
Be3 morepu o0mHOCTH MOXHO 3a1aTh k = 0 B 3a/aue yIpaBJeHUs, UMEIOIIEH pPa30OMKHYTBI KOHTYp, IS
4ero (x, k) perarT

Pe(x): Vy(x)=minV, (x,U), (3)

rae
U={u(0),u(1),....u(k+N-D}; (9)
Vo (5U) = S L(x(1)uD) + F (x(V) (10)

li

]
=]

IMpyU COOTBETCTBYIOIIUX OTPAHUYCHUAX.

(I)OpMI/IPOBaHI/Ie aJqropurmMa oriTUMM3aluu ynpaBJceHHUS C YI€TOM orpa}mqelmﬁ

C 1enpio peneHus 3ToH 3aJa4u MOXKHO UCTIONIB30BaTh CTAHAAPTHBIE U TUTIOBBIE METOIbI OITUMU3ALINH.
[TycTs HeKOTOpas YIpaBIAIONIAs TOCIEA0BATEILHOCTh, KOTOPYIO TPeOyeTCss MUHUMH3UPOBATh, IME-
€T CIEeAYOIUNA BU:

U? ={ul (0),ul(1),....ul (N -1)}. (11)
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(DyHAaMeHTaAI:Hble OCHOBBI HpO6A€M HAACKHOCTH U KaYCCTBA
-

dakTHYECKOe yIpaBiIeHHe, KOTOPOe MPUKIIAABIBAETCS B MOMEHT BPEMEHH k, — 3TO MEPBBIN 3JIEMEHT
3TOU MOCIEN0BATENBHOCTH, T.€.

u=u(0). (12)

[Tocre aToro Bpemst CMeIiaeM BIEpel Ha SUHUILY W BBIICYIOMSIHYTYIO TIPOLIEAYPY OBTOPSEM IS
CJICIYIONIETO JUAaNa3oHa ONTUMH3AINK Ha N MIaroB Brepes. DTO 3HAYMT, YTO MEPBBIA BXOJ HOBOU Mocie-
JIOBAaTEJIbHOCTH M3 NN 11aroB Briepea OyAeT MCIOJb30BaThCS B KaYSCTBE YIPABJICHUS. BBINICYTOMIHYTYIO
MPOIEYPY MOXHO MOBTOPSATH HEOTPAHUUCHHOE KOJIMYECTBO pa3. Mjes WimocTpupyeTcs B MyONIuKaIusIx
[7-10] n ma puc. 1-3.

[7.(0)

U 7 3 4 =k
Puc. 1. IlepBblii 5Tan onTUMHU3aLMU YIPABICHUS
s -
7.0
1 2 3 4 5 "k
Puc. 2. Bropoii aTan onTUMHU3aluy yIpaBiIeHUs
Y
.2
[ 1
01 2 3 [F 3 =k

Puc. 3. Tpetwnii aTan onTUMHU3aLUU YIPABICHUS
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[Iporuosupyroiiiee ynpapjiecHHe, KOTOPOE ObUIO BBIIIC YIOMSHYTO, B HESIBHOW (hOpME OIpenesieT
CTaIlMOHAPHYIO CTPATETHIO YIIPABIICHUS, KaK B BhIpakeHUH (1), T.€. cTaTH4eckoe 0ToOpakeHue BUIa

h(x)=u(0). (13)

3aKjIo4YeHue

[IpenoxeHHbI adropuT™M MPOTHO3UPYIOMIEro YIPaBIEHHUS HAaXOIWUT IIMPOKOE MPUMEHEHHE B CH-
cTeMax ympaslieHHs, paboTaloLINX Ha TpaHuax padounx obmacteid [11-15].

OCHOBHBIMH JOCTOMHCTBAMH JITOPUTMa SBJISIFOTCS CIIEAYIOIIHUE:

— aJNTrOpPUTM MPOTHO3HPYIOILIETO YIpaBIeHUs 00eCIeurBaeT CUCTEMHBIHN MOAXO0 K YUETy OrpaHHye-
HUH B 3a/1a4ax yIpaBJICHUS;

— 3TOT METO/ SABJIACTCS OAHUM U3 HEMHOTHX, TIO3BOJIIIOLIMX Pa00TAaTh C OIPAHUYCHUSMH COCTOSIHUS;

— MeTox obsanaer r1o0aJIbHOW aCUMITOTHYECKOM yCTOWYMBOCTBIO NP MOIXOISIINX BECOBBIX KO-
s PHULIMEHTaX 3aKIIOYUTENEHOTO COCTOSHHUS,

— HMEeTcsl BO3MOXKHOCTh NMPOU3BECTH OLIEHKY COCTOSIHHUS B MaciuTade peaqbHOro BPEMEHU M IIpo-
THO3UpPOBaHUE OyIyIINX COCTOSIHUH;

— WMeeTcs BO3MOYKHOCTh ONTUMH3AIMK B MacllTade pealbHOro BpeMeHH Oynylied TpaeKTOpUH CH-
CTEMBI yIpaBlIeHNs, TOAYMHEHHON OrpaHUYEHHUSIM, C IOMOIIBIO METO/Ia KBaIPATUYHOTO IPOTrPaMMHUPOBAHUS.
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