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Pedepart. K a5ekTpoTeXHHUECKUM CHCTEMaM OTHOCHUTCS OOJIBIIO KJIACC CHCTEM, HAISIIINX IPUMEHEHHE B PA3IMYHBIX OT-
pacisiX MPOMBIIUIEHHOCTH U OBITY, B 2JIEKTPU(UINPOBAHHBIX TPAHCIOPTHBIX OOBEKTaX U dHepreTuke. X xapakrepHas dep-
Ta — KOMOHMHAIS HENPEPHIBHOTO U AUCKPETHOTO PEKMMOB PabOTHI, YTO HAILIO OTPa)KCHHE B MOSBICHUH OTHOCHUTEIBHO HO-
BOTO TepPMHUHA «THOpHIHBIE cucTeMbl». IIIMpokuii kiace THOPUIHBIX CHCTEM — 3TO UMITYJIbCHBIE IIPe0Opa3oBaTeM NOCTOSH-
HOTO TOKa, paboTaolye B PEKUME LMIMPOTHO-MMITYJIbCHON MOIYJALMK U SBISIOLIMECS HETMHEWHBIMU CHCTEMaMH C Iepe-
MEHHOM CTPYKTypoH. Mcnonb3ys pa3nuyHble IpUEMbl TMHEAPU3ALUU, MOKHO IOIY4UTh JIMHEHHbIE MATEMaTUYECKUE MOJICIIH,
KOTOpBIE JOCTATOYHO TOYHO MMUTHPYIOT IOBEACHHE TakuX cucreM. OJHAKO Haluyue B MaTEMATUYECKUX MOJEIAX JKCIO-
HEHIMAIbHBIX HEIUHEHHOCTEeH CO3[aeT 3HAuWTeJbHbIE TPYJHOCTH IPU PEaM3allid CHCTEMbl Ha LU(POBBIX anmapaTHbIX
cpencTBax. PemeHne MoxeT ObITh HaliieHO MPUMEHEHUEM aNNpPOKCUMAIMH MOKA3aTeNlbHbIX (QYHKLUH MOJMHOMaMH NEPBOrO
MOPSAIKA, YTO HApYIIAeT CTPOTOCTh COOTBETCTBHS AHAJIMTHUYECKOH MOJENH XapaKTEPHUCTHKaM peaiabHOro oobekra. Cyme-
CTBYIOT J[Ba OAXO/A B IPAKTUKE CHHTE3a aJITOPUTMOB YIIPABIICHNS THOPUIHEIX cicTeM. [IepBBIif OCHOBaH Ha NPeACTaBICHUN
BCEH CHCTEMBI UCKPETHOH MOJEIBIO, ONMCHIBACMON Pa3HOCTHBIMH YPaBHEHHSIMH, 1 HA OCHOBE 3TOTO — CHHTE3 AUCKPETHBIX
IrOpUTMOB. BTOpOIt 101X0/1 OCHOBaH Ha OMHCAaHWUH CUCTEMBI TU(depeHINnaTIbHBIMA YPABHEHUSIMUA — CHHTE3 HENPEPhIBHBIX
ITOPUTMOB U JIANIbHElIIas peanu3anust UX B U(GPOBOH BEIYUCIUTENBHON MalllHE, BKIIFOUYCHHOI B KOHTYP YIPaBICHUS CH-
creMoil. PaccMoTpeHo MopenpoBaHue THOPHIHON 3IIEKTPOTEXHHIECKOH CHCTEMBI ¢ TIOMOIIBI0 AU GEepeHINATBHBIX YpaB-
HeHuil. [IpeHeOperast AMUTETBHOCTHIO HMITYJILCOB, TIOBEJICHHE KOMIIOHEHT BEKTOPa (ha30BBIX KOOPIHHAT THOPUIHON CHCTEMBI
npeiaraeTcsi OMUcaTh CTOXaCTHYECKUMHU AU (epeHINnaTIbHbIME YPAaBHEHUSIMY, COJEPIKAIMMH B OOIIEM cilydae HEeJIHHEeMH-
Hble He AuddepeHunpyemple ciaydainbie QyHKIun. [onydeHO BEKTOPHO-MAaTPHYHOE CTOXACTHYECKOE ypaBHEHHE, ONUCHIBa-
olIee TUHAMHKY TIPOIIECCOB, B KOTOPOM IPEJICTaBICHB! KaK HENPephIBHASA, TaK U JUCKPETHAs] COCTABILIONINE, XapaKTePH3Y-
IoIMe aMIUTUTYTHYI0 MOAYJSIINIO cUrHanoB. Ha ocHOBe MaremaTHdeckoi MoJenH THOPUIHON CHCTEMBI IIOTYYCHO ypaBHE-
HHE JUIS INIOTHOCTH BEPOSITHOCTH pacTpeieneHns (pa30BbIX KOOPAWHAT CHCTEMBIL.
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Abstract. A large class of systems that have found application in various industries and households, electrified transportation
facilities and energy sector has been classified as electrical engineering systems. Their characteristic feature isa combination
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Electronic Systems

of continuous and discontinuous modes of operation, which is reflected in the appearance of a relatively new term “hybrid
systems”. A wide class of hybrid systems is pulsed DC converters operating in a pulse width modulation, which are non-linear
systems with variable structure. Using various methods for linearization it is possible to obtain linear mathematical models
that rather accurately simulate behavior of such systems. However, the presence in the mathematical models of exponential
nonlinearities creates considerable difficulties in the implementation of digital hardware. The solution can be found while
using an approximation of exponential functions by polynomials of the first order, that, however, violates the rigor accordance
of the analytical model with characteristics of a real object. There are two practical approaches to synthesize algorithms for
control of hybrid systems. The first approach is based on the representation of the whole system by a discrete model which is
described by difference equations that makes it possible to synthesize discrete algorithms. The second approach is based
on description of the system by differential equations. The equations describe synthesis of continuous algorithms and their
further implementation in a digital computer included in the control loop system. The paper considers modeling of a hybrid
electrical engineering system using differential equations. Neglecting the pulse duration, it has been proposed to describe
behavior of vector components in phase coordinates of the hybrid system by stochastic differential equations containing ge-
nerally non-linear differentiable random functions. A stochastic vector-matrix equation describing dynamics of the processes
has been obtained in the paper. The equation contains both continuous and discrete components, which characterize an ampli-
tude signal modulation. An equation for probability density of phase coordinate distribution in the system has been developed

on the basis of a mathematical model for a hybrid system.

Keywords: mathematical model, hybrid system, state space, stochastic equations

For citation: Lobaty A. A., Petrenko Yu. N., Imad Elzein, Abufanas A. S. (2016) Mathematical Modeling of Hybrid Electri-
cal Engineering Systems. Science & Technique. 15 (4), 322-328 (in Russian)

BBenenne

[Tupokoe pacmpocTpaHeHHe B pa3IHYHBIX 00-
JACTSAX NPOMBIIIJICHHOCTH, HA TPAHCIIOPTE, B YHEP-
TeTHKE W JPYTUX OTPACISIX UMEIOT JJIEKTPOTEXHH-
YECKHE CHUCTEMbI, paboTa KOTOPHIX OCHOBAaHA Ha
WCTIONB30BaHNM KaK HETPEPHIBHOW, TaKk W JHC-
KpeTHOW 00paboTku curnanos. K Takum cucremam
OTHOCATCSI TpeoOpa3zoBaTeNny IMOCTOSTHHOTO TOKa
B NOCTOSIHHBIM WM NEPEMEHHBI TOK, UMEIOLINE
3HAYUTEIIFHOE MHOT000pa3ue CXEMHO-TeXHHUYe-
CKUX pelieHud. B COOTBETCTBHMU C MPHUHITOU B
HacTosIIee BpeMsl TEPMUHOJIOTHEN TaHHBIE CUCTE-
MBI OTHOCSTCS K KJIacCy HENpPepBhIBHO-TUCKPETHBIX
WA THOPUIHBIX CHCTEM, Y KOTOPBIX BaKHEHIIIMMU
SBTISIFOTCS JIBE XapaKTEPUCTUKHU: IPPEKTUBHOCTH
npeoOpazoBaHus U CTAOUIBHOCTD.

MHorue ucciefoBaHusl IMOCBSIIEHBl ONTHMHU-
3aMA  DIIEKTPOTEXHWUYECKUX  IpeoOpaszoBaTe-
neit [1-5]. Tlo cBoelt mpupoae UMIYJIbCHBIE Ipe-
oOpasoBarenu noctosinHoro Toka (MIIIIT), pabo-
TaloNe B PEXHME MIMPOTHO-UMITYIBCHOH MOIY-
namuu (HIMM), saBndroTcd HETWHEHMHBIMHU CHCTe-
MaMH € INepeMeHHOl cTpykTypoil [1]. Ilpuemsl
JIMHEApU3alUd HEIMHEMHOCTE MaTeMaTUYeCKUX
MOJENEH, MPeAJIOKEHHBIE PSAOM aBTOPOB [2, 3, 6],
MTO3BOJIMJIM TIOJIYYUTh JIMHEHHBIC WHBAapHAHTHBIC
MOJIEIH, KOTOPbIE JOCTaTOYHO a/JeKBaTHO Xapak-
TEpPU3YIOT TOBeACHHE Takux cucteM. OCHOBHBIC
3a/1a4, BO3JIaraeMble Ha PETyaaTop (KOHTPOJUIEp)
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JIMCKPETHOM YacTH THOPHIHOW CHCTEMBI, MOXHO
c(hopMyJIUPOBATH CIICAYIOLUIUM 00pa3oM:

1) MUHUMH3ALUS CTATHYECKOW OIMIMOKU Ha BbI-
XO07Ie;

2) MUHMMU3ALUS 4yBCTBUTEILHOCTH MPU W3-
MEHEHUU Harpy3KH;

3) obecrieyeHre CTAOMIBHOCTH 3aMKHYTOH CH-
CTEMBI;

4) obecrieyeHUE JHMHEHHOCTH XapaKTEPUCTHK
«BXOJ — BBIXO]».

HauOonee 3HaummbiMH paboTamMu B obOnactu
uccnenaopanmst HWIIIT sastorcs  myOaukarum
Middlebrook (CalTech, Pasadena, California)
u b. II. Coycruna (Kpacnosipckuii monurexnuue-
CKHU{ MHCTUTYT), KOTOPbIe OBLUTH BBI3BaHBI BIIOJTHE
MPaKTUYECKUMH 3a7adyaMyd 00ecreueHHsl JIEKTPO-
MMUTAaHNEM KOCMHYECKHMX allaparoB Ha OCHOBE
COJIHEYHBIX OaTapei. OTa 3ajaya 10 CHX IOp OCTa-
eTCsl aKTyaJbHOW, MOCKOJBbKY COJTHEYHasl dHepre-
THKa TpuoOpena TI00aIbHOE 3HAYCHHE Kak II0
00BeMy HCCIIeIOBAaHUM, TaK U O reorpaduu MpH-
meHeHus. Ilomumo storo, WIIIIT 3HaumTenbHO
pacmupmin 00JacTh CBOETO NMPUMEHEHHUS 32 CYET
HEOOXOAMMOCTH TIPEoOpa3oBaHUS JHEPTHH TOII-
JUBHBIX OJJIEMEHTOB B JJEKTPUPHUIHUPOBAHHBIX
TPAHCTIOPTHBIX CPEACTBAaX, B TOM YHUCIIE B DJIEK-
TPOMOOHJISIX PAa3IUYHOTO Kiacca (TMOPUAHBIX, aB-
TOHOMHBIX), TJI¢ HEOOXOJAMM OOMEH JHEpPrueH B
cUCTeMaX  «MCTOYHUK — HAKOMUTEIb — MOTPeOu-
TeIb» (IEKTPOIBUTATEIIH TTPHUBOIOB KOJIEC).
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TpagulMOHHBIE  METOIbl  NPOEKTUPOBAHUS
koHTposutepoB st UIIIIT [3, 7] mpenycmarpu-
BAIOT JIMHEApU3ALUI0 MaTeMaTH4YECKUX MOJAENeH
U OCHOBaHBl Ha YacTOTHBIX METOJax aHajliu3a U
cuHte3a. C Ipyroif CTOPOHBI, IPU PACCMOTPEHUU
JUHAMHYECKUX XapaKTEPUCTHUK CHCTEMBI HE00XO-
JuMo yuutbiBaTh, yTo UIIIT sBnstorca yctpoii-
CTBaMU C MEPEMEHHON CTPYKTypoH, paboTra KoTo-
PBIX OCHOBaHa Ha NPUMEHEHHH TEOPUHU CKOJb3S-
mero yupasieHus [1]. ['maBHOe HOCTOMHCTBO
ckomb3smero ynpasiaenus B UIIIT 3akmrouaercs
B TOM, 9TO OHO OOJlaJjaeT CBOWCTBOM pOOACTHO-
CTH K MapaMeTpPUYECKUM H3MEHEHHsIM. Tak Kak
cucteMbl ynpasienuss UIIIIT B Hacrosiiee Bpe-
Msl pean3yIoTCsi Ha LUQPOBBIX (IUCKPETHBIX)
KOMIIOHEHTaX, IpU pa3paboTKe U HCCICAOBAHUU
Marematudeckord mogenu UIIIT Bo3HuKaeT mpo-
Osiema aHanM3a MPOXOXKJIEHHUS AHAJIOTOBBIX CHI-
HaJOB B CHCTEME.

MaTtemaTHnuecKkas MoaeIb
JIEKTPOTEXHUYECKOI CUCTEMBI

s manbomnee pacnpoctparnerasix UIIIIT (1mo-
BBITIIAIOIITHE, TIOHKAIONTHE U KOMOMHUPOBAHHBIE),
UMEIONINX JIBA YCTONYMBBIX COCTOSIHUS, B TPOME-
JKYTKaX MOJIOKEHUSI CHIIOBOTO KITF0Ua «BKJIFOUEH —
BEIKJTIOYECH» MOJIC]h IPOCTPAHCTBA COCTOSIHUN
uMeet Bu [2, 3]

B.X +hbU, te[nTs,(n+D)TS] .
B,X +bU, te[(n+D)T,, (n+1)T, ] &

rae X — Bektop (azoBwix koopauuat UIIIIT, 3aBu-
CAITUH OT KOHKPETHOH CXEMBI IPeoOpa3oBaTelis;
U — BEeKTOp BXOJHBIX CUTHANOB, D — CKBaXXHOCTH
cunmoBoro kmouda; By, By, by, b, — maTpumer xoa¢-
(uIHreHToB.

ITonoxmMm, uto Bxoguou curuan UIIIIT ssis-
eTCS MEJJICHHO W3MEHSIONIeWcs (QYyHKIMEH 110
CpPaBHEHHUIO C OCTAIBHBIMU IepeMeHHBIMH. O00-
3HAYUM CKBaXXHOCTh KIFOYa Ha N-M HHTEpBAJC
kak D(n). Torma MOKHO 3amucarhb epeMeEHHBIE CO-
CTOSTHUSI JUTs1 HaYajia UKJIA KOMMYTAaIuu B BUeE [3]

x(n+1)=exp(B, (1-D,)T,)x

2
x(exp(B,D,T,)X (n)+QU ) +Q,U, @
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rIe

Q= | expb)bt;
w o 3)
Q= | (expb)bdt

[Ipn Hamuumm B cucTeMe OOpaTHOW CBS3U
ckBakHocTh D(N) ompenensiercss paboToit peryis-
Topa. B 3TOM ciydae B JUCKPETHYIO MOJEINb
UIIIIT BBOAMTCA MepeMeHHas, XapaKTepU3yomas
U3MEHeHne CkBakHOcTH D(N), xoropas sBiseTcs
BXOZOM mpeoOpa3zoBareis. |'paHMYHOE 3HAUYEHUE
CKB2XHOCTH MOXXET OBITh ONpENENeHO U3 BbIpa-
JKeHUs [6]

i ((n+D)T,)=i". (4)

[lepemeHHBIE COCTOSIHMSI B MOMEHT BBIKITIOYE-
uus kiroda UIITT MoKHO onpeneanTh Kak QyHK-
MU CKBAXXHOCTHU W COCTOSIHAS B Hadale NWKIA
MEPEKIIIOUCHUS U3 BHIPAKCHUS

x(n+D)=exp(B,D,T,)X (n)+

5)
- 71 (
+exp(B,D,T, —i)X (n)B"hU.

3TO TMO3BOJSIET ONPENENUTh OTpaHHYCHUE
CKB2)XKHOCTH Ha OCHOBE IEPEMEHHBIX COCTOSHHS
TOJBKO B Havaje mukia [7, 8]

o(X(nT,), D,)=0. (6)

3amMeTuM, 4TO anmnpoKCUMAIUsl HETUHEHHOCTEeH
B (2) u (6) oTcyTcTBYeT. OTH BBIpa)KCHHS I0CTa-
TOYHO CTPOTO MPEACTABISIIOT XapaKTEPUCTUKU CHU-
noBoit wactu UIIIIT. B cBoro ouepens, peannsa-
[y MPEACTABICHHON MOJIENU U3-3a HAJTUYUS B HEU
9KCITOHEHIINANBHBIX COCTABIIAIOMINX MPEACTABIISET
3HAYUTEIbHBIEC TPYIHOCTH.

VYhpouieHue peanu3ald  JAHHOW — MOJIENHU
cpencTBamu 1U(pPOBON TeXHUKH B [3] mpeyiaraer-
Csl IPOU3BOJIUTD MTyTEM JIMHEHHON annpoKCUMAaLUU
MOKa3aTeNbHbIX (QyHKIMH. OJHAKO TPU 3TOM Te-
pserca aHanutuyeckasi crporoctb moaenu MIIIT
B CMBICJIE COOTBETCTBHUS PEaTbHBIM XapaKTePUCTH-
kam. [loaToMy paccMOTpuM anbTEPHATHBHBINA TIOT-
XOJI, 3aKTIOYAIONINICS B TOCTPOSHUU YCPEIHEH-
HOW MOJENW B MPOCTpaHCTBE cocTosiHuM [3, 4].
OTOT MOAXOJ OCHOBAH Ha JIMHEAPU3ALUU «MaJbIX)
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CUTHAJIOB IIpeo0pa30BaHusi, UMEIOIIUX MECTO NpH
pabore UIIIIT. IlpuHIUNHAIBHOE OTIWYHE 3a-
Kkitoyaerca B ToMm, uro [IIMM-curnan, xapakre-
pU3YEMBIN BpPEMEHEM «BKJIIOUEHHOTO COCTOSHUS»
U BPEMEHEM «OTKIIOYEHHOIO COCTOSHUS», pac-
CMaTpUBAETCs KaK COBOKYNHOCTh HE3aBHCHUMBIX
BXOJHBIX MEPEMEHHBIX. JTO TO3BOJSAET MpeAcTa-
BUTH JuHamudeckyro mojnens WIIIT mpu nepe-
MEHHOM 4acToTe, paccMaTpuBasl 4YacTOTy KaK BXOJ-
HOM CHTHAI. 37eCh YMECTHO YIOMSHYTHh O BO3MOX-
HOCTH TIPUMEHEHHS] KOHTPOJUIEPOB Pa3IuIHON ap-
XUTEKTYpbl NOCTpoeHus: Ha ocHoBe [IM/[-koHT-
poJuiepa WM Ha JIMHEHHO-KBaJApaTHYHOW raycco-
BOHl amnmpokcUMalMK HeIMHEeWHocTed [6]. 3acmy-
JKUBAaeT BHHMAaHHUS TaK)Ke MOJAXOJ, OCHOBAaHHBIN
Ha PACCMOTPEHHH CTOXAaCTHYECKHX CBOWCTB CH-
CTEMBI.

MaremaTu4eckasi MoJieJIb THOPUIHOM
CTOXaCTHYECKOI CHCTEeMbI

Cy1ecTBYIOT JjBa [10JIX0/1a B IPAKTUKE CUHTE3a
THOpHUIHBIX cHucTeM. [lepBBIi OCHOBaH Ha TWpe.-
CTaBJICHUU BCEH CHUCTEMBI JAUCKPETHOW MOJEIbIO,
OINHUCBHIBAEMOM PAa3HOCTHBIMHM YPaBHEHHSMH, M Ha
OCHOBE 3TOI'0 — CHHTE3 AUCKPETHBIX aJrOpPUTMOB.
Bropoit moaxos ocHOBaH Ha ONMUCAHMHU CHCTEMBI
muddhepeHInaNbHBIMI YPaBHEHUSIMI — CHHTE3 He-
IIPEPBIBHBIX AJTOPUTMOB U JaJbHEHIIas peainsa-
sl UX B UUQPOBON BBHIYMCINUTENHFHON MalIHHE,
BKIIFOUEHHOW B KOHTYp ympasienns. O0a moaxoaa
HINPOKO HCIOJB3YIOTCS, UMEs IPH 3TOM CBOU JAO-
CTOMHCTBA M HEJJOCTATKH.

PaccmoTpum omucanne THOPUAHON CTOXAacTH-
YECKOH CHCTEMBbI C MOMOLIBIO AU(PepeHIINATbHBIX
ypaBHeHuil. [IpeHeOperas IMTENBHOCTBIO HM-
MyJIbCOB, MOBEJICHNEM KOMIIOHEHT BeKTopa (aso-

T
BBIX KOOPAHWHAT CUCTEMBI X =[X1, vy Xn] , TH-

OpHIIHYIO IEKTPOTEXHUICCKYIO CHCTEMY B 00IIEM
Cllydyae MOXKHO OINHCaTh CTOXAaCTHYECKUMH AnQ-
(epeHMaIbHBIMU YpaBHEHHAMH BHJA [9]

X (1) =a,(X, 1)+ Y by (X, v, (X, )+
-1
30,0 (=T, @)

roe a,b;

i Ny — B o0umeM ciyuae HeENMHEHHbIE

Gyukuny; &, (t) — cnyvaiinpie QyHKUME BPEMEHH
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(urymbr); v;(X,t) — moCrenoBaTENLHOCTD O-(hyHK-

LMH, MOMEHTBI BPEMECHH MNOSBICHHA KOTOPBIX t

3aBHUCST OT X,

vi(X, )= iCjKS(t_tjk)a (8)

k=-o0

rae o(t-t,) - O-QpyHKIMHM € aMIUIUTyIaMH Ci,

BO3HUKAIOIME B MOMEHTHI BpEMEHH .

B BekTopHO-MaTpuuHON (hopMe CcTOXacThdIe-
CKOE€ ypaBHEHHE, ONHCHIBAIOIIEeE AWHAMHUKY IpO-
[IECCOB, TMPOUCXOIAMINX B CHCTEME YIPABICHHUA,
MeeT BH]

X (1) = A(X, ) = B(X, t)v(X, t, T)+ HE®), (9)

rae A(X, t) — B 1aHHOM cityyae BEeKTOpHasi (pyHK-
IUsI, OTOOpakarolias HaJIW4YHe HENpPEphIBHOHN CO-
crassromeit mporecca X(t); B(X, t) — marpuunas
(dbyHKIHs, OTOOpaXkaromas MIHCKPETHYIO COCTaB-
JSIONIYI0 ¢ aMIUTUTyaHoM Mmomymsuueit; H(t) —
MaTpura Kodp¢urmentos; v(X, t, T) — BekTop
JIUCKPETHBIX BO3JCWCTBUH, OTOOPAXKAIOIIHMHA IHC-
KPETHYIO COCTABIISIIONIYIO C YACTOTHON MOJYJISIIHU-
eif; T — mepuos ciemoBaHUST UMITYILCOB (TIEPHOJ
TUCKPETU3AIIHH).

B wactHom ciydae, ecom B(X, t) = 0 m &(t) —
BeKTOp OenbIx mrymoB, nponecc X(t) Oyner nenpe-
pBIBHBIM MapkoBckuM. U3 (9) cnemyet, uto MaTe-
MaTH4yecKasi MOJIeJIb CHCTEMBI C aMILUTUTYIHOW MO-
IyJSIUEd UMEET BU/T

X (1) = A(X, )+ B(X, t)v(t, T)+ HE(t). (10)

CoOTBeTCTBEHHO cucTeMa ¢ (a3oBOH MOMIYIIs-
[MeH OTMHCHIBACTCS YPaBHECHUEM BUAA

X(t)= A(X, t)+Bv(X,t, T)+ HE®).  11)

3ameTuM, yTo JJIg onucanusa cucremsl ¢ MM
B ypaBHeHUAX (7) u (9) HEOOXOAMMO yYECTh IIO-
CIICIOBATEBHOCTh KaK TMOJIOKUTENbHBIX, TaK H
OTPHIIATEIBHBIX O-OYHKIMHA, OTCTOSIIUX JAPYT OT
Jpyra Ha IMUPUHY MOIYJIUPYEMOTO UMITYJIbCA.

Hawnbonee momHOW XapaKTepHUCTHUKON IpoIiec-
ca X(t) sBIgETCS IUIOTHOCTH paclpeaciicHHs Be-
positHoctr (ITPB) f(X, t). Ecam B ypaBHenun (4)
B(X, t) = 0, To f(X, t) npu oTcyrcTBHM MOTIIONIAIO-
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HIMX TPaHUI] yJOBIETBOpseT ypaBHeHHMI0O Doxke-
pa — [Imanka — Konvaroposa Buza [9]

f(X,t)=-VIn(X,1). (12)
3nech V) = i, i, ,i — BEKTOPHBIN
0%, OX, OX,,

oneparop auddepenimponanus; n(X, t) — BexkTop
TUIOTHOCTU TOTOKA BEPOSTHOCTH C COCTABIISIO-
HIUMHA

T (X t)=a (X, ) F (X, 1) -

1& 0
_Ega[hw ® (X, )] (13)

roe ax(X, t) — cocrasmsromue BekTopa A(X, t);
hy(t) — snemenTsr Mmatpuist H(t).

Ecnu B ypaBuenun (9) B(X, t) # 0, To mpu
YCIIOBUHM PAaCCMOTPEHUSI CTOXACTHYCCKUX WHTETpa-
JIOB B CUMMeTpu3oBaHHOU ¢opme CTpaToHOBHYA
3TO 03HAYAET, YTO KAXKIIBIH O-UMITyJILC B MOMEHT 1y
BBI3BIBAET CKAYKOOOpa3HbIE M3MEHEHUS aMILTUTY-
1Bl X(t) Ha BETMYHHY Ciy.

KOMITOHEHTBI BEKTOPHO-MATPUYHOTO ypaBHe-
HUA (9) ONMMCHIBAIOT KYCOYHO-HENPEPHIBHBIC Map-
KOBCKHE TIPOIECCH CO CKaYKOM B MOMEHTHI Bpe-
MeHHu ty. s takux mporecco B [10] momyueHo
ypaBHenue jjis1 [IPB, kotopoe kak npu aMIuTyA-
HOM, TaK U NPU YaCTOTHON MOAYJIAIIMU UMEET BUJL

f(X,1)==VIin(X, t)—v(X, ) f (X, 1)+

(X)

+Zv [w, (X, ]|———| f(w,(X,1)). (14)

n
3necy v(X,t)= Zvj(x, t) — cymmapHas HH-
j=1

TCHCHUBHOCTDH ('laCTOTa) KBAaHTOBAaHUSI, Vj — HH-

TCHCHUBHOCTh KBAaHTOBAHWS B TOTOKAaX BXOJHBIX
JMCKpETHBIX Bo3neicTamid; W, (X, t)=X(t)-b;(X,1),

rae by (X, t)=[by;(X, 1), by (X, 1), ..., by(X, t)]
COBOKYITHOCTh BEKTOPHBIX (DYHKIHWH, cTONOCL
¢ unaexcoMm j marputibl B(t) (] =1,_n) .

Takum oOpazom, marpuunas ¢ynkmus B(X, t)

c onementamu by (X, t) (i,jzﬁ) pa3bura Ha
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COBOKYIHOCTb BEKTOpHBIX (ynkumii b, (X, t);
ow; (X, 1)
oX

Ecnu mMmeeT MecTo TOJNBKO aMIUIUTYJHAs MO-
OyJSIus, TO BXoasmue B ypaBHeHue (14) ¢yHk-
MU V HE 3aBHCAT oT X, T. e. v(X)=v. s cu-

— sixobuan Gynkumu W; (X, t).

CTE€M C YaCTOTHOW MOJYJISIIMENH TPEThE cilaraemoe
B mpaBoi wyacTu ypaBHeHus (14) umeer BuA

Zn:vj(x +b;) f (X +b;).

VYpaBHEHHs OJ1s1 BEPOSITHOCTHBIX MOMEHTOB TIep-
BOTO M BTOPOTO MOPSAKOB ompenenstorces u3 (14).
YMmHOXMB 00e yactu (14) Ha X; U TPOMHTErpHU-
pOBaB MX IO BCEM COCTaBISIOMIMM BekTOpa X
B OECKOHEUHBIX Tpeienax, moiayduM mauddepeH-
[IMAJTbHOE YPaBHEHHUE IJISI MATEMaTHYECKOTO OKH-
maHus i-i (a3oBOM KOOPAWHATHI THOPHIHON CH-
CTEMBI

m, (t) = Tni(X, tydX —v(X, Hm, () +

n ®

w3 [ vitw, (X, 0]

=l

f(w, (X, t)dX. (15)

(X )‘

B (15) yureno, uro:
[xfondx =m@); @8

T x VT (X, t)dX =—T T (X, tdX. (17)

—00

VYpaBHeHHS U1 KOPPEMSLHOHHBIX MOMEHTOB
(a30BBIX KOOpAMHAT THOPUIHOW CHCTEMBI MOINY-
YaroTcs yMHOXXEeHHeM o0enx uacteit (14) Ha mpo-
usBeneHue (X, —m,)(X, —M,) U MHTErpUpOBaHHUEM

B 0ECKOHEYHBIX TIpeIeax:

0,0 = [ (% -m)m (X, X -

_T (. M), (X, X —v(X, DO, (t) +

n 0

+ZJ‘VJ(XI —m)(x, —m,)——~

=l

(X f)
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xf (W, (X, t))dX. (18)

B (18) o603HaueHBLI:

o0

[ o6 =m)0x, —m) F(X, )dX =&, (t); (29)

—00

T (% —m)(x, —m )V (X, t)dX =

=— [ (4 =m)m (X, HydX

_T (x. —m)m, (X, t)dX. (20)

Pemas nuddepenumanvueie ypaBaenus (15) u
(18) c 3amaHHBIMU HAYAILHBIMU YCJIOBUSMH, MOXK-
HO OMNpEAENUTh MaTeMaTUYeCKhe OXUIaHWS |
KOPPENANOHHBIE MOMEHTHI THOPUIHON CHCTEMBI.
Tak xak mis Beraucienws Bxoasmux B (15) u (18)
HHTETpaioB HeoOXoauMo 3HaTh ¢yHkimio [IPB
f(X, t), mpuxomuTCA NMPUMEHSTH €e anmpOoKCHMa-
0. B 6onbIMHCTBE MPaKTUUECKUX 3a/1a4 JTy4Ile
BCETO MOJXOIUT TayccoBa JABYXMOMEHTHas arl-
npokcumaitus f(X, t). B HekOTOphIX ciydasx Jjist
BBIYUCIICHHS WHTETPAJOB MPUXOJUTCS PACKIa]Ibl-
Bath f(X, t) B (yHKIHOHAIBHBIA OPTOHOPMHU-
POBaHHBI psii 1O IIEHTPAJIBLHBIM MOMEHTaM
BBICIIUX TOPSJIKOB MM IO KyMYJISHTaMm (ceMu-
WHBAapUaHTaM) CIIy4aifHOTO IpoIlecca Ha OCHOBE
MOJIMHOMOB, COOTBETCTBYIOIIUX HEKOTOPOU Mpo-
m3Bonsamed ¢ynknuu [11]. Ecnm BeIMOmHSETCS
paznoxenue [IPB mo ueHTpalbHBIM MOMEHTaM
Ha OCHOBE HOPMaJIbHOTO paclpeAesieHHs, TO Io-
nyyaercs psa I'pama — lapabse, cocrosimuii u3
YJICHOB, YOBIBAIOIIMX HEpPAaBHOMEPHO. bricTpo cxo-
JSIIIAMCSL PSIIOM SIBIISIETCS psifi DIKBOPTA, TIpe-
cTaBistoNMi coboi pasioxenue [1PB mo cemu-
WHBapUaHTaM.

BBIBO/JIbI

1. llpeasiocxkeHHass aHAIUTUYECKAass MaTeMaTH-
YyecKass MOJEIb THOPHIHOW CHCTEMBI, MPEICTaB-
JSomas  co0OM  MapKOBCKMM — CTOXACTHYCCKHUI
MIPOIECC Pa3PBIBHOTO THUIA, OTPAKaeT OCHOBHBIE
CBOMCTBa TaKOW CHUCTEMBI MPH pasIuuHOi (opMme
MOAYJISIUU CUTHAJIa U TO3BOJIAET YYeCTh KaK JU-
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HaMHYECKHe CBOWCTBA, TaK M BO3JICHCTBHE CIy-
YaifHbIX (PaKTOPOB.

2. [TonyueHHoe 00O0OIIEHHOE YypaBHEHHE IS
IUIOTHOCTU BEPOSITHOCTU (DAa30BBIX KOOPAMHAT SIB-
JSIeTCs. OCHOBOHM JUI KOPPENSLMOHHOTO aHalln3a
rHOpUAHBIX cucTeM. Ha OCHOBE 3TOro BhIpaKEeHUs
MOKHO HaiiTh 00O0OIIEHHOE ypaBHEHHE IJIsl amo-
CTEPHOPHOW IUIOTHOCTH BEPOSITHOCTH (ha30BBIX
KOOpPJMHAT, KOTOPOE TaeT BO3MOXHOCTh TIPH pa3-
paboTKe THOPUAHBIX CHCTEM OMNPEICIATh HX OIl-
TUMAJIBHYIO CTPYKTYpPY M IIapaMeTpbl IpU 3aJaH-
HOM KPHUTEPUH KauecTBa.
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