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NMOCTAHOBKA 3AJAHU CUHTE3A KBA3UCTALMOHAPHOM
CTOXACTUYHECKOUN CUCTEMbI

H.B. lMTnomHukoea

PROBLEM STATEMENT OF SYNTHESIS OF QUASIPERMANENT
STOCHASTIC SYSTEM

N.V. Plotnikova

3agaua CHHTe3a KOPPEKTHPYIOINMX YCTPOHCTB KBa3HUCTALHOHADHOMN cToxacTHyeckoli cuc-
TeMbl GopMYJIHpPYeETCH KaK 3252493 MATEMATHYECKOr0 NMPOrpaMMHPOBAHHUS H NPH ONpeaeieH-
HOM BhIGOpe KOPPEKIHM CBOXMTCA K 3ajaue BLHIYKAOro nporpammuponanns. Kpurepnii on-
THMAJBHOCTH (popMyaHpYETCS B HACTOTHO# oBnacTh.

Kmiouessie cnosa: Koppexmupyouiee ycmpolicmeo, CRoOXACMUNECKAR CUCMEMA, CHIOXAC-
musecKuii cunmes, MamMeMamu4ecKoe nPpozpaMmuposanue.

The problem of synthesis of correcting devices of quasipermanent stochastic system is for-
mulated as a problem of mathematical programming and with certain choice of correction is
brought to a convex programming problem. The criterion of optimality is formulated in fre-

quency domain.

Keywords: correcting device, stochastic system, stochastic synthesis, mathematical pro-

gramming.

B npornecce paboThl mo60MH CHCTEMBI H3MEHSAIOTCS
3HAYEHWs €e IapaMeTpoB, 9TO TPHBOIMT K pasbpocy
nokasaresieif kadecta paboThl cHCTeMsI. g Toro, 9ro-
OBl CKOMIIEHCHPOBATh BIFAHHE CIydalHBIX (DaKTOpOB
6e3 KaKkux-;miGo ZOTIONHUTENBHBIX 3aTpaT, HYXHO pe-
IIATh 33139y CHHTE3a KOPPEKTHPYIOHX YCTPOUCTB.

Pemenue 3TOH 3aadH OCHOXHIETCA TEM, YTO
9HCJICHHbIC 3HAUEHNS HEKOTOPHIX (pM3HYECKHMX Hapa-
METPOB M3MEHIIOTCA.

3anaua cHHTE3a KOPPEKTUPYIOIHMX YCTpOMCTB KBa-
SHCTAMOHAPHON CTOXACTHIECKOHM CHCTEMBI MOXET ObITh
cpopMy/MpoBaHa KaK 3alada MaTeMaTHIECKOrO IIpo-
IpaMMHpPOBAHNS U TIPH OTIPELISTICHHOM BBIOOpE KOppeK-
LM CBelleHa K 3a/jaue BBITYKJIOr0 IPOrpaMMHIpOBaHUSL.

1. Onmcanne cHETEMBI YNpaBJieHMst

Jhobas cmcrema, MMEIOIAA COCPEAOTOYECHHBIE
HApaMeTphl H, CIEJOBATENBHO, MPEACTABIACMAA KO-
HEUHbIM quciaoM mud¢epeHIHANLHbEIX U anreGpande-
CKHX ypaBHEHHif, MOXeT ObITh Ormmcana B popme Tie-
PEMEHHBIX COCTOSAHHS,

CTpyKTypHas cxeMa CHCTEMBI YIpaBlieHus B 00-
ImeM cliydae TIpHBelicHa Ha puc. 1. Beemenst ciemyro-
e o6osHaverns: X = [x, x,...x,]" — BexTop cocTosHmiA
cuctemsl; Y = [ yz...yl,]T — BEKTOP BHIXOJHBIX CHTHa-
qoB; U = [u, uz...u,,,]T — BEKTOP BXOJHBIX (YIIPaBIIAIO-
umx) curHanoB; G = [g; g;...g]}" — BeKTOp BO3MYIIEHHIA.

ILnotHukoBa Hatanbn BanepneBHa — K.T.H., JOLEHT Ka-
heaps cucrem ynpasneHus I0YpI'Y; pnv@susu.ac.ru.

B o0iueM ciryyac B MaTPHYHOM BHAE ypaBHEHHS
COCTOSHHS CHCTEMbl B MPOCTPAHCTBE COCTOSHUM
HMEIOT BAL!

x=1x,y,81;

y =h(x, u, 1), ¢y
rae f 1 h — BekTOpa HENMMHEHHBIX 3aBHCHMOCTEH:

£= [ foe SN Lo =S Xy U Uy 8181, D)

h=[hho..m]’s = (1. Xy Uy Uy 1).

|s

u Koopaunars y
g COCTOSHHA >
X1, X3.0.Xn

Puc. 1. Cxema cucTeMbl ynpasneHus

B Tex cirydasx, Korxa BEKTOpHbIC HeJHHEHHbIC
3aBHCHMOCTH f; ¥ g; MOTYT GBITh JIMHEAPU30BaHHI (Ha-
npAMep, NyTeM pasiokeHus B pax Teiinopa), oHu
CTAHOBATCA JUHEHHBIMY KOMOHHAIMAMH NICPEMEHHBIX
COCTOSHHUA X,, BXOAHBIX MEPEMEHHBIX #%; U BO3MYyMIE-
Huil g B sTOM cilydae ypaBHEHHs COCTOSIHHA B BEK-
TOPHO-MATPHYHOIf 3aNKCH NIPUHUMAIOT BU;

x(8) = A()x(®) + B(Hu(r) + H(Og(®);

y(®) = C(Hx() + D(Au(?), ¢))
rae A(f) — coOcTBeHHas napaMeTpH4ecKas MaTpHULa
cUcTeMbl, [nxn], B(f) — BxoAHas MaTpHULA CUCTEMSI,
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Mocmaxoexka 3adavu cunme3sa
KeaaucmauuoHapHoil cmoxacmuyveckoll cucmemsi

[nxm], H(¢) — mMaTpria Bo3Mymenuit, [nxl], C(¥) —
BBIXOAHAA MaTpPHIA CUCTeMB, [kxn], D(¢) — BhIXOAHAS
Martpuia, [kxm].

JioGas cHcTeMa, oOIHMCHIBaeMas YpaBHEHUIMH
coctosHuA (2) Moxer ObIThb NPEICTABICHA B BHJE
CTPYKTYPHOI cXeMn! (puc. 2).

ua

D

Puc. 2. CTpykTypHas cxema cucrembl

Ecnu snemenTH Matpun A, B, C, D He 3aBucar
OT BpEMEHH, TO CHCTEMAa CTARIMOHAPHA, H YPABHCHHSA B
TIEPEMEHHBIX COCTOAHHUSA MPHOOPETAIOT BUJL:

x = Ax + Bu + Hg;

y=Cx + Du. 3)

PaccMOTpHM Kiacc JIMHEHHBIX CTAalMOHAPHBIX
CHCTEM yNpaBJICHHS, ABH)KSHUE KOTOPHIX MOXKET ObITh
OTMCAHO CHCTEMOH JMHEHHBIX HEOMHOPOIHBIX HHG-
¢depennuanbHLIX ypaBHeHMH. JIng mpocToTHl MOJIO-
xuM B cucreMe (3) matpuiel H u D HynessimMu.

JlBmKkeHue CHCTEMBI B CBOOOIHOM COCTOSTHHH
ONMHMCHIBACTCA JIMHEHHOH CHCTEMOH OXHOPOTHBIX
v epeHIHANLHEIX YPABHEHNH C MOCTOSHHBIMH KO-
s dumuenramu WK B BEKTOPHO-MaTpUYHOH (opme:

X = AX,
Xapamepncrmecxoe ypaBHeHne CUCTCMBI.
D) =|AE—A| =0. @

Pemenne ypapHeHHs (4) HaeT 3HaYeHHA KOpHei
A, i = l...n, KOTOpBIE TO3BOJIAIOT CYAHTH O TOBEJIE-
HHMH CHCTEMBI B CBOOOAHOM COCTOSHHH.

BrIBOX XapaKTepHCTHIECCKOrO YpaBHEHWs CHCTe-
MBI B CBOOOHHOM COCTOSHHH OCYMIECTBJACTCA He3a-
BHCHMO OT YHCJIa BXOJOB H BEIXOJOB CHCTEMBI, IIO-
3TOMy METOIUKA ONHCAHHHA CHCTEMBI C IOMOMIBIO
IPOCTPAHCTBA COCTOAHHI SABJAECTCA YHMBEPCAIHHOM
(dopmoil omucaHus HOBEACHHA CUCTEM BCEX BHIOB:
KaK JIMHEHHBIX, TaK H HEJIMHEHHBIX, KaK OJHOCBA3-
HbIX, TaK 1 MHOTOCBA3HBIX.

Ecnu ypasHeHMe COCTOSHNA JTUHEHHOH CHCTEMBI
TIPEACTABUTH B BHIC

Mx = Ax + Bu,
rae M = [m; §;] = diag(my, my,...m,,) — AMAroHasL-
Hasi MaTpHllia MHEPUHOHHBIX KOO(HIIMEHTOB CHUCTE-
Mbl; 8 ~ cumBon Kpounexepa; A = [a;] — ksajgpaTHas
Marprua pasmepa nxn; B = [b;] — xanpaTnHas Matpu-
Ia pasMepa nxk; X = [x...x,] — BEKTOp COCTOSAHHIA
CHCTEMBI; U = [#;...4,] — BEKTOP BXOXHBIX CHTHAJIOB,
TOTZA NMOJIHAA CHCTEMA ypaBHEHMIf NPOCTPAHCTBA CO-

CTOAHMN CTOXacCTHYECKOM KBa3HCTAUMOHApHOM CHC-
TEMBI YIIPaBJICHHUs 3alMILETCSA B BUAC:

M'i=A"x+B'u;

y=Cx, )

* * L]
rie M ,A ,B - MareMaTH9eCKue OXHMIAHHA MaT-

pun M, A, B, comepxamue CTaTHCTHYECKH OCpen-
HEHHBIE 3HAYeHNA K03 PHUIMEHTOB, T.€.

A =[jf(ay)ayday:l=[a,;-], ij=Ln
B =[ [ (8,)et, |=[8; ) i=Lmi=1Fk

M= [ .[f (g )mﬁdma:l = diag(my, myy...1my,),
C — BEIXO/IHAd MaTpHIIa.

2. Cucrema orpanuyeHmii
XapaKkTepHCTHIECKOEe ypaBHEHHE CHCTeMbI (4) B
Pa3BepHYTOM BUJE:

D(A)=A"+a)" +..+a, \+a,,

npudeM K03 UIHEHTh 3TOr0 ypaBHEHHS MPEACTaB-
amoT coboii GpyHKIUM OT MapaMeTpoB 00beKTa yrpae-
JIeHUsL:

a;=a,(q),i=Ln ©6)

H3BecTHO, UTO NOHHAMHYCCKUE CBOHCTBA CHCTe-
MBI OTIPEIEIAIOTCS, [TIABHBIM 00pa3oM, € TIONOCaMH,
T.e. KOPHAMH XapaKTepUCTHYECKOro ypaBHeHus. Tax,
HEOOXOMUMbIM M AOCTATOYHBIM YCJIOBHEM aCHMHOTO-
TUYECKOH YCTOHYMBOCTH JUHEHHOMH CUCTEMB! ABIIAET-
¢ HaxoKEEHWE €e NOJIIOCOB B JIEBOM YacTH KOM-
IUIEKCHOM TUTOCKOCTH. XapaKTep MEPEeXOAHLIX Hpo-
LECCOB B CHCTEME 3aBHCHT OT B3aHMHOTO Pacrioyioxe-
HHA 3THX TOJIFOCOB,

I mexommo#t MHEHHOW KBasHCTaUMOHApHOH
CTOXaCTUIECKOM CHCTEMBI, OIHUCHIBAEMOH IEPBHIM
YPaBHEHHMEM CHCTEMBI (5) XKeaeMoe pacHoNIOKECHHEe
MOJFOCOB Ha KOMIUTICKCHOM IUIOCKOCTH MOXeT ObITh
ofecriedeHO BBEACHHEM MOMAJILHOI'O PEryJiATOpa, T.€.
JmHelHOK o0paTHON CBA3M MO BEKTOPY COCTOSHMSA
[1]. VpaBHeHHe Takolf CBA3HM MOXHO 3aIHCaTh CJe-
ZyromuM obpasom:

n=v-Kx.

B 3TOM ypaBHEHMH V — HOBOE 0003HaYCHHE BEK-
TOpa BXOAHBIX (3axarommx) BosaeiicTemii; K — Mat-
puna obparnoii casu. Ecim w, v ~ ckampsl, 1o K
SIBJIAETC  MATPHIIEH-CTPOKOM, SNEMEHTHI KOTOpOH
NpeNCTaBIsIOT co60i koaddunueHTH 06paTHBIX CBA-
3elf Ho BCeM COCTaBJIAIOLIMM BEKTOPA X.

OueBHAHO, YTO CYINECTBOBAaHHE MATPHIBI 00-
parHo# cBa3u K MoxeT 6b1Th rapaHTHPOBAHO TOJIBKO
B TOM Clly4ae, €CIM CTPYKTypa camMoro obmnekra He
HAKJIABIBAET OrPaHMYCHU Ha BO3MOXKHOCTH YIIpaB-
JIEHAA COCTOSHWEM OOBEKTa X ¢ MOMOMIBIO BXOXHOIO
BO3AEHCTBYA U , T.6. 00BEKT AOJDKEH OBITH MONHOCTHIO
yHpaBJsgeM.

Ilocne BBEAECHHA MOAAIBHOTO PEryJATOpa MOJy-
YaeM HOBYIO CHCTEMY, KOTOpas OTMCHIBACTCA ypaBHe-
HHEM BHOA:
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H.B. TnomHukoea

Mx=Ax+B(v-Kx)=Ax+B'v-BKx =
=(A"-BK)x + B'v=A,x + By,

rae
an—k ap-ky - a,—k,
) axn " Qo
ACK = . : . »
an Q2 o A

Heo6xomuMo onpenenuts Marpulyy Kkodpduim-
eHToB 00paTHbIX cBa3ell K, nmpu koTopoii 3aMKHyTas ¢
NOMOIIBI0 OOpATHOH CBA3M IO COCTOSHHIO CHCTEMa
uMena OBl XenaeMoe pacrpelielieHue NOIIOCOB, T.€.
KeJaeMblii XxapakTepucTUdeckuit nomiHoM Dy(p):

Dy(p) = det| pI - Acil- Q)

PackpsiBas onpeaenutens (7), MOMyYHM Xapak-
TEPHCTHIECKOE YPABHEHHE C MOJANbHON KoppeKumei

Do(p) = A"+ oA +..+ A F O,
rae ko3(HUIHEHTH 3TOTO ypaBHEHMA

a,= ay(lay’}, [kD), Gj = Ln) ®)

JUnst co3panms JKeNaeMoro XapakTepHCTHIECKOTO
TIOJIAHOMA BOCHOJNB3YEeMCS NPSAMBIM KOPHEBHIM METO-
JIOM CHHTE3a.

JKenaeMblil XapakTepuCTHIECKHH OIHHOM

D" ()= (h=M)(A=23)..(A-2; )=
=0T +BA" ! +.. 4B, A +b, =0, ©)

rae A, — XKeJNaeMble 3HAYEHHS KOpHEH XapaKTepucTH-

9EeCKOT0 MOJITHOMA.

IlpnpasHuBas cooTBeTCTRYIOmME K0d(dUIMEH-
TbI ypaBHeHuii (8) u (9), momyqum:

adlay’] kD) = b7, 25..0,). (10)

CosokymHocTs ypaBHenuii (10) npexcrasiser co-
Goif cricTeMy OrpaHHYEHHI, HAKIAABIBAEMBIX Ha Iapa-
METPBI CHCTEMBI H KOPPEKTHPYIOIIMX LiencH. J1a cHc-
TeMa MOXeT OBITh KAk JIMHEHHOH, TaKk H HeJIMHEHHOM,
OHa Bcernga HeJMHelHa OTHOCHTENILHO 3HAYCHMI KOp-
HEll KEIAEMOro XapaKTEepHCTHYECKOTO MOJIMHOMA M
MOXeT ObITh JiHeiHOM w/unu HenmuHeiiHOM OTHOCH-
TENBHO BeKTopa Kk B 3aBHCHMOCTH OT BHIa KOPPEKLMH.

ITycTs m — umcno apaMeTpoB KOPPeKTUPYIOMMX
uenefi, a n — MOPANOK cHCTEMBI. BO3MOXXHEI CleRyIO-
I{E BAPUAHTHL:

e ecnu m < n, TO 33Ja9a MOJKET HE MMETh pe-
HICHHS;

® eCIM m = 1, TO NApaMeTPhl KOPPEKIMH oI~
PERENAIOTCA ONHOZHATHO;

® ecld m > n, TO BOSMOKHBI HECKOJIBKO pelie-
HMH 3agasu (T.e. B 3TOM ciiyuae cucreMa oOnanaer
THOKOCTBIO TI0 OTHOMEHHIO K BEKTOPY ¢, HO B 3TOM
ciydae cucreMa (10) onHo3Ha9HO GyneT HeNHMHEIHOM).

OueBnziHo, 9T0 HarOOMBIIMI HHTEPEC NMPEACTaB-
nseT BTOpo#i ciy4ail, KOraa 4uclio mMapaMeTpoB KOp-
PEKTHPYIOIMHKX Lienielf coBNajaeT ¢ NMOPHAKOM CHCTe-
Mbl. Takoii BapuaHT ofecreuuBaeT HMEHHO MOJATh-
Hasl KOPPEKIMs, NIPH 3TOM JOCTHUraeTcs JHHEHHOCTh
cucreMbl (10) OTHOCHTENBHO IApPaMETPOB BEKTOpA
xoppexmmu k = [£].

PaccMOTpUM KBa3HCTAllHOHAPHYIO CTOXacTHYe-
CKYI0 CHCTeMY, KOTOpas B CBOGOJHOM COCTOSHHH
ONUCHIBAETCA yPaBHEHUAMM BHJA

X = AX,

I'ie X — n-MEpHBIH BEKTOP cocToAHHS; A = [a;] — cob-
CTBCHHas MHapaMeTpuieckas MaTpuia kodbdumuen-
TOB CHCTEMEL. BBeneMm KoppekTupylomiee ycTpoiCTBO
ONUCAaHHBIM BBIMIE CIOCOOOM. YpaBHEHME, OIHCHI-
BAIOLIEEe CHCTEMY IIPAMET BUI!

i=Am
A=A-K,

rae K — marpuna ko3hHuueHToB KOpPEKTHPYIOMIX
genett pasmepoM [nxn]:

an

‘_kl ~ky oo e -k,

0 0

K=| : . .
[0 e e 0

XapakTepUCTHIECKOE YDABHEHHWE CHCTEMBI B
3TOM ciiydae 6yaeT uMeTh BHI

D(r)=[nE-A|=o0.
PackpbiBasi OIpeeIUTeb, MOyqaeM
D(A)=A"+e A" 4.+, A+,

rae ¢, = ci(ky, ka...ky).

Tak xak Bce K03(pdUUMeHTH! k)...k, HaxonaTca B
TICPBOIi CTPOKE MaTPHIIB! A, saucMoct c(k;) GyayT
JIHEHHBIMH OTHOCHTEIBHO 3THX K03¢PHIHEeHTOB,

Vpasuenue (10), 3anucanHoe B MaTpuaHoii dop-
Me, IPUMET BUJ

C=B, (12)
rae C = [c; c,...c,]", B=[b; b,...b,)".

Tak kax sneMedTsl [¢;] naHEHO 3aBUCAT OT Ta-
PaMeTpOB KOPPEKLMH, TO MOXKHO 3alUCATh

G dy o dy | R A
c=| || T B
Cn dnl dnn kn U
=DK +R, (13)

rae K = [k, ky..k,]" — BexTop-cTOnGen xo3¢ddummen-
TOB KOPPEKTHpyomiero ycrpoiicrsa; D = [d;] — mat-
PpHIIa, 3IeMEHTHl KOTOPOI 3aBHCAT OT DJIEMEHTOB MaT-
past A ;R = [r; 72...7,]" — BekTOp-CTONGEL, YIEMEH-
TBHI KOTOPOTO 3aBHCAT OT SJIEMEHTOB MATPUIBI A H He
3apucAT oT Bektopa K; B = [b, by...b,)" - BEKTOD-
cronber, 3EMEHTHl KOTOpOro — (YHKUHM KOpHei
JKEJIaeMOT0 XapaKTEPUCTHIECKOTO OJIHHOMA.

VYpasrenne (12) ¢ yaeToM 3TOro nepenumeTcs B
Bune C = B =DK + R . Ob6o3nagas G = B — R, no-
JTY9IEAM:

DK=G. (14)

Vpasaenne (14) npexncrasiser coboli cucremy
OrpaHMYCHMUH, 3a[IMCAaHHYIO B MAaTpUYHOI dopme.
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MocmaHoeka 3adayu cuHme3sa
KeasucmayuoHapHoil cmoxacmuyeckol cucmemsb!

Bnarojapa BBEJCHHIO B KA4€CTBE KOPPEKTH-
pYIOIMX Lienelf XKecTKMX OOpaTHBIX CBA3EH MO KaxkK-
oM nepeMeHHOM COCTOAHHS MONTydacM:

e cucremy orpanuueHuil Buga (14), muneitnyio
OTHOCHTENILHO BEKTOpa napaMeTpos K;

®  OIHO3HAYHOE COOTBETCTBHE MEKAY KOPHAMH
KEJIAEMOTO XapaKTEPHCTHIECKOro MOJIMHOMA M Iapa-
METpaMy KOPPEKTUPYIOIIHX HeneH.

Tak Kak psx mapamMeTpoB CHCTEMHI B IpoOLECCE
paboTHI IpeTeprieBaeT CiIydJaliHsle H3MEHEHHA (UTO, B
CBOIO O4epenb, IPUBOAMT K BOSHUKHOBEHHIO CITydaii-
HBIX W3MEHEHMI IMHAMHWYECKHX CBOHCTB CHCTEMBI),
3a7a9a CHHTE3a MMEET CTATUCTHISCKH XapaKrep.

3. Kpurepuii onTuManbHOCTH

BrifepeM kpuTepHii OMTHMaNbHOCTH B 4aCTOTHOM
obnacti. J[1A1 3TOr0 NPHMEHMM METOH ONpPSAC/CHHUA
rno0abHOM TYBCTBUTENIBHOCTH CHCTEM K OONBIIMM
BapHaLUAM napameTpoB [2], MHHMMH3ALMA KOTOpOM
MOXeT OBITh HCIONE30BaHA B KauecTBe 1eNeBoit PyHK-
M. B OCHOBY MeTOa NOJNIOKEHO ONMHO3HAYHOE COOT-
BETCTBHE CBOMcTB (GyHKIMM MuXaioBa KadecTBEH-
HbIM TOKa3aTelsiM CBOOONHOM CcOCTaBIBSIOICH mepe-
XOIHOTO mponecca. B kadecTse KpHTEpHS ONTHMATh-
HocTH BBIOepeM aucniepcrio $hyHxmmn Mrxaiinosa:

F(g)=D{p°(jo)}, (1s)
METOIMKa MONY9eHHA KOTOPOi H3ioxkensa B [2].

Tak xax k03¢ $UNUEHTH KOPPEKTHPYIOMMX Le-
TIeif BXOXAT B XapakTepHCTHICCKHI TOJIMHOM JMHEH-
HO (M3-3a HCIIONB30BAHMA METOJA MOJANBLHOTO yIPaB-
JieHus), BRIpaKeHWe Insa qucnepcud GyHkumu Mu-
xaiinmoBa Oyaer npeacrtaBisaTs co0oit KBaJpaTHUHYIO
(POpPMY OTHOCHTEJIBHO 3THX K03¢ULIHEHTOB.

B pesynwsrare Takoro BeIGOpa KpuTepHS OITH-
MaIBPHOCTH H METOJa YNpAaBIICHMA 3a5a4ya CHHTE3a
KBa3UCTALMOHAPHONH CTOXAaCTHYECKOH CHCTEMBI CBE-
JeHa K 3aJja4e BBIIYKIIOTO IPOrpaMMHBpPOBAHHS ¢ CHC-
TeMoit orpanmdenuii Buna (14) u uenesoit ¢yHkHuel
suaa (15).
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