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rEHEPALUAA MHOTOMEPHOTO CJIYYAUHOIO
NMPOLLECCA BO3MYLLEHUM B 3AJAYAX AUHAMUKU
NOABUXXHOIO COCTABA XXEJIE3HbIX JOPOT

A.A. Akishin, A.N. Savoskin

GENERATING A MULTIDIMENSIONAL PERTURBED
STOCHASTIC PROCESS IN RAILWAYS ROLLING
STOCK DYNAMICS

Bo BpeMs nBUXEHUS MOE3a MO XKEJIE3HOTOPOXKHOMY IyTH HAa HETO BO3AECHCTBYET BO3MYIIEHUE B BUIE
BEPTUKAIBHOW U TOPU3OHTAIBHON HEPOBHOCTEN MPABOM U JIEBOU peJIbCOBBIX HUTEH, BhI3BIBAIOIIMX KOJIeOa-
HUSI MEXaHUYECKOM YacTU MOJABUXKHOIO COoCcTaBa. B CBSI3M ¢ 3TMM BO3HUKAET MpobjeMa reHepaluyd MHOTO-
MEPHOTrO MPOLECCA BO3MYLLEHM 10 3aJaHHOM MaTPULIe aBTOKOPPEIALMOHHON U B3aUMOKOPPESALIMOHHOM
(yHKUMU WM CTIEKTpaJbHOU TUIOTHOCTHU. 751 aTOro co3maH (opMHpyOIIMK MEXaHU3M BO BPEMEHHOM
obnactu. C MOMOIIBIO AAHHOTO MEXaHM3Ma MOXHO BBITIOJIHUTh TEHEPAMI0 MHOTOMEPHBIX CIIyYalHBIX
MPOLIECCOB BO3MYILECHUS MPU PA3JIMYHBIX CKOPOCTIX NBUXKEHUS C JIIOOOW MJIMHOW peaiu3alliv U 11aroM
JMUCKPETU3allMM BO BPEMEHHOI 00JIACTH.

TEHEPALIMSI MHOTOMEPHOTI'O CIIYYAMHOTO TTPOIIECCA; BO3MYIIIEHUS, BBI3BIBA-
IOLIME KOJIEBAHUA MOABWXKHOTO COCTABA; ®OPMUPYIOIIMM MEXAHU3M BO BPE-
MEHHON OBJIACTH.

When a train is moving along the tracks, it is exposed to perturbations in the form of vertical and
horizontal irregularities of the right and left rails causing oscillations in the mechanical parts of the rolling
stock. This raises the problem of generating a multidimensional stochastic process of disturbances in
accordance with a given matrix of auto-correlation and cross-correlation functions or spectral densities. For
this purpose, the forming mechanism in the temporary realm was designed. This mechanism allows generating
multidimensional stochastic processes of irregularity at different speeds for any length of implementation or
discretization step in the temporary realm.

GENERATING MULTIDIMENSIONAL STOCHASTIC PROCESS; PERTURBING FACTOR
CAUSING OSCILLATIONS OF RAILWAY VEHICLES; FORMING MECHANISM IN THE
TEMPORARY REALM.

Hns pelleHus: 3aga4 AMHAMUKM TTOJIBYK-
HOTO COCTaBa XeJIe3HbIX JOPOT HEO0OXOAMMO
BBIIIOJIHATh I'€HEepalllil0 MHOIOMEPHOTO Tayc-
COBCKOTO CTallMOHAPHOTO CJy4ailHOTO Mpo-
uecca BosmylueHust |y(f)| mo u3BecTHBIM ero
XapakTeprucTUKaM — MaTpulle aBTO- U B3anWM-
HOKOPPEISIHMOHHBIX (DYHKIMIA ||Ryiu(T)|| U
MaTpUIE CIEKTPAIbHBIX WM B3aMMHBIX CIICK-
TPaJIbHBIX TNIOTHOCTEN ||Gym ( j(o)".

C o710ii 11ebI0 OOBIYHO MCIOB3YIOT (hop-

MUPYIOIINI MeXaHu3M [1], cTpykTypHasi cxe-
Ma KOTOpOTO MpuBeAcHa Ha puc. 1. DTtoT Me-
XaHU3M COCTOUT U3 /M HEKOPPEJUPOBAHHBIX
reepatopoB Oesoro myma (I'll, + T'll ) u
u3 0,5m(m + 1) TMHEAHBIX YCTONYMBBIX MUHU-
MaJibHO(a30BbIX (UJIBTPOB C TEepeaaTOYHbI-
mu pyskumsivi W, (jo)|. Omnako sta cxema
NMpUMEHUMA K aHaJOTOBBIM CUCTEMaM, B KO-
Topbix 'L, 1 GuiabTpel NpeacTaBisgoT coboi
peaJibHbIE (PU3NYECKUE YCTPOUCTRA.
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—.;@

e, (2)

Puc. 1. CtpykrypHas cxema ¢oOpMUPYIOLLIETO MeXaHM3Ma B OIepaTOpHOl 00acTu

IIpn mporpaMMHON peanu3aluy KaxKIbIi
I'lll, reHepupyeT IUCKPETHYIO IIOC/IEN0BA-
tenpHOCTh umcen x[nT], n=1, 2, ..., N
(T — mwar BpeMeHHOI IUCKpeTU3alUuu), pac-
TMPENEJICHHBIX IO TayCCOBCKOMY 3aKOHY CO
CHEKTPAILHOM IUIOTHOCTbIO, PABHOM €IMHM-
ue. IIpu sarom nocnenosarensHoct x;[n7’] He
KOppeIrpoBaHbl MEXIY CO00M. DTOT mpolecc
HEeoOXoaMMO IMpeodpa3oBaTh B MHOTOMEPHBII
rayCCOBCKUM CTAllMOHAPHBINA CIyYalHBINA IIPO-
LeCC C 3aAaHHOW MaTpULEH CHEKTPAIbHBIX
mioTHocrei |G, ( jm)" pPa3MepoOM i x u = m x m,
rne i=1, 2, i, ey mou=1, 2,3, ..., m
B kauecTBe anropuTMa pelIeHMsT TaKoH 3ama-
4M TpeIaraeTcs ciaeayoouas mpouenypa.

1. ITockonbky mpouecchl Ha Bbixome ',

SBJISIIOTCS JUCKPETHBIMU, TO BHaYaje HEOOXO-
IAMO TIOJMYYUTh MATPULY OUCKPETHBIX CIIEK-
TPAJIbHBIX IUIOTHOCTEM "Gy;u(Z)" BBIXOITHOTO
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npotuiecca y(nT), BBIMOJHUB IUCKPETHOE Mpe-
obpaszoBaHue Jlamaaca:

X(2) = Z{x(nT)} = ijx[n]z*”, (1)

e z =e’ =e”"; MaTpulbl KOppeasMOHHBIX
dyHKUMi ||Ryiu(nT)|| :

G...(2)]| = Z{[R,.(nT|}. )

2. IlpeacTtaBuTh MaTpuUILly ||Gy (z)" B Clie-

AYIOLIEM BUJIC:
6. @) = W@ - W@ |G @], (3)

rae ||W,.;(z)|| — MaTpulla OAUCKPETHBIX YaCTOT-
HBIX XapaKTEepPUCTUK, SPMUTOBCKU COIPSIKEH-
Hast ¢ marpuueit W, (2)|; |G, (2)]| — marpuua
€IVHUYHBIX CIIEKTPaJIbHBIX IUIOTHOCTEM He-
KOppEeINPOBAaHHBIX CUTHAJIOB Ha BBIXOJE IeHe-
paTopoB 0€JIoro IiymMa pasMepoM M X M .
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3. IMockonbKy 3amaya peliaeTcsl BO Bpe-
MEHHO# obJylacTu, TO, B oTiauuue ot [1] u [2],
marpuuy ||V, (z)| HeoGxomumo npeobpasosath
B MaTPUILy UMITYJIbCHBIX XapaKTEPHUCTUK C I10-
MOIIBI0O O0OpaTHOTO AMCKPETHOIO Mpeodpa3’o-
BaHu# Jlannaca:

|k, (nT)

=Z YW, @) =

c+jm 4
[ e @
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4. BeIuncCIuTh BBIXOAHOM Tiporiecc M, (nT)
C TMOMOIIIbIO UHTErpajia CBEPTKU:

Y (1T) = [y (T - Ox, (s (5)

Peanuzanus 3T0oro anroputMa Moxet ObITh
BBITMIOJIHEHA TI0 HOBOI cxeme (hOpMUPYIOLIEro
MexaHusMa (puc. 2), coaepxKallero MMITyabC-
HbI€ XapakTepucTtuku k,(n1T) m mHTErpaTo-
Pbl, BBINOJHSIOLINE BBIYMCICHME HWHTerpaia
cBepTkH (5).

B kauecTBe mprumMepa pacCMOTpUM TeHepa-
LIMIO YEThIPEXMEPHOI0 TayCCOBCKOI'O CTalO-
HApHOIO CJIy4yailHOro Ipoliecca BO3MYILIEHUI
B BUJE BEPTUKAIBHBIX M TOPU3OHTAIbHBIX
HepoBHOCTeH m,,(X = Vf) JeBOro u MpaBoro
PEIbCOB, BbHI3BIBAIOIIETO KOJIEOAHUSI PETbCO-
BBIX DKUMaxei. 3mech i = s =1 COOTBETCTBYET
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Puc. 2. CtpyktypHas cxeMa (popMUpPYIOLIErO MEXaHU3Ma BO BPEMEHHOI 00J1acTh
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BEPTUKAJIbHON HEPOBHOCTH; [ = § = 2 — TrOpHU-
30HTAJILHOM;, # =/ =1 COOTBETCTBYET JICBOMY,
a u =/ =2 — npaBoMy KoJjiecaM. B pe3ynbraTe
TaKoil HymepaLuu matpuna |n,,(x = vt)| 6y-
JIeT UMETh Pa3MEpHOCTh 4x4.

B [3] Oblna BBIIOJHEHA aAMIIPOKCUMAIIMS
aHAJIMTUYECKUMU BBIpAXXEHUSIMU aBTO- U B3a-
VMOKOPPEISIIMOHHBIX (DYHKIIUHI U CIIEKTPaJlb-
HBIX M B3aMMHBIX CIIEKTpPaJbHbIX MJIOTHOCTEH
TAaKOr0 MHOTOMEPHOTIO CJy4ailHOro mpoigecca.
ITpuBeneM BbIpaxkeHUE IJISI KOPPESILMOH-
HBIX (YHKLIMA K BHUOY, COOTBETCTBYIOIIEMY
InddepeHIUpyeMOMY CIydailHOMY MpPoOLEecCcy
niusl(x = Vt) :

R (v) = Siisl; alfiusl exp[_(akiusl)z(n;sle)z] X
X COS(Bkiusl n;tslA‘x)’

(6)

* 2 _
e Mg =N — Aoy [M]; A — HAOJIA TUCTIEPCUN
Slf”, cIy4yaifHOTO Tpoliecca, IIpUXoIsiascsd Ha

G (2)

{exp[_aiiusl (Ax)*]} - [cos Bkiusle]zz + {exp[—ai,m, (Ax)’1)z

k=10 COCTABISIIOIIYIO KOPPEJALMOHHOM (DYHK-
wi (k=1,2, 3, 4), mpuaeM Y iy =1 By
k

[M~'] 1 a,, [M'] —yacTtoTa Makcumyma u oT-
HOCUTENbHBINM KO3(OUIIMEHT 3aTtyxaHus k-i
cocrapmswoweit R, (1); n,,Ax [M] — cosur
MakCUMyMa  B3aMMHOM  KOPPEJISILIMOHHOMN
(byHKIIMM OTHOCUTELHO Havyajla KOOPAMHAT.
Ipu B, PaBHOM HyIIO, B cocTase (6) Oy-
JEeT 3KCIIOHEHIMaabHash cocTapisiomas. [lpu
nAX,,,, PAaBHOM HYJIO, CJIIyYalfHbIE MPOLECCHI
Nuy (X = V) He KoppenupoBaHbl, T. €. CTaTU-
CTUYECKM He3aBUCUMMBbL. OTMETUM TakXe, 4TO
nAx,,, =0 COOTBETCTBYET aHAJIUTUYECKOMY
BBIPAXXEHWIO aBTOKOPPEJISIIUOHHON (DyHKIIUU.
BoinmoaHUM npsMoe AUCKPETHOE mpeodpa-
3oBaHue Jlaraca BelpaxkeHus (6) B IporpaMm-
HOoM makete MatLAB ¢ moMoIIbl0 KOMaHIbI
ztrans U TIOJIyYMM BbIPaXEHUE IS ITUCKPET-

HBIX CIIEKTPAJIbHbIX IUIOTHOCTE B BUIE:

_ Q2 2
- Siusl Z akiusl

k

{expl-o,, (AX)1}2* + 2{expl-0,, (AX)*]} - [cOS By, Ax]z + 17

(7

dakTopusosas (7) B mporpaMMHOM ItakeTe MatLLAB ¢ moMoibio onepaTtopa factor, Halimem
AHAJIMTUYECKOE BBIpAXXCHUE IJIS 2JIEMEHTOB MATPUIILI MIEPeAaTOYHBIX (DYHKIIWIA:

{expl-oty,, (Ax)*1} - (08 By, AX)Z + {eXp[-oty,,, (AX)*]}

W) = S Y 8)
iusl iusl kiusl 2 2 2 2 2 :
A {exp[—o,,, (Ax)"1}z° + 2{exp[—o,,, (AXx)"]} - (cOS B, Ax)Z + 1
2
Ryugnr, MM
knpnr, MM
i § ' i i 1 i 15 -,'..‘;‘..i ...... {evsnne .§ ....... ? ...... ! ...... {: ...... Qrasanns !. ...... prusnns i
fee Srrane o F¥: 1 1 & § ¢ 3 ¥ ¥
\ : : : P TR edannnnde ddesnnadianincde :
1 ' i H H : : i ' i i 11 . H . : H H
Bl ssesdiscassinssesiusassiprasasofinssrith sorerumiranfurnsasfonmensy {1 i i : : :
l_ 1 ' ] [ -| l ' 1 ' 15.: AT feranenis J——-- hes sent .
: : : R % N 5
3 - W R : et 5 R HERRs Ml e by i
! : ; : '
i -y 05 2
: I T T . . . - . 0 0 S .
: P gk : AT ,/:r g ' ' i ' :
ST ssssistsnnsnss H1 ] AV ' . H . .
: : : : : : ol e d R fennas o T $esasan deaeens deenans Beanen Beeeans :
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3 40 S0 60 TO B0 %0 100 0 10 20 30 40 50 60 70 8 90 100
Puc. 3. I'padpuku MMIyJILCHON XapaKTePUCTUKU (——) U KOPPEISILIUOHHON PYHKIUU (- - -):

a — TOPU3OHTAJILHOI HEPOBHOCTH IIPABOTO PEIbCa; 6 — B3aUMHON KOPPEISIIUOHHON (YHKIINN
W UMIYJIbCHOM XapaKTEPUCTUKU BEPTUKAJIBLHONW HEPOBHOCTH JIEBOTO PEJIbCa M TOPU3OHTATbHOM
HEPOBHOCTHU IIPABOTO peJibCa
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Puc. 4. Peanuzauuuy 4eTHIpEXMEPHOTO CIYYailHOTO Ipolecca reOMETPUUECKO HEPOBHOCTU PEJIbCOB:
1 — creHepupoBaHHbBIE; 2 — WCXONHBIE; TOPU3OHTATHLHBIE JIEBOTO (@) W TPABOTO (0) PENTbCOB,;
BEpTUKaJbHBIE JIEBOTO (8) 1 MPaBOro (2) peibcoB
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T3 w10 0 10 )  47T,C

Puc. 5. ABTokoppensunoHHble (YyHKIIMA HEPOBHOCTEN TyTH:
JIEBOTO peJibca BepTUKaIbHasl (a) U NMPaBOro pesibca rOpu3OHTaIbHAs (6); B3aUMOKOPPEISILUOHHbIE QYHKLIUU
MeXIy MPaBoil BEPTUKAIbHON U TOPU30OHTATBHON HEPOBHOCTHIO PENIBCOB (8); TIPaBOil BEPTUKAIBLHON U JIEBO

TOPU30HTATIBHON HEPOBHOCTBIO PEILCOB (2): CreHepUPOBAHHBIE ( ); TI0 AHAIUTUYECKOMY BBIPAXEHUIO (= — =)
a) 6) .
Mm? (O}
s I'
10 'l T T T T T T T ']

A > P

i L i 1 1 T i i
=01 ¢ 0t 02 03 04 05 08 =06 =05 -04 =03 =02 =01 ©0 01 02 03 04 05 06
o, I'n o, I'n

L_tay 1 i
=06 =05 -04 =03 -02

Puc. 6. CrekrpajibHbIe IIJIOTHOCTA HEPOBHOCTEM MyTH
JIEBOTO PeJibca BEPTUKAIBHBIX (@) M TIPABOTO PEIbca TOPUBOHTATBHBIX (0):
CT€HEPUPOBAHHBIE ( ); TI0 aHAIMTUYECKOMY BBIPAXEHUIO (= — =)
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BroinonHuB oOpaTHOe Z-TpeoOpa3oBaHUe
wig W, (z) ¢ mnoMouiplo KOMaHIBI iztrans,
nepeiiieM K MaTpuile MMITYJbCHBIX XapaKTe-
PUCTUK:

kiusl {nAx } = AStiusl Z akiusl x
k

2 2
eXp(akiuslA‘x )COS[Bkiusl(nAx B xciusl)] —
exp(o2,  Ax? (" DA

= 2 2\ [(n+ D) Ax—=Xcjys |
- iuslzakiusl eXp(akiusle ) "X
k

)

X COS[Bkiusl (I’IAX - xciusl )]’
(n = 1,2, ey N; Ax = VT)-

CpaBHeHUE TpaPUKOB MMIYJbCHBIX Xa-
PaKTepUCTUK, TIOCTPOCHHBIX IO 3TOMY BBHIpa-
KEHMIO, Y KOPPEISILIMOHHBIX (YyHKIUIA 1Mo (6)
CO 3HAYCHUSIMU ITapaMeTpPOB, ITPUBEACHHBIMU
B [3], cBUAETENBCTBYET O TOM, YTO 3TU IIPO-

IIECChl AOCTATOYHO Onm3ku. OTIudue MeXmy
HHUMM COCTOUT B TOM, YTO BHAYaje 3aTyxaHUE
MMIYJIbCHBIX XapaKTePUCTUK IMPOUCXOIUT ObI-
cTpee, 4eM KOppesIlIMOHHBIX (yHKIMiA. 3a-
TeM TIpu # > 50 3TO 3aTyXaHWe 3aMENISIETCH.
3neck At =0,185¢, kKak u B pabore [3]. s
npuMepa Ha puc. 3 MPUBEIEHO TaKOe CpaB-
HEHUe JJI1 aBTOKOPPEISILIMOHHON (DYHKUIWU U
UMITYJIbCHOM XapaKTEPUCTUKU TOPU3OHTAJIb-
HOUW HEPOBHOCTHU IIPABOT0 PejIbCa U B3aMMHOU
KOPPEISIIMOHHON (YHKLUMU U UMITYJIbCHOMN
XapaKTePUCTUKU BEPTUKAJIBbHOW HEPOBHOCTH
JICBOTO W TOPU3OHTAJBbHOW HEPOBHOCTH TIpa-
BOI'O PEJILCOB.

Ilo HaliIeHHBIM MMIIYJIbCHBIM XapaKTepU-
CTUKaM C UCTIOJIb30BAHUEM UHTETPAJIa CBEPTKU
ObUla BBIMIOJHEHA TE€HEpalys MHOTOMEPHOTO
cJIyJaifHOro mpoliecca BO BpEMEHHOI 001acTu
no cxeMe 2. Pe3ynbTaThl reHepalMid OJHOM U3
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Puc. 7. Cocrapnstoiye B3aMMHOM CITEKTPaJIbHOM IMJIOTHOCTU MEXIY MPaBOi BEPTUKAIbHOU
W IIPaBOI TOPU30HTAJILHOU HEPOBHOCTSIMU PEJIbCOB:
a — BCUIECTBCHHAaA, 6 — MHUMasI 1 COCTaBJIAIOINEC B3aMMHOM Cl'IeKTpaJ'ILHOP'I TIJIOTHOCTU MEXIY HpaBOfI
BCpTPIKaJ'[BHOfI W JIEBOM rOpHSOHTaJ'[bHOﬁ HEPOBHOCTAMU PEJIbCOB: 6 — BCUICCTBCHHAs, ¢ — MHUMasA,
CTreHEePUPOBAHHBIC ( ); TI0 aHAJIMTUYECKOMY BBIPAKEHUIO (= — =)
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COBOKYITHOCTEH peanav3alvii 4eThIpeXMEPHOIO
clIydailHOro Iipolecca TIeoOMEeTPUYECKUX He-
poBHOcTeil myTu (puc. 4), BBIIOJIHEHHBIE IO
PacCMOTPEHHOMY QJITOPUTMY, TIOKa3bIBAIOT,
YTO CT€HEPHUPOBAHHBIE CIIyYalHBIE MPOLECCHI
«B CpeIHEM» OJIM3KM K MCXOIHBIM.

st 6os1ee moapoOHOro CpaBHEHUS BBIITOJI-
HUM KOPPEJISILIMOHHBIN U CIIEKTpaJIbHbIA aHa-
JIU3 CTeHEPUMPOBAHHBIX CIyYalHBIX TTPOLIECCOB
M0 METOJAMKe, U3JIOXEHHOH B [3], U cpaBHUM
nX ¢ rpaduKaMy 3aJaHHBIX KOPPESIIIMOHHBIX
(byHKIIMI U CIIEKTPaAJIbHBIX IUIOTHOCTEH peaib-
HOTO PebCOBOTO MyTH, NMPUBEACHHBIX B [3].

Hns mprMepa Ha puC. 5 TIPUMBEICHBI HEKO-
TOpble TpaUKU IS aBTO- M B3aUMOKOPPEJIsi-
LIMOHHBIX (YHKLMIA, a Ha puc. 6 U 7 COOTBET-
CTBYIOIIMIE MM aBTO- M B3aMMOCIIEKTpaIbHbIC
IUIOTHOCTU. OTU TIpaMKHU, ITOCTPOSHHBIE IO

CreHEpUPOBAHHBIM peaTu3alusIM, UMEIOT yI0-
BJICTBOPUTEILHYIO CXOAUMOCTh C 3aJaHHBLIMMU.
Hexortopoe pacxoxkneHue Mexmay HUMU OObsIC-
HSIETCSI OCOOEHHOCTSIMM  (PYHKLIMOHUPOBAHUS
TeHepaTopoB OeJIoro iyma, a TakKe IOrper-
HOCTSIMU CHIEKTPaJIbHOTO aHAJIN3A.

Takum obpaszom, B paboTe MpeaioXKeH aj-
TOPUTM T€HEPUPOBAHUS MHOTOMEPHON TI€O-
METPUUYECKOM HEPOBHOCTH PEJbCOBOrO ITYTH.
HMcnonb3yst 3TOT aJropuTM MOXKHO T'€HEpHPO-
BaTh TaKyl0 HEPOBHOCTb IIPY Pa3IMYHbIX CKO-
pPOCTSIX ABMXKEHUS C JII0OOI MIMHONM peanu3a-
LIMY ¥ 11IaroM AUCKPeTHU3aluu. DTO MO3BOJISIET
YUCJIEHHO pellaTh BO BpPEeMEHHOIl o00JacTu
MHOTOMEpHBbIE 3a4a4u TUHAMUKYU TOABMXKHO-
IO COCTaBa C HEJIMHEHHBIMM XapaKTepUCTUKA-
MU PECCOPHOTO MOABEIIBAHMSI.
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