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YK 621.372

OLIEHKA PA3BOPYMBOCTU PEYEBDIX
COOBLWEHNN HA ®OHE COCPEOOTOYEHHbIX
NMOMEX

babycenko C.U., bonmapion FO.A.
Boennwiii uncmumym paouosnekmponuxu, 2. Boporneoic
e-mail: serbs@mail.ru

AKTHUBHOE BHEIPEHUE CHCTEM NEPCOHAIBHON MOOWIBHOU
PaauOCBsI3U JIJI YIPABICHUS B XOJI€ PEUICHUS] KOPIMOPATUBHBIX 3a/1ay
SBJISIETCS  HEOTHEMJIEMOM  4YEepTOU HACTOAILIETO  BPEMEHH, a
CBOEBPEMEHHOCTh M JOCTOBEPHOCTh WH(POPMAIMH OMPEACISIOT yCIeX
JTOCTHUKEHUS LIEJIH. KonnuecTBeHHbIM aHAIN3 peabHOTO
(YHKIITMOHUPOBAHUS CHUCTEM TIepefadd pedud, Kak Haubojee 3HAYUMOM
cocTaBiisroned Tpaduka, 3aTpyIHEH B CHITY TMHAMUYECKOTO U3MEHEHHUS
NIOMEXOBOM OOCTAaHOBKHM, a TaKXe [0 TMPUYMHE HEOJHO3HAYHOU
3aBUCHUMOCTH Ka4eCTBAa PEYM OT CTPYKTYp BO3ACUCTBYIOIIMX Nomex. B
ATOM CBSI3M MOHUTOPUHT Ka4€CTBA MPEAOCTABISIEMBIX YCIYT KaK B LEAX
HAJEKHOIO YOPaBIEHUS, TaK M €ro CpbiBa SBISAETCS AKTyalbHOU
3aJ1ayei.

Kak u3BecTHO, pemarmuMu (pakTopamMu OIEHKH KayecTBa peyu
SIBJISIFOTCSL €CTECTBEHHOCTb, Y3HABAEMOCTh, MOHATHOCTh, TPOMKOCTh U
HaJlMYMe TIOMEX C TOYKM 3PEHUS] BOCHPUSITUS PEUYEBBIX CHUTHAIOB
CIyXOBBIM amIapaToM YeJIOBEKa, OJHAKO CIenuduKa OpraHu3aluu
CUCTEM yIpaBJEHUS, OYEBUIHO, oOycnaBnuBaeT Oojiee HU3KHUE
TpeOOBaHUSI K €CTECTBEHHOCTH, IICHUXOJOTUYECKOM OKpacke peuu,
3a0CTpsisi BHUMAHUE HAa CEMaHTUYECKOW MOHSITHOCTU. B 3TuX ycioBusix
LEJIECOO0pa3HO  paccMaTpuBaTh — MOKa3aTelb,  XApaKTEPU3YIOIIHMA
KauecTBO peud Yy TNoTpeduTesnss HHPOPMALUKU, ONMpPEaeIsSIOIMUAC
Pa300pUNBOCTHIO.

PazbopunBocTh peud mMpeacTaBisieT CcOO0OM Mepy MNOHSTHOCTH,
BBIPAKEHHYIO OTHOCUTEIBHBIM YHCJIOM MPABUIIBHO MOHSATHIX 3JIEMEHTOB
peun: ¢pas, cioB, cIOroB, 3BYKoB [1].

[ns  aBTOMaru3auuu 3aJlaud  OLUEHKUM  BO3JEUCTBUSA
COCPEOTOYEHHBIX MOMEX HA CHUCTEMBI MEpelayd pedur LEeIecoo0pa3Ho
WCIIOJB30BaTh UHCTPYMEHTAIBHBIN METOJ ONIPEACICHUsI pa300pUMBOCTH,
OCHOBaHHBI Ha HEMOCPEJCTBEHHOM pacuére 0e3 MPUBJICUCHUS TPYMI
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IKCIIEPTOB-AyTUTOPOB. TakoMy MOIAXOMYy COOTBETCTBYET NPEICTABICHHE
pEYeBOr0 CHUTHAJIa B BHUJE COBOKYMHOCTH (DOpMaHT, a uies pacuéra
3aKJIFOYAeTCsl B Pa3lIOKEHWH PEYEeBOrO CHUTHAlIA Ha dSJEMEHTApHBIC
cocrapisitonue — (OPMaHTBI W OMNPEACIICHUN OTHOCHUTEIHHOTO YHCIIa
HEUCKaXEHHBIX HEITOCPEJCTBECHHO Y MOTPEOUTEINST HHPOPMAITUH.
CrnenyeT OTMETUTH, YTO MPH pacuéTe pa3dOPUNBOCTH MPUXOTUTCS
UMETh JeJI0 C YaCTOTHO-3aBUCUMBIMH (YHKIUSMHU, OTPAKAIOIIUMU
XapaKTePUCTHKU BOCTIPUATUS 3BYKOBBIX CHUTHAJIOB W30MpPaTEIbHON
CHUCTEMON OpraHoB ciiyxa (MOpOT OUIYIICHHUs, KPUTHYECKas Iojoca
ciayxa u p.). C yuéToM 3TOro, 3aj1adya B MOJCIIH PEIIACTCS pa3/ieIcHuEM
CHUTHaja B YacTOTHOW 0OOJacTH TpPHU TOMOIIM MOJIOCOBBIX (UIBTPOB
YeObimeBa 6 TmOpsaKa Ha TOJOCHl  PaBHOW  apTUKYJSIITUOHHOMN
pa30opUMBOCTH, B TMpezAesiax KOTOPBIX MOXKHO MPEeHeOpedb 4YacTOTHOM
3aBUCHMOCTBIO XapaKTEPUCTUK BOCHPUATHS U OTHECTH UX K CPEIHEMY
3HAYEHUIO, COOTBETCTBYIOIIEMY IIEHTPATLHOW YaCTOTE KaX IO IOIOCHI.
Cormacao [2] dhopmaHTHas pa300PUIMBOCTD PEUH ONPEACIISICTCS KaK:

A=y, P(E)

max = 1

rne AA

1 max

=n,/n - BEPOATHOCTb BCTPEUAEMOCTU (POPMAHT B nojoce A,
(n, - uncno ¢popmant B nosnoce Af,, n - ynciao GopMaHT BO Beel mojoce

4acTOT pEeYeBOro CurHaua); P (E ) - Ko3(ppumeHT BOCHPUSTHS,

OTIPENENSIONUN IO BOCHPUHSATHIX (POPMAHT B 3aBUCHUMOCTH OT
YPOBHS OIyIeHus - E B mosioce 9actor Af,.

B Mozenn 3aBHCHMOCTB B(E ) peanu3oBaHa B BHje m-(daiina

KyOHUuecKol CIJTalH-UHTEPIONSAUUN IS CyMMapHOIO YpPOBHS IIyma
P =40dB .

B ycnoBusx memaronux BosaeucTBuii Oosnee 10dB Benmumna
MAacKHUPOBKH TIOMEX CTaHOBHUTCS paBHOW 3((PEKTHUBHOMY YpPOBHIO
omrymieHus. B 3TOM ciiydae HE YYWTBHIBAKOTCS WHIWBUYaJIbHbBIC
CBOHMCTBa clyXxa, a pa300pUMBOCTH OMPEACISICTCS CHEKTPATHHBIMH

OBHAMU PCUEBOI'O CI/IrHaJIa-B . WM IymMa- Bw TOraa AJIsd aCUETHBIX
Di i

IOJIOC HAaCTOT MOZKHO 3allucCaTh:
E =B -B, .
Di uty,
HpI/I 3TOM 3HAUCHUA BP,- - H Bwl. - OIIPCACIIAIOTCA MCTOAOM

BHIYUTAHMS M3 aJUIMTUBHONM CMECH BZ" =B, +B, . [7]. Hns

w

ONTHMABbHOW OIICHKH CIIEKTPAJTBHBIX YPOBHEH pPEUEBOrO CHUTHAIA H
NIOMEXU KaK HECTAI[MOHAPHBIX TPOIIECCOB KOHEYHOW MIUTEILHOCTH,
HEO0OXOoauM BBIOOpP BecoBOM (YHKIMHM, OTBedHarolield TpeOOBaHUIM
UG POBOTO aHAIH3a C TIO3UIMA YaCTOTHOTO U BPEMEHHOTO pa3peIICHHUS.
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CnexTpanpHbIi  ypOBEHb  CUT'HAJIOB B. . ompenensercs ¢

HCTIOJIb30BAaHUEM HEMAapaMEeTPUUECKOTO METO/A OIIEHKH CIEKTPaIbHOMN
MJIOTHOCTH MomHoct Benmua [6]. JlanHas ¢yHKuuss B~ MOJEIH
onpeaeseHa Npyu CIeAYIOLUX NapaMeTpax:

— JUTUTEIBbHOCTD BBIOOpPKU €MHUYHOTO U3MEPCHUS
aHanusupyemoro curtana 0,125 cek., 4TO COOTBETCTBYET
aHanuzy ¢GpeiiMoB 3BYKOBBIX ¢aiinoB u3 1024 sneMeHTOB Mpu
yactote auckpermsaumu Fg =8 k[ (MHTEpBan ycpemHEHHs
BBIOpaH ¢ Yy4€TOM CpedHed MJIMTENbHOCTU 3BYKOB pPEUd U
MHTETPUPYIOIIEH CIIOCOOHOCTH OpraHoB ciyxa [2]);

— nmna  oOecrnedeHusi TpeOyeMoW paszpemiaroieid crnocoOHOCTH
HCIOJIB3YyETCSI OKHO bildKMaHa NIUTENbHOCTBIO 256 OTCUETOB, C
nepekpoitreM 75%;

— BBIYUCJICHUE HW3MEHSIEMBIX IEPUOJIOTPAMM Ka)JOTO0 CETMEHTa
MOCTPOEHO Ha CETKE BBIOOPOK 512-TOYEUHOTrO IUCKPETHOTO
OwIcTpOTrO NMpeodpazoBanus Oypee.

Hcnone3yss 06paboTky Ha ocHoBe ¢yHKIuu Benua, B momenu
noiayuyeHa N-ToyeyHas OIEHKA CHEKTPAIbHOW MJIOTHOCTU MOITHOCTH

(CIIM) curnaioB u nomex. CpenHHE WHTEHCUBHOCTH KoOJeOaHUW B
nonoce Af, omnpenensiorcs kak [, =(1/ N)ZI,,(N)Afi, rne I(N) -
N

nuckpetHble oTcuéTsl oueHku CIIM B nonoce Af, = F, /2. Jlna cpennei

(B Te4yeHMM BpPEMEHM MOJEIUPOBAHUS) WHTCHCUBHOCTH 3BYKa
I, [Bm/ Jl/lz] B noyioce /\f, creKkTpanbHasi HHTEHCUBHOCTh ONPEIEISIeTCs

kak [, =1 /Af,, a WCKOMBI  CIEKTPAIbHBIA  YPOBEHb  —
B =101g(Z,/1,)[dB], rae 1, =10"2[Bm/ x| [2].

DYHKIMSA OLEHKU CHEKTPATIbHON MJIOTHOCTH MOIIHOCTH CUTHAJIOB
peann3oBaHa B BUJie m-daiina:

function [B]|=mmmY (u)
Nwin=256; Nlap=200; Nfft=512; Fs=8000; window = 'blackman’;
w = feval(window,Nwin,'periodic');
try
[b,f,t]=specgram(u,Nfft,Fs,w,Nlap); % mno.iyuenune ceTku 0TC4ETOB
% nuckpernoro bII®
[PSD, W] = pwelch(u,w,Nlap,Nfft,Fs); % PSD - pacnpeaesienune
% MOLIHOCTH (AHEPIrUM) HA eAUHHUILLY YACTOTHI. W - BEKTOP
% HOPMHUPOBAHHBIX YACTOT, HA KOTOPOM OlleHeHa
%cnekTpaJbHAasi IVIOTHOCTH MOITHOCTH CUTHAJIA.
catch
return
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end
PSD=PSD*10712; A=mean(PSD); % Cpenumnii
% cneKTpaJbHbIN YPOBEHb.
B=10*log10(A); % Ilepexoa k 0e3pa3MepHbLIM eAMHUIIAM
%ou3MepeHusl.

CoryiacHO BBILIEU3IIOKEHHOW METOJIMKE CpEICTBAaMHU  IaKeTa
Simulink cuctemst MATLAB  paspabotana Moaenb  OICHKH
pa3dbopunmBOCTH peur Ha (OHE COCPeAOTOUYEHHBIX MoMeX. OcHOBOM
MOJENIA SIBISIETCA CUCTEMa OJOKOB WM (PYHKUHMMH, MPEACTaBICHHAs Ha
puc. 1, peanusyromass BbBIOOPKY BEKTOPOB BPEMEHHBIX OTCUETOB
pedeBoro curHama wu3 16-6ut 3BykoBoro (aiyga Cc YaCTOTOM

AUCKPCTHU3AINU FS N TCHCpAIUIO CHUTHAJIOB IIOMCX, CI)I/IJ'IBTpaHI/IIO u

BBIYUCJICEHUE CPEOHEH OLICHKU CIHIEKTPAIbHBIX YPOBHEH B MOJOCAX
pPaBHOM AapTUKYJSLHUOHHON pa300pUMBOCTH, HAXOXKICHHE CPEIHErO
YpOBHSI OIMyIIEHUST W Tepexon K Kodpduiuenty Bocrnpustus. B
KOHEYHOM HMTOIE€ BBIUMCIECHUE (POPMAHTHOM pa30OPUMBOCTH CBOJUTCS K
OTIpeNIelICHUIO cpeaHero KodhdumueHToB BocnpusaTHs B 17 mosocax
PaBHOM apTUKYJIAIIMOHHON pa300PUHBOCTH.

From fave Mle | _se ﬁutter MaTLAB | BP E' [ matLap | FIE)
cal_ymaw - : -
(B000HzAChitEb)| 1024 = Function | 7 @ | Functian "'.Dut
Gaingy _ DR papiseyiireleh Respline
Signal Filtar Design Sc

sn Bn'
utter | WATLAB

\/\[\/\ ﬁ— Function

1h24 Digital IR

. Zain(sn FSDCSn) el ch

Noise & Filter Design Sn

Puc. 1. Cucmema 610x06 6 MoOenu usmepenusi popmanmHou pazoopuusocmu
PeuesbIX CUCHATLO8.

HccnenoBaHusi MPOBOJUIMCH B YCJIOBHSX BO3JEHCTBUSA MOMEX C
cymmapabiM ypoBHeM 40 dB B monoce gactot 0 — 4 xI'11.

B pe3ynbpTaTe MoaenIMpoBaHuUs CPEAHS OLIEHKA [TapaMETPOB peyu
U TMOMEX, a B KOHEYHOM HUTOre paz00pyMBOCTb, OBLIM MOJyYEHBI IO
BbIOOpKe 13 1000 enuHuMuHBIX M3MepeHuid. OmnpenenuB (POPMAHTHYIO
pa300pUMBOCTh, MO M3BECTHBIM JUISI JAHHOTO S3bIKa 3aBUCUMOCTSIM
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BBITIOJIHEH TMEPEXO0/] K CI0r0BOM pa3dopunBocTy — S.
Pe3ynbpTaThl OLIEHKM MOCHEAHEH, OT OTHOUIEHUS CUTHAJ/TIOMEXa,
IpUBEACHBI HAa pUC. 2 Juisi cymMmMmapHoro ypoBHs momex 40 dB paznuunoit

CTPYKTYDBHL.

S T T T
0Gf------- R - s R
1Y:] S— S —
I IRRREEE T Aaiet : : IRRREEE Aeeeeee
06F------- f ---------------------- oo
! ! ! ! ! !
0&5F------- m---- R e ok R e B
Y A !
04pb------- R R ARREEETEEEE b e ERRRREES
U] SR v SN Ny AN S N S ——
-] :-,f ------------------- R—
:f ! —— TayCCOBCKMA WyM
I e ' TTTTTTTT] = = CKAHMPYHILLEA TAapMOoHUKE
-!i -~ ! —-— PABHOMERHEIA LY
D . |
-80 -E0 -40 =20 ] 20 A0

QCl. dB

Puc. 2. 3asucumocmu crnoeosou pazbopuusocmu om omHOuWEHUs
CueHa/nomexa 0Jis pa3iuyHbIX CIMPYKMYp NOMeX.

[TonyueHnHble pe3yiabTaThl pacuéra (HOPMaHTHOW Pa3zOOPUMBOCTH
COBITQJIAIOT C JJAHHBIMU, MPUBEIACHHBIMU B paboTrax [1, 2] ¢ TOUHOCTHIO
~ 5%, a peaIn30BaHHBIA AITOPUTM O00PaOOTKH MOXKET OBITh MPEITIOKEH
JUISL WCTOJIb30BAaHMS B ammapaType pealbHOTO BPEMEHU NP OIEHKE
BO3JCHCTBUS COCPEAOTOYEHHBIX TTOMEX HA CHCTEMBI NEepeayn peueBoi
“H(pOpMAaIUU C BO3MOXKHOCTBIO BU3YaJIbHOT'O HAOIIOICHUS U3MEPSIEMBbIX
BEJIMYMH BO BPEMEHHOM U B YaCTOTHOM 00JIACTSIX.
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YK 681.3

ONEPALMOHHbLIA METO, MOOENNPOBAHUA
ANHAMUYECKUX CUCTEM HA OCHOBE
AMMPOKCUMUPYIOLLUNX UMMTYIIbCHbBIX

CMNEKTPOB B CPELE SIMULINK

BacunweB B.B., Cumak JI.A., Boponosa O.C.
Omoenenue 2uOPUOHBIX MOOETUPYIOWUX U YRPABIAIOUWUX CUCEM 8 dHEP2emUKe
HIIMO um. I''E. Ilyxoea HAH Ykpaunvl, 2. Kues, Ykpauna
e-mail: vsvv@yvisti.com, ovoronova@mail.ru

[log pAuHAMUYECKON CHUCTEMOHM, KaK W3BECTHO, MOHUMAIOT
npoiecchl (0OBEKThI), MOBEACHUE KOTOPBIX OIMMCHIBAETCS HEKOTOPOW
CUCTEMOU UHTErpo-nuddepeHInanbHbIX ypaBHEHUH B OOBIKHOBEHHBIX U
YaCTHBIX MPOU3BOJIHBIX, KOTOPhIE 00A3aTENIBHO COAEPKAT MPOU3BOTHBIC
no BpeMeHHOW koopauHaTe. [lpu MoJenMpoBaHMM CHUTHAJIOB WM
OTKJIMKOB TMHAMHYECKUX CHUCTEM KaK MPaBUJIO UCIOJIb3YIOT YUCICHHbBIC
METOABI PEIICHHUS WUHTETpo-Tu(depeHITNATBHBIX YPAaBHCHHUN, B OCHOBE
OOJIBIIIMHCTBA U3 KOTOPBIX JICKHUT ANPOKCUMAIIUS PEIICHUI (CUTHAJIOB)
pAigaMu W TOJMHOMAaMHM Ha OCHOBE pa3JIMYHBIX CHUCTEM Oa3HCHBIX
¢yHKIMiE. MOXHO TOBOPUTH O TOM, YTO KaXKIBIA 0azuc MOPOXKIAET
HEKOE OIEpallMOHHOE MPOCTPAHCTBO, B KOTOPOM MPEACTABICHHEM
CUTHaja fABIsAeTCA Ha00p KOAPOUIMEHTOB aNIpPOKCUMHUPYIOIIETO
MOJIMHOMA. Takum o0Opazom, pacuer K02 PHUITUESHTOB
anmpoOKCUMUPYIOIIETO  MOJMHOMA M €ro  IMOCTPOCHHE  MOXKHO
paccMaTpuBaTh, COOTBETCTBEHHO, Kak TMIpsAIMOe U  0OparHOe
orepalroHHOe MpeoOpa3oBaHKe, OPOXKIAIOIIEe HEKOE HEKIACCUUYECKOe
OmepalMoHHOEe HucYHuciIeHue. B  nmaHHoW pabotre peub mouger o006
OMEpPallMOHHOM  METOJAE  HMCCJIEJAOBAHMS  JUHAMUYECKUX  CHUCTEM,
OCHOBaHHOM Ha TPEJICTABICHUU CHUTHAJIOB JOKAIbHO-UMITYIHCHBIMU
6asucHbIMU QyHKIUSAMU [ 1, 4].

B anamutmueckom Buae Ha wuHTepBaie [0,7] »Ta cucrema

BBOJIUTCS CJIEAYIOIINM 00pa3om:

v,(t)=a(t—-@G-1)h)-o(t—in), (1)
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W (f) = —+1—2le(¢) m, 2)

rne {[(i —Dh, ih)};,— pa36HeHHe WHTEpBAJIa Ha HEMEPEKPHIBAIOIINECS
MOABIHTEPBANIBl ¢ TmaroM h=T7T/m, a O(t) — (QyHKIUS €TUHUIHOTO

ckauka. CienyeT OTMETUTh, UTO JaHHAsl CUCTEeMa SBIIsIeTCsl 0000IeHHEM
U3BECTHOM CHUCTEMBbI OJIOYHO-UMITYJIBCHBIX (yHKIMWA. brarogaps
B3aMMHOM OpPTOTOHATBHOCTH 0a3MCHBIX byHKIUH pacyeT
KO3 (PUIIMEHTOB  aNMpPOKCUMHUPYIOUIETO  MOJMHOMA, COBOKYITHOCTb
KOTOPBIX Oy/IeM Ha3bIBaTh ANNPOKCUMUPYIOUWUM UMNYTIbCHBIM CHEKMPOM
(AUC) curnana, CBOAUTCA K HWHTETPUPOBAHUIO HA  KaXIOM
MO/BIHTEPBAJIE pa3oueHus NIPOU3BEACHUS CUTHaJIa Ha
COOTBETCTBYIOILYIO 6a31/ICHYIO GyHKIHIO:

X (])——Ix(t)v (t)dt—— J’x(t)dt

(J Dh

X(])——Ix(t)w (t)dt—z ] x(t)EE+1 2]Edt

(J=Dh

[Tomyuyennsiii Takum obOpazom AMC npencrasisier co0oil BEKTOP
pasMEpHOCTH 2m, KOTOPbIM COCTOMT U3 JBYX IOJBEKTOPOB,
OTBEUAIOIIUX JIBYM MOACHCTEMaM COCTaBHOTO Oa3uca.

OCHOBHBIE 3Tambl PacCMATPUBAEMOTO OMNEPALNMOHHOTO METOJa
MOJICTIMPOBaHUS (YUCICHHOTO PEIIEHUs) UHTETpo-TudepeHinanbHbIX
ypaBHEHUN U HUX CHUCTEM MOXHO CQOPMYIHPOBATH CIEAYIOIINM
obpazom:

1. Unrterpo-muddepenninanibHoe ypaBHEeHHE (CUCTeMa ypaBHEHMM)
OPUBOAUTCS K  BUAY HMHTETPAIbHOTO  ypaBHEHHUS  (CHUCTEMBI
ypaBHEHUHN) TMyTEeM IMOCJIEAOBATEILHOIO MPUMEHEHHUs OINEpPaTopOB
WHTETPUPOBAHUS PA3TUYHBIX MOPSIKOB K O0OMM YacCTSIM HMCXOJHBIX
YPaBHECHUM.

2. Ompenensitorcss anmpOKCUMUPYIONINE HUMIYJIbCHBIE CIEKTPhl BCEX
3aJJaHHBIX B ypaBHEHUAX (QYHKIMH, B TOM YHUCTIE T€X, KOTOPHIE OyIyT
MOJTyYeHbl B PE3ylbTaTe KOMIO3UIMU HHTETPO-AudQepeHnanbHbIX
onepaTropoB B 1. 1.

3. 3ammchiBaeTCs MaTeMaTW4yecKas MOJETb PEIIaeMOro YpaBHEHHS
(cucTembl ypaBHEHHUI) B ONEPAIMOHHON 00JIACTH, C UCTIOIb30BAHUEM

OIEPALIMOHHBIX MATPUIl MHTErpupoBanus P~ coOTBeTCTByIOMIMX
MOPSIIKOB M TIPABUJI CIIEKTPATIBLHOM alreOphbl JaHHOTO OMEPalMOHHOTO
WCYHUCIICHHUS.

4. Omnpenensitorcs AVIC nckompix (GyHKIMM IMyTeM perieHus anreopau-
YECKOM MOJIETU B ONEPallMOHHOM 001acTH.

5. BoccraHaBiMBalOTCS anmpoOKCUMalMU pelieHus (penieHuil) Ha
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OCHOBE 0OPATHOT'O OINEPAaMOHHOTO MPeoOpa3oBaHMUsL.

OnucanHas METOJIMKA IpUMeHUMa JULSL UHTErpo-
IuQdepeHInaIbHbIX YpaBHEHUI 1IEJI0Or0 U HELEJIOro MOPSAIKOB, KakK ¢
INOCTOSTHHBIMU TaK U C NEPEMEHHbIMH KO3(PPHUIIMEHTaMU, a TakkKe K
YPaBHEHUSIM B YaCTHBIX IMPOU3BOJHBIX M CHCTEMaM HWHTEIrpo-
muddepeHInanbHbiXx  ypaBHeHH. (CBOWCTBO  MHTETPUPOBAHUS  C
MEpEMEHHBIM BEPXHUM MpeaesioM, Jiexkaiiero B ocHoBe meroaa AUC,
JenaeT ero HamOoliee MPHUCTOCOOIECHHBIM sl pemieHust 3anad Ko,
OpnHako, ¢ ero MOMOILBIO MOXHO peliaTh U KpaeBble 3aJ1auu, PUMEHSS
METO/bI CBEJIEHUS KPAaeBOM 3a/1a4y K MOCJIEI0BATENbHOCTH 3a1a4 Komu.

[IpowmrocTpupyeM  NaHHBIM ~ ONEpPAlMOHHBIA ~ METOJ  Ha
npocteiiiieM npumepe 3agaun  Komm g auddepeHumanbHOro
YPaBHEHUS C TIOCTOSIHHBIMU KO3 PUIIMEHTAMMU:

%%+aﬂﬁ=fﬁx

Hr(0) = y,.
IIpuBens (3) K BuUIYy HWHTETPAIbHOTO YpaBHEHUS W TIepeas B

OTEepPAlMOHHYI0 00JacTh, MbI MOJYYUM CIEAYIONIYIO alreOpanyeckyro
MOJIETb:

3)

(E+aP™")Y=F +y,1, (4)
A Q

~

rae Y- cnektp uckomout pynkumm y(¢f), F u 1 — cooTBeTCTBEHHO

CIIEKTpHI TIpaBoif yacTH M KoHCTaHThl 1, P~ — oneparmonnas mMarpuna
uHTerpupoBanusi [3] mepBoro mopsiaka u E — enuHuuyHas matpuiia
Pa3MEpPHOCTH 2mX2m.
[Ipn mmuTanmoHHOM MozaenupoBanuu B cpene nakera MATLAB
11eJIeCO00Pa3HO MCTIOIL30BAHNE TMCKPETHOTO aHajora 6asuca (1)-(2):
v, ={ 1.0, 1.0, 1.0},
w, ={-1.0, 0.0, 1.0}.
IIpu TakoM BBIOOpE AUCKPETHOTO MpPEACTaBICHUA Oa3MCHBIX (DYHKIIMA
COXpaHSETCS B3aWMHAs OPTOTOHAJIBHOCTh TIOJICUCTEM COCTABHOIO
0a3uca a takxke Bce Gpopmynbl Meroga AVC. Ucnonbs3oBanue Hapsiay ¢
JTUCKPETHBIM TPEACTaBICHUEM PEKYPCUBHBIX METOJOB pelieHus [2]
cucteMbl (4) mo3BoyisIeT  co3narth  AG(EKTUBHYIO — pear3aluio
OMEepalMOHHBIX METOJIOB B cpefie cucteMbl Simulink, MOCKOIBKY B 3TOM
Cllydyae Ha KaXJOM IlIare 4YHUCJICHHOTO MOJEIUPOBAHUS pelIaeTcs
anreOpanueckass CHCTEMa pa3MEPHOCThIO 2X2, 4YTo o0OecreyruBaeT
(GYHKIIMOHUPOBAHUE MOJIETH B PEXKHUME, NMPUOIKEHHOM K pPeaTbHOMY
BpPEMEHHU.
s oObIKHOBEHHBIX JTUddepeHIIaNbHbIX YpaBHEHUN (HOPMYIIbI
PEKYPCUBHOTO METO/1a UMEIOT CIICTYIOIINI BU/I:
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XD Ds s 0 R00= 5 0, X007 4 2,

k + +hk,m+ 0 o
%()D (W k+m amk kDD Q1(k) 0

Te @, ; — DJIEMEHTBI MaTPHUIIbI anredpandeckor Mozxemu A, a Q, (k) u

Q, (k) — KOMIOHEHTHI BEKTOpa MPaBOil 4acTU anredpandecko Moaenu

(cm.(4)). [Tpuaem mas muddepeHIMaTbHBIX YPaBHEHUA ¢ TTIOCTOSHHBIMUA
kod(durmenTamMmu MaTpuma A CHCTEMBl TaKOBa, 4YTO MOJMATPHIIHI,
BXOAAIME B (POPMYIIbI PEKYPCUBHOTO METOJIa, PaBHBI MEXIy COOOM H,
CJIe0OBATEIbHO, OIEpalldi0 OOpalleHUusT MaTPHUIlbl MOXKHO BBITIOJHSTH
€IUHOXKIBI.

Ocob6ennocteio  peanmm3anmt AUC  MeTo0B  MOJIeIUpOBaHUS
TUHAMHYECKUX CHCTeM B cpeae makera Simulink sBmseTrcs To, 4TO
MOJENb JO/DKHA (PYHKIIMOHUPOBATH OJHOBPEMEHHO B JIBYX Pa3HBIX
Macimtabax BpeMeHH. JTO MPOIEMOHCTPUPOBAHO HA pUC. 1, HA KOTOPOM
MoKa3aHa MOJENb, KOTOpas BeUUCHIeT Al-ciekTp curHama wu3
Workspace u BoccranaBnuBaer curHan mo ero AWC. Pasnuyabivu
[[BETAMH Ha PHUCYHKE BBIICIEHB pa3Hbie MacHITabbl BpPEMEHH.
Hcnonp3oBanne Oydepuzanuu TPUBOJUT K TOMY, UYTO CHUTHAI
BOCCTaHABIIMBAETCSI C 3a/ICP)KKOM, paBHOU JmnHE Oydepa (cm. puc. 2).

i

.

From
W Ep ace

Signal |:|

Signal & Reconstruction

Buffered Signal

LIFD AlE Al

LIF1

To Watkspace
AlS Calculation

P U020 Signal_appr

To Wotkspacez

[41]

LIFO Feshape

1
. 4| LIFOBUfTered Signal T2 L : p]
- Signal_appr

LIF1 Feshapse Agreement Reconstruction

A%

Signal Reconstruction

Puc. 1. Dpaemenm mooenu, omeeuarowuii 8b14UCIEHUIO
AHUC u s6occmanosnenuro cueHana.
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=3 Signal & Reconstruction -0 x|

|Plpr ABE &

200
=

150

TR0+ - -

100 IET 2

Puc. 2. Cuenan u eco annpoxcumayusi.

From Waks pace
Ar=R (LU
A (L
D H:H }{
P To oz pace
hd atriz & Construction T [m o= m]
From Wokspace LU Salver
TimeStep
From Waks pace
- — | ]

hlerm ary

[411]

Also Reshape

AlS-2 Analyser

Puc. 3. Dpaemenm noocucmemst, moodenupyrowe oup@epenyuaivhoe ypasHenue ¢
HOCMOSIHHbIMU KO huyueHmamu.

[TomydeHHble OTAENBHO OLIGHKHM TOYHOCTH aNMpOKCHUMAIUU
MOKA3bIBAIOT, YTO METOJ AMMPOKCUMHUPYIOUINX HUMITYJIbCHBIX CHEKTPOB
o0ecrieunBaeT CpPEeIHEKBAAPATHUECKYI0 OIMMOKY TOpsSAKa Imara To
BpeMeHH. [lOBBICUTHP TOYHOCTH aIMPOKCHUMAIIMA MOXHO BBOJAS B
COCTaBHOM  0a3uc  JIOKATbHO-UMNYJIbCHBIX  GyHKImuHA  (1)-(2)
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JOTIOJTHUTENbHBIE TOJCUCTEMBI, HANpUMEp, TOJCUCTEMBI KYyCOYHO-
napabonuecKux QyHKIUH.

Ha puc. 3 cxematuyecku rokazaHa MoJICKCTEMa MOJACIUPYIOIIas
JTUHAMUYECKYI0O  CUCTEMYy,  OTBeHarolnyr  auddepeHinnaibHOMy
ypaBHeHH1O (3).

OnucaHHBII METOJ MMEET MPEUMYIECTBO MPH MOACTUPOBAHUU
JMHAMHYECKUX CHCTEM, TOCKOJBKY OOECIeunBaeT YIOBIIETBOPUTEIb-
HYI0 TOYHOCTH aNMpOKCHUMAallMd W TPU 3TOM I[O3BOJISIET CO3/1aBaTh
Mo, GYHKIIMOHUPYIOIUE B peXUMaX, MPUOIMKEHHBIX K PEalbHOMY
BpeMeHH. Takke cleayeT OTMETUTh, 4YTO Omaromapsi CTPYKType
6asucHbix ¢ynkuit AUC kpome uHbopMainmu 00 U3MEHEHHH CHUTHAa
MO>KHO MOJTYYUThH elle U HH(OPMAIMIO O IEPBOM MPOU3BOIHOM CUTHAA,
He npuderasi K KOHEYHO-Pa3HOCTHOMY AuGdEepEeHIIMPOBAHUIO CUTHANIA B
buzudeckon 001acTu.

Jumepamypa

1. Bacunves B.B., Cumax JI.A. IlonuHOMUANIbBHBIE  METOBI
annpoOKCUMAalMU KaK ONEpallMOHHbIE UCUHUCIECHUS U UX pealu3anus B
nporpaMMHOil  cpene  «Mathematica  ®».  //OnekTpoHHOE
MozenupoBanue. 1996, T. 18. Ne 4. C. 34-42.

2. Bacunves B.B., Cumax JI.A., Ilununenxo H.H. PexypCcUBHBI aHAJIN3
OMEpPallMOHHBIX MOJENed JAUHAMHUYECKHX CHCTEeM Ha OCHOBE
alMmpOKCUMUPYIOIIUX HUMMYJbCHBIX crnekTpoB. Kues, 1999. 76 c.
(ITpenpunt. HAH Ykpaunsl. Otaenenne ruOpuIHbIX MOJETUPYIOITUX
Y yIPaBJISOMIMNX CUCTEM B sHepreTuke MIIMD).

3. Boponosa O.C. OnepalmoHHbIE MATPUIbI UHTETPUPOBAHUS IPOOHOTO
nopsiika g OOOOIIEHHBIX ANMNPOKCHUMHUPYIOIIUX HMITYJIbCHBIX
CHEeKTpPOB. // DnexTpoHHoe moaenupoBanue. 2000, T. 22, Ne 5.

4. Cumax JIL.A. ANNpOKCUMHPYIOUIME HUMIYJbCHBIE CHEKTPHl B
NPUIOKEHUU K IpoOHO-auddepennnaipHoMy ananu3y. Kues, 1989,
56 c. (Ilpempunt /AH YCCP. Un-T mpobGnem MoOAenIupoBaHUS B
sHepreTuke; 89-8).

603



Yacmo 5. Hmumayuonnoe modenuposanue. Simulink u Stateflow

YK 621-521.001.57

ANbTEPHATUBHAA PEAJITU3ALUUA
YACTOIO 3ANA30bIBAHUA U «kBECKOHEYHbIE»
OKCIMNEPUMEHTDbI C SIMULINK-MOAOENAMU

Bonoaun B.M., Jlanunos A.U., Komenesa 1.B.
Mockosckuii 2ocyoapcmeerHblil YHUGEPCUmenm UHHNCEHEPHOU IKOJI02UL,
2. Mockea
e-mail: msace@rinet.ru

1. Ilpeocmaesnenue nepedamounoil hyHKyuu 3anazobléanus
pasznoscenuem 6 psao Ilaoé

CrannmapTHbiii 010K TpaHcmopTHOro 3amnasfapiBaHus (Transport
Delay) B cpeae Simulink He nqomyckaeT coxpaHeHUs! 3HAUEHUI BXOHOTO
CUTHAJIa B CBoeM Oydepe OT MNpeaplayliero K MOCIEAYIOIIEMY
«TpOTOHY» MOJenu. Bcernma mpuHyauTenbHO BO Bce siueiiku Oydepa
npeasicTopur  OJ0Ka  3ama3/biBaHusl (B HAYaJbHBII ~ MOMEHT
MOJICIIMPOBAHUS) 3aIUCHIBAETCS OJHO W TO K€ YHCIO, pPaBHOE
3aJIaHHOMY 3Ha4eHUI0 HavaiabHOTO coctosiHuA (Initial Condition).

Jns mpoBeneHusi “OECKOHEUHOr0” HKCIEPUMEHTA MpeJjiaracTcs
3aMEHSTh CYIIECTBYIONMNN OJIOK 3arma3AbIBaHMs Ha €ro anmpOoKCUMAIHTO
panom Ilapé. B sToM ciydyae MoaenupoBaHUE aNmpOKCUMHUPYIOLIEH
nepenaToyHoi GyHKIMK MO3BOJISIET UCTIONB30BaTh MaTpully xFinal npu
TocJeIoBaTebHBIX 3amyckax Simulink-mMozenu Ha cyer.

AMNNPOKCUMAIIMIO TEpPEeaTOUYHON  (PYHKIIMM 3BE€HA YHCTOTO
3ama3qpiBaHusl paszioxkeHueMm B psa [lané MOXHO OCYIIECTBUTH,
UCIIOJIb3YSI PA3JINYHBIE CTETIEHH 3TOTO Psijia:

— BTOPOTO MOpPSAKA:

_Tp’-6Tp+12

W = e_pT ; 1
o 'l'2p2 +6Tp +12 M)
— YCTBCPTOTO IMOpAIKA:
44 _n0m3 0} + 2 2 +
o men < TP 20T HIS0U 840 1680

T p* +20T° p® +180T° p* +840Tp +1680
HaI/IJIquHI/Iﬁ pe3yibTar € TOYKHM 3pCHHA TOYHOCTH  J4CT
BBIPAKEHUE YETBEPTOTO MOPsIKa, puc. 1.
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Tak kak 3TH  JIpoOHO-pallMOHAIbHBIE  (YHKIMH  MOXKHO
IpenCcTaBUTh B BuE nuddepeHmanbHbIX YPaBHEHHUN THIIA:

d"x d"'t dx d"u d"u du

Cln n +an_1 n—-1 +...+a1_+a0x=bm m +bn_lﬁ+...+bl_+b0u,
dt dt dt dt dm dt

X MojenupoBaHue B cpene Simulink Jerko OCyIIECTBHTH METOAOM

«BCIIOMOTaTEILHON TIepeMEeHHOM» [1].

0 2 4 o 8 10 12 14
- = T
|
1
=200 + :
|
|
B
|
-400 +- ——— — — — — .
- B
A
-a00 1 RS
-800 + Casur dasbl,

¥ [rpamycer]

Puc. 1. Cpasnenue co6uco6 ¢haszvl pasnuunsbix YaCMOmMHbIX COCMABIAIOWUX CUCHALA
Ha ebixode BII3: A — udeanvnoeo; b — annpokcumayuu 2-20 nopsoka,
B — annpoxcumayuu 4-20 nopsioka psoa Ilaoé.

PaCCMOTpI/IM pean3alio 3TOro METoJga Ha IIPUMCPC YPABHCHUA
BTOPOTI'O IIOpAAKa

d*x dx d’u du
a,— ta —+tax=b,——+b —+bu. (3)
dt dt dt dt
3anuieM BcnoMmorarenbHoe quddepeHnanbHoe ypaBHEHHE:
d*z dz
dt dt

I7Ie Z - BCIIOMOTaTe/IbHAS TIEPEMCHHAS.

CocTaBUM CTPYKTYpHYIO CXEMYy pEIIEeHHUsS] BCIOMOTaTeIbHOTO
ypaBHeHusi B cpeae Simulink MeTolIOM MOHWXKEHUS TOpsIKa
IIPOU3BOIHOM (pHC. 2, 00BEIEHO TYHKTHPOM).

Tenepp mMpuMEHUM K JIGBOH W TMpaBOM dYacTsaM ypaBHEHHS (4)
nuddepeHIranbHbIA OnepaTop

2
by &b, Loan,
dt dt

1, IIOMEHSB TOPSAIO0K nudPepeHImpoBanmsi, OKOHYATESIHHO ITOTYIHM:
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d? d*z dz d d*z dz
1 (bz7+b1E+boz)+a1d_(b2_2+b15+boz)+

a, —

(5)
+a,(b, d- Cep = & o pzy=p, " d’u b Map
dt’ dt dt’ dt

CpaBnuBas ypaBHenus (3) u (5) HaXoauM, YTO UCKOMAsl MEpEeMEHHas X
CBsI3aHa CO BCIIOMOTATEJIbHOM Z COOTHOIIIEHUEM:

d*z dz
b—+b—+b, 6
dr’ d ©)

KOTOPOE JIETKO OCYIIECTBUTD (PUC. 2, IBOMHBIC JTUHUH).

" x@)
F{fij > >

u@ :_h . a’—» +

| b
b

[l
[

Puc. 2. Brox-ouazpamma annpokcumayuu mpaHcnopmuo2o 3anazobléanusl
pasnodcenuem 8 psao Ilaoé emopoeo nopsoxka

12 6
(a, =b, :_[_2; a, = 1:¥f a, =b, =1).

Ha puc. 3 mokazana peanusanus OJIOKa TOCTOSHHOTO
3ana3apiBanus (BI13) pasnoxenuem B psig [lané yerBeproro nopsiaka. B
CHUJIy CUMMETPUYHOCTH KO3(PUIIMEHTOB a; u b; B ypaBHeHusX (1), (2)
MOXHO “COKOHOMHTH  dYeThIpe OJIOKa YMHOXEHHS Ha IOCTOSIHHBIN
Kod(pduLreHT.

Takoro Tuma OJOKM 3ama3abIBaHUs JIOJDKHBI pacrojararbcsi B
CXEMax MOJEIIMPOBAHUS KaK MOYKHO «JaJIbllIe» OT HWCTOYHUKOB
BBICOKOYACTOTHBIX COCTABISIOMUX W CKAYKOOOPa3HBIX BO3MYIIICHHM.
D10 oObsacHseTca TeMm, uTo BII3 Ha ocHOoBe pasnoxkenus B psan Ilane
BTOPOTO MOPSIKA 0€3 «UCKAKEHUs» Pab0TaeT TOJBKO ¢ 4aCTOTaMH (WT <
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2.5, a BII3 Ha ocHOBE pa3NoKEHHsI YETBEPTOTO MOPSIIKA «HE UCKAXKACT
4acTOThI 111 WT< 6.0, rae T - BpeMs 3ana3bIBaHusl.

| ] »{ > n

Qut1

PV b vy

Puc. 3. Brox-ouazcpamma annpokcumayuu mpaHcnopmuo2co 3anazobl8anus.
pasnodicenuem 6 pso Ilaoé wemeepmozco nopsoxa

20 180 840 1680
(by=Lby=— by=— b =— by=——).
T T T T

Ecoiu curnan na Bxoge bBII3 nanHoro Tuma He COIEPXKUT
BBICOKOYACTOTHBIE COCTaBJIAIOLINE, HE YAOBJIETBOPSIOIINE
BBIIIEYKa3aHHbBIM HEpPAaBEHCTBAM, TO OHM (3TH BBICOKOYACTOTHBIE
COCTaBJISIIOLIME) OyIyT 3aJep>KaHbl Ha BpPEMs, COOTBETCTBYIOILEE
BpPEMEHU UX 33JepKKH B uaeansHoM bII3, cm. puc. 1.

2. Opzanumuu;l «DecCKOHeuUHbIX» IKcnepumernmoe

[TpocMoTp TpaduyecKuX pe3yinbTaTOB MOJCITUPOBAHUS B CpeJe
Simulink  orpaHudeH  WHTEpPBAJOM  M3MEHEHUS  HE3aBUCHUMOUN
NIEPEeMEHHOM, KOTOPBI yCTaHABIMBASTCS HJIsi periatreiss BO BKIIAIKE
Solver nogmento Parameters... B8 MeHio Simulation. Koneuno, MOXHO
YBEIMYUTh HMHTEPBAT MOJCIMPOBAHUSA, HO TOTJa BCE OCOOCHHOCTH
rpaMKOB HMHTEPECYIONIMX HAC TEPEMEHHBIX «COXKMYTCS» IO TaKOU
CTETEeHH, YTO He OyIeT BO3MOXHOCTH X BU3yallbHO HaOII01aTh. BBUTY
ATOTO BO3HUKAET HEOOXOJAMMOCTH B TIPOBEACHHH TaK Ha3bIBAEMOTO
«OECKOHEUHOTO» IKCIIEPUMEHTA, KOT/JIa MPH KAKJIOM OYEPEITHOM ITyCKe
pelieHue (MOJICTUPOBAHUE) HAUMHAECTCS HE C HAYAJIBHOTO COCTOSHUSA
CUCTEMBI, a C TOH TOYKH, KOTOpas XapaKTEepH3yeT €€ COCTOSHHE B
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MOMEHT OKOHYaHUs NPEAbIAYIIEro «IporoHa» wmonaenu. Jpyrumu
CJIOBaMH HayvaJIbHbIE 3HAYEHUS ISl BCEX MEPEMEHHBIX MOJENU OepyTcs
PAaBHBIMU KOHEYHBIM 3HAYEHUSIM 3THX MEPEMEHHBIX OT MPEIbIIYIIETO
3amycka, cM. puc. 4.

T L L T Amw [l - -

M-EPE TEOT O  RIOIETH

L]
.

N
5’
)

/
X

— _"__T"l-._h_,_ e D i
o= -~ s ¢ - _1‘_'- 5
- _.-'\\\F \._\._. -
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Puc. 4. Hnnrocmpayus nposedenus «0ecKkoHeuH020» IKCnepUMeHma.

Jis  mpoBeneHUS TMOAOOHOTO «OECKOHEYHOTO» OSKCIIEPUMEHTA
PEKOMEHJTyeTCs CIEAYIOIMM 00pa3oM HacTpouTh Simulink ¢ momorbio
AJIEMEHTOB YIPaBJICHUS BBOJOM/BBIBOJIOM HH(pOpMAIMK B PabOUyIo

oOimmacte MATLAB:
N3 paznena Simulation ¢ nomomiplo KomaHnbl Parameters...
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OTKPBITh OKHO HACTPOEK IMapaMeTpoB MojenupoBanusa. OHO
COJIepKUT TpH BKiIaku (Bkiaaaka RTW Ham He moHamoOutcs):

— Solver (ycTaHOBKa MapaMeTpoOB pelaTes);

— Workspace I/0 (ycTaHOBKa napamMeTpoB OOMEHA TaHHBIMU C
paboueii oomacteio MATLAB).

Ha Bkianke Solver HeoOXoAMMO TMPOBECTH  CIEAYIOIIUE
YCTaHOBKH:

— Solver options (BbIOOp MeTOa peau3allid MOJICTIN ).

— Mento Type (Bb1O0Op crioco06a U3MEHEHHUST MOJICTILHOTO BPEMEHH ).
31ech HEOOXOIUMO YCTAHOBUTH OMIIUIO «C IEPEMEHHBIM IIIarOM))
(Variable-step).

Jlanee ycraHaBIMBAaeTCs METOJ  HMHTETPUPOBAHUS  CHUCTEM
mudepeHnnanbHbIX YpaBHEHUH (OWH W3 CEMH BO3MOXHBIX). Jls
Hayaja peKOMEHIyeTCsl BrIOpaTh MeToa ode4S, kak caMblii OBICTPBINA H
JOCTaTOYHO  TOYHBIA.  PekoMeHayeM  TPOBOJUTH  OIICHOYHBIE
AKCIIEPUMEHTHI C MOTPEIIHOCTSMHU, YCTAHOBIEHHBIMU M0 YMOJIYaHHIO, a
NOTOM, JUIsl «YUCTOBOTO BapuaHTa», YMEHBIIUTh JOMYCTHUMBIE
morpemHocTy, Hampumep, mo 1*¥10° u 1¥10°, coorBercTBEHHO.
HauvansHoe 3HayeHue miara mojaenupoBaHus B mnone Initial step size u
€ro MakcuMmasbHoe 3HaueHue Max Step Size cnenyer 3aaBaTh CJIOBOM
auto (aBTOMaTHYECKUN BBIOOD).

Janee 3amaeM OJIHYy M3 TpeX OIIMKM 3amucu B mamsiTb pabouei
00JIaCTH MEPEMEHHBIX COCTOSIHUSL MOJEIupyeMol cuctemsl (Quiput
options), a UMEHHO:

Produce additional output (Co3gaTh JONOJHUTEIBHBIA BBIBOX),
KOTOpasi 00€CNeYnuT JIONOJHUTEIbHYI0 PEruCTpaldi0 [apaMeTpoB
MOJCNIM B 3aJlaHHBIE MOMEHTHI BpPEMEHH. 3HAYCHUS 3THX MOMEHTOB
BPEMEHU BBOJSTCA B CTPOKY pPEAAKTUPOBaHUS (B 3TOM CiIydyae OHa
HasbiBaeTcs Quiput times) B BUJI€ CIIMCKA, 3aKJIIOYEHHOTO B KBaJIpaTHBIE
CKOOKkU. B HaieM ciyyae HYXKHO 3aJlaTh TOJIBKO OJHO YHUCJIO, PaBHOE
BepxHeMy 3HaueHuIo (Stop Time) nuamna3zoHa BpeMEHH MOJICIUPOBAHMUS.

Bxnanka Workspace I/0 conepX uT 5IEMEHTHI yIpaBiICHUS
BBOJIOM/BBIBOJIOM MOJICNIbHOW wuHpoOpMaluu B pabouyyro 001acTh
MATLAB.

3nech HEOOXOMMO YCTAHOBUTH (DJIAKKH B CIAEAYIOUINX CTPOKAX:

B none Save to Workspace (3anucatb B pabouyro 00J1acTh)
ycTaHoBuTh (axkoxk M Time nnst  (ukcupoBaHHS MOMEHTOB
MOJICTEHOTO BPEMEHHU, B KOTOpPHIE OYIET MPOUCXOAUTH PETHCTPAIUS
MIePEMEHHBIX COCTOSIHUS MOJICTIH;

B none States (Coctosiaust) ycranoButh (uaxox M Save Final :
xFinal (3actaBnser coxpanuth B nosie xFinal paboueli 001acT BEKTOP-
CTPOKY COCTOSIHUNM TIEPEMEHHBIX MOJENM B TIOCIECIHUNA MOMEHT
MOJIENTLHOTO BPEMEHHU ).
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Vceranosuts uakok M Load Initial : xFinal (3actaBiser 1pu
KaKJIOM HOBOM 3allyCKe MOJENIM 3arpyXaTh HauyajbHbIEe 3HAYCHUSA
NEPEMEHHBIX MOJICIIMPYEMON CUCTEMBI U3 BeKTOpa-cTpoku X Final).

Buumanue! Tlpu mnepBoM 3amycke MOJETH 3TOT MapameTp Moka
He omnpenenen U MATLAB cooOmur, 4T0 HE MOXKET OTKPBITH (haii
xFinal. HyxHo mpocTo (TOJBKO MpU MEPBOM «IIPOroHe» moxenu !!!
OTKJIIOUUTh (uiakok B nosie Load Initial v niocne nepBOro mycka CHOBa
MOCTaBUTh €ro (M OoJbLIE YK€ HE TporaTh!) M BCEX MOCIEIYOLIUX
ITyCKOB MOJIEIIU.

Bce uHTEerpatopsl, UCMONb3yeMble AJI1 MOJEIUPOBAHUS CUCTEMBI
pPETYIUPOBaHMs JOJDKHBI MMETh 33/IaHW€ HAYallbHBIX YCIOBUH THIMA
“Buytpenuee’”’ (Internal).

Ecnu mozmenb coaepXUT OJIOK YMCTOTO 3amas/bIBaHUs, TO 3TO
BBI30BET HEKOTOpbIE TPYAHOCTH (aBTOpamM pabOThl HE YJaJIoCh
“3acTaBUTh’ CTAHJAPTHBIA OJIOK 3ama3/bIBaHUSI COXPAHSITH CBOM Oydep
«TPEBICTOPUU»  OT  MPEABIAYIIET0  «IPOTOHA»  MOJEIH K
MOCIIEYIONIEMY ).

B nepBom pasnmene JgaHHOM pabOThl MPEIJIOKEH BIOJHE
MPUEMJIIEMBII BBIXOJT U3 3TOTO MOJIOKEHHUS.

Ilone Save options (COXpaHWTb MapaMeTpPbl HACTPOIKH)
MO3BOJISIET 33JaTh OFPAHMYEHHUS HAa YHCIIO CTPOK MATPHIBI BBIXOAHOTO
cur"gana moxenu Xxout (Limit rows to last), a Takke ITONOIHUTECILHO
yKa3aTh IIar «IPOCEHBAHU PETUCTPUPYEMBIX COCTOSHUN CHCTEMBI —
Decimation. Pexomennyercs 31auenue Decimation yCTaHOBUTb PaBHBIM
EAVHUIIE.

[lockonbKy M3 CBOWCTB OOBIKHOBEHHBIX JU(epeHITnanbHBIX
ypaBHEHUN HW3BECTHO, YTO PEIICHHE CHCTEMbl 3aBUCHUT TOJBKO OT
3HAUYEHUN €€ KOOPAMHAT COCTOSIHUS B Ha4aJbHbII MOMEHT BpeMeHU (W,
€CTECTBEHHO, OT BHJA W3BECTHOM BBIHYXKJatomed (yHKIMH), TO
JIOCTAaTOYHO 3alucaTh 3HAYEHUs] ITHX KOOPAMHAT COCTOSHUS B (paili
xFinal TONbKO B KOHEYHBI MOMEHT BPEMEHU MPEABIAYIIETO «ITPOTOHA
mozaenu. TakuM o00pa3oM, MOCKOJBKY HYKE€H TOJBKO OJHMH «CpEe3»
COCTOSIHHSI CUCTEMBI, YCTAaHABIMBAEM YHCIIO COXPaHAEMBbIX CTPOK (Limit
rows to last) paBHbIM €TMHUIIE.

Pestomupys BBIIIECKA3aHHOE, COKpAILIEHHO 3aMuILIeM
«IIMAprajiKy» JJis OpraHu3auu «0eCKOHEYHOr0» SKCIEPUMEHTA:

1. Simulation — Parameters... — Solver (BKi1aaka):

* Solver options — Type — \Variable—step\

* Qutput options — Produce additional output — Qutput times —»
(BBOAMTCS MaKCHUMaJIbHOE 3HAYEHUE
JMana3oHa BpEMEHHU, paBHOE 3HAUCHUIO Stop
Time Bxnanxu Solver).

2. Simulation — Parameters... — Workspace I/0 (Bknanka):
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* Save to workspace — M Time | tou

] States:  |xou

M OQutput: |you

* States -~ M Save Final : | xFinal

— M Load Initial: xFinal | (p1ax0oK cTaBUM TOJIBKO
[IOCJI€ TIEPBOTO IIPOTOHAY)

* Save options — Limit rows to last —
— Decimation -

B mpsMoOyrospHbIX paMKax yKa3aHbl HAaCTPOMKH, KOTOpPbIE HAJO

BPYYHYIO BBECTH B HYXKHbIE I1OJIS.

Jlumepamypa

1. Hanunoe A.J4. KomnploTEepHBIM NpakTUKyM 10 Kypcy «Teopus
ynpasineHus»: Simulink-monenupoBanne B cpene MATLAB /Iloa
pen. A.D. Coduesa: Yuedbroe mocodue. M.: MI'YUD, 2002. 128 c.
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YK 681.3:621.039

MOAEJNIMPOBAHUE N NCCNNEOOBAHUE ANWHAMUKH
PEAKTOPA UT'P C NIPUMEHEHUEM MNAKETA
MATLAB/SIMULINK

I'op6anenko O.A. Knumenko A.C.
Hayuonanvnoiii soepnwiii yenmp Pecnyoauxu Kazaxcman,
2. Kypuamos, Kazaxcman
e-mail: goa@nnc.kz

MopenvupoBaHue B HacToslee BpeMs MpuoOperaeT OoJbIIoe
3HAQYEHHE BO MHOTMX OO0JacTIX HAyKW M TEXHUKU, a TaKXke B
MOBCEAHEBHON KU3HU uyesjoBeka. OO0macTb NpPUMEHEHUs, KaKk B
€CTECTBEHHBIX, TaK U B MPUKIATHBIX O00JACTAX HAYKHM M TEXHUKH, BCE
OoJiee u Oosiee pacIIUPsIETCS.

[losiBeHne Ha KOMITbIOTEPHOM PBIHKE BBIYMCIMTEIBHBIX CPEICTB
C MOIIHBIMU (DYHKIIMOHAJTILHBIMU BO3MOXKHOCTSIMH, M KaK CIIEJICTBHE,
pa3BUTHE CIIEIUATU3NPOBAHHOTO MPOTPAMMHOIO O0ECTIEUeHUs, CENAI0
MOJICTMPOBAHUE MOIIHBIM M JIOCTYITHBIM WHCTPYMEHTOM ITO3HAHWSI,
IIPOCKTUPOBAHUSI W WCCIICOBAHUS CIIOXKHBIX TPOIECCOB U CHCTEM B
Pa3IMYHBIX 00JACTSIX AEITETFHOCTH YETIOBEKA.

Hctopuuecku, MOAETUPOBAHNE HAYAIOCH pa3BUBaThes B 20 TOMBI
OpoLUIOro cTojieTha. B To Bpems, 3Ta TEXHOJOrus Oblaa JOCTYITHA
TOJIbKO HEOOJIBIIIUM YHUBEPCUTETCKUM rpymnmaMm. CerojHsi oHa I0CTYyIHa
MPAKTUYECKU BCEM MHXKEHEpaM, KOTOpbIE HY X IatoTcs B He [ 1].

BaxHbIM acnieKTOM B MOHMMAHHUM ATOW TEXHOJOTUU SIBIISETCS, B
HEKOTOPOM CTENEHU, OINpPECIICHUE COJEPKaHUS TEPMUHOB (TIOHSITHIN)
MOJICJIMPOBAHUS U UMUTAIUH.

CymiecTByeT MHOTO OMpEEICHU TEPMUHOB MOJEIUPOBAHUS U
umurtaruu. Hanpumep, A. Alan u B. Pritsker B cBoeii pabote «BBenenue
B umurtanuio u SLAMID» [2] onpenensitoT MOHATHE HWMHUTAIlMU Kak:
«lIpedcmasnenue nogedenuss cucmemvl npu ee nepemeuienuu U3 00H020
COCMOsAHUA 8 Opy20€e 8 COOMBEMCMEUU C ONPeOeleHHbIMU NPABUNIAMU
pabomsiy. MHOTHE aBTOPHI B CBOMX pabOTax OMpPENEISIIOT MMHUTAILIUIO
KaK  U3MEeHeHUue COCMOSAHUL OUHAMUYECKOU CUCMeMbl 80 6pPeMEeHU.
bepunapa II. 3urnep [3] numer B cBoedl paboTe, 4YTO Mbl MOdHCEM
onpeoderums —UMUMAYUIO KAK MEeXHUYeCKuiL Memoo HAOa0O0eHUs.
PA3IUYHBIX NAPAMEMPO8 MOOeNU OUHAMUYECKOL CUCTEeMbl 80 8PEMEHU.
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He wmeHee BaXHBIM TMOHSTHEM SIBIISIETCA MOJEIMPOBAHUE.
I1. Bperny#i, B cBoeit paboTe [4] BBICKAa3bIBaE€T, 4YTO .MOOelb eCchb
ONUCAHUE HEKOMOPbIX CBOUCME CUCmeMbl U NpeocKasvleaem, Umo
npousoudem, eciu OnpedeleHHble OelCmeuUsi UuUMerm mecmo. ITO
onpeereHue TPUMEHUMO K OOJIBIIMHCTBY MOJENIEH peajbHbIX CUCTEM,
XOTS ¥ TpeOyeT AOMOTHUTENbHBIX MOSICHEHHIA.

Paboras ¢ MomensiMu, HEOOXOAMMO YUUTHIBATH Ps (PaKTOPOB,
TakuX Kak ypoBeHb ympomenus (level of  simplification),
IKCIIEpUMEHTANIbHASS OCHOBa (experimental frame), HOCTOBEPHOCTH
Mogaenu (model validity), ynoocTtBo paboThl ¢ Mojaenbto (tractability),
nogobue monaenu (credibility) n Takxe 1eIb MOACIUPOBAHUS, HAPAY C
Ipyrumu GakTopamu.

B o0I11IEM, Oonee 00001IEHHO MO>KHO OMPECINUTh
MOJICJIMPOBaHUE, KaK OTHOLIEHUE MEX]Y peajJbHbIMH CHUCTEMAaMH U UX
MOJIENISIMA, a UWMHUTAIMI0O KaK 3aBUCUMOCTH (OTHOIIEHHE) MEXIY
MOJIEJISIMA U KOMITbIOTEPaMHU.

CrnenoBaTenbHO, SIAPOM TpPOIECCa MOJCIUPOBAHUS U HUMHUTAIIUU
ABJISIETCS MOJI€JIb, KOTOpas CTPOUTCS TakK, 4TOObI HauOoyiee TMOJHO
MPOU3BOAUTh TE€ KAyecTBA MOJEIUPYEMOIO OOBEKTa, KOTOpHIE
HEOOXOAMMO M3YyYUTh WM HCCIEAOBaTh B  COOTBETCTBHH  C
MOCTaBJIEHHOM 1ebI0 [S].

[Tpu cozmanmm Moaenu K HeW MpenbsABIsSeTCs pAl TpeOoBaHMiA, a
MMEHHO:

— 3arparTbl Ha CO3JaHUE MOJEIHU JOJKHBI OBITh 3HAYUTEIBHO
MEHbIIIE 3aTpaT Ha CO3/IaHHE OPUTHUHAIA;

— TpaBWJIa UHTEPNPETALUU PE3YyIbTATOB MOJIECTUPOBAHUS JOJKHBI
OBITH OJTHO3HAYHO ONPEEIIECHBL;

— MOJENb JOJDKHA OTBEYaTh TPeOOBaHUSM CYLIECTBEHHOCTH, a
MMEHHO, OTpaXkaTb HEOOXOJUMBIE, CYIIECTBEHHBIE JIJIsl pELIEHUS
KOHKPETHOH 3aJ1a4M CBOMCTBA OOBEKTA.

OcHOBOIl ~ omucaHus  MOJENU, KaK  MPaBHIIO,  SIBISIETCS
MaTEMaTUYeCKoe IMPEACTABICHHE MOJEIUPYEMOro IMpolecca WU
o0beKTa Ha OCHOBE cucTeMbl auddepeHnaIbHO-UHTETPAIbHBIX,
PA3HOCTHBIX U aNreOpanvyecKux ypaBHEHUH.

Bribop BapuaHTa omucaHus MOJEIMPYEMOTO Ipollecca M TUMa
MOJIENIM, a TaKKe CPEJCTB peajn3allid, B OCHOBHOM OIpeelsieTcs
3a/layaMi, KOTOpbIE HEOOXOAMMO PEIIaTh C HMCIOJb30BAHUEM MOJEIH
00bekTa. OYHKIMOHAIIBHOE COAEPKAHUE MOJIENU TAK)KE CYIIECTBEHHBIM
00pa3oM 3aBUCHUT U OT IPUPOIBI MOJEIUPYEMOT0 OOBEKTA

B HacTosiel cratbe MPEACTAaBICHO OMMCAHUE MOJEIN PEaKTOpa
UI'P, ee peasm3anny U MPUBEIECHBI PE3YyJIbTATHI UCCIEIOBAHUN MOJEITU
BO BPEMEHHOM U 4acTOTOW 00IacTsIX.

Peaxrop UI'P npexacraBnsier co0oil ucciaeqoBaTEIbCKUN S1epHBIN
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peakTop Ha TEIJIOBBIX HEWTpPOHAaX € TOMOI€HHOW aKTUBHOM YpaH-
rpaduToBoil 30HON. B kauecTBe 3amenMTENs UCHOJIB3YETCS Tpadur,
KOTOPBIA MMEET XOPOLINe TEeIIOPU3NIECKUE CBOWCTBA, YTO, MO3BOJISET
UCIOJIb30BaTh PEaKTOp 0€3 CreuanbHON CUCTEMbI OXJIAXKICHHUS.

KOHCTpYKTUBHO peakTOp TpEeACTaBiseT COOOM KIAAKy U3
rpaguTOBBIX OJIOKOB, COOpaHHBIX B KOJIOHHBI, KOTOpas pa3MelieHa B
CTaJIbHOM LMJIMHAPUYECKOM KopIityce B cpeze renus. Kopmyc pasmerieH
B 0aKe C OXJIAXKJAOLEN BOIOM.

['padpuitoBbIE OJOKM aKTUBHOM 30HBI pEaKTOpa MPONUTAHbI
BOJAHBIM PAcTBOPOM a30THOKHUCIIOTO YypaHuia (ypaHWIIMHUATpATa) C
KoHIeHTpauued 3.1 rpaMMa ypaHa Ha OJUH KHJIOTpaMM rpadura.
AKTHBHAsl 30Ha peakTopa pas3/elieHa Ha JBE 4YacTU: MOJBWKHYIO U
HEMOJBUKHYIO, OKPYKEHHBIX OOKOBBIMU U TOPLIEBBIMU OTpaXKaTeIsIMU.

Peaktop numeer 1Ba pexxuma paboThI:

— PEXUM peaju3aluu camoracsiuencs HEHTPOHHON BCIBIILIKHY;
— PEryJIupyEMBIN PEKUM U3MEHEHUS] HEUTPOHHOU MOITHOCTH.
bonee moapoOHO O KOHCTPYKIMM M XapaKTEPUCTUKAX peaKkTopa
U3JI0XKEHO B padote [6].

Kak yxe paHee oTmeuanoch, Jto0as MOJAENIb O0BbEKTa CO3AETCS
JUIS  ONPENENICHHBIX LeJed, KOTOphle U ONPENENSIOT IOJHOTY
MaTEeMaTUYECKOT 0 IPECTABIECHUS MOJIETUPYEMOro 0OBEKTA.

HeoOxoaumocTh co3gaHusi MOZENN peakTopa o0ycioBieHa Ooliee
IOJIHBIM HCCJIEIOBAaHUEM JIMHAMUYECKUX XapaKTEPUCTHK peakTopa ¢
LEJNbI0 HCIIOJIb30BAHMS PE3YJIbTATOB HCCIENOBAaHUS JUIsl CHUHTE3a
CUCTEMBbl aBTOMATUYECKOTO PEryJIMpOBaHUs, a TaKXKe A H3yuyeHUs
aBapUIHBIX CHUTYyalMil, KOTOpbIE MOTYT HMMETb MECTO IpH pabote
peakTopa B aBTOMaTHYECKOM PEKUME PETYIUPOBAHUS MOLITHOCTH.

CrnenoBaTenbHO, OCHOBHAsI (DYHKIIHSI, KOTOPOM TOJKHA 00JanaTh
MOJIelb PEaKTopa, — 53TO MOJSIUPOBAHHE HEUTPOHHO-(PU3MIECKIX
POLIECCOB.

HeiitponHo-¢du3nueckue mnpouecchl 6€3 yuera IpOCTPaHCTBEHHBIX
3¢ (PEeKTOB XOpPOIIO OMHUCHIBAIOTCA YpPAaBHCHHEM JTWHAMUKH C IIECTH
IPYNIOBBIM NpUOIMKEHUEM [7, 8], MpeACTaBIEHHBIM B BUJIE CHUCTEMBI
IuQdepeHINaIbHbIX YPaBHEHUH, KOTOpPbIE TPUBEACHBI HUXKE:

dn(t -1 ¢
W =Pl G +3 A B0) +s5: (1)
dt [ =i
de(t ,
ﬁ=ﬁn(t) =A 1d.(2), (2)
dt [
rae n(t) — HEHTPOHHAs MOIIHOCTB; [3. — i-f JOJS 3ala3bIBArOLINX
HEUTPOHOB  ANEP-NIPENIIECTBEHHUKOB; ¢,(f) — KOJIMYECTBO sIEp-
MPENIIECTBEHHUKOB -0 Tpymmbl; A, — TIOCTOSHHAas pacnajga i-oi
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rpynnsl; / — cpeHee BpeMsi )KU3HU HEUTPOHOB; S — BHEIIHUNA HCTOYHUK
HEUTPOHOB.

YuuteiBasg, uro peakrop WI'P Heoxmaxxnaemslid, TO BIHASHHUE
TEIUIOBOM PEAKTMBHOCTM HAa JUHAMMKY PEAKTOpPa OYEHb CYIIECTBEHHO.
BripaxkeHne, onumcheBaroniee CyMMapHOE 3HAYE€HHE PEAKTUBHOCTH,
IIPUBENECHO HUXKE:

P=pP, = b, (3)

rae P — CyMMapHas PeakTHBHOCTh, YKa3bIBaeTCs B eiuHHIAX [3, rie

6

B= Z f;; p, — HadaIbHBIA CKAauYeK pPEaKTUBHOCTH, OOYCIOBICHHBIN
i=1

ITOJIO)KEHUEM IIyCKOBBIX CTEP)KHEM B AaKTHMBHOM 30HE pPEAKTOpa,

yKa3bIBaeTCs B €IMHMIAX [3; O,— TEIJIOBas PEaKTUBHOCTH, BbI3BaHHAS
OTPULIATENIBHBIM TeMIIepaTypHbIM 3¢ dexktom, P, = f(J,), yKa3plBaeTcs

B equHunax f3; J, — MHTErpai MOIIHOCTH, J, :J'n(t) dt.

[IpuBenennsie Boiiie ypaBHeHus (1), (2) u (3) ABAAIOTCS OCHOBOM
MaremMaTudeckon monenu peakropa UI'P.

> 4
B, Al | da®_no) s §
3 » Ta g Ba0@ Zc,.(t) A,
Bi’Ai’l =
l T\
dn(t)
» a|)a | — 8
2 > 1P R n(t)
-1 a, Za, v a, > J. >
P, 4y o 6
> a, ’ | —> [)2
b?
-p:(J)) [ 5 E
10 9

p =) [ 7=par [*

Puc. 1. @yHKI/}I/lOHCUZbHa}Z cxXxema KUHenmuKu.
QOyHKIMOHAIBHAS CXE€Ma MOJENN KUHETHKH peakTtopa HWI'P

IIpUBEIEHA HA PUC. 1, KOTOpast COCTOUT U3 MOAYJIEH CyMMUPOBaHus 1 u
6, MOJyJIE KOHCTAHT 2 U 3, MOZYJI BBIYMCIEHUS KOHLIEHTPALUU JOJIH
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3ama3/blBAIOIIMX HEUTPOHOB 4, MOIyNsl YMHOXKEHMS W JI€JICHUS S,
MOZYJI BHEIIHETO UCTOYHUKA HEUTPOHOB 7, MOJYJISI MHTETPUPOBAaHUA 8,
MOZAYJIA  BBIYMCIEHWS  HHTErpaja MOIIHOCTH 9 u  Moayisd
npeoOpa3oBaHus 3HAYEHUSI MHTETPaJia MOIIIHOCTH B BEJIMYUHY TEIIJIOBOM
peaktuBHocTH 10.

Kak yxxe ormeuanocs, peaktop UI'P sBiseTcs HeoxmaxxaaeMbIM U,
CJIEI0BATENIbHO, TEMIIEpAaTypa aKTHUBHOW 30HBI M3MEHSAETCS B LIMPOKHUX
npenenax ot 20 go 1000 °C. M3meHeHre TeMIepaTyphl aKTHBHON 30HBI
OPUBOIUT K TOSBICHUIO OTPUIATENbHBIX 3(()EKTOB, B YAaCTHOCTH, K
MOSIBJIEHUIO  OTPUUATENBHOTO KOA(P(ULIHMEHTa PpPEaKTUBHOCTH, YTO
BBI3BIBAET MpPU pPA30IPEBE AKTHUBHOW 30HBI CHHM)KEHHE MOILHOCTH.
CkopocTh W3MEHEHHSI MOILIHOCTH 3aBHUCUT OT TEMIIEpaTypbl aKTUBHOM
30HBI, KOTOpass B CBOK OYEPENb, 3aBUCUT OT MPOJOLKUTEIBHOCTH
paboThI peakTopa, T.€. OT HHTETPATbHOM BETMYUHBI MOILITHOCTH.

Jlns MopenupoBaHUs KUHETHKH PEaKkTopa C y4yeToM OOpaTHOM
CBSI3U IO TEIUIOBOW PEAKTUBHOCTU BAKHO 3HATH 3aBUCUMOCTH TEIJIOBOM
PEaKTUBHOCTH OT BEJIMYMHBI MHTETpaja MOIIHOCTU. Takas 3aBUCUMOCTb
ONpENEINIeTCs AKCIEPUMEHTANBHO. [lorpemHocTs onpeneneHus €€ He
npesbimaer 5-10 %. Ha puc. 2 mpuBeneHa 3aBUCUMOCTh 3HAUYCHUS
TEIJIOBOM PEAKTUBHOCTH OT BEJIMYHMHBI MHTErPajia MOIIHOCTH.

15

_—

//

-
o

TennoBast peak THBHOCTS, P, (B)
a

o—/—————t 17—

0 5 10 15 20 25
Wurerpan mowuocry, J , (¢)

Puc. 2. 3asucumocmv mennogoii peaxmusnocmu om uHmezpaia MOUWHOCmMu

DTa 3aBHCHUMOCTH XO0pouIio OIHUChbIBACTCSA ITOJIMHOMOM IISATOTO
IopsAaaKa, BUJ KOTOPOro IMpruBEACH HMIKC.

— 2 3 4 5
pz - bO +bl I:yn +b2 Dn +b3 |]n +b4 |Zn +b5 IJn ’ (4)
TAc pt- TCILJIOBAsA PCAKTHUBHOCTL, B B ’Jn - UHTCIrpajJl MOIIHOCTHU, B C;
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by, b, b,, by, by, by - K03PPULMEHTH IOJIMHOMA, 3HAYEHUS KOTOPBIX
MpUBEAEHBI B Ta0IMIE 1.

Tabnuya 1.
b() b1 b2 b3 b4 bS
0,056982 2.5648 -0.311148 0.021101 | -6.8352[107* | 8.40830010°°

[lorpemrHocTh ~ ompenesieHuss  TEIUIOBOM  PEaKTUBHOCTH B
3aBUCMMOCTH OT MHTErpajia MOIHOCTH CYIIECTBEHHBIM 00pa30M BIIHSIET
Ha TOTPEIIHOCTh MOJICTUPOBAHUS KWHETUKH peakTopa. CienoBareiabHo,
TOYHOCTh ompeneneHus GQyHkuuu P, = f(J,) He I0JKHA BBIXOAUTH 32

TIPEIEITbl TIOTPEITHOCTH MOICTUPOBAHMS KHHETUKH PEeaKTopa.

OnHuM U3 BaXHBIX (PAKTOPOB MPHU PEATH3ANNNA MOICITH SBISICTCS
BEIOOP CPEICTB peau3amui, K KOTOPBIM OTHOCSATCS TEXHUYECKUE H
MporpaMMHBIE CpeacTBa. BBIOOp TEXHWYECKHX CPEICTB, B 00IIEeM, HE
MPE/ICTaBIISET TpyJa. OyHKIIMOHAIbHbBIE BO3MOHOCTH
BBIYMCIIUTEILHON TEXHUKHU, KOTOpasi B HACTOSAIIEE BpeMs Mpe/iaraercs
Ha pPBIHKE, OYEHb OOUIMPHBI U BHIOOP €€ B OCHOBHOM OIIPEAEINAETCS
TpeOOBaHUSIMU K KOHKPETHOMY TNPOrpaMMHOMY OOECIIEUECHUIO U
CTOMMOCTBIO.

B oTHOmieHuum mnporpaMMHOro oOecreyeHus Jaeno0 O0OCTOUT
HECKOJIBKO CcJIOKHee. B Hacrosiiiee BpeMsi Ha pPbIHKE MPOrPaMMHOIO
oOecrieueHrsT WMEETCS IMUPOKass TraMMa MPOTPAMMHBIX CPEJNCTB,
KOTOpbIE TIO3BOJISIIOT pPEIIaTh 3aJadud, CBA3aHHBIE C MOJCIHPOBAHUEM
CIIOKHBIX TUHAMUYECKHX OOBEKTOB M MCCIIEIOBAHUEM 3TUX OOBEKTOB HA
mozenu. K ogqHUM U3 TakuxX MpOTPaMMHBIX MPOAYKTOB MOKHO OTHECTH
nporpammer: 20-sim, Vissim, Dymola (Modelica), MATLAB/Simulink
[9] uT.4.

HauGonbmmii vHTEpEC ISl pelleHUs HAYYHBIX W WHXKEHEPHBIX
3a/1a4 MpeCTaBIsSET MPOTPAMMHBIN MAKET JUIsl MHKEHEPHBIX U HAYyUHBIX
pacuetroB  MATLAB ¢  mupokum  HabopaM  MPUKJIATHBIX
UHCTPYMEHTAPHUEB, YTO MPUAAET JAaHHOMY MMAKETy YHUBEPCAIbHOCTD.

B Hacrosieit pabore mnpuBeneHa MOJENb KUHETHKH pPeakTopa
UI'P, peanuzoBanHas ¢ ucnoias3oBanueM nmakera MATLAB/Simulink.

Ha puc. 3 npuBeneHa cTpykTypa MOJIEIM KHUHETHKUA peakTopa
Urp.

B coctaB cTpyKTyphl MOAEIN KWHETUKH BXOMST TPH OCHOBHBIX

MOJyJsl: MOAYJb  BBIYMCICHHMS  KOHLIEHTPALMM  3aIla3/bIBAIOLINX
6

HENTPOHOB ch. [A, (Calculate C;), Momys b BBIYUCICHUS BEIUYUHEI
=1

UHTErpana MolHocT J, u TemnoBod peaktuBHocTH P, (Calculate
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Yacmo 5. Hmumayuonnoe modenuposanue. Simulink u Stateflow

J,& p,) u monynp BbruucieHus momHoctH n(¢) (Calculate n(t)), a
TaK)K€ BCIIOMOTATENbHBIE JJIEMEHTBI: (OPMHUpPOBATEIh HAYAIHLHOTO
CKauKa peakTUBHOCTH P, Step, BUpTyasbHblid ocuniiorpad Scope 1 nns
HAOMIOIEHUsT ~ M3MEHEHUS  MojelupyemMoro  mapamerpa  n(f),

BUPTYaJIbHBIA ocnmiuiorpad Scope 2 s HaOMIOACHUS TEPEMEHHBIX
6

cocrostHUsL ¢, [A,, ch. A, J,., p,, n(t) Moxmenupyemoro mporecca u
i=1

3JIEMEHT fo file 3amucy 3Tux AaHHBIX B ¢aiin f0.mat 1uis mocieyromero

HCIIOJIb30BAHHSI.

= 5umiCi)
nit) |
" | ——1I|Ra nit)
Caleulate Ci — Fit

Caleulate nit) .._2 g
Output Paint
+
I >

Step Input Foint

Seope 1

| fO.mat

To File

—

Caleulate Jn & Rt >

Seope 2
Puc. 3. Cmpyxmypa mooenu kunemuxu peakmopa UI'P.

CrpykTypa MOAYJsl BHIYMCICHUSI KOHIIEHTPAIIMU 3ala3/IbIBAIOIIUX

HEUTPOHOB mpuBeaeHa Ha puc. 4. JlaHHBIA MOAYJIb pEATU3YET
ypaBHeHue (2).

S FE
[0.0124003050.111403013 1136 3.013] |—mw| |||

: L
Larhda1 - i Sum i

o ] ' s
" [[033 219 196 395 115047 | . —»{Z
=
Betai : '

141

l

Puc. 4. Cmpykmypa mo0y/s ebiuucienus KOHYeHmpayuu 3anazobléaoujux
HeUmpOoHO8.
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CrtpykTypa MOJyJIsI BBIYMCIIEHNS BEJIUYMHBI MHTETpaia MOIIHOCTH
J, ¥ TEIJI0OBOW pEaKTUBHOCTU O, NPUBEJIEHA HA pUC. 5. JlaHHBIA MOAYIIb

peanu3yeT 3aBUCUMOCTh, IPEICTaBICHHYIO YpaBHEHUEM (4).

—_

L Piu)
1 >ED,:P:,= .

nity

Folyrnomial

Puc. 5. Cmpykmypa mooyns evluuciienus unmezpaia u meniogou peakmusHoOCmu.

CrpykTypa MOAyJis BBIYMCICHUS HEUTPOHHOM MOIIHOCTH n(f)
npuBeaeHa Ha puc. 5. JlanHblil Moayb peanusyet ypaBHeHus (1) u (3).

OmHuM W3 BaXHBIX IIOKa3aTeneil KadecTBa pabOTBI MOAETHU
ABJIIETCS ~ COOTBETCTBUE  MOJEIHMPYEMOIO  Ipoliecca  peallbHOMY
npoueccy.

CpaBHHTENBHASA OLIEHKA Ka4eCTBA MOJECIMPOBAHNS KUHETHYECKUX
IPOLIECCOB, MPOUCXOIALIMX B PEAKTOPE, OCYLIECTBIISJIACH HAa OCHOBE
CPaBHEHHUs PE3yJbTaTOB MOJEJBHBIX IIYCKOB C pe3yJbTaTaMU PeaslbHbIX
HKCIIEPUMEHTOB IIPU OJAMHAKOBBIX HaYaJIbHBIX YCIOBUSX.

& ok
SumiCin
- o h;—
1 141 —I_—::a: nit)
+
@ —
Fo
]
(2 - 0
Rt —
S0

Puc. 6. Cmpyxmypa mooyns eviuucienus MOWHOCMU.

IIpoBeneHHas OleHKA KadecTBa (aIEKBATHOCTH) MOIEITUPOBAHMUS
MOJENN KHHETUKH JJIS TPEX Pa3IHYHBIX ITYCKOBBIX DPEXHMOB IIPU
p,=1.58B, 1.86 u 2.213 mokazama, 9YTo 0Omas MOTIPEUIHOCTh

MozenupoBaHusi He npesbimiaeT 8%. Ha puc. 7 mpuBeneH pe3ynbrar
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CPaBHUTCIIBHOI'O aHAJIN3a MOJACINPOBAHUA MOITHOCTH IIPH po = 186ﬁ .

1.2
1.0 m\ -
j / \\ | ——MojnemnbHbiii myck
4038 -
= OKCHIepUMEHTAILHbIH [TyCK
=
< 0.6
Q
S
=
3 /
S 04 / \
02 ~
1 / \
ol :
0.5 1.0 15 2.0 2.5 3.0 3.5 4.0
Bpewms, t, (c)

Puc. 7. CpaeHumeﬂbezii AHANU3 MOOENbHO20 U IKCnepumenmaitbHoco

nycKos

HOFpeHIHOCTB MOACIUPOBAHHUA I 3TOTIO pCKHUMaA HC IIPCBBIIIACT
3%. OcHoOBHOI BKJIad B IIOIPpCHIHOCTb MOACIHUPOBAHUA BHOCHT
HEJIWHEHHAsT 3aBUCHUMOCTh M3MEHCHHMS TEIJIOBOMU PCAKTHUBHOCTU OT

HHTCI'pajia MOITHOCTH.
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Puc. 8. Amnnumyonas u ¢paszoeasn uacmommvie xapaxmepucmuxu
peaxmopa Hyne6ou MOUHOCIU.
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BaxxubiM (akTOpoM B HCCIEAOBAaHWW TUHAMHUYECKHX CBOWCTB
MOJISTIUPYEMOTO OOBEKTa SIBJISICTCS IOJIYYCHHE €ro XapaKTePUCTHK B
yactotHOM obnactu. [Ipumenenne MATLAB/Simulink co BcTtpoeHHBIM
WHCTPYMECHTApUEM JIMHEHHOTO aHaju3a TIO3BOJISIET  HCCIEA0BATh
XapaKTePUCTHKU OOBEKTa Ha KOHKPETHOM pEeXuMe paboThl, U4TO JaeT
BO3MOXXHOCTh HCCJIEIOBaTh M HEJIMHEHHBbIE TUHAMUYECKHE OOBEKTHI U
CUCTEMBI.

B pesymbrate TpOBENCHHBIX HCCIEAOBAHWN, TOTyYEHHBIC
aMIUTMTYAHAsA U (pa30Bas YaCTOTHBIE XapaKTEPUCTUKU PEAKTOpa HYJIEBOU
MOIIIHOCTH, TIPEJCTaBICHHbIE HA pHUC. §, XOPOILIO COTIACYIOTCS C
JAHHBIMH, IPUBEJICHHBIMU B JIUTEpAType [7].

JIJis IPOEKTUPOBAHUST CHCTEMbI aBTOMATUYECKOTO PETyIUPOBAHUS
OUeHb BAXHO 3HATh IIOBEICHHWE OOBEKTa yMpaBlIeHUS B pabodem
IMara3oHe PeryImpyeMoro mapameTpa.

Pe3ynbraTthl Takoro WCCIIEIOBaHMs, MPOBEICHHBIE Ha MOICIH
peakTopa B JMamna3oHe m3MeHeHms MouHoctH ot 1007 mo 4 ye.,
IIPUBEIEHBI HA puC. 9.

Awmmmryna (dB)

8 883848588303
/

m
&
o
=3
<3
3
8
>
8

3

—(001y.e.)

—(0.1ye)
(lye.)

< — (2ye)

\\_/_;\\ (4ye.)
\\\

8

o

d)lasa (deg)
8

3

1E-3 0.01 01 1 10 100 1000
Yacrora(rad/sec)

Puc. 9. Aunnumyonas u ¢paszoeasn uacmommvie xapaxmepucmuku peakmopa
8 pabouem ouanazoHe UsMeHeHUss MOUWHOCU.

W3 pe3ynbTaToB, MPUBEACHHBIX Ha pUC. 9, BUAHO, 9TO OOBEKT B
paboueM nmama3oHe W3MEHEHUS MOIIMHOCTH BemeT cebst B oOjacTu
HU3KHX YacTOT Kak Ju(depeHupyroliee 3B€H0, a B 00J1aCTU BEPXHUX
4acTOT KaK HWHTETPHUPYIOIIEE 3BEHO, ITPH ATOM HaOII0AeTCsl CMEIICHHE
(ha30BOI XapaKTEPUCTUKH B 00JACTh HU3KHX YACTOT MPH YMEHBIICHUU
MOIIHOCTH C OJHOBPEMEHHBIM yMEHbIIIEHHEM Kod(dduimenTa nepenaan
oObekTa. JlaHHBIE PEe3yNbTaThl MOJITBEPKIAIOT HEIWHEHHBIA XapakTep
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Yacmo 5. Hmumayuonnoe modenuposanue. Simulink u Stateflow

00BEKTa MOJIEIMPOBAHUSI.

B 3akimoueHue MOXHO OTMETUTb, 4YTO MOJEJIMPOBAHHE B
HACTOSALIEE BpEeMs OTKPHIBAET IUUPOKHE BO3MOXKHOCTH  IEpen
UCCIIeIoBaTeNsIMU U MHXKeHepamu. [IprMeHeHne crennaan3upoBaHHbIX
OPOrpaMMHBIX MPOJYKTOB B 3TOM o007acTH MO3BOJSET MOBBICUTH
KauecTBO MPOBOAMMBIX PabOT M COKPAaTUTh BpeMs HEOOXOIUMOE MIJis
MIPOBEACHUS HCCIEIOBAaHUM M IMOJyYeHUE HOBOM HHpOpMaLUK 00
oObekTe. Bexymiee mMecro B 3TOM HanpaBlI€HUM, KOHEYHO, 3aHUMAET
nporpammHbIi npoaykt MATLAB.
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YK 621-521.001.57(076)

OCOBEHHOCTU TEHEHUA MOAEJIbHOIO
BPEMEHU B CPELOE SIMULINK

Janunos A. .

Mockosckuii 2ocyoapcmeerHblil YHUGEpCUmem UHICEHEPHOU IKOJI02UL,
2. Mockea
e-mail: msace@rinet.ru

Ecin mpototumnsl unctpymentapus Simulink [1] - anamoroBsie
BbIuKcIuTenbHbIe MaiuHbl (ABM) 60-70-x TO10B — UMENH CKPOMHBIE
MoKa3aTelid KadyecTBa MoOJeNupoBaHus, To B Simulink-monensx 3tu
XapaKTEPUCTUKKA HUMEIOT  CIEAYIONIMEe 3HAYEHUsS: OTHOCHUTENIbHAS
nmorperHocTh pemrenns 107 ¥ MeHee, AHAMA30H IPEACTABIMbIX YHCE
mmoc 107% — munyc 107% ¢ 16-3HavanmmMu nudpamMu MaHTHCCEL,
MAKCHMAJIbHBIH (MUHEMAIbHEI) Koodduiment yeunerns 10°°°(10°7).
Takas ¢anTacTUyeckas TOYHOCTh 3aBEIOMO M HAa MHOTHE TOJbI BIIEPE
OyIeT yJOBJIETBOPATH MCCIenoBaTesei, TeM 0ojee, 94To "MOorpenrHoCTH"
caMUX MaTEeMaTHYECKUX MOJIEJICH CYIIIECTBEHHO BBIIIIC.

OnHako XapakTep MPOTEKaHUs MOJEIBHOTO BPEMEHHU B Cpele
Simulink mo cBoeit cytu otnuuaercs or TakoBoro B ABM u mpm
(bU3HIEeCKOM MOJCITHPOBAHNH.

HevictButensno, B ABM mozenbHOe BpeMsi T€UET PaBHOMEPHO
noJI00HO peajbHOMY BpPEMEHH, B KOTOPOM MBI cyliecTByeM. OTianune
3/1€Ch 3aKJIF0YAETCS JIUIIb B TOM, YTO MOXKHO, U3 COOOpakeHH y00cTBa
HAOJIONICHUS, JIMHEMHO «CKUMAaTh) WIH «PAaCTATUBATh» MOJIEIbHOE
BpeMsi, BBOJS MacliTad BpPEeMEHH.

B cpene xxe Simulink mMoaenpHOE BpeMs TEUeT CYIIECTBEHHO
HEPaBHOMEPHO, YTO MOKHO JIETKO HaOII0AaTh HEBOOPYKEHHBIM TJIa30M
Opyu  MOJETUPOBAHUM JUHAMUYECKUX cucTteM [2]. Buemne 5310
MPOSIBJISIETCS. B TOM, YTO «JIy4» OCHWUIOrpada, BEIYEPUNBAS KPHUBYIO
M3MEHEHHSI HEKOTOPOM NEPEMEHHOM, TO YCKOPSIETCSA, TO 3aMEIAETCS
COBEpIIIEHHO TMPOW3BOJIBHBIM U HEMpencKazyeMbiM o0pa3oM. ITO
OOBSCHSIETCS TEM, YTO TEMIIOM HW3MEHEHUS MOJEIHHOTO BPEMEHU B
cpene Simulink «KOMaHIyeT» pemarenb, — IOAIpOorpaMma,
peanusyromas KaKoH-1100 HESIBHBIN METOJ perieHus
b epeHnanbHbIX YpaBHEHUNA. DTOT TEMIT 3aBUCHUT JIMIIIb OT BPEMEHH,
3aTPayeHHOT0 pelaTesieM Ha TOM WM MHOM Illare, ¥ IMOJIb30BaTeNb HE
MOXXET UM «YTIPABIISATHY.
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Korma wac wuHTepecyeT NMIllb KOHEYHBIA pe3yJbTaT pPEHICHUS
muddepeHnanbHbIX YPaBHEHHM, T.€. cpa3y BCs KpuBas (KpPUBBIE) Kak
GyHKIUS HE3aBUCUMOI IMEpEeMEHHON (B 4aCTHOCTU BPEMEHM), JaHHas
0COOEHHOCTh HE CO3aeT 0COObIX HeynoocTB. Eciu ke Mbl MonenupyeM
B cpeae Simulink quHaMUYECKyIO CUCTEMY U MHTEPECYEMCSl Pa3BUTHEM
BO BpPEMEHH €€ TMEePEeMEHHBIX, TO HaJA0 HWMETh B BHJIY, UYTO WHX
BU3yanu3anuss Ha rpaduKax  COBEPIICHHO HE  COOTBETCTBYET
NEeUCTBUTEIBLHOCTH B CMBICJIE HEPABHOMEPHOCTH TEUCHUS
MOJIETBLHOTO BPEMEHH, - HEKOTOpPhIE BPEMEHHBIE  YYaCTKU
«IIpOOETarTC» 0YeHB OBICTPO APYTHe HA0OOPOT MEJICHHO.

Hcxoass w3 BBINIECKA3aHHOTO, JJIsi TOrO, 4YTOOBI 00ECHEYUTH
PAaBHOMEpPHOE TEYEHHE MOJEIBHOTO BPEMEHH, KEIaTelIbHO ObLIO OBl
uMeTh B cpene Simulink cremyroiiye 10MoTHUTEIbHbIE OMITUH:

1. Bo3MOXXHOCTh MOJB30BATENIO, MO €ro YCMOTPEHHUIO,  CBSI3bIBATh
«lIaraHuey  pemiatens ¢ TallMepoM — peaJibHOrO  BPEMEHH,
CyHIECTBYIOIIUM B Kaxjaon [I9BM.

2. Ilpuy  3ajaHHOM  TIOCTOSIHHOM  IlIare  pematens  cooOIaTh
MOJIb30BATENI0 YUCJIEHHOE 3HAYE€HHE Illara B €IUHUIIAX PEaTbHOTO
BpeMEHHU (HampuMmep, B MUJUTUCEKYH/IaX) U TTOJYIUBIITHICS TIPA 3TOM
MacimitTad BpEeMEHH, a Takke cpeaHee Bpemsi pemiarens (B
MUWIJTMCEKYHIaX U TOMOJHUTENHHO B IPOLICHTAX OT BEJIMUMHBI 111ara).

3. Coo01iarh Moab30BaTENI0 B BUJI€ 3BYKOBOM CHUTHAIU3alUU 000 BCEX
MOMEHTAaX, KOTJla BpeMsl pelliatesis MPeBbIliago BpeMs Iiara.

Iloxoxxne BO3MOXKHOCTH cymecTByloT B RTW-pacmmpenun
naketa MATLAB [3], u mo3TOMy Xe€JaTebHO WX HMMETh U B CpEIe
Simulink.

Jlumepamypa:

1. Mapmeinos H.H., Heanos A.Il. MATLAB 5.x: Beluucnenue,
BU3yanu3anus, nporpammuposanue. M.: KYJIUL] — OBPA3, 2000.

2. Janunos A.M. KoMnblOTEpHBIM MPaKTUKyM 1o Kypcy «Teopus
ynpasneHus»: Simulink-monenupoanne B cpene MATLAB /Iloa
pen. A.D. Coduesa: YuedbHoe mocodue. M.: MI'YUD, 2002. 128 c.

3. lvaxonos B., Kpyznoé B. Marematndeckne NakeTbl PaCIIUPEHUs
MATLAB: CneunaneHslii cnpaBoyHuk. Cno.: [Turep, 2001.
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AHAJIN3 NOIN’PELUHOCTU LUNDPOBbIX
UHTEIMPATOPOB B SIMULINK

Kyxos K.T'.

Canxkm-Ilemepoypackuii 20cyoapcmeeH bl MeXHOL0SUYECKUL YHUBEPCUMEM

pacmumenbHuix noaumepos, 2. Cankm-Ilemepbype
e-mail: pl8n0264@peterlink.ru

Martepuan »5Toil crarbu 0Oa3upyercs Ha JOMYUIEHUHU, YTO
udpoBOEe MOJIETUPOBAHUE NPUBOJUT K JAUCKPETHOM JTHMHAMHYECKOU
cucteMe. JTO ONpaB/IaHo Mo TOM MpUYKHE, YTO (PUIbTpaIusi, HAaCTPOMKa,
cTabuiuzaiusi, yrnpapjieHue, aHaIu3 U CUHTE3 OCYIIECTBISETCS B TaKOU
MOJIENTM TOYHO TaK e, KaKk U B TUCKPETHOM CHCTEME.

DOTa TOYKa 3pEeHUsl PACIHIMPSIET apCeHal YHUCIECHHBIX METO/OB
MaTeMaTUYeCKOr0 MOJICIMPOBAHMS, TaK KaK BKJIIOYAET HE TOJIBKO
TPaAUIIMOHHBIE METOJbl BBIYMCIUTEIHLHON MaTeMAaTUKU, HO U METOJIbI,
pa3BUTBIE B TEOPUM ABTOMATUUYECKOTO PETYJIUPOBAHUS HMMITYJIbCHBIX,
TUCKpeTHBIX cucteM. [IpennmaraeMblii moAX0 ] OPUBOAUT K MOJTYYEHUIO
HOBBIX METOJIOB MOJICTUPOBAHUSI, KOTOPbIE HE MOTYT OBITh 3aMEHEHBI
KJIACCUYECKUMHU MPUEMAMH.

B pabGore [1] BmepBbie HU3JIOKEHB COBPEMEHHBIE METOJIbI
YUCJICHHOTO0 WHTErPUPOBAHUS, OCHOBAHHBIE HA HCIOJb30BAHUM METO/AA
JTUCKPETHBIX BBIOOPOK NaHHbIX. [Ipu 3TOM I1M(POBBIE HMHTETPATOPHI

CHAOXKEHbI U (HPOBBIMU bunbTpamu “c pEryaupyeMbIMu
koadurmentamu amrumutyasl U Gaszel’. CpegHeB3BEIICHHBIE OIEHKU
WHTETPUPYEMBIX byHKIUH MIPOU3BOJIATCS buabTpamMu C

M3MEHSIOMUMUCS aMIUTUTYAHBIMU U (PAa30BBIMU XapAKTEPUCTUKAMH.

Hactpoeunbie unterparopsl (T-uHTErpaTopbl) MOTYT PeaIN30BaTh
(GopMyIBI  KJIACCHYECKOTO HWHTETPUPOBAHUSA TPU CMEHIeHUHd (ha3bl
MHTETpUpyeMoil GyHKIIUU. DTO MPUBOIUT K BHIBOY O TOM, YTO MHOTHE
KJIACCUYECKHE LHU(PPOBBIE HHTErPaTOpbl IO CYLIECTBY pa3IMyaroTCs
TOJIBKO BEJIMYMHOM (pa30BOr0 CMEIEHUS HHTErPUPYEMOUN (PYHKIIUU.

B ycrpoiictBe [2] u cuctemax [3, 4] npuMeHSIETCS HOBBIA METO/T
YUCJICHHOTO HWHTErPUPOBAaHUS OOBIKHOBEHHBIX U] PepeHIInaTbHBIX
ypaBHEHUH [5], Ha3BaHHBIM  METOJOM  ITOCIIEOBATEIHHOTO
uHrerpupoBanus — [11 [6].

Peanuzanus merona I1M ananoroBeiMu pemiarommmu  O10KamMu
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NpEeCTaBIIeT COO0OM MMIYJIbCHYIO cuUcTeMy. MMIylbCHBIE 37€MEHTHI
nepea KaxablM U3 UHTETpaTopoB paboTalo0T C OJIMHAKOBOM 4acTOTOM, HO
HE CHHXpPOHHBI 1O (aze. Takas cucremMa OTHOCHUTCS K HMITYJIbCHOM
CUCTEME C HECHHXPOHHBIMU WMIYJIbCHBIMU OJEMEHTAMU WIH K
HECUHXPOHHON HWMITyJIbCHOM cuctemMe. HecuHXpoHHOE mpephiBaHUeE,
BBIMIOJHSIEMOE HWMITYyJbCHBIMH  3JIEMEHTAMH, SIBIISIETCS  CBOMCTBOM
CUCTEMBI, pEATU3YIOLIEN ITOT METO/.

[Ipu peanmuzanmuu meTona HUQPPOBBIMU OJIOKAaMU HEOOXOAMMO
3aMEHUTh AHAJOTOBBI HMHTETPATOp OSKBUBAICHTHBIM JIHUCKPETHBIM
unterpatopom [6]. CtpykTypHas cxema IUM(GPOBOrO HMHTETPATOpa
npeacTaBieHa Ha puc.l. OTIUYUTETLHON OCOOEHHOCTBIO ITOW CXEMBI
SBJISIETCSL TO, YTO SKCTPAIOIATOP HYJIEBOrO MOPSAKA C MepeaaTOuHON
byHKUIHEH H0y=(]—e'yrs)/S OCYILECTBIISIET XPAHEHUE BXOAHOTO CUTHaja
UMHTErparopa r(#) TOJBKO Ha BpeMs T=yI. Jlia omnpeneneHus
JUCKPETHOM mepenaToyHon GyHKIMA UHTETpaTopa 3aMEHUM CXEMY PHC.
1 >KBUBaJICHTHOM CXEeMOM puc. 2.

A oAl T

™

RE-. expE AT L) L iﬁi

exprATs)

Puc. 1. Cmpyxmypuas cxema unmeepuposanus memooom I1H.

expr AT g5
f 1
26 Ripesp(d®) T | o ety )
Puc. 2. Oxeusanenmuasn cmpykmyprnas cxema [TH unmezpamopa.
JuckpeTHas nepeaaToyHast GyHKIMS paBHA:
W(z)=Y(z)/R(z)=W(z)-W,(z), (1)

rae
Wi2)=EW(s)}=Elexp(-ATs)* K, /s°} u
Waz)=E(Wo(s)}=Elexp(-(A+)Ts)* K,/5°}

[Ipumensiss anmapaT MOAUMUIIMPOBAHHOTO Z-TIpeoOpa3oBaHMs,

MOJIYYUM
WI(Z) :Z_] EmI{Ku/Sz}/m1=1-A
Wi(z)=K,T*((1+m;(z-1))/(z-1 )2 Ini=1-a (2)
Waz) =K, T*(1+mxz-1))/(z-1)’ hp2=1-ay (3)
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B pesynbrare noacranoBku (2), (3) B Belpaxkenue (1) moayaum
W(z)= K, Ty(z-1) 4)

[Tpumenenne obpaTHOTO Z — MpeoOpa3z0oBaHMsI TTO3BOJIUIO PEIIUTh
3a/aqy TOJIy4€HHs PE3yJlbTaTOB HHTETPHPOBAHUS  CTaHIAPTHBIX
BXOJHBIX BO3JECHCTBUM B AHAIMTHYECKOM BHAE. B 3aBUCUMOCTH OT
3HaueHus: kod(pduumenta 3ama3apiBaHus A UMIYJIBCHOTO 3JIEMEHTA U
qyclla MHTErpaTOpoOB BO3MOXKHA peanu3alusi KIacCHUecKux (opmy
UHTETPUPOBAHUSI.

HNuctpymenTanbhbiil maker Simulink mo3Bonnn Ha HEMPEPHIBHBIX
U JHUCKPETHBIX (YHKIMOHAIBHBIX OJoKax mocTtpouth Iudposoi [1M-
MHTETpaTOp H TMPOBECTH aHAJIM3 JOCTOBEPHOCTH TEOPETUUYECKHUX
pesynpraToB. B makere co3maHbl  IPUIIOKEHUS, MO3BOJISIOLINE
3¢(}HEeKTUBHO OIEHUTh MOTPEIIHOCTh ITU(PPOBBIX HMHTETPATOPOB U
MIPOBECTU UX KOPPEKIIHIO.

Jlumepamypa

1. Cmum [[ocon M. MaremaTuyeckoe U UGpPOBOE MOJACIUPOBAHUE IS
nHKeHepoB u uccienonareneit / Ilep. ¢ anrn. H.II. WnbunHoM; mox
pen. O.A. YUemOpoBckoro. M.: Mammnoctpoenue, 1980. 271 c.

2. XKykoe K.I'., [Ipockypsikoé B.M. YCcTpoHCTBO MJI1 KOMMYTAIlMK 3a7a4
Ha aHaJOroBbIX BhIUMCHHUTENbHbIX MammHax. A.C. 888138 (CCCP).
Ony6u. B .., 1981, Ne 45.

3. Kykoe K.I., Jlopeny E.A. Cneuuanvu3upoBaHHBI aHaJOTOBBIM
MpoIeccop Ha JIMHEWHBIX WHTETPAIBHBIX cxemax //JluHelHbIe
WHTETPAJIbHBIE CXEMBbl M WX NPUMEHEHHE B MPUOOPOCTPOCHUU H
IIPOMBIIUICHHOW aBTOMaruke. Te3ncsl noknanoB  Bceecoro3non
Hay4YHO-TEXHUYECKOW KoHpepeHuuu. Jlenunrpan, 1977.

4. Aganacves A.U., Kyxoe K.I., [lluwxun A.U. Tlpumenenue mudpo-
aHAJOTOBOM CHCTEMBI JJISI MOJEIHMPOBAHMS W  ONTUMU3ALUU
napameTpoB BojooTBeneHus //[ImanupoBaHume M aBTOMaTH3ALMS
AKCIEPUMEHTAa B HAY4YHBIX HUCCIENOBaHUAX. Te3uchl aoknano [V
Bcecoto3noit kondepeniuu, Jieaunrpanm, 1986.

5. XKykoe K.I'., [looo6eo M.B. MonuduiiupoBaHHbIM MeTO A Diliiepa u
ero peanuzarus cpeactsamu ALIBT //Teopust 1 MeTObI MOCTPOSHUS
MMITYJIbCHBIX BBIYMCIHUTENBHBIX YCTPOUCTB. Tpyabl paclIMpEeHHOTO
3acelanusl  MexIayHapoJAHOM — accolMalvu IO  aHaJOTOBBIM
BeIUMCIICHUSIM. Ps3ans, 1978.

6. Kykoe K. I'. Metoapl U CpeAcTBa peanu3alyyd NOCIEA0BATEIBHO-
napayieIbHBIX WHTETPHUPYIONIUX CTPYKTYp: ABTOpedepaT maucc..
K.T.H. Jlenunrpaz, 1988.

627



Yacmo 5. Hmumayuonnoe modenuposanue. Simulink u Stateflow

YK 621.2

PACHET OPOCCENBbHOIO rmaPonrPmMBOAA C
NMOMOLLBIO SIMULINK

Hcaesn IO.M.I, [llaBnosuy 3.A.°

! Canxm-Ilemep6ypeckuii 2ocydapcmeennviii mexnuueckutl yuusepcumen,
’Canxm-Tlemep6ypeckutl uHCMumym MawuHoCmpoens,
2. Cankm-Ilemepoype
e-mail: schav@yandex.ru

B OonbIIMHCTBE CIEAANIUX CUCTEM JIPOCCEIbHBIN THAPONPUBO/I,
BBITIOJIHASL ~ (PYHKIIMM  YCUJIUTEIHHO-UCIIOIHUTEIBHOTO  YCTPONCTBA
ompeneNsieT CTaTUYeCKHe W JUHAMUYECKHE XapaKTePUCTUKH OTUX
CUCTEM.

Ha puc. 1. mpencraBieHa cxeMa Harpy»eHHOTO JIPOCCETbHOTO
TUAPONPHUBO/IA, BKJOYaromas B ceOs JBa OCHOBHBIX DJJIEMEHTA:
ANeKTporuaApaBiuueckuii  ycunurens (O1'Y) u  rugpoaBuratenb
BO3BPATHO-NIOCTYNATENBHOTO NEUCTBHS (TUAPOLMIUHAD).

OOwenpuHsTass  MareMaThyeckas  MOJENb,  OMHCHIBAIOIIAS
MOBE/ICHNE JPOCCENHEHOTO THJIPOTIPUBO/IA, MPEICTaBISIeTCS
HIDKECIIeIYIONIe cucTeMol ypaBHeHuit [1].

3a TMOJIOKHUTENTHHOE HANpaBIECHUE TEPEMEIICHUS 30JO0THUKA
cepBOyCHIIUTENS (X4(2)> () IPUHATO MOJIOKEHUE, PU KOTOPOM JUHUA 1 —
JVHUS BBICOKOTO JaBJICHUS, a JIMHUS 2 — HuU3Koro. OTpuuareabHoe
HarpaBJICHHE mnepemenieHus (x,(2)<0) — nuHus 1 — JIUHUS HU3KOTO
TABJICHUS, JIMHUS 2 — JIMHUS BBICKOTO JIaBJICHUS.

Host x,(1)>0

/bes(t)\/% (p, =) =0, =

(1)

=4 20 o dp®) KO0 |y

dt E dt E dt v
- ubxs(t)\/g(pz(t) -p)+0, =
P (2)
=, 20 Vo dpO) ) 5O,
dt E dt E dt v
dzxp(t) dxp )

m——22 = p,(t) - p,(t) - B ~Cx (3)

darr dt P
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dx.(1) dx. (1)
S -pp - B 4
ms dtz pu K dt b ()
2
kol =m, X g Dy x (5)
dt dt
U=ri+1 4% (6)
dt dt
3
Ap, %% )

C4.9x," +0,4507x,” + A

\/01

P,

P P

Puc. 1. Pacuemnas cxema opoccenvno2o cuoponpusood.

Hnst x4(1)<0 nmpumenumsl ypaBHenus (3) — (7), a ypaBuenus (1) u
(2) mepexonst B ypaBHenus (1) u (2'):

- ubea)J% (7(D-p) +0,, =

=4 dx,(t) | Vo dp(t) _ 4 x, (1) dp, (1) _
dt E dt E dt

(17)

c,Bp ()
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2
l’lbxs(t)\/_(ps _pz(t)) _QJ’S =
P (27)
dx (1) V,, dp,(t) x, (1) dp, (1)
=4 p 4+ 02 2 + A4 M0 ASEAET A t
*dt E dt R
[Tpu x,=0

Ubx (1) %(ps —p(1) —Q,, = —Ubx (1) %(Pz(f) -p)t0,

VYpasuenus (1) u (2) ((1") u (2')) npeacraBnsoT co60i paBeHCTBA
pacxoloB Uepe3 CEepBOYCWIUTENb W THAPOUWIMHAP. 31eCh U -
KO3 (UIIMEHT pacxo/ia 4epe3 YCUIUTENb; b — MIMpPHHA OKHA 30JI0THUKA;
p — TJIOTHOCTh XKUJKOCTH; ps — JaBlieHue, noasoaumoe Kk II'Y; p;(t) —
JaBJ€HHE B NPaBOM MOJOCTU TMAPOLMIMHApPA; () — YTEUKH BHYTpH
OI'Y; 4; — sddexTuBHas TUIOMIAAB JEBOM MOJIOCTH CUIIOBOTO HUIUHAPA;
X,(t) — BEIMYMHA NEPEMELICHUS BBIXOIHOTO 3B€HA TMAPOABUraTeNs; Vy;
— 00BbeM KHUIKOCTH B TPABOM TMOJIOCTH CHUJIOBOTO LUIUHApA;, E —
KOY(P(OULHMEHT CXKUMAEMOCTH >KUAKOCTH; ¢, — KOI(PQHLIUEHT yTeueK
4yepe3 TUAPOUWIMHIADP; Ap,=p;(t)-p2(t); p2(t) — NaBleHHE B JIEBOU
MOJIOCTH THUAPOIMIIMHIIPA; A; — 3P dEeKTUBHAS IUIONIAIb MPABOX MOJOCTH
CHJIOBOTO IHIIMHAPA; V), — 00BEM KUIKOCTH B JIEBOM MOJIOCTU CHUIIOBOTO
ATUHAPA.

VYpaBHeHue (3) — ypaBHEHUE Harpy3Kd Ha THAPOLWIMHIAD; B —
kod(urmenT ckopoctHo Harpy3ku; C — Kod(DPUITUEHT TO3UITHOHHOM
Harpy3KHu.

VYpaBHeHue (4) — ypaBHEHHE IBUKEHUs 30J10THUKA OI'Y. m; —
Macca 3oiotHuKa; F,y — ruapoauHamudeckas cwia  (['IC)
(Fea=k1xsz+k2xs, ki m k, — xoapdunmenter ['JIC, omnpenensembie u3
AKCIIEPUMEHTA); By — KO3()PUIIMEHT BSI3KOTO0 TPEHHs 30J0THUKA; Ap,, —

nepenaa JaBJIeHUS MO TOpLAaMH 30J0THUKA, A, — >ddexTuBHas
IUIOIAAb TOPIA 30JI0THHUKA.
VYpaBuenuss (5) u (6) — ypaBHEHHUS DJIIEKTPOMEXAHUYECKOTO

npeoOpazoBaTes THUIA COIUIO-3aCIOHKa; [ — TOK B 0OMOTKE YIIpaBJICHUS;
m, — macca 3acliOHKH; B, — Kod(ppuImeHT BSI3KOTO TpeHus; k, —
KO2(D(PUITUEHT COTTPOTHUBIICHHSI CO CTOPOHBI JKUIKOCTH, BBHITEKAIOIICH 13
COIUIa; X — CMEIIeHHWE 3acioHkW; U — ympaBisioniee HampshKeHHE,
MPUIIOKEHHOE K OOMOTKE YMpaBIICHUS, R — OMUYECKOE COMPOTHBIICHHE
1enu oOMOTKHM ympaBiieHHs; L — KO3(pGUIMEHT CaMOWHAYKITUU IICTIH
OOMOTKH yHpaBJeHHS; ¢ — KOIPOUUUEHT TPONOPLHOHATBHOCTH 3.1.C.,
HAaBOJUMOU B OOMOTKE YIPABJICHHS MPHU MTOBOPOTE STKOPS CO CKOPOCTHIO
dx/dt, kjnk, — ¥odhDPUIMEHTHI MOMEHTOB, IS OIpeaeIeHHON
KOHCTPYKITUU 3JIEKTPOMAarHuTa.

VYpaBuenue (7) mnpenacraBiser CcoOOW  JMHEAPU3UPOBAHHYIO
3aBUCUMOCTh MEX]y IMepenajoM AaBieHUN Ap,, IEHCTBYIOIIUM Ha

630



Tpyoul konghepenyuu «llpoexmuposarie uHICEHEPHLIX U HAYYHBIX npuLodxceruil 6 cpede MATLAB»

30JIOTHUK, U CMEIICHUEM 3aCJIOHKH X; X) — HAYaJIbHBIA 3a30pD MEXIY
COIIaMM U 3aCJOHKOM; /x — BeJIMYMHA CMEIIEHUs 3aCIOHKU OT
HEHUTPAIBHOTO MOJIOKEHUSI.
Cucrema ypaBHenut (1)-(7) BriIO4aeT  cCleAyIOIINE
HEJIMHEHbIE 3aBUCUMOCTH:
— KBazgpatnuHyro 3aBucumocth ['JIC oT mepemenieHus 30J0THUKA
ory;
— HEJTWHEHHYI0 3aBUCHMOCTh Koddduimenta pacxona depe3 DY
OT CMEILIEHUS 30JI0THUKA;
— KBaJpPAaTUYHYIO 3aBUCUMOCTh pacxojia yepe3 30JI0THUK DY ot
nepenajaa JaBJeHUs Ha €ro KpoMKax;
— B3aUMOBJIMSHUE ABYX nosocren II'Y;
— OIpaHUYEHUE IO PACXOAY, JABJIEHUIO U NEPEMEIICHUIO MOPIIHS
TUIPOIBUTATEIIS;
— muddepeHnnan mwionaae rupoIBUraTes;
— CKUMAEMOCTbh KHIKOCTH.
Henuneitnas cucrema ypaBHeHuid (1)-(7) pemianach ¢ MOMOIIbIO
nporpammbl Simulink. OcHOBHast GlOK-cXxema penieHHs] TpeaCTaBIeHa
Ha puc. 2.

b7 s
Hie{ B
Bz L ps Ux—l

MofcHCTEMA peUEHH
ypaeHeHHH (T, ¢ yuaTom
HEMHHEWHHOMD MEMEHEHHA
FAC v kosddMyHMedTa pacxoad

pl

[
#-
*frv

-C- 'b' PP + L
C
B2 “-.'-|:| D - pp
el H-Hie- Al Lt il
At
i A e LA S Y
-C- £ P
A —- Pl
100 _-"MIP E P ]=p
- 1 pt
1l o Feb
a
=5 ;
p NoAcKETEME peleHns MofcHETEMA peWEHHA

YpaEHEHKA (3] wpaeHeHui (1, (20, (17, (2%

Puc. 2. Brox-cxema pewenus cucmemot ypasnenuii (1)-(7).
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Puc. 3. 3asucumocmo nepemewjenus noputs cuOpOYUIUHOPA OM BpemMeHU npu
CUHYCOUOANbHOM Ynpasasioujem gosoeticmsuu (f=111y).
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Puc. 4. 3asucumocmo nepemewjenus nopuHs 2UOPOYUIUHOPA OM BpeMeHU npu
cunycoudanvhom ynpasnsiowem gozoeticmeauu (f=101y).
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[Ipy 3amaHuu ymOpaBiSIONIETO CHUTHAjda B BHUJIE CHUHYCOMIbI Ha
BBIXOJIE HE3AMKHYTOU CUCTEMbI (DOPMUPYIOTCSI KPUBbIE, M300paKEHHBIE
Ha puc. 3 (wactota curHana 1 I'm) u puc. 4 (wactora curnana 10 I'm).
JlanHble pe3ynbTaThl KAaue€CTBEHHO COIVIACYIOTCS C  PE3yJIbTaTaMu
paboThl [2], MOJYyYEHHBIMH [IJISi JPOCCEIBHOTO THAPONPUBOJIA, TNE B
KaueCTBE UCIOIHUTENBHOTO MEXaHU3Ma UCII0JIb30BAJICS TUIPOMOTOP.

[IpoBeneHHOE JalbHEIIEe TEOPETUYECKOE MCCIEIOBAHUE C
MOMOILBIO pa3padOTaHHOW MPOrPaMMbl TO3BOJIMIIO CHIENATh CIEAYIOIIHNE
BBIBOJIBL:

— Ha0NIOAaeMblil Cpe3 CHUHYCOMUJAJIBHOTO CHUTHajla Ha BBIXOJE
CUCTEMBI OO0YCIIOBJIEH B TIEPBYIO Ouepedb CHKUMAEMOCTHIO
KUJAKOCTM W  OrPAaHUYEHHUEM CHCTEMbl 10 pacxoly H
NEePEMENICHUIO TTOPIITHS TUAPOIMIMH]IPA;

— TUApoAMHAMUYECKas cuia U Kod(DPUIIMEHT pacxoja 30J0THUKA
OI'Y  oka3blBalOT HE3HAYWUTEJIBbHOE BJIUSHUE Ha (QopMy
BBIXOJITHOTO CHTHaja B AMANa30HE MaJbIX YaCTOT YIPABJISIOLIETO
BO3JICICTBUSI; OJHAKO, ¢ yBelInueHueM 4acToThl (0onee 100 I'mr)
ATO BJIMSIHUE CTAHOBUTCS 3aMETHBIM U TPEOYyeT CHEeNHalIbHOTO
UCCJIEI0BAHNUS;

— m3meHenue BemmuuHbl [JIC Biauser Ha ObICTponEWCTBHE
cuctembl; npu ymenbiienuun [JIC nHa 10% ObicTpozeiicTBuE
nosblimaercs B 1,6 pas.

Takum  oOpazoM,  mporpamMma  pacuera  JIpPOCCEIbHOTO
THAPONIPUBO/Ia MOXET OBITh HMCIOJB30BaHA TPH TPOCKTHPOBAHUUA W
aHAJIM3€  CJOXKHBIX CIENAIINUX BJIEKTPOTUIPABIMYECKUX CUCTEM H
pa3paboTKe OOPaTHBIX CBS3CH.

Jlumepamypa

1. Hlagnosuu 3.A. MaTtematudeckasi MOJI€b TUIPABIMUECKOTO Mpecca C
ceppoycuiutesniem Ttuna C100 //HaydHo-TexHudeckue MpoOIeMBbl
COBPEMEHHOI'0 THIPOMAIIMHOCTPOCHUS U METObI UX pemeHus. 2001.
C.125-128.

2. Clegg Andrew C. Self-tuning Position and Force Control of a
Hydraulic Manipulator. Heriot-Watt University. 2000. 260 p.
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VJIK 004

MATLAB — UHCTPYMEHTAPUU NCCNEOOBAHUA
MHOYKUUMOHHBLIX CUCTEM

Kocrrokosa T.I1., @angposa JIII.
Bawxupckuti cocyoapcmeennwiii acpaphuill ynusepcumem, 2.Yga
e-mail: Ktp@ufanet.ru

DNEeKTPOTEXHOJIOTUU KaK HaubOoJee SHEPTO- u
pecypcocoOeperaroiye B HacTOsIIIee BpeMsi HaXOIT Bce 0oJiee IMUPOKoe
OpUMEHEHHE B  METaUI000paldaThIBaIOIIE  MPOMBIIIJIEHHOCTH.
O} heKTUBHOCTh TAKUX TEXHOJIOTHI HaNpsIMyH0 3aBHCUT OT KauecTBa
npeoOpa3oBaresieil  mapamMeTpoB  DJEKTPOIHEPTUH,  SBISIOMIMXCS
COTJIaCyIOIIMM  3BEHOM  MEXIy  Harpy3kod  (TE€XHOJOTUYECKUM
IPOLIECCOM) U CETBIO.

JlocTmxeHne 5TOM Ieid BO3MOXKHO JIUIIb TMPU MPUMEHEHUU
HOBBIX (DOPM TPOEKTUPOBAHUSA, B YACTHOCTH, CHCTEMBI BHU3YaJIbHOTO
monenupoBanus Simulink waTerpHpoBanHoro makera MATLAB.

[IpencraBnennass Ha puc.l Moaenb HArfIsSgHO JAEMOHCTPUPYET
YpPOBEHB 3a/1a4, KOTOPbIE BO3MOKHO HCCIIEIOBATh B MaKeTe. ITO MOJEINb
ANEKTPOTEXHOJIOTHYECKOW HMHAYKIMOHHOM CHUCTEMBI MOIIHOCTBIO 250
kBT, cocrosmieit u3 BXoaHoro criaxupatouiero Quibrpa Ld-Ce,
OJIHOMOCTOBOTO MHBepTOpa ¢ oOpaTHeiMH auomamu Universal Bridge,
CHUCTEMBI yIIpaBJICHUsA TUPUCTOPAMU PWM Generator,
KOMMyTHUpYtoiiero koHtypa Lk-Ck v 5KBUBaJICHTHOW Harpy3ku RH.

[Toctpoenne wMoaenu cpeactBamu  Simulink ocHoBaHO Ha
UCIIOJIb30BAaHUU OJIOKOB, XpaHsmmxcs B Oubinuoteke Power System
Blockset [1]. bubnmoTeka coaepXuT psii pa3aenoB, HEOOXOIUMBIX MpU
MoJeIpoBaHuN cuctembl: Powerlib2 (HeympaBisiemble HCTOYHUKU
NOCTOSIHHOTO  HampsbkeHus), Power Elements (mmocnenoBarenbHble
naccuBHble 3nmemeHThl R, L, C), Power Electronics (6mbmmoreka
CWJIOBBIX  3JIEMEHTOB  MOJYNPOBOJAHHMKOBBIX  IpeoOpa3oBaTeneil),
Connector (0510KU CBSI3M).

Harnsigaocts aumarpammbl - oOecrieynBaeTCss HWHIUBUAYaTIbHBIM
rpaguyeckuM  TpecTaBlieHHeM  OJIOKOB,  CHAOXEHHBIX,  IIpH
HEO0OXOIUMOCTH, YHUKAJIbHBIMU UMEHAMU.
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MeTayHue 1

|

By gekcT sHay
W e YY
Ll . T o L SN
A e Lim = =
" . RH C Lx Hem, Tona In Hhat2 ASHETE TOE HArp
+
=

] P Suore? —
b |
Uniwersal Bridge I:l prTE——
] In1 Ot A P Harp
fl: wane \—» [ 19
— ol WRn R Joe] Iz Q2
¥ * Beiv cpeg sHay ERRATOK HATp
= =
Autive & Reactive [ 10
P Signalz)Pulzes —— Poumer a I l:l
= Ot r GPEA HAND HArp
e int AXT. Mo,
Pt Generator Ont2 ™ I:l
MHTErpaTop FearT.

— Ground [output)
Puc. 1. Mooenv unsepmopa.

biok HcroyHuk Mojaenu 3alaeT aMIUIUTYyAy [OCTOSIHHOTO
HanpspKeHUsT Ha MOCT HHBepTopa. MocToBas cxeMa Mpe/cTaBieHa
omokom Universal Bridge, B mapamerpe Power Electronic Device
KoToporo 3aman Tum cxembl uHBepTopa GTO/Diodes. B nmpyrux
rnapaMeTpax 3aJaHbl: JIBE€ MaroHajdud MOCTa, 3HAUCHUS HAMNPSHKEHUH,
CONPOTHUBJIEHUS M €MKOCTH BHYTPEHHUX OJJIEMEHTOB cXxeMmbl. PWM
Generator mojilaeT Ha BXOJ MOCTOBOM CXE€MbI UMITYJIbCHI C YaCTOTOM,
yKa3aHHOW B JIMAJIOTOBOM OKHE JaHHOro Ojoka. Yuciao uMIynbCcoB
3aBUCHUT OT KOJMYECTBA JAMAroHaie Mocra.

Pe3uctoppl, KaTymKd  HMHIYKTUBHOCTU M KOHJEHCATOPHI
npeAcTaBieHbl Ha auarpamme OjokoM Series RLC Branch. Jlannbrii
0JIOK TO3BOJISIET OMPENENATh 3HAUYCHUE IMapaMeTpa COOTBETCTBYIOIIETO
JJIeMeHTa, mpudeM 3HadeHne «inty mama emxoctm u  «0»  is
CONPOTHUBJICHUS WJIM HHAYKTUBHOCTH UCKIIOYAET ATOT JJIEMEHT W3
LEMOYKH.

Wzmeputenbubie «mpubope» Voltage u Current Measurement
MOAAI0T CUTHAJIBI HA BXOJ BBIYMCIUTENBHBIX OJ0OKOB Active&Reactive
Power nnsi ompeneneHusi MOIIHOCTH, U OJIOKOB «Bblu AeiicT.3Hau» u
«Bbr1a cpen 3HAY» IS HaxOXKIeHUS d()PEKTUBHOTO (IEHCTBYIOMIETO) |
CpEeIHEro 3HAa4YeHUI HECMHYCOUJATBHOTO MEPUOANYECKOTO HAMPSIKEHUS
U TOKa B Harpy304yHO#l 1menu. B OCHOBY cO3/aHUS BBIYUCIHUTEIbHBIX
0JIOKOB TIOJIOXKEHBI (POPMYJBI JJIsi OMNpEACNICHUs] JEHCTBYIOUIETO H
CpeIHero 3HaYeHUW TOKa M HampsikeHus. B cooTBeTcTBYIOmUX O10Kax
ucrnoisibdyercst 0610k RMS - Bbrumcnurens ACHCTBYIONIETO 3HAYCHMUS
napameTpa, KOTOPbIA JUIsl U3MEPEHHUs CPEAHETr0 3HAYEHHS HECKOJIbKO
U3MEHEH.
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brnok Integrator BBITIONHSET POJb Pa3CIUTENSI MOIIIHOCTH Ha JIBE
COCTaBJISIFOIIUE: AKTUBHYIO M PEaKTUBHYIO.

Jis  HaOmromeHWussT W PErUCTpalui  TEPEXOIHBIX |
YCTaHOBUBIIUXCS TIPOIIECCOB B MOJEIH HCIIOJIb30BAHBI BHPTYaJIbHBIC
npubopsl: Scope U Multimeter. B wactHoctu, Multimeter mo3Bosisier
HaOMIOAaTh  DJEKTPUYECKHE  TapaMeTphl, BBIOpAaHHBIE B  OKHE
COOTBETCTBYIOIIMX JJICMEHTOB, HallpUMEp, TOKH M HANPSHKCHUS Ha
aneMeHTax Mocta uHBepTopa. C KaxAbIM TpapUIECKUM SJIEMEHTOM
CBS3aHO OKHO HACTPOEK, HampuMep, Ha pUcC.2 TPEICTaBICHO OJHO U3
HUX.

Block Parameters: Univerzal Bridge |

— Univerzal Bridge [mazk] [link]

Thiz block implement a bridge of selected power electronics devices.
Senes RC snubber circuits are connected in parallel with each switch
device. For most applications the internal inductance should be set to
Zern.

— Parameters
Number of bridge arms:  [ZNAARR ~ |
Part configuration I.-'E-.BE az output kerminalz j

Snubber reziztance Bs [Ohms]

|1 oo

Snhubber capacitance Cs [F]
Jinf

Power Electronic device IGTEI 4 Dindes j
Ran [Ohmz]

[1e3

Forward woltages [ Device WP . Diode Wid]

|[ 1.515]

[ TF=]. Ttis] ]

J[0 0]

Measurements I MHone - |

k. I Cancel Help | 1] |

Puc. 2 Oxno nacmpoex 610ka Universal Bridge.

JUia  3amycka 1npouecca MOAEIUPOBAHHA B IIYHKTE MEHIO
Simulation 3amaercss Bpems, IIar ¥ TOYHOCTb MOJEIMPOBAHUSA, CIOCOO
M3MEHEHUSI MOJIEIbHOTO BPEMEHHU, UMEHA (DAIJIOB M MEPEMEHHBIX, IS
COXPAHEHHUs Pe3yJbTaTOB MOAEINPOBAHNS U MHOTOE JPYTO€.
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MOIICJIL IMO3BOJIMJIA H3Y4YUTH pa60Ty CUCTCMBI C IIOMOIIIBIO
IMTOCTAHOBKHU CCPHUHU MHOFO(b&KTOpHLIX OKCIICPUMCHTOB.

Jumepamypa

1. I'yremsaes A. BusyanbHoe wmoxaenupoBanne B cpene MATLAB:
yueOHbIi Kype. CI16: TTutep, 2000. 432 c.
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YK 629.735.33

NMPOrPAMMHbIVA KOMIMMNEKC FLIGHTSIM ons
MOAENNPOBAHUA U AHATNTN3A OUHAMUKA
CAMOIJIETA C CUCTEMOW YMNPABJNEHUA B CPELQE
MATLAB/SIMULINK

Kysumnos B.M., Aunmuna O.B.
Llenmpanvuuiii aspocudpoounamuueckuti uncmumym um. H.E. JKykoeckoeo,
2. Kyroesckuii

[Tpu ucnonb3oBanuu nporpammuoit cpeast MATLAB/Simulink B
KOHKpPETHON 00JIacTH, B YaCTHOCTH, Il MCCJIECAOBAHUS JUHAMUKHA U
cucteM ympasieHus JIA, HaOOp cTaHIApTHBIX OJOKOB M MPOrpaMM,
BXOJSAIINX B ATy CHUCTEMY, 3a4aCTy0 OKa3bIBACTCS HEIOCTATOYHBIM H
BO3HHUKAET HEOOXOAMMOCTHh HCITOJIB30BAaHUS OMOIMOTEK CIICIIMATBHBIX
MaKpOd3JIEMEHTOB ¥ TIPOTPaMM, JIOTOJHUTEIHLHO pa3paOOTaHHBIX IS
JTaHHOW 00JIaCTH COOTBETCTBYIOMIMMHU crienanuctamu. J(HPeKTHBHOCTD
npuMeHenus nporpammuoit cpenst MATLAB/Simulink B sToM ciydae
MOKET OBITh 3HAYUTEIHHO YBEIUYCHA.

B  nokmame  paccmaTpuBaeTcsi  MPOTPAMMHBIA  KOMIUIEKC,
BKJTFOUAIOIIMI OMOJIMOTEKH CIIeMATbHBIX OJIOKOB JiJist cpebl Simulink u
HA0Op YIPaBISIOMIMX, PACUETHBIX M TpaUuecKuX MporpamMMm Cpe.bl
MATLAB, mnpenHa3Hay€HHbIX JJIsi MOJCIHMPOBAHUA U  aHaIU3a
JTUHAMUKH CcaMoJieTa ¢ CUCTeMOM ympaiieHus. Komriekc cioxuics B
pe3yibTaTe CEMUJIETHETO OIBITa MCIOJb30BaHUSI MPOTPAMMHOM Cpebl
MATLAB/Simulink B mpakTuke MOJAEIUPOBAHMS JIBUKEHHUS CAMOJIETOB
C CHCTEeMaMH yIpaBJCHUS, B TOM YHCIE MOJCTUPOBAHHS Ha
MAJIOTAXKHOM CTEHJIE, M PEIICHHs 3a7ad CHHTE3a CHUCTEM YIIPaBJICHUS B
OTJICTICHUW IUHAMUKH W CHCTEM YIIPABJICHUS JICTATCIBHBIX ammapaTroB
[HAT'N.

B nactosmee Bpems komrieke FlightSim BrmrodaeT cnemyromiue
COCTaBHBIC YACTH:

1. bubnuoTeku 3IEeMEHTOB /JI MOJEIUPOBAHUS JUHAMUKHA CamoJieTa ¢
CUCTEMOM yIIpaBICHUS:
— bubnmoreky ypaBHeHuUl ABMKEHHS camosieTa (puc. 1):
" OJIOKH YpPaBHEHHMs IOJHOIO MPOCTPAHCTBEHHOIO IBM)KCHUS
camoJieTa B pa3inyHoi ¢opme (B HAPABIISIONINX KOCUHYCAX
WM B KBATEPHUOHAX );
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* QJIOK YpaBHEHMI MPOJOJIBLHOTO JIBUKEHUS;

" OQJIOKHM ypaBHEHMI OOKOBOIO ABM)KECHUS;

* Halop JAMAJOrOBBIX MOJYJEH HACTPOWKM HayalbHbIX
yCIOBUH U pacyeTa 6anmaHcupoBok JIA (puc. 2).

— bubnuoTexky BCHOMOIaTeIbHBIX AJIEMEHTOB A (POPMHUPOBAHUS
monenn muHamuku JIA (ctammapTHas atmocdepa, H3MEpEHHUs
JATYMKOB, MEPEX0JIbl MEKIY PA3IUYHBIMU CUCTEMAMU KOOPJIUHAT
u ap.).

— bubnuoTexky MaTeMaTHYeCKHX MOJIEIE 3JIEMEHTOB CHUCTEMBI
ynpasieHus: JIA Takux Kak HeJIMHEHHBbIE pyJieBble NMPUBOABI (B
TOM YHCJIE C YYE€TOM BIIMSHUSA LIAPHUPHBIX MOMEHTOB), JaTUUKH,
TUIIOBBIE AJIEMEHTHI AITOPUTMOB YIIPABJICHUS U T.II.

— bubnuoTexy BCIOMOIaTeNbHBIX 3JEMEHTOB ISl MOJEIUPOBAHUS
newxkenuss JIA (puc. 3) (mpaliBep KOWCTMKA W CpPEICTBa
BU3YaJIM3ALIMH IBHXKEHHS CAMOJIETA).

2. Tlaker mnporpamm ympaBiieHHs Oa3aMH JIaHHBIX CaMOJIETOB JJIs
UCIIOJIb30BaHUS B JUHAMUAYECKHUX MOZEIIAX CUCTEMBI
MATLAB/Simulink.

3. bubnunoreky mporpaMM pacyetTa M aHalIM3a JAMHAMUYECKUX
xapaktepucTuk camosiera ¢ CAY, 3aJaHHBIX MOJEIbI0 CHCTEMBI
Simulink n kommnekca FlightSim:

— pacuyeT, MOCTpoeHHe U 00pabOTKa YaCTOTHBIX XapaKTEPUCTHK;

— pacuer, OCTpoeHue U 00padoTKa KOPHEBBIX IrOA0TPaQoOB;

— TMIOCTPOEHUS U aHAJIU3 MEPEXOTHBIX MPOLIECCOB;

— pacyeT CTATUCTUYECKUX XapaKTepUCTHK (B TOM 4HCIIE
CHEKTPAJIBHBIX IIOTHOCTEH) MpH AEHUCTBUM MEIKOMACIITaOHON
TypOyJIEHTHOCTH;

— TEHEPHUPOBAHME pPEANM3ALMM CIYyYalHOTO BETPA MO MOJEISAM
Kapmana u Jlpaiinena;

— pacyeT CTATUCTUYECKUX XapaKTEPUCTHK (B TOM YHUCIE CHEKT-
paJIbHBIX IUIOTHOCTEN) MO peaau3aluy CIy4aiHbIX CUTHAJIOB.

4. Ilpumepbl Mojenel JIWHAMUKA TUINOTETUYECKHUX CaMOJIETOB C
CUCTEMOH YIIpaBJICHUS.

5. Crneuuanu3upoBaHHYI0  IpOrpaMMy  pacyeTa  XapaKTepUCTHUK
B3aMMOJICHCTBUSL CHUCTEM YIPaBJICHUS C YIPYTUMH KOJICOAHUSIMU
KOHCTpYKIMM JIA ¥ CcHHTE3a aKTHUBHBIX CHUCTEM YINPAaBIICHUS
CaMOJIETOB.

Yacte OnokoB Oumbmmorek komruiekca FlightSim mpencrasmser
co0Ol MOJICUCTEMBI, COOpPaHHBIE U3 CTAHJAPTHBIX 3JIEMEHTOB CHUCTEMBI
Simulink 1 HACTPOEHHBIX COOTBETCTBYIOIIUM 00pa3oM (B TOM YHCIE C
HCIIOJIb30BAHUEM MAacCOK), a 4YacTh, HalpuMep MOIYJW YpaBHEHHM
JBUKEHUSI — TaK Ha3bIBaeMble S-(QYHKIMM, HanucaHHble Ha si3bike C U
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OTKOMITHJIMPOBAHHELIC.
E! FI_Sim_Embr/Motion equations library: Lib_eq53
File Edit %iew Simulation Format Tools
Fx v, mis Fx v, mis q,radis Beta, deg Beta, deg
Ms Pitch,deqg ny ny
Fy [ul,w0,w0],mis Fy [ud,u0,w0],mis Eapkeica Bank, deg
Alpha,de
Fz . Fz . [ p, rad/s p, rad/s
[Pitch,Bank,Yaw],deg [Pitch,Bank,Yaw],deg Gamma,deg
nz L r, rad/s L r, radis
M [Alpha,Beta],deg M [Alpha,Beta],deg v.mis
a N H.m Pitch, deg Pitch, deg
Mdc Mdc
m m . L.m H pw, rad/s H W, radis
1 [p.q.r], deg’s 1 [p.q.r], deg’s Alphat,rad’s rw, rad/s rw, radis
[u0u0,wOM,mIS [ 1o 1 (U0 N0 WO MiS L o 1 Full Longitudinal Lateral-Directional Lateral-Directional
e e Motion Equations Motion Equations  Motion Equations
Spatial motion equations Spatial motion equations (Body Axes) (Body Axes) S-Fun

in direction cosines [I1S0] in gquaternion form [IS0]

Click me
to edit
Initizl Conditions:

Spatizl Motion
Initial Conditions
Ecition

Click me
tovintialize and edi
Initial Conditions
Longitudinal kMotion
Initial Conditions
Initizlization&Edi

Alpha

de Gamma
3

a7 H

Aircraft Long.
Tritnming Blocks

Click me
tovintialize and edit

Initial Conditions
Lateral-Directional Motion
Initial Conditionz
InitizlizationsEdit

Beta,deyg
Bank, deg

p, degis
dr T, degis
Aircraft Lateral
Trimming Blocks

da

Puc. 1. bBubauomexa ypagnenuti 08UdiCeHUs Camoiemd.

<} Longitudinal aircraft timming

- S5et values for parameters to fix

Fined velocity walug WO [WO=4] in mds
Fixed altitude walue HO inm

¥ Use non-zero load factor increment diz.

Trim parameters found —

diz walue in units

Alpha in deg:

7422

[nput 1 [elevatar]: 1.000

[nput 2 [thrust): 0139

Max dx abzolute walus:  1.8203=-014
Mumber of ikerations: 52

Fitch rate qin 1/zec:
Velocity Y in mdzec:

Altitude H in m:

Find trirm

Trim aircraft

0.056

176.000

2000.000

Puc. 2. ﬂuaﬂoeoeoe OKHO 6aﬂchup061<u camoaiema.
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Monynu ypaBHEHUN TPOCTPAHCTBEHHOTO JABUKEHUSI COCTABIICHBI
Kak S-¢pyHkuuu Ha s3pike C U, B OTJIIMYKUE OT MOJYJIEH, BKIIOYEHHBIX B
Bepcuto Simulink 4.00, mpegycMaTpuBaOT KOPPEKIMIO HATIPABIISIIONTUX
KOCMHYCOB  WJIM  KBAaT€pPHUOHOB M  TO3BOJSIOT  MPOBOAMTH
MOJICIMPOBAHUE HA BCEX pEXKUMax JBUIKEHHUS CaMoJieTa, BKIIIOYAs
PEXKUMBI B3JIETa, MIOCATKH, TIPOOETa M PYJIECHUS C yI€TOM MOJIEIH TacCh
mpu  ckopocTsx aBmwkeHHs V=0. OTCyTCTBHE KOPPEKIHH BEIET K
HAKOIUJICHUIO OIIMOOK, OCOOCHHO MpU OOJBIIMX YTJIOBBIX CKOPOCTSIX
JIBMKEHUS CaMoJIieTa, a B PsAJE CIy4yaeB MOXKET MPUBOJIUTH K OCTAHOBY
IpOrpaMMbl U3-3a2 HAPYLIEHUS JJIs OJTHOTO M3 YIJIOB Diliepa yclIOBUS
[cosd<L 1.

Pa3paboTanHbie cpencTBa BU3yadu3alus IBHKEHHUS camoJjieTa
YIOPOIIAIOT OTIAAKY MOJENEH, CYIIIECTBEHHO YBEIMYUBAIOT HATJISATHOCTD
MOJICIIUPOBAHUS, OOJIETYAIOT TPAKTOBKY (DYHKIITMOHHPOBAHUS CUCTEMBI
yIOPABJICHUS, YIYUYIIAIOT MPE3EHTAIMOHHBIE BO3MOXKHOCTH KOMILIEKCA.
OTuU cpeAcTBa BKIOYAKOT (puc. 3):

— HMHTATOPHI MUJIOTAKHBIX MPUOOPOB,

— mnoctpoenue 3-D  TpaektopuuM B  MpolEecce M MOCie
MOJICTUPOBAHUS,

— BH3YaJIH3AIUIO IPOCTPAHCTBEHHOTO MOJOXKEHHUS CaMOJIETa,

— MEepUOJAMYECKHUI 3aXBaT TEKYIIMX KAPTUHOK JBUKEHUS CaMOJIETa.

[Ipumep Bu3yanu3anuu ABUKEHUS CaMoJIeTa MOKa3aH Ha puc. 4.

E!FI_SimJ SlAircraft Dynamic Simulation elements ibrary: Lib_S5im = & |EI|£|
File Edt “iew Simulation Format Tool: Help

wpe [-1,0,4+1.1] Bank [ H] » [K.‘r‘.H]. wovH
Head
Hpa[-1,0+1.1468 . ,
el ! Pitch Orr-line Trajectory Ofi-line Trajectary
Pl (Trigger) Nz O
. Wi = =
P2 15w PE) H - | 5 _
Pl
VI CAPTURE MOVIE
P r Capture Current Figure Create Movie
: Instrument Panel L . L
F-23 Jostick Graph Ky in Simulation in*.avifile
Mdc [1S0) Mde (1500
whH * U YE e *-
LE WEWE o [ ] T
¥yH M | I
on-line Plane Rotation  On-line Plane Trajectory On-line Plane Mation  Click to drawe off-line
Yisualization Yisualization Yisualization Aircraft motion movie

Puc. 3. Bubauomexa 6cnomozamenbHbix 21eMeHmMOo8 0151 MOOeaUposanus 08uxiceHus JIA.
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=} Aircraft rotation. Rotate view. di=1 -0 x|

Puc. 4. Bu3yaﬂu3az4wz npocmpancmeeHH020 NOJN0AICEHUA camoiemda.

Monenu a’poAMHAMUKA COBPEMEHHBIX CaMOJIETOB SIBIISFOTCS
JIOCTaTOYHO CJIOKHBIMHU M COJEpP’KaT OOJBIIOE KOJMYECTBO TaOJIHMII
A’POTMHAMUYECKAX XAPAKTEPUCTHK IO PA3IMYHBIM apryMeHTaMm (yriiaMm
aTakd M CKOJIbKCHUS, OTKJIOHEHUSM OPTaHOB YIpaBJeHUs, yuciay M u
ap.). B mporecce pa3paboTku camolieTa WM MPU €ro MOIU(UKAITUIX
a’POJMHAMUYECKHUE XapPaKTEPUCTUKHU M 3aBUCUMOCTH mapameTrpoB CYY
0 peXUMaM IOJeTa yYTOUHSIOTCS, U3MEHSIIOTCS, TOMOJHSIOTCS W T.II.
JIJ1s BBITIOJTHEHUS TaKUX OTepaIuii pa3padoTaHa mporpaMMma MmoACpKKH
0a3 JaHHBIX XapaKTEPUCTHUK CAMOJICTOB.

[Iporpamma moaAep>Kku 0a3 AAHHBIX XapaKTEPUCTHUK CaMOJIETOB,
HanucanHasi kKak MATLAB-npunoxeHue, siBII€TCA BaXKHOM COCTaBHOMU
gacThio KoMmiuiekca FlightSim, omgHako, MOXET HCIONB30BAThCA U
HE3aBUCHMO OT HEro JyIs JII0ObIX Mojenen cpeabl Simulink. [Tporpamma
uMeeT pa3BuThii uHTepdeiic cranmapra Windows (rjgaBHOE OKHO
IporpaMMbl  MOAJIEPKKA 0a3 AaHHBIX TMPEACTABIEHO HA pPHUC. 5) H
MTO3BOJISIET BBITIONHATH CAEAYOMUe (QyHKITNN:

— CO3/IaHMe HOBBIX 0a3 MaHHBIX W JIOMOJHECHHE CYIICCTBYIOIINX
myTeM  ‘‘3axBaTa’  YHCJIOBBIX MAacCCHBOB U3  Pa3IUYHBIX
HNCTOYHHUKOB,;

— BO3MOXKHOCTh  JMAJIOTOBOTO  PENAKTHUPOBAaHUSA COCTaBa U
collepkaHusi 0a3bl JAHHBIX, BKJIIOYAash KaK TEKCTOBOE, TaK U
rpaduyeckoe (puc. 6) pelakTUPOBaHNE TaOIUIHBIX (DYHKITHIA,

— aBTOMAaTU3MpOBaHHOE (OPMHUPOBAHUE DIIEMEHTOB MOjeIen
cucrembl Simulink, coaepxkamux BbIOpaHHBIE TaOIMYHBIC
(dbyHKIIMU 0a3bl JAHHBIX;

— CEepBUCHbIE (YHKIIMM — OTKPHITHE HOBBIX 0a3 IaHHBIX,
COXpaHEHUe U3MEHEHHU B 0a3e ¢ 3aMuChi0 B CTAPBIM WM HOBBIN
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mat-paiizn, mpoBepka  COOTBETCTBUS  CBOMCTB  (DYHKIIUHU

CBOMCTBaAM apryMEeHTOB, BbIBOJ TpadukoB (yHKIMA Oa3bl

JTAaHHBIX, OTKPBITUE MOJICIICH CUCTEMBI Simulink® u Ip.

baza manneix JIA mpencraBisieT  co0OM  CTPYKTYpY €O
CIEIYIOINMU TOJISIMU:

T8 name 1 Arg — cTpykrypa, coaeprauas
B KaueCTBE IIOJIEH MaCCHBBI
- 3HAYEHUI apryMeHTOB IS
— Ar Arg Names % .
g g TaOJMUYHBIX (YHKIUH;
— Fun ArgNames E] 2 Fun(1:n) — MacCuB CTPYKTYp,
E coJIeprKaIInX B
[~ .
— ArgArr E] Ka4yeCcTBE MOJICH:
N Arr — MaccuB 3HAYEHUN
— Name
byHKIHH,
L ArrName ArrName — ums
COOTBETCTBYIOILIETO
L Agr —H MaccuBa,
UCIIOJIb3YEMOE B
— Prm Frim Names —@ MOJIeNn CHCTEMBI
Simulink;
—| G omments @ Name — HaMMEHOBAHKE
. JAaHHOW (PYHKIIUU TIPH
B numeric text BBIBOJIE €€ TPa(h)HKOB;
ArgArr — maccus MMEH
apryMEHTOB  JAHHOU
byHKINH,
ArgNames — MmacCUB ~ HMMEH
apryMeHTOB npu

BBIBOJIC TPa(UKOB;

3 Prm — cTpykrypa,
coJieprKaliasi B Ka4yecTBe
rnoJjeun 3HAYEHUS
rapameTpoB (Bec,
mwromanas, CAX u T.11.);

4 Comments — TEKCTOBBII
KOMMEHTApHIA.
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-} IDatabase Manag X A _ I =] 3

File Data Tools  Info

NN REE |

Database for HWRAM Spatial [6-D] motion generic example

Comments: =
Parameters: Arguments: Funchions:

G Y C__Aircraft_Long_Arguments a Czfa :l
Iy S| pErre—se— (| c: D

c H Czfab J

s | Dem Cmfa

dxcg aM Cm_q

FiEng MB cmOM

LEng Qm dxfM

CxFl Bdm czaiM

CzFl Hm cmderM

Ix C__Aircraft_Side_Arguments Cm_DeAlDe

Iz Qs C__Aircraft_Side_Parameters

Ixz Os4 Cy_b LI
E gsg Argument Armray: Argument Labels:
nz s

g Alfam? Alfa Alpha

SwSpil b Hzm b Dem De

dTfpmax Alfaml

Tfp0 || |Mm | Label: C_m_D_efAlpha.De)

5=[396 Length: | 51 Size: 51x7

AR E I E R R e =l EE RN E =

Par. 420 Arg. 2420 Fur. 13/61

Puc. 5. I'masnoe okno npoecpammul ynpasienus bazamu
OAHHBIX XAPAKMEPUCTUK CAMOaema.

<} 1D plot editor : i o] ]
EI Q9 #[25)=T5; (25.21-0.1281;
DI:IE T T T T T T T T T
—e— F1 (}{1)
—&— le:;“:q:'
|
Name

Puc. 6. Oxno epaguuecxoco pedoaxmuposanus
maodIuyHbIX QYHKYUL OA36l OAHHBIX.
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OnwiT pabotsl ¢ komiuiekcoM FlightSim mokaszan, uto Bpems
pa3pabOTKU M OTIAJAKKM MAaTEMaTUYECKONW MOJIETTU caMoJieTa ¢ CUCTEMOM
yIOPABJICHUS] 3HAYUTEIBHO COKPAIIACTCS IO CPABHEHHUIO C “PYYHBIM”
nporpaMmMupoBaHreM win ¢ ucnonb3zoBanueM CAIIP mpenbigyiero
MOKOJICHHUSI, UCTIONB3YIOIIUX KOMAH IHBIH SI3bIK, @ BEPOSTHOCTh BHECEHMUSI
OIMMUOOK CYIIECTBEHHO YMEHbIMaeTcs. [Ipu 3TOM BaKHYIO POJIb HTPAIOT
MpUMEPHl MOJENeH AMHAMUKHA CaMOJIETOB, BKJIIFOYCHHBIC B KOMILICKC.
[lenecooOpa3Ho HCIONB30BaTh STH NPUMEPHI B KayeCTBE OCHOBBI
(maboHa), cCoXpaHss CTPYKTYpYy MOJEIW W OCHOBHBIE CBS3H MEXKIY
6moxamu (60K MOJETH CHJI U MOMEHTOB, OJIOK ypaBHEHUU IBUKCHHUS,
OJIOK MOJIENTM CHCTEMBI yIPABICHHSI, OJJOKH MOJEeH IPUBOIOB U T.II.),
Y 3aMEHSISl MJIM HacTpauBasi UX KOHKPETHOE COJIEp KaHHeE.

B uyacTtHOoCcTM, B KOMIUIEKC BKJIIOUYEH TpUMEp MOJEIHU
IPOCTPAHCTBEHHOT'O JIBU)KEHUSI TUIIOTETUYECKOTO camoseTa (puc. 7) c
HEJIMHEHHBIMH a3POJIMHAMUYECKUMH XapaKTEPUCTUKAMU, 33JJaHHBIMU B
MIMPOKOM JIMAINa30He YriioB aTaku U uncena M, ¢ CUCTEMOI yrnpaBiieHus,
YPOBEHb CIIO)KHOCTH KOTOPON COOTBETCTBYET COBPEMEHHBIM CHCTEMaM
yIOpaBJICHUs] MaHEBPEHHbIX camosieToB. IloacucremMa —  Mojenb
MPOCTPAHCTBEHHOTO JBIDKCHHS caMoOJieTa TIoKa3aHa Ha puc. 8,
nojicuctemMa — Mojiesb anropurmMa CYY GOKOBOTO ABMKEHHUS CaMoJIeTa —
Ha puc. 9.

[T 5pat_Mot_p53_d/HWRAM Model M= E3
File Edit “iew Simulation Format Tools
[Cre,Cra,Cir, b, D Thi],deg
Monlinear Actuator De + |—hD 3 I_,.
e, deg
"
Ude De W, mis =-
I Lida Oa Ih Je O3, dag W, mis
Nonlinear Actuator Da [0 D], mis "-
Udr DOr - Or, deg [ud v ud], mids
Haonlinear Actuatar Dr ol 0, [Apha. Betal, deg [ﬁlrh Beta].d
I ol , deg pha,Betal.deg
DACSF) Fu hide :-
Honlinear Actuator Dh | D, deg o
SFI0A12 BLY.HL m »1)
[ j: | dThr [=. v Hl. m
EThr 0] : : . [Fitch, Bank:, Taw] * 2z )
J Udfi  DFi i I OFiThr, deg [Fiteh,.Bank, " awm]
.q.r], degy: g
Nonlinear Actuator DFiThr Pl degss -
[ 6 1} f=| Gear 041 [p.q.1].degs=
= iy >
wuiFear [rxmy niz) 3 -
(A = SwGearBr 041 o = i, iy, NZ
Buzeardr Full Spatial Aircraft Dynamics_HuiRAb "r ’;
. H
UDFiThr Nz
p.q.r
Ubh Apha,Beta, deg
¥pe {1 ]
Ubr SuTw & -
Pitch,Bank, ¥aw ST
e )
r
LD
W xpr
Stability Augmentation System

Puc. 7. Mooenv 3amxuymotui cucmemol camonem-CVY (npumep).
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pq.r
Apha, Beta
Spatial motion equations in dir. cosines [US]
Apha,Beta,deg
Fx I Fx
(p.a.r. degis i e e
i 'Yl MY W, mis
I, miz 2 > -
Fz = Fz z
- [Dz, 013, O] deg Jui w0 wl] s " w2 )
E | Dl deg [uCI.vDI.wZI],
Fy P oy mfs
Dfl, deg o
L [Fitch, Bank, ¥aw] deg >
(T o [Pitch, Brank, ' aw],
. L L deg
=] | Gear [0,1]
[Mpha, Beta] deg > -
Gaar i B
@ | Sw GearBr N it [4lpha,Beta],
SwuizearBr | 1, ) deg
o e i 1 5 o {3
(: - p {1l Mde
dThr b, m
I H T ForcesZhoments [p.g.r]. degis » -
HUWRAM model m [p.q.1, degis
fut 2 e b =g ]
1= [l by Iz, bx2] > fxorHl. m e
T_stidTh H b ST HLm
—StdThH.) WassZinertial Moments=Iit) [Mach, Q10 H)
t Mach W
it 2 ”H—} o, Him2

Puc. 8. Illpumep mooenu npocmpancmeeHHo20 08UNICeHUs CaMOIemd.

l_ sideC5AS5 /Lateral-Directional Stability Augmentation System? =

W Mz JrAlLH, 0 SWFB®
Demux

I o

1 cosALET 3
0.255+1

Body--x Ua*cosal
xpa -
Filt ¥pa Stability

C -0.0255+1
00255+
P pendFitDalay p E

C -0.025:+1
0.025z+1

BendFlDelay r

K, H.AL _-:ﬂ

o Kraial, )
H Fkbet i

- A . bl
Bank Compensation
P Kbl H, AL U cosAl

Filt Beta

1 K Al

0.5+
Filt Xpr

Puc. 9. Ilpumep mooenu ancopumma CYY 60x06020 08udicenus camoiema.
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Mopnenu, pa3paboTaHHBIE C MCIIOJIB30BAHUEM PacCMaTPUBAEMOTO
KOMIUJIEKCA, OBLJIM  HKCIOJB30BaHbBl HE TOJBKO JJIS PACUETHBIX
UCCJIENOBAHUM  TO  aHAIMW3y  XapaKTepUCTUK  YCTONYMBOCTH,
YIOPABJISIEMOCTH U CHUHTE3Y CHUCTEM YIMPABJICHHS camojieTa, HO U IS
MOJICIMPOBaHUSl JABUKEHHUS caMmoJieTa B peajlbHOM BpPEMEHHM Ha
NUWJIOTAXKHBIX CTeHnax [l] W cTeHgax Uil 3KCIEPUMEHTaIbHOU
OTpa0OTKM CUCTEMBI YIIPABJIECHUS U €€ 3JIEMEHTOB.

Jnst 3TOr0 HEOOXOIUMO OBUIO PEIIMTh HECKOJBKO BOMPOCOB,
OCHOBHBIMH U3 KOTOPBIX SIBJIIOTCS CIEIYIOLIHUE:

— OpraHuzaiusi CBsI3M MOPOrpaMMbl MOJEIUPOBAHUS JTUHAMUKH
camoJieTa C YCTpOWCTBaMH BBOJIa—BbIBOJA, B MEPBYIO OYEpEb
matamMu  aHanoro-uugpoBeix (ALII) wu 1uudpo-aHamoroBsix
(IIAIT) mpeoOpa3zoBareneir, s o0OeCHEUYEHUS CBSI3HM  C
anmnapaTypou peajbHOr0 BpeMEHHU;

— OpraHuzalus MEXMaIlMHHOTO uHTepdeiica miga obecrieueHus
B3aUMOJICUCTBUSL  MPOTPAMMbl  MOJICIMPOBAHUSI  JTUHAMUKHU
camojieTa € CHCTEMaMHM BU3yalM3allUd W  yIpaBJICHUS
MOJABUKHOCTHIO;

— o0ecrnieueHne pexuMa "peanbHOro BpemeHun" pu
MOJICIIUPOBAHUHU.

[lepBas 3aga4ya MOXKeET OBITH pellieHa UCTIOJI30BAHUEM PA3TUYHBIX
AIIT u LIAIT 3apy0exxHOTO MPOM3BOACTBA, HAOOP JIpaliBEepOB KOTOPHIX
BxoauT B maker nporpamMm  Real-Time Workshop  cuctemsr
MATLAB/Simulink. OmHako 5T TJIaThl WMEIOT BEChbMa BBICOKYIO
CTOMMOCTh W HEJOCTATOYHO JOCTYIHBI JUJIi MCHOJIb30BaHUS B HAaIleH
ctpare. Kpome toro, maker mporpamm Real-Time Workshop sBrisercs
TaK)K€ BECbMa JI0POTOCTOSLIUM.

Haunbonee pacripoctpaneHHbiMU B Hatel crpane miaramu AL u
IAII nma mepcoHanbHBIX KOMIBIOTEPOB, HMMEIOIIMMH, KPOME TOTO,
OTHOCUTEJILHO HEBBICOKYIO CTOMMOCTD, SIBJISIFOTCA IUIAThl MPOU3BOICTBA
poccuiickoro mpeanpusatus L-CARD. Jlnga nmnat ¥ BHENIHUX OJIOKOB
(“kpeitToB”) maHHOro TUMa OBUIM HAMUCaHbl JpaiBepsl B BHUAC S-
bynkuit  cuctembl  Simulink, TO3BOJNIAIONME MOJETH JTUHAMHUKH
caMoJieTa OCYIIECTBIATh TPUEM BXOAHBIX CHUTHAJIOB OT BHEUIHUX
UCTOYHUKOB, B TOM 4YHCIIe, OT pPbIYaroB yIpaBJeHUs caMoJieTa M
BbIJIaBaTh  HEIMPEPHIBHBIC BBIXOJHBIE CUTHAJBI, Hampumep, IS
yOpaBIEHUSI pPEAbHBIMU PYJEBbIMU MPUBOJAMU MPHU TOJIYHATYPHOM
MOJICJIMPOBAHUHU.

Jns  opraHum3zanud  MEXMAIIMHHOTO uHTepdeiica HammucaH
CHEIHUAbHBIA JIpaiiBep ceTeBOil MIaThl B BUAE S-(QPYHKIHUU CHUCTEMBI
Simulink, KOoTOpBI KCTIONB3YyeT CHEeHaIbHbIE (PYHKIIMHA CBSI3U C CETHIO
s3pika  C, omumceiBaemble B <winsock.h>. JlpaiiBep mO3BOJISAIOT
OCYIIECTBIISITh Tiepenady B ceTb 10 183 mepemeHHbix Tuna double.

647



Yacmo 5. Hmumayuonnoe modenuposanue. Simulink u Stateflow

[Iepenaya naHHBIX TPOU3BOAUTCA 110 ITpoTOKOIy UDP.

Jlnst obecriedueHus CBA3U MPOTpaMMbl MOJCIUPOBAHUS JUHAMUKU
caMoJieTa C YCTPOMCTBAaMU pPEAJIbHOTO BPEMEHUM W JPYTUMHU
KOMITBIOTEPAMH HEOOXOAMMO MPOCTO BKIIOYUTH OJIOKH, CojepKalue S-
(GYHKIUU ¢ PACCMOTPEHHBIMU JipaliBepaMu, B OOIIIYIO MOJIEIIb.

B 3akmodeHnn paccMOTpUM BONPOC OOECTIeUeHHs pekuMa
"peanbHOro BpeMeHHU'" TpU MOACIUPOBAHUU. DTa MpoOIeMa BKIIOYAET
JIBa OCHOBHBIX acCIlleKTa — o0ecnedeHue MOTpeOHOro OBICTPOAEHCTBHS
MOJEIIM M CHUHXPOHM3ALUsl MPOLECCa HMHTETPUPOBAHMS C pEaJTbHBIM
MaciTaboM BPEMEHH.

OneIT pa3zpabOTKU MOJENEH TUHAMUKH COBPEMEHHBIX CAMOJIETOB
C cUCTeMaMH YIpaBleHUs TMOKa3all, 4TO JaXKe MpU OOBIYHON paboTe ¢
MOJIENIbI0 €3 UCTIOIB30BaHUsI TOTO WJIM MHOTO M3 BO3MOXKHBIX CIIOCOOOB
ee KOMIWISAIUHU (Hampumep, C TMOMONIbI0 Takera mnporpamm Real-
Time Workshop cucrempt MATLAB/Simulink) ux OslcTponeiicTBue
SBJSIETCS JOCTATOYHO BBICOKMM [UJIsl peali3allid pPEKHMa PEaIbHOIO
BpeMeHu. llpu 3TOM HOMKHBI COOMIONATHCS W3BECTHBIE TMPOCTHIC
npaBuia, B YaCTHOCTH HE JIOJDKEH MCIOJIb30BAaThCS BBI30B (DYHKIIHA,
HAIIMCAHHBIX IT0Jib3oBaTesieM Ha sa3pike MATLAB, ©w  J0/DKHEI
OTCYTCTBOBAaTh TaK Ha3bIBa€MbIE ‘‘ainreOpanyeckue 3aMKHYThIC IIeTH’ .
Hanpumep, npuBeneHHas BbIIIE MOJEIb MOXET HWHTETPUPOBATHCS B
peanbHOM BpeMeHu ¢ maroM uHterpupoBanus Ar = 0.005 ¢ maxe Ha
yCTapeBIIEM MEPCOHATBHOM KOMIIBIOTEPE C JOCTATOYHO “‘MEIJICHHBIM
npoueccopom Celeron 333 Mru. [Ipu 3TOM nepexoj Ha UCIOIb30BAHKE
nporeccopa Pentium 333 Mrii ¢ mosHoIieHHON K311 maMsiThio IpUBOAUT
K YBEJIMYECHHIO OBICTPOJIEMCTBHS JTAHHOM MOJIENM €Ille B JBa pas3a, a
Iepexo]] Ha COBPEMEHHbIE Tpoueccopbl ¢ yacroramu =800 Mru
MOJIHOCTHIO CHUMAET MPpo0JieMy ObICTPOJAEHCTBUS MOJIEIICH.

bonee cnoxHBIM SBISETCS BOMNPOC CHUHXPOHU3AIMU IIpoliecca
WHTETPUPOBAHUSI C peallbHBIM MacmTaboM BpeMmMeHu. B Hacrosiiee
BpeMsi BO3MOXHBI Pa3iu4Hble CIOCOOBI CHUHXPOHU3AIUHU, PACCMOTPUM
UX JIOCTOMHCTBA U HEJOCTATKH.

[lepBbIii, camblii TPOCTOW H JEHIEBBIM cIocod, — paboTa
HEMOCPEJICTBEHHO B omepauuoHHOM  cucreme  Windows  0e3
WCIIOJB30BaHUs KaKUX JIMOO JOMOJIHUTENbHBIX I[IaKETOB MPOrpaMm
cucteMbl MATLAB/Simulink wu 06e3 KkKoMmwIsMH  MOJIEIH.
CuHXpOHM3alMsl MOJAEIH MOXKET OBbITh OCYIIECTBJIEHA BKJIIOYEHUEM B
npansep ALUI nukima oxuaaHus COOTBETCTBYIOIIETO CHHXPOMMITYJIBCA
anbo ¢ 4dacoB, BcTpoeHHbIX B ALl nmubo ¢ apyrux yacoB. OmHako
omepanuoHHas cuctemMa Windows SBISIETCS MHOTO33Ja4HON |
CUHXPOHM3ALIUSl MOJEIH MOXKET CpbIBATbCSI B HEKOTOPBIE IEPHOJIBI
BPEMEHH, €CIIM ONEpPALMOHHAS CUCTEMAa HAYHET “3aHUMAThCS  KaKHUMU-
aMb0 APYrUMU TPWIOKEHUSIMU WM ‘“‘camooOciykuBanuem”. OIbIT
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paboThI TOKa3all, YTO BEPOATHOCTH 3TOTO MOXKET ObITh 3HAUYUTEIHHO
yYMEHBIIIEHA, €CJIM TIPU paboTe ¢ MOJIETbI0 HE OTKPHIBATh HUKAKUX MHBIX
npuiioxenuii, kpome cucteMbl MATLAB, BbIrpy3uTh pE3UICHTHBIC
OporpaMmMbl ¥ YMEHBIIUTH YHCJIO 3amuchiBaeMbix B Workspace
napameTpoB. [Ipy HCHOTB30BAaHMHM COBPEMEHHOTO KOMIIBIOTEpA C
nponieccopom Ttuna Pentium =800 Mrii ¥ J10CTaTOYHO OOJBIIMM
00BbEMOM OIepaTUBHOM MaMsITH 2256 MO Takue CphIBbl CHHXPOHU3AINH
KpaiiHe MaJIOBEPOSITHBI, XOTs, B IPUHIIUIIE HE UCKITIOYCHBI.

Bropoit cmoco6 paboTel C  MOJENbIO, TapaHTHPYIOIIUN
CUHXPOHM3AIIMI0 C peaJbHBIM BPEMEHEM, — HCIIOJIb30BAaHUE TaKeTa
mporpamMm  Real-Time Workshop cuctemer MATLAB/Simulink wu
KOMIOWJISIUS MOJEIM C TMOMOIIBID 3Toro mnakera B DOS-moge.
CuHXpOHM3AIlMA MOJETH TakKkKe MOXKET OBITh  OCYIIECTBICHA
BKIroueHneM B gnparBep ALl nukia oxupaHus CHHXPOMMITYJIbCA.
OTtMeTuM, 4YTO OBICTPOACHCTBUE HCHOJHUTEILHOTO MOJIYJIS MOXET
3HAUUTEIFHO TPEBOCXOAUTH OBICTPOJIEUCTBHE HMCXOJHOM MOJIEIH.
Henocratku storo crnocoba — orpanuyeHus Ha pasmep 3agadu B DOS-
MOJIe, HEKOTOpO€ HeyJ00CTBO M3MEHEHHS M[apaMeTpoB MOJEIU B
npoiiecce MOJIETUPOBAHUS u OTCYTCTBUE BO3MOXHOCTH
HEMOCPEJICTBEHHOI0 Tpauueckoro BbIBOJA PE3yJIbTAaTOB B Ipollecce
MOJICIMPOBaHUSI Ha KOMIIBIOTEpE, COJEpXkalleM MOJENIb JIUHAMUKU
camoJera.

Tpetuit cmoco6 pabOTBl ¢ MOJENBIO, TAKXKE TapaHTUPYIOIIUN
CUHXPOHM3ALMIO C PEaIbHbIM BPEMEHEM, W JIUIICHHBIA YIOMSHYTHIX
BBIIIIE HEJOCTAaTKOB, — WCIOJb30BaHUE IMMakeTa mporpamMMm Real-
Time Workshop u makera mnporpamm Real-Time Windows Target,
BKItoueHHoro B cuctemy MATLAB/Simulink, Haunnas ¢ Bepcun 5.3.1
(Release 11.1). Ilpu ero HCMOIB30BAaHUU BBIMOJHSACTCS KOMITHJISIIHS
mozaenu B Windows-Mojie ¥ TPOMCXOJIUT 3aMeHa mporpamMMmbl kernel.exe
ornepanoHHON cuctemMa Windows Ha aHaJOTUYHYIO Mporpammy U3
JaHHOTO TakeTa, obecneuuBaronyro 100% npuopuTer 3amaye
MojenMpoBaHusi. B 3ToM ciiydae rapaHTUpyeTCs CHUHXPOHHU3AIIUS
MOJIENIA C pEalbHbIM BPEMEHEM, M COXPaHSIOTCS BCE MPEUMYIIECTBA
paboThl ¢ MoJiebt0 B nipeacTaBiaeHnu Simulink—Windows. OgHako 3ToT
croco0 MMeeT Apyroi, 6ojee cephe3Hbli HEIOCTATOK — HEBO3MOKHOCTh
oOpameHusi K HEKOTOphIM (yHKIMsAIM s3pika C, B YaCTHOCTH K
byaknusM n3 O6mbmuorek Win32 API , 49to nemaer HEBO3MOXKHBIM
oOpallleHH’e K CeTEeBOM miiare.

HakomyieHHBbI1 B moclielHEE BpeMs OMNbIT MOJEIUPOBAHUS
MMOKAa3bIBACT, UTO TIPH MCTOJIB30BAHUH TIEPBOTO CIIOCO0A CHHXPOHU3AIHH
C peaJlbHbIM BpeMeHeM (0€3 KOMIWIAUUA MOJEIU) U  TpH
UCIOJIb30BaHuN onepanoHHbIXx cucteM Windows NT, Windows 2000 u
T.I. BMECTO omepanuoHHbIX cucteM  Windows 95/98  cpbiBbI
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CUHXPOHU3AIMK TPAKTUYECKH OTCYTCTBYIOT. [lo HamieMy MHEHHUIO
HamOoJiee palMOHAIBHBIM B HACTOSIIEE BpEMs SIBIISIETCS UCIOJIB30BAHKE
UMEHHO 3TOro crnocoda MOJETUPOBAHMS B PEAIbHOM BpPEMEHHM Ha
MOIITHOM COBpeMeHHOM kKommbroTepe (f= 1 Mru, Ilamsates =256 MO) ¢
oneparmonnbiMu  cuctemamu Windows NT wimm Windows 2000 u ¢
Y4ETOM  pPEKOMEHJAUWW  OTMEYEHHBIX  BbIIE. TakoW  IMOAXO.X
MPAKTUYECKUA PENIaeT MpoOJieMy CUHXPOHU3ALMHU MOJEIN C pealbHbIM
BpeMeHeM 0€3 HCMHOJb30BaHUs JOPOTOCTOSIIIMX MAKETOB MPOrpaMm
Real-Time Workshop u Real-Time Windows Target.

Jumepamypa

1. Kyswunos B.M. 1IporpaMMHBIM  KOMIUIEKC  MOACIMPOBAHUS
JTUHAMUKHU JA c CHUCTEMOU YIIPABJICHUSA B cpene
MATLAB"/Simulink” //Tpyast Mexnynapogroit Kondepenumn
“TpenaxepHble TEXHOJOTUHM K 00ydeHue”, r. JKykoBckuii, 24-25 Mas
2001. C. 91-99.
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YK 519.6

UMUTALMNOHHOE
MOAEJNIMPOBAHUE OUHAMUYECKUX
XAPAKTEPUCTUK KONEBATEJIbHOIO NIMHENHOIO
SNEKTPOINPUBOOA B NAKETE MATLAB/SIMULINK

JIunenko A.B., McnamoB P.H.
bawrxupckuii cocyoapcmeennsiii acpapuwiti ynusepcumem, 2. Ygha
e-mail: renat@ufacom.ru

B MammHOCTpOe€HHMM BeTuKa J0Jii YCTAaHOBOK C BO3BPATHO-
MOCTYIATEIbHBIM MepeMellieHneM padodero oprana. Tak, HampuMmep, oT
40 no 50%  BpamaromMXcs AAEKTPOABUTATEIEH HCIONB3YIOTCA B
npuBoJie 000PYAOBaHUS C BO3BPATHO-MIOCTYNATEIbHBIM TMEpEMEIICHUEM
pabouero oprana [1].

B  kauectBe = mepemad,  OOECHEUYMBAIOIIMX  BO3BPATHO-
MOCTYIATENbHOE IepeMeleHne pabdodero opraHa o0OpyAOBaHUS,
HCIIOJIb3YIOTCSl BCE TUIIBI IPUBOJIOB: THEBMATUYECKHUE, THAPABINYECKUE,
anekTpuueckue. O BceX MNPEMMYLIECTBAX M HEAOCTATKaX YKa3aHHbBIX
IPUBOJIOB MOXKHO Yy3HaTh B Pa3JIMYHBIX JINTEPATYpPHBIX HCTOYHUKAX.
[TogpobHee, ¢  TEXHUKO-DKOHOMHYECKOW  CTOPOHBI  MOJyYEHHUS
BO3BPATHO-TIOCTYIATEIHHOTO TIEPEMEIIICHUSI, HEOOXOIUMO OCTAaHOBUTHCS
HAa  JJIGKTPONPHUBOZE, B  KOTOPOM  HCHOJB3YIOTCS  JIMHEHHBIC
anekTpoBurareiu. [locnennue mo3BossitoT MOTYyUYUTh HEMOCPEICTBEHHO
MOCTYIATEIbHOE JIBIDKEHHE pabdoyero opraHa TEXHOJOTUYECKOro
000pynoBaHus, HCKIIOUMB MpeoOpa3zoBarenu Buja nBmxeHus. Cpeau
M3BECTHBIX BHJIOB JIMHEHHBIX 3JIEKTPOJBHUraTeiaeil MpearnodYTeHHe
OTJaeTCd JIMHEHMHBIM aCUHXPOHHBIM TpexdazHbiM nsurateiasm (JIA),
KOTOpBIE 00JIaIal0T KOHCTPYKTHBHOW MPOCTOTOM, TEXHOJIOTHIHOCTHIO
W3rOTOBJICHMS,  JICIIEBH3HOM, HAJAEKHOCTBIO U  pa3HooOpazuem
KOHCTPYKTUBHbIX pemennii [1]. Ocnamenue JIAJ[ ynpyrumu
HAaKOMUTEISIMA SHEPrUU TO3BOJISIET OOECIEUYUTh BO3BpAT pabovero
opraHa B HCXOJIHO€ COCTOsIHME 0€3 MOTpeOJIeHUS AJIEKTPOIHEPTHH U3
CeTH 3a CuUeT 3alMaceHHOM WMHU MOTEHIMAIbHOM DSHEPrUu MpH
NEPBOHAYAIILHOM MEPEMEIIICHUU.

OpHoll W3 MNPUYUH, OTPAHUYUBAIONIUX LIUPOKOE BHEIPEHHE
TAaKOro TMpPUBOJA B TEXHOJOTUYECKOM OOOPYIOBAaHUU, SIBIAETCS
OTCYTCTBHE TMPOCTOM METOJMKH €ro pacdera. ITO OO0YCIOBJICHO
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HEOOXOJUMOCTBIO TPOCKTUPOBATh KaXIbId pa3 HOBBIM JIMHEHHBIN
acuHxpoHHbIl nBurarens (JIAJl) mox pasnuyHble HCHOJHUTEIBHBIC
MEXaHHU3MBbI, YTO BBI3BAHO HEMOCPEACTBEHHOW CBSI3bK0 BTOPHUYHOTO
anemeHTa (potopa) JIAJ] ¢ pabounm opranom.

Bormpoc npocTtoro, ObICTPOrO UM MPUEMIIEMOTO MPOECKTUPOBAHUS
YKa3aHHOTO MPUBOJA TEXHOJOTHYECKOT0 000pyAOBaHUSA MOKET PEUIUTh
paspaboTka 0a30BOM MaTeMaTWYeCKOW MOJEIH  KOJIeOATEIHHOTO
JUHEHHOr0  aCHMHXPOHHOIO  DJIEKTPOIPUBOAA HAa  COBPEMEHHBIX
MpOTPpaMMHBIX  MPOJYKTaX, TaKUX Kak cpeda  BHU3YaIbHOTO
mozaemmpoBanus Simulink /MATLAB [2]. OCHOBHBIM B PEIICHHH 3TOTO
BOIIpOCA SIBJSIETCS peanu3anus aJeKBATHOW MAaTEMATHYECKOM MOJIEIU
JMHEWHOTO AaCUHXPOHHOTO JIBUTATENS.

JIuHeNHbIW ~ ACHMHXPOHHBIM  JBUraTeilb  MMEET T€  XKe
KOHCTPYKTHUBHBIE AJIEMEHTBI, YTO U OOBIYHBINA ACHMHXPOHHBIN JBUTATENb
BpalleHs, TOJBKO OOMOTKa WHIyKTOpa (cTatopa) coO3[JaeT He
Bpamiaromieecsi, a Oeryiiee MarHUTHOE II0J€, B PE3yJIbTaTe uYero
BTOPUYHBII AIEMEHT (poTop) JBH>KETCS MOCTYNATENbHO.
OtnuuutensHort ueptol JIA/l 1o cpaBHEHHIO C BpallarOLIIUMHUCS
ACUHXPOHHBIMH JIBUTATEIISIMU SIBJISICTCS HATMYNE B HUX CIIEIU(PHICCKUX
ANIEKTPOMATrHUTHBIX MPOLECCOB, OOYCIOBIEHHBIX KOHEYHOM JIJTMHOM
WHIYKTOpAa JBUTATeNsi W  OOBEIWHEHHBIX  OOIIMM  Ha3BaHHEM
MPOJOIBLHOTO KPaeBoTo dPdeKTa.

[TpomonpHbIA  KpaeBoil APQEeKT TPUBOIUT K  PA3IAYHUIO
SKBUBAJICHTHBIX MapaMeTpoB oTAenbHbIX (a3 JIAJI, a ciemoBaTensHoO,
HecuMMeTpuu (Ga3HbIX TOKOB M MomHocted. [lom Haberarommm u
cOeralolmuyM KpaeM HHAYKTOpa HaoOmomaTces 3(PEGeKTsl «BXO/a-
BBIX0/12», BBI3BIBAIOIINE MOSIBJIEHUE TOPMO3HBIX YCHIIMI U CHUKAIOIINE
SHEPreTUYecKyro 3HPEKTUBHOCTD MPUBOJA.

TeopeTndecknii aHaau3 TPOJOIBHBIX KpaeBbix dddexkTor JIAJ]
CBSA3aH C HEOOXOJMMOCTBIO CIIOKHBIX PACYETOB MArHUTHBIX IOJICH.
N36exath CIOKHBIX PACYETOB MArHUTHBIX MOJIEH M y4ECTh MPOAOJIbHBIC
KpaeBble 3((PEeKTs MOKHO, BOCHOJB30BABUINCH B CPEAE BHU3YaIBHOTO
MojaenupoBanus MATLAB matematuueckoil Mo/ielibl0, OCHOBAaHHOM Ha
NETaTu3UPOBAaHHBIX MArHUTHBIX CXEMax 3amMmelnleHus [3], KoTopele
CBOJAT IOCTaBJIEHHYIO 3a/ladyy K pacyeTy LeNu, napameTpbl KOTOPOWM
MHTErPAITBHO MPEACTABIISAIOT Y4aCTKH KOHCTPYKIIHT u
MAarHUTOJIBUXKYIIME CUJIbI TIA30B.

Onnako, npuHuMasi Bo BHuManue [1], [4], [5], MOXHO caenarhb
BBIBOJ, 4YTO [Js1 HHU3KOCKOPOCTHBIX JIAJ[, CKOpPOCTH KOTOpPBIX HE
IPEeBBINIAET 5-6 M/C U MPU KOTOPBIX paboTaeT OOJBIIUHCTBO BO3BPATHO-
MOCTYIATEIbHBIX Pa00YMX OpPraHOB, BJIMSHUEM MPOJOJBHBIX KpPaeBbIX
3¢ PeKToB MOKHO MpeHeOpeyb. Y CTAaHOBIIEHO, YTO 10 MEPE YBEIHMUYCHUS
yucia MOJKCOB U cKodbkeHusa JIAJ[ BpenHoe BIMSHUE MPOAOJIBHBIX

652



Tpyoul konghepenyuu «llpoexmuposarie uHICEHEPHLIX U HAYYHBIX npuLodxceruil 6 cpede MATLAB»

KpaeBbIX 3(PPEeKTOB yMEHBIIACTCS.

Pe3ynbraToM CKa3aHHOTO SIBISIETCS TO, YTO JJIsl MATEMATUYECKOTO
ONMUCaHUsI HU3KOCKOPOCTHBIX JIA/] ¢ ynciom map nmoyirocoB He MEHbIIE 4
MOTYT HMCHOJIb30BaThcsl Te ke auddepenunansupie ypaBHenus Ilapka-
I'opeBa, uro0 U It OOBIYHOTO ACHUHXPOHHOIO JBUTATEINsS BpalleHMUS,
TEOPETHUYECKUM aHAJIN3 KOTOPBIX HA MOPAIOK IMPOIIE ONMCAHHBIX BBILIE.

Takum 00pa3om, peanusysi B Cpejie BU3YaJIbHOTO MOJICIUPOBAHUS
Simulink/MATLAB twmuagpuueckuii JIAJl mo nuddepenimanbHbM
ypaBHeHusM llapka-I'opeBa, a ynpyrume HaKONMTENM HSHEPIUM — IO
3akoHy ['yka, MOXHO TIOJIYyYHTh  MATEMATHUYECKYK)  MOJIEIb
KOJIe0ATEeIbHOTO JIMHEWHOTO aCHHXPOHHOTO JJIEKTPOINPHUBOIA, KOTOpAs
MO3BOJISIET MCCIIENOBAaTh U JIMHAMUYECKHE PEKUMBI €ro padoThl. YUer
OUHAMUYECKUX  XapakTepUCTUK HAa  CTaAUM  MPOEKTUPOBAHMS
AJIEKTPOINPUBOJA TO3BOJIUT H30€XKATh €ro HEXKEJNATEIbHBIX PEXHMOB
paboThl, KOTOpbIE MOTYT MPUBECTH K TIOJOMKE TEXHOJIOTHYECKOTO
obopynoBanusi. udbdepenunansusie  ypaBHeHusi [lapka-I'opesa,
3anucanuble 1 JIAJL B cucteMe koopauHaTtHbeix oceit O, X, Y, uMeroT
CIICIYIOILIUMN BUL:

de, T R X m RX T 0
M-y -y —1r o +—_y 1= m +—V

a7 T XX -X? Pa T 00 XX -Xx2 G VB g
e, _ s RX, m RX, m [

a O Ty x st — %t
dp, m._  RX T RX T B
—==-V,———,t+—V,—"—@, +—V, -V 1

i x e Ty — (% 20 (1)
g, RX T RX m U

=y 275 +y 2m g - (V. -V 0
dt T "X X -X? Gt XX -Xx2 - v )%D
O

3mey X dv _(F-F)
F=— UL — 2 = ¢ ; ]
2 T XSXr _le (qon(pyl (pxl@ dt m a

rae Uy;, Uy, — HanpsbkeHnue uaaykropa o ocam OX, OY; T - noyirocHoe
nenenue oomotku  JIAIl, Xs=Xi+Xm, Xr=X2+Xm — 3HaucHUA

COIPOTHUBJIEHU, BBOAUMBIX B MOJENb; Ri, Xi, R2, X2 — COOTBETCTBEHHO
AKTUBHOE M PEAKTUBHOE CONPOTUBJIEHUS  WHIYKTOpa W BTOPUYHOTO
AJIEMEHTAa, IPUBEJICHHbIE K OOMOTKE MHAYKTOpa; Xm — CONMPOTUBJICHUE
B3aUMOMHIYKIIMA MEXAY WHIAYKTOPOM M BTOPUYHBIM 3JIEMEHTOM; V) —
CUHXPOHHAsl CKOPOCTb IBUTATENS; @, @), Pr, Py~ TOTOKOCLUEIUIEHUS IO
ocsiM OX, OY COOTBETCTBEHHO MHAYKTOPAa U BTOPUYHOIO dJIEMEHTa; V —
CKOpPOCTh JBHWKEHHS BTOPUYHOTO JJIEMEHTA; () - KPYyropas 4acToTa
nurarouied ceru; F — cuna, pasuBaemas JIAJl; F- - cuna
COIPOTUBJIEHUSA JBHXKEHUIO BTOPUYHOTO JJIEMEHTA; m — Macca
MOJABUKHBIX 3JIEMEHTOB CUCTEMBL.
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Puc. 2. Mamemamuueckas mooenv konebamenbHO20 TUHENUHO20 ACUHXPOHHO2O
91eKmponpusooa ¢ noocucmemou JIAJ].

Bo3MoOXHOCTh B cpelie BuU3yaldbHOro MozenupoBanHus Simulink
/MATLAB  co3maBaTh  MEpapXWU4eCKyl0  CTPYKTYpy  IO3BOJISIET
MOJIb30BATENII0  YNPOCTUTh TOHUMaHUE (YTEHHE) MaTeMaTH4eCKOM
MOJIENI TyTEM CO3JaHusl TMOACUCTEM OoJieeé HHU3KOTO YPOBHS TIO
omnpeneseHHbIM TpHu3HakaMm. Pe3ynbTaToM CKa3aHHOTO  SIBJISIOTCS
He3arpaMosKJIeHHbIE paboure OKHA, YTO CYIIECTBEHHO O0sieryaeT padoTy
¢ Mozenbto. [IpuMeHUTEN HO K MOJENTH KOJeOATENbHOrO JIMHEHHOTO
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ANIEKTPOINIPUBO/A, TPEICTABICHHOM Ha pPHUCYHKE 1, 3T0 Kacaercs
JMHENHOTO aCUHXPOHHOTO JIBUraTess, KOTOPBIM IPU MOMOIIM KOMAaH/bI
Create Subsistem MOkHO NpeoOpa3oBaTh B nojacucreMy. B pesynbrare
TaKOM omepanuu MareMaTH4ecKas MOJeib K0jeOaTelbHOro JMHEHHOTo
ACMHXPOHHOT'O AJIEKTponpuBoAa (cM. puc. 1) Oyaer HUMeTb BHI,
MPEJICTABICHHBIN Ha puUC. 2.

B npencraBnenHoil moxaenu pexum padotel JIAJ] «BKIIIOUEH-
BBIKJTIOYEH)» OCYIIECTBISICTCS OJIOKOM YIPABIECHUS TIO TMEPEMENICHUIO
BTOPUYHOIO 3JIEMEHTa. B 3akitoueHne HEoOXOIMMO OTMETUTh, YTO
MOCPEJICTBOM ~ MMHUTALMOHHOTO  MOJIEJIMPOBAHUS  MPEICTABICHHOM
MOJenH O0O0eCrneuYnBaeTCs HEOOXOAUMBIM TEXHOJIOTUYECKUH PEKUM
paboOThl MCHOJHUTEIBHOTO MEXaHU3Ma, PE3YJIbTATOM YEro SBIISIOTCS
HEOOXOMMbIE TapaMEeTPhl ABUTATENs U YIPYTUX SJIEMEHTOB.
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YK 519.6

MOAEJINPOBAHMUE MNMPOLIECCA
KOMMYTALUUU MHOIOCTAAUNHbIX CXEM KNO3A
C UCNOJIb3AOBAHUEM MHCTPYMEHTAPUA
SIMULINK NMAKETA MATLAB

Mameukun U.B., Beceno H.A., XKXypasnés E.A.
Mockosckuii 2cocyoapcmeentulli yHugepcumem um. M. B. Jlomonocosa,
2. Mockea,
e-mail: kolya@mlab.cs.msu.su

Ha CErOqHAIIHUI JIEHb BBICOKOIIPOU3BOIUTEIILHBIE
BBIYUCIIUTEIbHBIE KOMIUIEKCHI HaxoAsST BcE Oojiee U Oojee IIUPOKOe
npumeHenrne. OHHM  TO3BOJISIIOT  MPOBOJUTH  KPYMHOMACIITAOHBIC
napajuieNbHbIe BBIYHMCICHUS, pelIaTh 3aaauyd, TpeOyromue o0paboTku
3HAYUTETLHOTO 00bEMa BXOIHBIX JAHHBIX, MIPOBOJIUTH WMHUTAIIMOHHBIC
AKCIIEPUMEHTHI, TpeOyIolue OOJIBIINX BBIUUCIUTEIBHBIX MOITHOCTEH U
3arpar. Jlns mocTpoeHUss TMOAOOHBIX KOMIUIEKCOB MPUMEHSIOTCS
pa3MYHbIE TOJIXOJIBI K apXUTEKTYype, CPEAN KOTOPHIX OUYE€Hb OOJBIIYIO
NOMYJISIPHOCTh TPUOOPEN Tak Ha3bIBaeMbI KiacTepHbI moaxoa. OH
3aKJII0YAETCS B TOM, UTO BBIYMCIIUTEIBHOE MOJIE CTPOUTCS U3 MHOXKECTBA
BBIYMCIUTEIBHBIX MOJYJIEH, COCAMHEHHBIX BBICOKOCKOPOCTHOM CEThIO
cBsi3u. Kaxnapli Moaynb mpeactaBisieT coboil oTaenbHyro OBM,
paboTaroIyI0 MOJ| YPaBICHUEM COOCTBEHHOW ONMEPalMOHHON CHUCTEMBbI
(wame Bcero OC Linux). CeTb cBs3u oOeclnedrBaeT BO3MOXKHOCTH
oOMeHa NMaHHBIMH MEXKIY BBIUUCIUTEIHHBIMA MOIYJISIMH B IIPOIECCE
BBITIOJTHEHUS 3aJlaud, MPU 3TOM B KadecTBE crocoba B3auMOIECHCTBUS
MOJXKET HCIOJIb30BaThCs, HampuMep, HHTepdeic nepeaayn CooOeHNH
(MPI). [IpeumyiiectBo mog00OHOTrO MOAXOAA COCTOMT B OTHOCUTEIBHO
HU3KOM CTOMMOCTH amnmapaTHOr0 M MPOTPAMMHOIO OOecredeHus,
JAETKOCTH TIOCTPOEHUSI W BO3MOXKHOCTH YIPABIATH KOH(Uryparueit
cucteMbl. KonudecTBo Moaynedl B TOJOOHBIX KOMIUIEKCAX MOXET
MPEBBINIATh HECKOJIBKO cOTeH. OUeBUIHO, YTO TOMOJIOTHS CETU CBSI3U B
ATOM Cillydyae HE MOXET MPEJCTABIATh U3 CeOsl MPOCTEHIYIO, B KOTOPOI
Ka)KJ1asi MallIiHA BEIYUCIUTEIHLHOTO TMOJISI COSAMHEHA CO BCEMH JIPYTUMH,
3TO MOTPeOyeT HEOMpaBIAHHBIX 3aTpaT Ha OOOPYIOBAHHWE W YBEIUIUT
CTOMMOCTh cucTeMbl. C Jpyroil CTOPOHBI, B OOJACTH TOCTPOCHHUS
TeleOHHBIX KOMMYTAI[MOHHBIX CX€M K HACTOSIIEMY MOMEHTY
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JOCTUTHYTBI 3HAYUTEJIBHBIE PE3YJbTAaThl U MOCTPOCHBI MAaTEMATHUYECKHE
MOJIEJIY, TIO3BOJISIFOLIME PEIIaTh aHAJOTUYHBIE 337a4d OJHOBPEMEHHOIO
COEIMHEHUs] MHOXecTBa a0oHeHTOB. [Ipumepom mogoOGHON CHUCTEMBI
ABJIIETCS MHOTOCTaJMiHasg HEOJOKHUpyrollash KOMMYTAallMOHHAs CXeMma,
noctpoeHHast Y. Knozom B 1953 rony. Takum o6pa3om, UCTIOIB30BaHUE
KOMMYTAllMOHHBIX apXUTEKTYp W CBA3aHHBIX C HHUMH aJITOPUTMOB
ABJISIETCS MEPCIEKTUBHBIM npu MOCTPOEHUU ceTei
BBICOKOIPOU3BOIUTEIBHBIX BBIYUCIUTENBHBIX KOMILIEKCOB. OUYEBUHO,
YTO €CIM TONOJIOTHMI0 KOMMYTAaIIMOHHOM CXE€MBl MOKHO JIETKO
UCIIOJIb30BaTh MpPHU TIOCTPOEHUM CETU CBA3M KOMIUIEKCA, TO IS
aITOPUTMOB BBIOOpA MapIIpyTa COSAUHEHUs TpeOyeTCs afanTaus Win
nojHasi  mnepepaboTka. OTO  CBSI3aHO C  JBYMS  OCHOBHBIMHU
00CTOSTENLCTBAMMU:

— OTCYTCTBHE o0mmx YIPABJISTFOLIUX YCTPOMCTB,
YCTaHaBIMBAIOIINX COCITUHEHUS B CUCTEME;

— KpPAaTKOBPEMEHHBIA XapakTep COEIMHEHHMs, KOTJa OTIPABUTENb
nepenaér MakeTbl HEOOJBIIOW JUIMHBI, MHOTHUM pPa3jiu4HbIM
azpecaram;

Ilepas mnpobOnema oOycClOBJIEHa TEM, YTO CHCTEMa CBA3MU
KOMIUIEKCA CTPOMTCA M3 HECKOJIBKMX MPOCTHIX OJIOKOB KOMMYTAllWH,
KaXAbld M3 KOTOPBIX IpPEACTaBIseT COOOM 3aKOHUYEHHOE YCTPOMCTBO,
CHocoOHOE paboTaTh CaMOCTOSITENIbHO, @ IOTOMY SIBIISItOIIEECS ““UEPHBIM
AIAKOM™~ B CMBICJIE YIIPABIEHUS I BCEM OCTAJIBHOM cHUcTeMbl. bonee
TOTO, CYIIECTBYIOIIME aAJITOPUTMBI MapLIPyTH3alUHd OYEHb YacTo
ABJISIFOTCS. CTATUYECKUMM M HEAJaNTHBHBIMHM BCJEACTBUE MX MPOCTOrO
3aMMCTBOBaHUsl U3 0Ojiee MPOCTBHIX M PAHHUX CHUCTEM (Hampumep,
CUCTEM C OJJHUM KOMMYTaTOpPOM).

Bropas mpoOiema, BOZHUKAeT BCIEACTBHE XapaKTEPUCTUK CETH:
BBICOKOM CKOpPOCTH CBSI3W, HU3KOW JIATEHTHOCTU M Tak Aanee. OmHaxo,
€CJId PacCMOTPETh 3aJadyM, pellaeMble C HCIOJIB30BaHWEM MOJ00HBIX
BBIYMCIIUTENbHBIX CHUCTEM, TO MOYKHO 3aMETHUTh, YTO MHOTHME M3 HUX
TpeOyIOT CO3JaHMs TakK Ha3bIBAEMOM BHUPTYAJIbHOW TOMOJIOTHH.
Hanpumep, 370 MoXeT ObIThb JByMEpHas WIM TpEXMEpHas ceTKa U
noJ00HbIE MM, TIJI€ B3aUMOJEHUCTBUE MPOUCXOIUT MEXKIY COCEAHUMHU
y3namu. TakuM oOpa3oMm, eciaud BpeMs OTIpPaBKHM OJHOTO IMaKeTa
HE3HAYUTEJIbHO M HE MOXET OBbITh HCIOJb30BAHO IMPU MOCTPOCHUHU
ONTHUMAJIBHBIX  AJITOPUTMOB, TO BpeMs cu€ra 3a4a4d  TaKOU
XapaKTepUCTUKOW yke oOnagaer. B pesynbraTe, BCTaér mnpobiema
UCCJIEIOBAHNS M TIOCTPOEHUS AJITOPUTMOB YCTaHOBJICHHSI BUPTYaJIbHBIX
COCIMHEHHH  (COEOMHEHUN BHUPTYyaJIbHOW  TOIOJIOTMH), KOTOpPBIE
MO3BOJIAIOT YIYYIIUTh MPOIMYCKHYIO CIIOCOOHOCTH CETH, BpeMs Cuéra
3a/la4d, KOJMYECTBO OJHOBPEMEHHO IE€PEAABAEMbIX JaHHBIX M TakK
nanee.
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I[JISI IIPOBCACHUA HO,Z[06HI>IX I/ICCJIeIIOBaHI/Iﬁ O4YCHBb IIOJIC3HBIM
HHCTPYMCHTOM SABJEICTCA HWMHUTAIMOHHOC MOICIIMPOBAHUC, KOTOPOC
IMO3BOJIACT IPOBCPUTHL U CPABHUTL YKA3dHHBIC BBIIIC ITOKA3aTCIIM IJIA
Pa3INYHbIX aJITOPUTMOB YCTAHOBKH COGHHHGHHﬁ. I[aHHaH CTaTbia
ITOCBAIIICHA HpO6J’I€M6 ITOCTPOCHHUA HO,Z[O6HI>IX MO,ZICJIeﬁ.

Onucanue uccnedyemoi mooeau KomMmymayuu

OnpenenuMm ucciaeayemyro cxemy. KommyrtanmoHHas cucrtema
CTpOUTCA U3 3-X CTaguil KOMMYyTaTOpoB. B TepByr0 U TpeThbiO CTaiuu
BXOJSAT IO 7 CUMMETPUYHBIX KOMMYTAaTOPOB C # BXOJHBIMU U 7
BBIXOJHBIMHM TOPTaMH, BTOpasi CTaJusi COCTOUT W3 N CUMMETPHUYHBIX
KOMMYTaTOpPOB C 7 BXOAHBIMH W /¥ BBIXOZHBIMH TopTamu. Cxema
coeIMHEeHHs n300paxeHa Ha puc. 1.

1l 1 (0]
B ==
=P g °
TW . '
i =
e s
IS i
=/ \| —— o

—0

‘s

=

=)
=

Puc. 1. 3-x cmaouiinviii kommymamop Knosa.

MHOXECTBO BXOJIOB CXeMbI / COCTOUT U3 7™*r BXOMHBIX MOPTOB
KOMMYTAaTOpPOB MEPBOW CTaauM, a MHOXECTBO BbIxogoB O u3z n*r
BBIXOJHBIX IIOPTOB KOMMYTATOpOB TpeTbeu cramuu. Ilycte nmaHO

MHOYKECTBO IIap OTHPABHUTENH - aJPEcar W:{WU-JDI,J' DJ}, KOTOpbIE

y4acTBYlOT B  nepemade. Kaxnapli  oTmpaBuUTENh  MOCBUIAET
COOTBETCTBYIOILIEMY aJpecaTy NAaKeThl JaHHBIX, C HEKOTOPOM 4aCTOTOM.
JUis mepenaud HKCIOJIB3YeTCs Tak Has3blBaemas cxema cut-through
routing, OpU KOTOPOH KaXAblii NPOMEKYTOUHBIH KOMMYTAaTrop He
IPUHUMAET MaKeT HOJIHOCTBIO, a ONPENENSIET aIpeC BBIXOAHOIO IOPTa
10 3aroJIOBKY, IIOCJIE YETO YCTAHABIMBAETCS COEAMHEHHE CO CIEAYIOIIEH
cTaavel koMMyTanuu. HacTh 3arojioBKa, coaeprkamas agpec JTaHHOIO
KOMMYTaTopa, IpH 3TOM BblOpackiBaeTcs. CoequHEHuEe pa3pbIBACTCS
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pU OKOHYAHWH Tieperavd makeTa. Takum oOpa3om, jrobas mepenada
NPEJCTABISIET COOOW YCTAaHOBJICHHE COCAMHEHHS OT OTIPABUTENS K
anpecaty. Ecnm BBIXOAHOW MOPT yXKe 3aHAT Tepefadeld, TO MakKeT
OJIOKHpYETCS U TepseTcs. Y3el OTIPAaBUTENb JIOJDKEH OyIeT MOBTOPUTD
nepenavdy BBIOPOMIEHHOTO TakeTa IIOCIe TOro Kak HE IMOJNydYuT
MOATBEPXKIEHHE 00 ycmexe dYepe3 OMNpEeNeNEHHBI MPOMEKYTOK
BpemenH. [logoOHas TexHuKa mepenadyn JaHHBIX TpUMEHseTcs GupMon
Myricom st MapmpyTu3anui B cetu Myrinet, a cxemMa COeIUHEHHUS,
aHAJOTWYHAs OMUCAaHHOW, B KommyTratope Myrinet-2000 Switch,
BBIITyCKaeMOM 3TOH (PrpMOH.

O4eBHIHO, YTO XaPAKTEPUCTHUKUA CETH M TPOU3BOIUTEIBHOCTH
CUCTEMBI 3aBHCAT OT BEPOSTHOCTH OJOKMPOBKH IMakera (MOTeph IO
JaHHBIM), a 3HAYUT, ONPEICNISIIOTCS CIOCOOOM  YCTaHOBJICHUS
COEIMHEHUHN.

B knaccuueckoit crathe [1], mogoOHas cxema Oblia MOCTPOCHA U3
HECUMMETPUYHBIX KOMMYTAaTOPOB Ha TIEPBOM M TPEThEeW CTaauu, s
TOTO YTOOBI TMOJIYYUTh CBOWCTBO HEOJIOKHUPYEMOCTH, BIIOCIECIACTBHH B
pabote [2] ObUTO TOKA3aHO, YTO CXeMa SIBISICTCS MepPecTpauBaAEMOM IS
cllydass CHUMMETPUYHBIX KOMMYTAaTOpPOB M, HAaKOHEN, B cTaThe [3]
MoJlyueHa OIEHKa /I YWcia COENWHEHUH, KOTOpbhle HEO0O0XO0IUMO
MEePECTPOUTD, YTOOBI TOOABUTH €IIE OJJHO HOBOE.

OCHOBHBIM OTJIMYUEM pPACCMATPUBAEMON MOJEIH OT MOJECJIEH,
paccMaTpuBaeMbIX B yKa3aHHBIX paloTax, SIBISIETCS TO, YTO y OIHOTO
OTIIPaBUTEINS MOXKET ObITh HECKOJBKO aJpEcaToB, y OJHOTO ajapecaTa —
HECKOJIBKO OTIPABUTEJICH, a COSAMHECHUS SIBJISIFOTCSI BUPTYAIbHBIMU, TO
€CTh, JUISI KOKJIOTO W3 COCAMHCHUH OIpPEAeNseTCs HEKOTOpas BXOJHAs
Harpy3ka. [Ipm 3TOM MOXHO ONTHMH3UPOBATH TOTEPIO IO JIAHHBIM,
paccMaTpuBaeMyro 3a HEKOTOPBIN MPOMEXYTOK BpeMeHH. J[Jist pereHus
noT0OHBIX 33a7a4 U ObljIa co3/jaHa paccMaTpUBaeMasi HUKE MOJIEIb.

Onucanue nocmpoeHHol Mooenu

JUis  TOCTpOEHUST  MOJAEIM  HUCMOJb30BAJCS ~ MHCTPYMEHT
BU3yanbHOro MmonenupoBanus Simulink maketa MATLAB. C ero
MOMOILIbIO peajnu30BaHa OMOIMOTEKA KOMMYTAaTOPOB, MOCTPOEHHAs Ha
OpUHINIE CcTaHgapTu3anuu  OmokoB. OCHOBOM BCEX KOMITOHEHT
KOMMYTAaIlUU CIyXaT 0a30Bble OJOKU — BXOJHBIE U BBIXOJHBIE MOPTHI.
Jis peanu3andyd KOMMYTAIIMOHHBIX CXE€M DAa3JIMYHON pa3MepHOCTH
UCTIONB3YIOTCS TIOPTBI  COOTBETCTBYIOIEH Pa3MEPHOCTH, KOTOPBIE
CTPOSITCS C HCIIOJIb30BAaHHEM AaHAJOTMYHBIX NPUHIMIOB. B KauecTBe
HAIJSIIHOTO TpUMepa NPEACTAaBICHBI BXOIHBIE M BBIXOJHBIE MOPTHI
pasmepHoctu 2. Cnenyroomed cragueil MHTETpaluu  SIBISIOTCS
dIIEMEHTapHbIE KOMMYTATOPBI, KOTOpPbIE CTPOATCS W3 CTaHAAPTHBIX
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BXOJHBIX ¥ BBIXOJHBIX IIOPTOB COOTBETCTBYIOIICH pa3MEPHOCTH U
KOMMYTallMOHHOTO TOJIsl. M3 3JeMEHTapHBIX KOMMYTATOPOB CTPOSTCS
kommyTaropbl Kinosza. Kommyratop cHabGkaercss Omokamu s cOopa
CTaTHCTHUKH.

BxomHbie MOpTHI (pHC. 2) aHATU3UPYIOT TOCTYMAIOIINE Ha BXOBI
KOMMYTaTOpa 3alpochl W OCYIIECTBISIIOT BBIJCIIEHUE TEPBOTO aapeca
caMO MapUIpyTH3allMd ¥ HaNpaBlIEHWE 3ampoca Ha COCAUHEHHE
COOTBETCTBYIOIIIEMY BBIXOJHOM TIOpPTy. Ha3HaueHuwe mocinegHUX —
VIpaBJICHUE W KOHTPOJIb BBIXOJ0B KOMMYTAITMOHHOTO TOJIsI. BhIX01HBIE
nmopThl (puc. 3) MPUHUMAIOT 3aNPOCH BXOJIHBIX M JCUCTBYIOT COTJIACHO
cBOeMy cocTosiHMIO. OHU MOTYT JMOO OTKJIOHHUTH 3ampoC BXOJHOTO
nopra Ha coequHeHWe (B cliydae, €CIIM JaHHBIA BBIXOAHOW TMOPT
KOMMYTAaTopa y)Ke 3aHsT Iepenadyeii makera ¢ Ipyroro BXOJHOTO IMOPTa)
7100 YyIIOBIETBOPUTH 3ampoc (B ciydae, eciu mopt cBobojeH). Ilo
OKOHYaHWH TIEpeJlavd IMaKeTa BBIXOIHOW TMOPT MEPEXOTUT B CBOOOTHOE
COCTOSTHUE — TOTOBHOCTH K MPHUEMY OUYEPEIHOTO 3ampoca BXOJIHOTO
nopTa.
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Puc. 2. Cxema 6xo0noeo nopma pazmeprnocmu 2.
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contral
[ G
out_contral
in1_connect
in1_status
inZ_connect
inl_reject
.
L P '“z—mjeit}.l in2_status

Puc. 3. Cxema vixoonozo nopma paszmeprocmu 2.

OCHOBHBIMHU OJIOKaMU JJIs TTIOCTPOCHUS LIEJEBBIX KOMMYTAaTOPOB
Krno3a sBnsitoTCA 37€MEHTapHBIE CHMMETPUYHBIE OJIOKM KOMMYTAIlUHA —
JJIEMEHTapHbBIE KOMMYTAaTOphl. B KadecTBe mpuMepa NpeICTaBICH
KoMMyTaTop 2x2 (puc. 4).

Ciatpad pask (Fa" 7

o wlll s

| winy.n

Hab_pe_pgrali
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Puc. 4. I[lpocmou xkommymamop 2x2.
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Moaynu cocTosSIT U3 KOMMYTAIlMOHHOTO TIOJS M YIPaBJISIOIINX
AJIEMEHTOB: BXOJHBIX W BBIXOAHBIX MOPTOB. [lOpTHI OCYIIECTBISIOT
yIpaBJIeHHE KOMMYTAlMOHHBIMH TOJIAMH. C MX TOMOIIBIO BO3MOXKHO
HE3aBUCUMOE COEJMHEHUE BXOJHBIX MOPTOB C BHIXOAHBIMH. B ciyuae,
€CJIM BXOJ[ MBITAETCS MEPEKIIOYUTHCS Ha YXKE 3aHSAThIM BBIXOJHOW MOPT
BO3HUKAET cuUTyalusi OJIOKMpOBKU. OHaA BbIpa)kaeTcsl MOSIBJICHUEM Ha
JMAarHOCTUYECKOM TOPTY, COOTBETCTBYIOIIEM JAaHHOMY BXOJHOMY
MOpTY, HEHYJEBOI'O CHUTHajda — YpPOBEHb CHUrHaja YHCIEHHO paBEH
HOMEPY BBIXOJJHOTO NIOPTa, HA KOTOPOM MPOU30LLUIA OJOKHUPOBKA.

B kadecTBe HaAmISIAHOTO MpUMEpPA HUCIOJIL30BaHUS U3 OJIOKOB
OMOJMOTEKN MOCTPOEH KOMMYTATOp, COCTOSIIIUMKA W3 3-X cTaauil B
KaKJIYI0 U3 KOTOPBIX BXOJUT 0 2 CUMMETPUYHBIX 0J10Ka 2X2 (puc. 5).

i autl point ot
(G outl pint i —
ot out2 -
gl emor blacking! |—— emor_blacking1 | —plinz emor_blocking? — Outz
. —i y : riinZ ; emor_blocking?
inZ emor_blocking2 [— ermor_blocking2 —
In2 - Commutater 2_1

Commutatar 1_1 Commutator2_1

out1 e{ 3
out2 :%
—in 1 outl amor_blocking ! —H Outd
out2 P ind amor_blocking2

ini out! _ emor_blocking! F4—

n3 out? Jini2 ermor_blocking? Commutator3_2
. amor_blocking! —
- I in2 emor_blocking?2

Ind

Je-in1

Commutator 2_2

Commutatar 1_2

Puc. 5. Cxema Knosza ona 3-x cmaouu kommymamopog 2x2.

[ToMuMO MHOTOCTAIUHHOTO KOMMYTAaTopa, B JIIOOYIO MOJIEh
BXOJIUT MOAYJh TE€HEpallMM BXOJHOM HArpy3ku M MOJYyJb cOopa
CTaTUCTHUKHU.

Monynb renepainuu Harpy3ku (puc. 6) GopMHUpPYET MOTOK 3asiBOK.
B kauecTBe mpuMmepa mpeacTaBieHa TeHepalus MPOCTEHIIero MmoToka,
napamMeTpbl KOTOpOro (CpeiHee BpeMsi Nepeladyd W IMPOCTOs) MOMKHO
3a/1aTh Mepe 3aIyCKOM MOJIETH.
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md_idle_ae_mean - idle e mean
md_husy Hae mean - busy Hwe sear

:adrite;ry' on_next_state/

: ) ) ait_id = ml. GetPairlD{ownMumber);
delay = ml.exprnd(md_idle_time_mean), IF':::ILIT_E|D _ mI.GetRnutelle(pair il): )
output = -1; _lal

set_time_trigger,
&
Generate_address
on_next state -
-
Busy/
entry:
delay = ml.exprndirmd_busy time _mean);
output = 1;

set_time_trigger,

Puc. 6. Jluacpamma Stateflow mooyns eenepayuu Hazpy3sKu.

Kaxnas Bo3HMKINAs 3asiBKa Ha Iepellavy IMaKeTa JOJDKHA ObITh
agpecoBaHa. B Mozenu ucnonb3yeTrcss NPUHLIKAN CaMOKOMMYTaluu. 1o
€CTh IMyTh, IO KOTOPOMY TIAKET JOJDKEH MPOXOAUTh CTaIuH
KOMMYTAIIM{, U3BECTCH J0 HavaJia Tiepeiaddl U JOHKEH OBITh 3amicaH B
3arojJIOBKe makera. Mopenb peann3yeT TpPEXCTaAUMHBIA KOMMYTATOP
Kno3a, mno3ToMy 3arojgoBOK IakeTa COCTOMT M3 3-X  4YHCel,
ONPENEISIIOIUX HOMEpPA BBIXOJHBIX IMOPTOB HA COOTBETCTBYIOIIUX
CTaausAX KOMMYyTauuu. Bo3MOKHbIE MyTH MPOXOXKACHUS KOMMYyTaTopa
onpenenstores B b/l ¢ momomnisto 2-x tadmui (puc. 7). [lepsas Tabnuma
3a1a€T BCE BO3MOXKHBIE Mapbl OTIPABUTENb - aIpecaT U CTaBUT UM B
COOTBETCTBHE OJIMH WJIM HECKOJIBKO NyTEH MEXIY OTIPABUTEIEM U
anpecaTtoM. Kaxplil OTIpaBUTENb U apecaT UMEIOT CBOW YHUKAIbHBIN
anpec.

pair rou

source_host
destination_host

Puc. 7. Cxema 6asvt 0annvlx aopecos u nymei nepeoadiu.
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B npornecce MoaenupoBaHusi XOCT BIOUPAET CIIyHYailHBIM 00pa3zom
CBOEro ajipecaTta U3 NepBoil Tabmuibl. BeiOOp Mpou3BOaUTCA COTIACcCHO
paBHOMepHOMY pacnpenenenuto. [locie Toro kak agpecar ompenesné,
KOMMYTATOp OCYIIECTBIIAET BHIOOp MYTHU JI0 3TOTO ajpecara U3 BTOPOM
Tabnuibl. BbIOOp oOCyIecTBisieTcss TakKe C TMOMOIIBI0 PaBHOMEPHO
pacupeaenEéHHON CIy4aiHOW BeIMYUHBL. [[akeT cOCTOUT u3 3arojgoBka u
OCHOBHOW 4YacTH. 3aroJIOBOK IaKeTa ONpelessieT ero MaplpyT udepes
KOMMYTaTop.  3HAY€HUS  BBIXOJAHBIX  TOPTOB  OMPEACISAIOTCA
MOCNIeA0BATEIbHBIMUA BEIMYMHAMH CUTHAJI0B. OCHOBHAs 4YacTh IaKeTa
OnpeaeNsieTcs 3HaUYeHUEM CHUrHajia, paBHbIM 1. 3HaueHue curHaia —l
03HAYaeT OTCYTCTBUE NEPEIayu.

Mopynb ctatucTuku (puc. 9) ocymecTBiaseT coop nHGopMaIK 0
OJIOKMpOBKaX Ha OJHOM DdJeMeHTapHOM Kommytartope. Cucrema
POU3BOJUT COXPAHEHHWE CYMMApHOTO BPEMEHH OJOKHMPOBOK IO BCEM
BO3MOXHBIM BapUaHTaM COEIWHEHHUS BXOJHBIX MOPTOB C BBIXOJAHBIMU
JUTSL KQX0r0 KOHKPETHOTO KOMMYTAaTopa.

In1 ¥ } o InZ2

EX|

wal_block out

ﬁl Terminator

wal_block2 state

y

i

S Terminatar

blocking_state_chart

Puc. 8. Cxema mooynsa coopa cmamucmuxu.

Monynb reHepanum OT4ETOB MOCTPOEH HA OCHOBE CTaHAAPTHOTO
unctpymenta MATLAB - Report generator. OT4€T COOEPKUT
uH(GOPMAIUIO O BpPEMEHH OJIOKMPOBOK. OTYET MpEeAoCTaBIAETCS IO
BCEM OJIOKMPOBKAM MOCTAIUNHO C YKa3aHUEM OJIOKMPOBABIIMXCS MyTeH
U CyMMapHOT'O BpEMEHU OJIOKUPOBKH.

Pe3ynvmamol u nanpaenenue 0anbHeUUIUX UCC1€006AHUTL

B pesynbrare mpoBENEHHBIX HCCIENOBaHMN OblIa pealn30BaHa
OMOIMoTEKa JJIl MOCTPOEHUS MUMHUTAIMOHHBIX MOJENEH, JUIsl PELICHUS
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3a/1a4 aHaAJIN3a TOBEJCHHUS QJITOPUTMOB YCTaHOBJIEHUS COCIUHEHUN U
BBIOOpa TyTeH JJIT MHOTOCTAJIMMHBIX KOMMYTAllMOHHBIX CHCTEM. B
JajdbHEUIIeM TUTAaHUPYETCs YIYYIIeHUE MTPOU3BOJIUTEIIBHOCTH CUCTEMBI,
peanu3aluy JTUHAMHUYECKOTO0 M3MEHEHHUsS IMyTeld KOMMYTAIlUM U HOBBIX
BO3MOXKHOCTEM cOopa HMH(pOpMaIMd O TOBEJICHHH CHCTEMBI. Takke
IJIAHUPYETCS  MPOBEJACHUE  OKCIIEPUMEHTOB C  KOMMYTAaTOpaMH,
COCTOSIIIMMHU U3 OOJBIIEr0 KOJWYECTBA CTAAWM M BKIIOYAIOIIUX B CEOs
HECKOJbKO cucteM Kio3za, 0OOBeIMHEHHBIX B CE€Thb C HEKOTOPOM
tonojoruend. JlaHHas pabGora mnopaepxkuBaerca TrpaHTom PODOU
Ne 02-01-00261.
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YK 621.397.13

UCMNOJNb3OBAHUE CPEACTB CUCTEMbI MATLAB
B UCCIIEOOBAHUAX MO BE3OINACHOCTU
NMOJIETOB

PamakoB I'.T".
Bonozoockuii cocyoapcmeennuiti mexuuueckuii ynugepcumem, 2. Bonozoa
e-mail: spbguap@mail.vstu.edu.ru

B coBpeMeHHON MHUPOBOI aBUAIMK MPOUCXOAUT HEMPEPHIBHOE
YBEJIMUECHHE TapKa CaMOJIETOB, YCJOXKHSIOTCA HUX (YHKIIMOHAJIbHBIC
CUCTEMBI, TTOBBIIIAETCS OCHAIIEHHOCTh HA3€MHBIX CPEICTB 00€CTIeueHUs
MOJIETOB TEXHUYECKUM OOOpYJAOBaHUEM, YCIOKHSIOTCS CHUCTEMBI
yIOpaBJIeHUs] BO3AYIIHBIM JIBIDKEHHEM. BwmecTte ¢ Tem ycmemrHoe
npUMEHEHUEe JieTaTeNbHbIX armapaToB (JIA) BO3MOXKHO JHIb TpU
JOJKHOM 00€cIieueHUH 0€30MacHOCTH MOJIETOB.

[IpenoTBpanienre aBualMoHHBIX npouciiecTBuil (All) Bemger k
COXPaHEHHUIO KU3HEHHO BAXKHBIX PECYPCOB M B MEPBYIO OYEPEIb JIFOICH
u obopynoBanusi. Kaxxnoe npouciiecTBue, HE3aBUCUMO OT MOCIIEICTBUI
JOJDKHO OBITh TIATENIBHO PacCiIeIOBAaHO W KIACCU(DHUIIMPOBAHO IS
YCTaHOBJICHUS OOCTOSTENHCTB M IPUYMH €TI0 BOSHUKHOBEHUS U PA3BUTHS
JUISL TIPUHATUS MEp IO TMPENOTBPAIICHUIO TOBTOPSIEMOCTH €ro B
JanbHEUIIIeM. JlesiTenbHOCTD pabOTHUKOB aBUalluU o
npenotBpamnieHuto All nMMeer KOMIUIEKCHBIM XapakTtep W Tpelyer
PUBJICUCHUS IIIUPOKOTO KPyTa CIEIHAIMCTOB U UCIIOIb30BAHUS MHOTHX
METO/IOB.

Poct TpeboBanmii Kk JeTHBIM XapakTepucTtukam JIA u cBs3aHHOE C
OTUM TEXHUYECKOE YCIOKHCHHE TIOBBIIAIOT POJb WCHBITAHWA B
mpoleccax HMX M3rOTOBJICHUST M BBOJA B JKCIUTyaTanuio. Hanbonee
€MKUN M IIUTeNbHbIA BUI paboT mo oTpadotke JIA, ero mopabotke u
cepTrudUKANK MPEJACTABIAIOT cOO00M 3aBojcKue ucnbiTanms. Hanbomnee
OTBETCTBEHHBIM BHUJOM 3aBOJICKUX WCIIBITAHUN SIBIISIOTCS JICTHBIC
WCITBITAaHUS OTBITHBIX 0Opa3IoB, MPOBOJAUMBIC IO IIUPOKOHM MPOrpaMme
CHATHSA JIETHO—TEXHUYECKUX XapaKTePUCTUK BO BCEM JHAIMa30HE
OKUJIa€MbIX YCIIOBUM SKCIUTyaTalldd U MpoBepku mnosenenust JIA mpu
OTKa3HOM COCTOSIHUM M Ha KpaWHUX peXMMax. JTa paboTa CBs3aHA C
BBITIOJIHEHUEM OOJIBIIIOTO 00beMa Hay4YHBIX MCCIIEOBAaHUM, KOTOPBIH
MPAKTUYECKA HEBO3MOXHO BBIMIOJHUTHL 0€3 HCIONb30BaHUS CPENICTB
BBIUMCIUTEILHON TeXHUKH [1, 2].
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[Tomosxkxenne JIA B mpocTpaHCTBE B JHO0OW MOMEHT BpPEMEHHU

— T

TIOJTHOCTBIO OIPEAETICHO BEKTOPOM MapaMeTpoB p =(x,,V,,d,B,y,m)" .
Yucna x,,y, SBIAIOTCA KOOPAMHATAMM TOYKH MPOEKIHH YCIOBHOTO

nentpa JIA, HaxoAsIIerocss Ha pacCTOSTHUU OT Havalla 36MHOW CHUCTEMBI
KOOpJAMHAT, MPONOPIHMOHAILHOM Maciutady m; a,[,Y Oonpeaenstor

MOBOPOT — YIJIbl THUKApPOBaHUS (KaOpupoBaHUs), KpeHA M Kypca
COOTBETCTBEHHO [3, 4, 5].

Ecnu u3BectHsl pa3Mepsl JIA (Hampumep, pasMax KpblUibeB R) U
dokycHoe paccrosHue obObekTMBa TB  kamepsr F, TO U3
r€OMETPUYECKUX TOCTPOCHUM ClieyeT, 4YTO, B MPOCTEHIIEM Ccliydae,
paccTostHuE OT KaMmepbl (TOYKM HAONIONCHMS) MO ILIEHTpa TSIKECTH
BEPIINH 00bEKTa HAOIOICHUS MOXKET OBITh OTpeIesieHo 10 hopmyie:

H=RF/r=Fm,
rae r - pasmepsl TB n3obpaxenus JIA, m — macmrad [5].

B pesynmpraTte mpemmiecTByrOmmx paboT MO M3MEPEHHUIO
MapaMeTpOB JIBUKEHUS JIETATEIILHOTO armapara TejieBu3noHHbIMU (TB)
CpelcTBamMH, KOTOpbIe MpoBoAWIach Ha kadenpe Pamuonepenarommx u
TEJIEBU3UOHHBIX CUCTEM ['ocynapcTBeHHOTO YHUBEpPCUTETA
a’pokocMmuueckoro npudopoctpoenus (r. Cankr-IlerepOypr), B JleTHo-
uccienoBareabckoM uHCcTUTYyTe WM. M. I'pomoBa (r. JKykoBckuii), B
HUN  TteneBupenuss (r. Cankr-lIletepOypr) ObUIM  MOJTYYEHBI
0OHaJIeKUBAIOIINE PE3YJIBTATHI MO ONPEIETCHUI0 KOOPUHAT YCIOBHOTO
[EHTpPa U JaJTbHOCTH 10 OOBEKTA.

HccnenoBanue BIMSIHUS PAa3IUYHBIX (PAKTOPOB HA 0€30MACHOCTH
MOJIETOB TMOKa3bIBa€T, YTO HAMOOJEe ONAacCHbIMM JTanaMu IOJeTa
SIBJISTFOTCST TaIlbl B3JIETa W MOCAIKH, K KOTOPBIM OTHOCATCS Ooiee 60%
BCEX MPOUCIIECTBUM, Ha0opa BeICOTHI U cHIkeHus — 30 % [1, 2].

Hcnonb3oBaHue paguosIOKallMOHHBIX CPEJCTB Ha ATale B3jieTa—
MOCaJKU 3aTpyaHEHO. [[ns mpoBeneHUs: TPAeKTOPHBIX HM3MEPEHHUM Ha
HAaYaJIbHOM M KOHEYHOM OJtamnax mnojiera JIA wucnonssytores TB
ciensiimue  cUCTeMbl. WX COBEpIIEHCTBOBaHUE, CBSI3aHHOE C
MOBBIIIEHUEM TOYHOCTH WM3MEPEHUN M peanu3anued TMOocCIeIHUX B
pealbHOM MaciuTabe BpeMeHH, O0eCleYyMBaeT KauyeCTBEHHBINM CKayOK
IpU TIPOBEICHUH BHEIIHE—TPACKTOPHBIX U3MEPEHUN HA 3Tare JIETHBIX
ucneiTannii  JIA u B mporecce OIKCIUTyaTalldd, CHOCOOCTBYET
oOecrieueHnto 0€30MacHOCTH MOJIETOB.

B ycnoBusX HH3KOTO OTHOIICHUS CHUTHAJ/IIYM, CJIOKHOTO
MOJTyTOHOBOTO (hOHA, TBIMKH, PACCEUBATOIICH JTa3ePHBIN JTyd MOJCBETKH,
MIPOU3BOJIFHOTO 1O KOH(MUTYpAIMKA U pa3MepaM JBMKYIIETOCS 00BEKTa,
HAJIMYMsI CMAa3aHHOTO HW300paKEHMs, BCJICACTBHE WHTETPUPOBAHMUS
JAHAMUAYECKUX HMCKAKEHUM HaWIydliue pe3ynbTatel B TB cremsmmx
cucTeMax JTaeT KOPPEJSIIIUOHHO-3KCTPEMaTbHbBIN ANTOPUTM
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clexeHus [6].

ANTOpUTMBI paclioO3HABAaHUS HAa OCHOBE KOHTYPHOI'O OIMCAHUS,
KaK HE MCIOJIb3YIOUIUE BCIO YHEPTHIO MOJIE3HOTO CUTHAJIA, HE CITIOCOOHBI
o0ecreunTh MNOTEHUUAIbHYIO TOYHOCTh HW3MEPEHHUH, OCOOEHHO B
CIIOXKHBIX YCJIOBUSIX HaOJIOJEHUS, XapaKTEPU3YIOIIUXCS HaJIUYUeM
cMazaHHOro  u3obOpaxenus. Vcmonp3oBanme 3D  m3o0pakeHus
YBEJIMYUBAET CTAOUIHHOCTD AITOPUTMA 110 yTJIaM BU3UPOBAHUS TIEJH.

B pabotax [6, 7, 8] Obul mpOBEAEH CUHTE3 aJrOPUTMA OIEHKHU
KOOpAMHAT MPOTSHKEHHOTO o0BbekTa B moje TB  wuzobpaxeHus,
ompejereHa ONTUMalibHasg CTPYKTypa yYCTpOMCTB 00pabotku TB
CUTHaja, pa3paboTaH MOMCKOBO—PEKYPPEHTHBIN alrOpuT™M H3MEPEHUs
napaMeTpoB JBWKeHus (¢parmeHta TB n300pakeHus, BBINOJIHEHA
OLICHKa pa3Mepa IPOCTPAHCTBEHHOW BBIOOPKHM W BIMSHUS (POHOBBIX
IIOMEX Ha HaJIe)KHOCTh TB KOppeasimoOHHOrO CIEKEHUS.

JlanpHelmme — uccleOBaHMsI — TOKa3alM, 4YTO  Haubosee
3¢ (}EeKTUBHBIM CJENyeT MPU3HATH COCO0 (POPMHUPOBAHUS ATATIOHHOIO
n3zo0paxenuss (OM) Ha OCHOBE HCHOJB30BAaHUS METOJOB MAaUIMHHON
rpaduku, OCyIIECTBISEMBIN B Mpoliecce clexeHus. B koppensunoHHoM
COBMEUIEHUH C TEKYLIUM M300paKEHHEM YUaCTBYET HE HEMTOBOPOTIUBOE
u orpanndyeHHoe DU u3 OubauoTekn UUPPOBBIX H300paKEeHUM, a
MaTemMaTnueckas Mojelb o0bekTa. OCHOBHAs WIes KOMIBIOTEPHOTO
MozenupoBanuss DU cBoAMTCS K XpaHeHHIO B naMsiath DBM onucanus
reoMeTprudecKor (opMbl 00BEKTa MOMCKA BMECTO €r0 M300paKCHHS U
reHepaIyy MOCIeTHEro Py MOJIyYeHNH aHAIU3UPYEMOT0 N300paKeHHS.

B pabGorax [11, 12] Ha oCHOBaHMM HCCIICIOBaHHH, TTPOBEICHHBIX
aBTOPOM, IMPEMIOKEH METOJ  KOMIIBIOTEPHOIO  MOJEIMPOBAHMS,
o0OecrieuMBarOIIMi CUHTE3 H300pakeHust JBymMepHOM Mmacku JIA Ha
ocHoBe ero 3D monenu. B omnmume ot npenpinymux padot [5] Meron
IIO3BOJISIET ONPENEIUTh HE TOJBKO KOOPAMHATHI LIEHTPA, HO M YIJIOBBIE
napameTpsl ABMKeHUS JIA — yriibl NMKUPOBaHUSA, KPpEHA U Kypca, TO
€CThb OIIPEACIIUTh IOJHBIM BEKTOp IMapaMeTpoB ABwkeHus JIA npu
TPAEKTOPHBIX U3MEPEHUSIX.

W3BecTHble TUI, KOHDUTYpaIusi 1 KOHCTPYKTUBHBIE pa3Mepsl JIA
NO3BOJISIIOT 10 HA0Opy €ro CEYEeHUH MOCTPOUTH TPEXMEPHYIO MOJEINb.
Ha ee ocHOBe, Kak pe3ynbTaT MPOELUPOBAHMS, CTPOSITCS JABYXMEPHBIE
Macku — pakypcel. Umes TB nzoOpaxenue JIA, nomydyeHHOE KaMepoil
(kaMepamu), BBIIIOJIHAETCS KOPPEISLUOHHOE COBMEUIEHUE TBYXMEPHOU
MacKd M COOTBETCTBYIOLIErO €W H300pakeHus, MyTeM ONTUMHU3ALUU
BEKTOpA NMapaMeTpoB p = (X,,V,.d, B,y,m)" .

HaiinenHble 3HaueHNs1 BEKTOpPA MapaMETPOB ONMMCHIBAIOT TEKYIIEE
nosnoxenue JIA, a mocinenoBaTeNbHOCTh BEKTOPOB JAE€T aJEKBATHYIO
OLICHKY TpPAaeKTOpUU JBWKEHUA JIA M €ero 3BOJIOLHMIA B TPEXMEPHOM
MIPOCTPAHCTBE.
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Ucxognas wunbopmarmus o JIA mocrymaer OT OJHOW WU
HeckosibkuXx TB xamep HaOmoneHus. 3ajadya COCTOMT B PAclO3HaBAHUU
IOJIO)KEHUS W opueHTauuu oObekrTa. [IpuHuIMN pacno3HaBaHUs NpU
HEU3BECTHOW OpHEHTAllMM KopIlyca IIoKazaH Ha puc. 1. Jlaruuk
[OCTaBJISIET B CHUCTEMY HCXOJHOE aHAIM3UpyemMoe u3zo0paxenue 1.
[IpeaBaputenbHo B namsatd OBM co31al0T U XpaHAT MaTeMaTHYECKHe
onucaHusi ATAIOHOB 2. OmnpenensitoT yCIOBHUs HAOMIOIECHUS H
OCBEIIECHMs 3. YCTaHABIMBAIOT HAYAJIBHOE IIOJOKEHUE Tena 4 u
CHUHTE3UPYIOT METOAaMH MAaIlIMHHONW Trpadukd S5 wu300paxkeHue B
3aaHHOM  mo3uuu  nosopota.  IIpoBomsTr  koppemsunro 6
aHAJIM3UPYEMOTr0 U300paKEHUs C KaXbIM 3TaJOHHBIM U300paKEHHEM, A
[OJlyYE€HHBbIE KOPPEJSIUUMOHHbIE (YHKIMM COXPaHSAIOT B IaMSTH.
IIpoBepsitoT (pakT 3aBepILIeHUs [TOJIHOTO IOBOPOTA TENa § U B CIIy4ae €ro
HEBBINIOJIHEHNS OCYILECTBIIAIOT IpUpalleHue 9 Ha HEKOTOPBIM yrodil.
IIpouecc mnpomomxkaercs B Ogokax S5 - 7 ¢ HamOJHEHUEM HOBBIX
KOpPESIIMOHHBIX (QYHKIUH. Ecau monHeli MOBOPOT 3aBEpUIMIICH, TO
npousBoAaT BbiOOp 10 rno0anbHOrO MakCMMyMa CpeaM  BceX
COXPAHEHHBIX B OJIOKE 7 KOPPENALMOHHBIX (PyHKUMN. DTOT MaKCUMyM
WHIULUPYET MOJIOKEHUE O0BEKTA, €ro opueHTanuto [13].

2 | » 1
P S b 6 L 7T [ 8 |l 10|
4_» 9

N

Puc. 1. Cxema pacnosnasanus 0bvexma no a0anmueHvIM dSMALIOHAM 6 YCllosUsx
HeuzsecmHol opuenmayuu Kopnyca obvexma.

N3 xypca aHAIMTUYECKOM T'€OMETPUU M3BECTHO, YTO C MOMOILIBIO
YeTBEPOK  OAHOPOAHBIX  KOOpAMHAT ©  Marpull  adGUHHBIX
npeoOpa3oBaHmii pazMepoM 4x4 B MAIIMHHOW TpaduKe MOKHO OIHCAThH
a0boe  mpeoOpa3oBaHHE  TOYEK  TPEXMEPHOTO  MPOCTPAHCTBA.
[IpeobpazoBanne MOXKET OBITh Kak OOILIMM, MPEACTaBISIONIEe COOOM
pe3ysbTaT CYNEpPHO3UIMH HECKOJbKHUX MpeoOpa3oBaHUil, Tak W
YaCTHBIM, — OJIMHOYHOE I'€OMETpUYECKOEe MNpeoOpa3oBaHue (IIOBOPOT,

MaclTabpoBaHue, 3€pPKaAJIbHOE OTPAXKEHUE W MapauIeNIbHbIN MEePEHOC)
[14, 15]:
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Cow o2 a3 00

0

1 ﬁz ﬂ3 0

x', v,z 1)=(x,v,z1 [
(x',y )=(xy )9/1 b 00
H O

b w4 v I

rne  (x',y'.,z',1),(x,y,z,1) — KOOpAMHATHI TOYKH BEPIIHUHBI,

COOTBETCTBEHHO, A0 U nocie appuHHOro npeoOpa3zoBaHusl, 3a/1aBA€MOI0
HEBBIPOKIACHHON MaTPULIEW YETBEPTOTO MOPSIKA.

Cucrema mojnenupoBanusi omnucbiBaeT JIA Kak COBOKYIHOCTb
OJTHOPOJHBIX KOOPJHMHAT BEPIUMH CEYEHHH M BHUIOU3MEHSET €ro IpH
nomou apUHHBIX MPeoOpa30oBaHUl HA OCHOBE MaTpUYHOU (POpPMBI ¢
LEJBI0 TOJYYEHUS PA3JIMYHBIX IMPOEKIMM — JABYMEpPHBIX Macok JIA
(amanTUBHBIX 3TajJOHOB). Pa3paboTaHHBIE TPOrpamMMbl MOCTPOEHUS
TPEXMEPHON MOJEIU OOBEKTa MO3BOJISIIOT MOCTPOUTH MOJEIb JIHOOO0TOo
Ipyroro o0ObEKTa, 3a1aHHOT0 HA0OPOM BEPILUH CBOUX CEUEHUH (puc. 2).

0.0: 0.0: 0.0

0.0:-20.0: 0.0

Puc. 2. Jleyxmeprnvie macku komnvromepHot mooenu JIA 05 paziuuHvlx paKypcos
HaOI00eHUs.

Mopens MO3BOJISIET HE TOJBKO MPOBECTU wuccienoBanue TB
METO/Ia M3MEpPEHHUs NapameTpoB ABWXeHHs JIA, HO W TpencTaBiseT
co00Ol WHCTPYMEHT (OpMUPOBAHUS ATAIOHHOTO M300paKEHUS B
peanbHbIX TB n3mepurtensHbIX cucremax (puc. 3).
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F.0 .01 .0

Puc. 3. Ucxoonoe TB uzobpascenue JIA u eco bunapnas macka, Habop cewenuil u
osymeprasn macka 3D komnvromepnoi mooenu JIA.

[Ipu pazbope TPEHUPOBOUHBIX TMOJIETOB W aHAIM3€ BO3MOXKHBIX
aBapuUWHBIX CHUTyallud TpeOyeTcs BBICOKAs TOYHOCTh KOOPJMHATHBIX
U3MEpeHuil: omubka He JoibkHa mpeBbimats 0,5 werpa. g
obecrieueHns TpeOyeMoi TOUHOCTH OOJIBIIIOE 3HAUYEHNE UMEIOT: YUCIIO U
pacnoyioKEeHUEe JaTYMKOB onTthuueckod uHpopmamuu — TB kawmep;
npuBsaska TB kamep K MECTHOCTHM M KajauOpOBKa HW3MEPUTEIbHOU
CHUCTEMbI;  KAueCTBEHHBIE  XapaKTepUCTHKUW  co3faBaeMbix 1B
M300paxeHuil; BBHIOOP MeTOoAa W alroputMa ux o60pabotku. Ilpu
MCIOJIb30BaHNU HECKONMbKNX TB kamep BO3HUKaeT TPyIHO pa3permmnmas
npobiemMa HACHTUPUKAIUA OAHUX U TEX K€ XapaKTEePHBIX TOYEK,
OpUHAIICKANIMX  TOJYYEHHBIM C€ 3THX KaMmep HM300paKeHUSIM
JIA [3,4, 5, 6].

NHcTpymMeHTallbHAsT ~ TOYHOCTh  TPAGKTOPHBIX  HM3MEpPEHUM
NPENJIOKEHHOW METOJMKH OTPaHUYMBAETCS, MPEKIE BCEro, IIyMaMu
IPOCTPAHCTBEHHOMN JUCKPETU3ALNH M300paKeHUs 00BeKTA.
Pazpymenue u3obpaxenus oObEKTa C POCTOM JaJbHOCTH BBI3BAHO
pPacTpOBBIM XapaKTEpPOM €ro NpeAcTaBieHUA. [[7s OIEHKH CTeneHH
BIUSHUS JadbHOCTM HAa TOYHOCTh OICHKM YIJIOBBIX MapaMeTpoOB
asuxeHust JIA ObU10 MpoBEACHO KOMIBIOTEPHOE MOJIEITUPOBAHHE.

[IpenmeTrom wuccnenoOBaHUs SBISAETCS OICHKA CTETICHW BIMSHUS
paccTosiHus 1O OOBEKTa Ha TOYHOCTh OMNPEACNEHUS  YTIOBBIX
MapaMeTpoB U TOUHOCTH KOOPJUHATHBIX U3MEPEHUH.

Hcnonb3oBaHue  KOPPEISIMOHHOTO  METOAAa IS OLIEHKHU
MOBOpPOTA — YIJIOB NMHUKHUPOBAHUS, KPEHA, Kypca BEKTOpa MapamMeTpoB
JBWKEHUS OOBEKTa, TMPEIBABISET K MPoIecCy MNpeaBapUTEIbLHOM
00paboOTKM H300paKEHUM CIeAyroIue TpeOOBaHUSA: H300paKeHUE W
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ATaJIOH JOJIKHBI UMETh PaBHbIN MacmITad U HE ObITh CABUHYTHIMU JAPYT
OTHOCUTEIIFHO Jpyra B Iojie u3o0paxkeHnus. BcrenctBue BiausHUA
MIOMEX, TPOCTPAHCTBEHHON MMCKPETU3ALMU U KBAHTOBAHUS IO SPKOCTH
JaXKe MPH MPABUIIBHOM HAJIOKEHUHU HTAJIOHA COBIIAJICHUE HE WUJICATBHOE,
a Jydiiee W3 BO3MOXXHBIX. Bompockl HOpManu3aluu HU300pa’keHUi
(mapaMeTpu4YecKoro W CHEeASIIero THUIOB, MO CMEIIEHUI0, MOBOPOTY,
KOCBHIM C/IBUTaM, MacIITaly, SpKOCTH U T.lI.) pPACCMOTPEHBI B [4].

VYuuThiBas CIOKHBIA XapakTep 3aJadd, ONPABIAHHBIM SIBISETCS
CTpeMJIeHHE K OOOCHOBAaHHBIM YIPOLICHUSIM TPU TMPOBEACHUU
KOMITBIOTEPHOTO MOJIEIMPOBaHUSA. DTO MOXKET KacaTbCs BbIOOpa MOJIA
3perus TB kamepsl, HapUMep, pacloIOKUTh €€ MO TAKUM PaKypCoM,
9TOOBI JBMKEHHWE OOBEKTa COBMANANO0 C ONTUYECKOH OChIO KaMephl.
Koppenaunonno — skcrpeManbHyr0 o0paboTKy Mpolle MpOBOAUTH Ha
ypOBHE OMHAPHBIX M300pakeHn. B kauecTBe HUCXOMHOTO M300paKEeHUS
UCIIOJIb3yeTCsl OMHapHas Macka KOMIIBIOTEpHOM Mozenu, (opma u
MOJIOKEHUE KOTOPOW COOTBETCTBYET MPOEKIIMHM MCCIEAYEMOTro OOBhEKTa
JUTsL 3aJJaHHOTO pakypca M YCJIOBHM HAOIIOJEHUS, COOTBETCTBYIOIIUM
TUTIOBBIM yTriaM 3axoza JIA Ha mocaaxy, n300pakeHHue U 3TAIOH UMEIOT
paBHbIif MacTad (puc. 4).

Jns u3MepeHHss YriaoBBIX HapaMeTpoB JBHeHHS JIA Obut
MPUMEHEH  KOMIIEHCALMOHHBI  METOJ  HM3MEpeHud  (MeTojy C
HacTpauBa€MOW MOJIENIbIO), WM3BECTHBIM W3 TEOpUU OlleHuBaHus [16].
CyTp MeTOAa 3aKII0YaeTcsl B TAKOM U3MEHEHHH NapaMeTpOB MOJEIH —
ATAJIOHHOTO U300paXeHUs!, YTOObI COBMAJACHUE ITATOHHOTO U PEATbHOIO
u300pakeHuss ObUI0O MakCMMalbHBIM. B MOMEHT  coBmajieHus
U300pKEHUI YTIIOBBIE MapaMeTphl MOJIETHN SBJSIOTCS OLIEHKaAMU YTJIOB
OpUEHTalluu O0BEKTa B MPOCTPAHCTBE. TakuM 00pa3oM, OIpeesieHHue
yraoBeiX kKoopauHat JIA mpexacraBisier co0OM  ONTUMHU3AIMOHHYIO
3a/1aqy: HEOOXOJAUMO OMpPEAENUTh TaKOW BEKTOp MapameTpOB MO/IEIH,
npu KOTOPOM (DYHKIIMOHAN OIIMOKH MEXIY ATAJIOHHBIM M peajbHbIM
n3o0paxxeHnueMm OyJieT MUHUMAaJICH.

Puc. 4. bunapnvie macku JIA.
HpI/I IMPOBCACHUHU I/ICCJ'ICI[OBaHI/Iﬁ HCITIOJIB30BaJICA

HOCJIC,Z[OB&TCJILHBIﬁ ITOUCK MaKCHUMYyMa. Ha IMPAaKTUKC OJIA YCKOPCHUA
mpoucaypbel IMOHMCKAa MOXKCT HCIIOJIB30BATBECA MHOI'OIIPOICCCOPHAL
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o0paloTKa 1 pacnapauieIMBaHUE BHIYMCICHU.

Jlig uccnenoBaHUsl TOYHOCTH TPAeKTOPHBIX u3MepeHuid JIA npu
ucnoip3oBaHuu TB Merona u3MepeHUss NapaMeTpoB €ro JBHKEHUS
ONTHMAaJbHBIM BapUaHTOM BbIOOpA SBJISETCS CUCTEMAa WH)KEHEPHBIX U
HayuHbIX pacueToB MATLAB. Cuctema MATLAB dbupmbet MathWorks,
ee ctynenueckas Bepcus The Student Edition of MATLAB u cBs3anHBIiM
C HUMH TaKeT MNpHUKIaAHbIX mnporpamMm Image Processing Toolbox
00€CreynBalOT MOUIHYIO BBIYMCIHUTEIBHYIO Cpely, MO3BOJSIOLIYIO:
BBINIOJIHUTh UMUTALHOHHOE MOJIEJINPOBAHUE, OCYLIECTBUTH
BBIYHMCIIUTEIbHbBII  SKCHEPUMEHT, MHOIOYHCIICHHbIE OIEpauuud C
MacCUBaMHM JTaHHBIX, 00pa0oTKy n3o0paxkenuii [17, 18, 19, 20].

N3 uucna npennoxxeHHbIX JIA Obl1 BbIOpaH camoner Haubosee
CIIOKHOM KOH(QUI'YpallM{, OTIMYAIOLIMNCS OONbIIUM KOJINYECTBOM
MENKMX Jeraneil. TUMOBBIM yriaM 3axoJa Ha IOCaJKy OTBEYaeT
HauMeHblnasg Iomans uzodpaxenus JIA. C  Toukum 3peHus
KOPPEISILIMOHHO-3KCTPEMAJIBHOTO aJlropuT™Ma CIIEXKEHMUS,
OCYILECTBISOIEr0 00pabOTKy MO IUIOWAAM, CUTYyalus SIBISETCA
Hauxyawen. [lodydeHHble OLlEeHKH OMMOOK SIBIISIETCSI OLIEHKAMU CBEPXY.

OueHka HaMMEHBUIETO pa3Mepa MPOCTPAHCTBEHHOM BBIOOPKH B
TB KOppensiuMOHHO — CIENIEM CHCTEME MpH  3aJaHHOM
CTaTUCTUYECKON TMOrPEIIHOCTH M OLIEHKAa TOYHOCTH COBMEILIECHHUS
M300paXeHN! N0 M3BECTHOMY OOBEMY BBIOOPKHM paccMaTpuBaiach B
[25].

[Tpu BBITIOJIHEHUU KOMITBIOTEPHOT'O MOJEJIUPOBAHUS
OCYILIECTBIISIOCH BPAILEHUE MOJHOM IeOMETpUYeCKOr Mojenn oObeKTa
BOKpYT ocer Z,X,Y nis 3HaYeHUH YTJI0OB KPEHA, IMKUPOBAHMS U Kypca
1, 5, 9 rpagycoB mnpu (PUKCHPOBAHHOM 3HAUYEHUM MaciuTada
npoekTupoBaHusd. BenmuuHa maciutaba BbIOMpanach TakKUM 0Opa3oM,
4TOOBI OJJUH MUKCENb U300pakeHus: coorsercTBoBai 0,1 merpa oObekTa
MOJICJIMPOBAaHUSI C  OTHOCUTEJIBHOM MOrpemHocThio  5-7%, 4TO
COOTBETCTBYET JALHOCTU 10 00bekTa He MmeHee 100 meTpoB. [{namna3on
OLICHKM  yIJIOB  BBIOpaH  Ha  OCHOBE  aHaiWM3a  TUIOBOU
BHJICOTIOCIIEIOBATENILHOCTEM B3ieTa — nmocaaku JIA (puc. 3, 4, 5).

B mpocreiimiem cinywyae HaOmogeHue 3a JIA OCyHIECTBISIOT C
noMouipl0 oxHoM TB kamepsl, pa3MEmeHHOM Ha OCH B3JIETHO—
MOCaJ0YHOM TMOJOCHI B PAcYETHOW TOYKE TMPU3EMIICHHMS WM Ha
3aJJaHHOM pacCTOSHUU OT Hee. IloTeHUuanbHyI0 TOYHOCTh M3MEPEHUM
KOOPAMHAT JOCTUTAIOT 3a CUET peau3alui KOPPEISLUOHHOIO METOIA.

Jns YCKOpEHUs U YIPOILEHUs BBIUMCIICHUN
B3aMMHOKOppeSIMMOHHBIX  (yHKuud (BK®) wyacro BeimonHsercs
peIBapUTEIbHOE MPeoOpa3oBaHWE€ MHOIOTOHOBBIX H300pa)KeHHil B
JIBOMYHBbIE M300paKE€HUS U1 BBIJCIEHUS OJHOPOAHBIX 30H C
HOCEAYIOUIUM MPOBEJAECHUEM MX B3aMMHOKOPPEISILIMOHHOW 00paboTKn
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(ITat. Ne 4364069, CIIIA) [3, 4].

OnyOnukoBaHHBIE B  T€YaTH  PE3YJIbTAThl  HCCIEAOBaHUI
MOKAa3bIBAIOT, YTO TOYHOCTh BBIYUCICHUS (YHKIUUA KOPPEISIHNH
NPAKTUYECKN HE YBEJIMYHMBAETCS C POCTOM YHCJIAa YPOBHEN KBAaHTOBAHUS
BBIIII€ YETHIPEX; TOYHOCTh BBIYMCIICHUS KOPPEIAIMOHHON (PYHKIIUU MpU
YEThIPEXYPOBHEBOM KBAaHTOBaHMM Bcero B 1,4 pasza Bbillle, 4eM MpHU
OWMHApHOM KBAaHTOBAHWU; JIOCTHKEHUIO MAaKCHUMAaJIbHOTO
OBICTPOJICUCTBHS  KOPPEISAIMOHHO — OKCTPEMAJLHOTO aJTOPUTMA
M3MEpPEHUs CHOCOOCTBYET NPUMEHEHHWE OWHAPHOTO KBAaHTOBAHUS
BXOJIHBIX CUTHAJIOB; UCMOJIb30BAaHME YIPOIIEHHOTO METO/IA BHIYUCICHUS
BK® wu wmunummzanusi pa3MepoB 00pabaThlBaéMbIX  MAacCHBOB
BuieonHpopmariuu [7].

M3BecTHO MHOTO CHOCOOOB BBIYMCICHHUS KOPPEISAIIUOHHBIX
byukuuid. Bpibop cmocoba  ompenensieTcss  XapaKTEpPUCTUKAMU
CIy4YalHBIX IPOIECCOB, CJOXHOCTBIO BBIUHUCIUTEIbHBIX YCTPOWCTB,
TpeOyeMbIMU OBICTPOICUCTBUEM U TOUHOCTBIO OLIEHKH KOPPESAIIUOHHOM
¢bynkuuu. Haumbonee pacnpocTpaHEHHBIMH METOJAaMU  BBIUMCICHUS
BK® Ha mpakTuke SBISIOTCS OPSIMOM MHOKHUTENBHBIM METOJ, METOL
IBYKpaTHOro OsbicTporo mnpeoOpazoBanus Dypee (ABIID) wu
Pa3HOBUJHOCTH  PA3HOCTHBIX KOPPEJSIIUOHHBIX — arOpUTMOB  [7].
BapuanTsl peanuzanuii KOppeasIUOHHO — 3KCTpEMaabHOM 00pabOTKH B
KOHKPETHBIX CleIuuX cucremax npuBeaeHsl B [3,4]. Onenka
KOPPENAIMOHHON (DYHKITMH, TOJy4YeHHAs TMPSIMBIM MHOKUTEIHHBIM
METOJOM U METOJOM 0 MOAYJIIO Pa3HOCTH, SIBJSETCS HECMEILEHHOM (B
TOM 4HCII€ W TpU JABYXYPOBHEBOM KBAHTOBAHUM CHUTHAJIOB).
DKOHOMUYHBIN K€, C TOUYKM 3PEHUS] BBIUMCIHUTENBHBIX 3aTpaT, METOL
JIBII® TpebyeT KOHKPETHOTO aHaju3a Ha HECMEIIEHHOCTh dKCTpeMyMa
[26].

Ha mpakTuke MIMPOKO HCMOIB3YETCS HOPMHUpPOBAHHAA (DYHKIIUS
B3aMMHOW KOPPEJALMHU, KOTOpas NMPUHUMAET MaKCHUMalbHOE 3HAUCHUE
paBHOE €IUHUIIE, KOIJla COOTBETCTBHE JTAlOHA W H300paKeHHUs
abcomoTHOe. Mepy KOppensIud MOXHO  YIydIlUTh, yYUTHIBAS
CTaTUCTUYECKHE CBOMCTBA M300paxkeHuii [23, 24]

J K

> 3 GilJ.k)G:(j=mk=n)

=1 k=1

’ /2 /2"

J K
;Gﬁ(j,k)m 0O ZGzz(j—m,k—n)m
= L] = L]

=

[Ipy npoBeneHMM  KOMIBIOTEPHOTO  MOJEIMPOBAHUS  JUIS
Berurciicanss BK® wucmomp3oBanach CBepTka HM300paKeHUH, dYTO
DKBUBAJIEHTHO  BbluMciaeHutro BK® mnpm  nmomomm — mpsmoro
MHOKHATEJIBHOTO METOA.
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Pe3ynbraThl MOAEIMpPOBAHUS MOKA3BIBAIOT, YTO IPU BpAIICHUU
00beKTa BOKPYT ocu X 00ecreunBaeTcsi yCTOMYMBOE OINPECICHHE yIiia
nuKupoBaHud. JlJis MajibIX YIVIOBBIX 3HA4YeHHM (OT HYNS 10 CEeMHU
IpajlyCoB) TOYHOCTh COCTaBIJIIET HE MeHee ofHoro rpaayca. C pocTtom
yriia A0 BOCbMHU TPagyCOB TOYHOCTb MOBBIIIAETCS M COCTABJISET HE
MEHEE TIOJIOBUHBI rpaayca. PocT TOYHOCTH OLIEHKM  BBI3BaH
YMEHBIIICHUEM BIIMSHUSA TOTPEITHOCTH HU3MepeHuil (00yCIOBIEHHOM
pacTpOBBIM  XapaKTepOM IMPEACTABICHHUS TpaQUUECKUX JaHHbIX,
KOHEYHBIM pa3pelieHneM HM300pakeHus, BBIOPAaHHBIM 3HAYCHHUEM
MacmTada OpPOEKTHUPOBAHMUS M T. J.) HAa 3HAYEHHE KOPPEISILUOHHOIO
uHTerpana. Ilpu Bpamennn oO0beKTa BOKpYr ocu Y oOecreuuBaercs
YCTOMYMBOE OMNPENEIICHUE yIria Kypca ¢ TOYHOCTBIO B moJrpaayca. ns
Cily4asi BpallleHHusl 00beKTa BOKPYT ocu Z 00€CleurnBaeTCsl yCTOMUMBOE
ompenereHre yria KpeHa C TOYHOCThIO B mosrpaayca (puc. 5).
BriOpannbiii Mmacmtad MpOEKTHPOBAHUS COOTBETCTBYET NATbHOCTH [0
JIA ne menee 100 meTpos.

HccnenoBanne TOYHOCTH OLEHKHU mapameTpoB JIA B 3aBUCUMOCTH
OT BEJIMYUHBI €r0 OTKIIOHEHUS! OT PACUETHOM TIIMCCAIbl U TOYKH KaCaHUS
MOKa3ajio, 4YTO B CJIy4ae OTCYTCTBUS CMa3a MOJENb OOECIEYMBAIOT
TpeOyeMyl0 TOYHOCTh KOOPJAMHATHBIX HW3MEpPEHHUi: omubka He
npesbimaet 0,1 metpa.

Bo Bcex pacCMOTpPEHHBIX Ciy4asix 3Ha4Y€HUE TJIABHOIO MAKCUMyMa
BK®, o00pa3oBaHHOTO COBHAJAIOIMIMMH YacTAMH CPaBHUBAEMbIX
M300paKEHUM CYIIECTBEHHO MPEBBIIATIO 3HAYCHUS CI1a00 BBIPAXKEHHBIX
NOOOYHBIX ~ MAKCUMYMOB,  C(OPMHUPOBAHHBIX  HECOBIAIAIOIIUMHU
YacTSAMH, YTO CBHUJIETEILCTBYET O PabOTOCIIOCOOHOCTH CHUCTEMBI [21]
(puc. 6).

[IpakTyeckue pe3yabTaThl MOTYT OBITh HUXKE Pe3yJbTaTOB,
NOJIYYEHHBIX B XOJE€ KOMIIBIOTEPHOTO MOJEIMPOBAHUS, BCIIEICTBUE
HEOJAronmpusiITHHIX ~ YCJIOBHM  HAOMIOAEHUS W BO3HUKHOBEHHUS
KOOPANHATHBIX HCKAKEHU.

[Ipu OonpmIel MATBHOCTH BO3HHUKAIOT AHOMAJbHBIE OLIMOKHU
HaOIoAeHUS, SABJISIFOLUECS CJIEICTBHEM BIIUSTHUS IyMOB
MPOCTPAHCTBEHHOW  JMCKpPETH3aluHu. AHaIU3  KOPPEISILHUOHHOIO
QIropuTMa CIEKEHHS] C TOYKM 3PEHHS aHOMAJbHBIX IOIPEHIHOCTEN
paccmotpen B [10].

JlonoTHUTENBHYIO TPYJIHOCTh npu UCIIOJIb30BaHUU
KOPPEISIHIMOHHO—3KCTPEMAJIBHBIX ~ QITOPUTMOB  CO3JAOT  CIIOXKHBIE
€CTECTBEHHbIE (OHBI C PE3KUMU TMepenajamMu SIPKOCTH U BBICOKOM
JETANbHOCTBIO, UTO YCIIOKHSET BhIJCIICHNUE JIBIKYIIErocs oobekTa. [1pu
ATOM MOTYT HUCIOJIb30BaThCSl CETMEHTALIUSA U CTPYKTYPHBIN aHanu3 [22].
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Puc. 5. Hccneoosanue énusanus paccmosanus 00 00vbekma Ha mo4HOCMb onpeoeneHus

V2l08bIX NApamMempos.
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Puc. 6. Hccneoosanue uncmpymenmanoHot mo4HoCmu onpeoeenust yeno8blx
napamempos.
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JI71st OLlEeHKH BPEMEHHBIX MMapaMeTpoB (GOPMUPOBAHUS IBYMEPHOMN
macku JIA ObUIO TIPOBENEHO KOMIBIOTEpHOE MojenupoBanue. [lpu
BBITIOJIHEHUU BBIYMCICHUN Ha TMEPCOHAIBHOM KOMIIBIOTEPE - MOJCIH
Pentium I (MMX 166 MI1) cpennee Bpems (hopMUpOBaHHS pakypca
TU1s Tr000# ocu koneonetcs ot 1,5 — 2 (macmrad 32x32, 64x64) no 3 — 5
(macmrad 128x128, 256x256) mepuogoB KaapoOBOM pa3BEpTKH, UYTO
obecrieunBaeT BO3MOKHOCTb MIPOTrPAMMHOTO dbopMupoOBaHUS
ATAJIOHHOTO W300paXeHHWsS B pealbHOM MacimrTabe BpemeHu 1B
CHEASAIIEN CUCTEMBL.

Ucnons3oBanue cpencts cucteMbl MATLAB no3BosisieT Takxke:

— IMPOBECTH UCCJEI0BAHUE TOYHOCTU TPAEKTOPHBIX M3MepeHuid JIA
B CIIOKHBIX YCJIOBHSX HaOJIONCHUS, XapaKTepU3YIOIIUXCS
HaJIMYMEM CMa3aHHOTO U300paKEeHMUS;

— HCCIeAOoBaTh BIUSHHUE HA TOYHOCTh TPACKTOPHBIX H3MEPEHUM
CUCTEMBbI YCIIOBUM HAOIIOICHUSI.

Buoieoownt
[IpuknanHbie penieHrs Ha OCHOBE YMCIEHHOTO MOJIEIMPOBAHUS B

CUCTEME MATLAB MO3BOJIMINA BBIIIOJIHUTH HUCCIIEeI0BaHUS
WHCTPYMEHTAJIBHOM TOYHOCTH OMNPEACIICHUS] YIJIOBBIX IapaMeTpOB

aJaropuT™Ma KOPPEISIITUOHHO—OKCTPEMATIBLHOTO COBMEIICHUS
TEJIEBU3MOHHOTO M300pa)KEHHS JIETATEIILHOTO ammapaTa U aJanTHBHBIX
ATaJOHOB — JBYXMEPHBIX MACOK €ro TPEXMEPHOM KOMITbIOTEPHOM
MOJIEJIIH.

Pe3ynpTaThl  WCClENOBaHHUS  TOYHOCTH  OLEHKH  YIJIOBBIX
napameTpoB JIA mokaszanu, 4To mpU OTCYTCTBHM CMasa il paboyux
3HaYeHW MacmTaba, COOTBETCTBYIOIIMX JATbHOCTH 10 OOBEKTa He
menee 100 MeTpoOB, TOYHOCTH YTIOBOTO OMpENEICHHUS MO JII0OOMYy W3
yIJ0B MUKUPOBAHUSA, KPEHA M Kypca HE XyxkKe ogHoro rpaxayca. llpu
yBEIIMYEHUH MaciiTaba MPOEeKTHPOBaHHMS MEHEe YeM B JBa pasa
TOYHOCTh COCTABHUT MOJrpaayca. be3 ydera CIOXKHOTO €CTECTBEHHOIO
dboHa Mozenb obecrieurBaeT TOYHOCTh KOOpAWHATHBIX u3mepeHuit 0,1
metrpa. [lomydeHHble TpH TakoW WACHTU(PUKALMKA JaHHBIE BIIOJHE
JOCTaTOYHBI JJII TMPAKTUUYECKOTO HCIOJb30BAHUA: IPEIJIOKEHHAS
KOMITBIOTEPHAs] MOJIEJIb yJIOBIETBOPSIET TPEOOBAHUSM IO TOYHOCTH,
paboTas B peaJbHOM MacliTade BpEMEHHU TEIEBU3MOHHON pa3BEPTKHU.

[Ipenyiaraemple  MpPaKTUYECKHE HCCIEIOBAaHUS  CIOCOOCTBYIOT
POCTY KauecTBa MPOBEACHUS JIETHBIX UCIBITAHUN U, B KOHEYHOM CUETE,
NOBBIIICHUIO YPOBHS 0€30aCHOCTH IOJIETOB.

678



Tpyoul konghepenyuu «llpoexmuposarie uHICEHEPHLIX U HAYYHBIX npuLodxceruil 6 cpede MATLAB»

Jumepamypa

1. bezomacuocts noneroB /Caxau P.B., 3yoxoe b.B., /lasudoenxko M.®. u
op. /llox pen. P.B. Cakaua. M.: Tpancnopt, 1989. 239 c.

2. Jletusle wucnelTaHug camoiieToB /Bacunvuenxo K. K., Jleonos B.A.,
Hawxosckuu UM., [lonnasckuu b.K.. M.: Mammnoctpoenue, 1996.
720 c.: n.

3. Kamwic [I'Il. Bocnpustue u aHamu3 ONTHYECKON HH(POpPMAIIH
aBTOMAaTHU4YECKOM cucTteMoi. M.: Mammnoctpoenue, 1986. 416 c.

4. Ilymamun E.IIl, Asepun C.H. OO0paboTka u300paKeHUN B
poboroTexnuke. M.: Mamunoctpoenue, 1990. 320 c.

5. Tumoghees b.C. TeneBusmoHHbIE METO/ABI O00pPAOOTKH PpPE3yJIbTATOB
UCTIBITaHUI JeTaTtenbHbIX anmnaparoB //CO.: TeneBumenue, BHIIEO-
texHuka (teopus u npaktuka): CIIIAAIL C.-T16, 1996. C. 12-17.

6. bapcykos @D.U., Benuukun A.H., Cyxapes A.J{. TeneBu3noHHbIE
CUCTEeMbI JeTaTeNbHbIX amnmaparoB. M.: Coerckoe paauo, 1979.
224 c.

7. @Qunamosé B.H. AJITrOpUTM OIIEHKH KOOPAWHAT MPOTSIKEHHOTO
o0BEKTa B TOJIE TEJIEBU3MOHHOTO H300pakeHHs. TeXHWKa CpencTB
cBs3u. Texauka TenesuacHus, 1987. Brim. 6. C. 23-30.

8. @Qunamos B.H. IloMCKOBO-PEKYPPEHTHBIM AJITOPUTM HU3MEPEHUS
napamMeTpoOB JBWIKEHHUS (PAarMEHTOB TEJIEBU3MOHHOTO WM300PaKCHHUS.
Astometpus, 1991. Ne 3. C. 16-20.

9. Acmpamos O.C., @unramose B.H. AHaiu3 KOppEIALHOHHOTO
aIropuT™Ma M3MEPEHUs] B TEJIEBU3HMOHHOW CIEMASIIEH CHCTEME.
Pykonuce nen. B IIHUWUTOU npubopoctpoenust ot 23.11.87 Ne3642-
np87.

10.@unamos B.H. Bnusaue (QOHOBBIX IOMEX B CTpOOE Ha HAJIEKHOCTH
TEJIEBU3UOHHOTO KOPPEJAIMOHHOTO ciexenus. Pykomuch gen. B
Nudopmmpudope ot 15.12.88 No4467-np88.

11.Panaxos I'I., Tumogees b.C. MallvHHBIA CUHTE3 TPEXMEPHOUN
MOJIENIM  JIeTaTeNbHbIX —amnmnapaTtoB. COOpPHHMK Hay4dHBIX TPYAOB
MHCTUTYTA B 2-X ToMax. Bonorna: BollA, 1998. T. 1. C. 72 —75.

12.KoMIbIOTEpHOE MOJAEIMPOBAHUE JIETATENBHBIX AIIIApaTOB B 3a/1ade
TpaeKTOpHBIX m3Mepenuit /Panaxos I'.I., Tumoghees b.C.; CaHKT-
[lerepOyprckass akaneMusi a3pOKOCMHUYECKOTO NPUOOPOCTPOCHHUS.
Cankr-IletepOypr, 1998. 9 c.; un. bubnuorp: 10 Ha3. Pykonucs gemn.
B BUHUTU.

13.Usanos B.11., Bampaxos A.C. TpexmepHasi KOMIIbIOTEpHas rpaduka.
M.: Pagno u cBs3p, 1995. 224 c.

14.Pooocepc /., Adamc [loc. MatemaTHdecKue OCHOBBI MAIIMHHOM
rpaduku: [lep. c anri. M.: Mup, 2001. 604 c., u.

15.Hluxun E.B., bopeckos A.B. KommnbiotepHas rpaduka. [unamuka,

679



Yacmo 5. Hmumayuonnoe modenuposanue. Simulink u Stateflow

peanuctudeckue nzoopaxenus. M.: uanor - MUOU, 1995. 288 c.

16.2uxxogpg I1. CoBpeMeHHbIE METO/IbI UIeHTU(PUKaMKU cucteM. M.:
Mup, 1983. 400 c.

17.1lomemxkun  B.I. Cucrema MATLAB 5 nna cryneHtoB. M.:
JUAJIOT-MU®DU, 1998. 314 c.

18.1lomemxun B.I. CucrteMa WHXEHEPHBIX M HAay4YHBIX pPacyeTOB
MATLAB 5.x: B 2-x 1. Tom 1. M.: IUAJIOT-MUDH, 1999. 366 c.

19./lomemxun  B.I. CucrteMa WHXEHEPHBIX M Hay4YHBIX pPacyeToB
MATLAB 5.x: B 2-x 1. Tom 2. M.: IMAJIOI'-MHU®U, 1999. 304 c.

20.Pyoaxoe I1L.U., Cagponos U.B. O6paboTKa CUTHATIOB U W300pAKEHUM.
MATLAB 5.x /Ilog oOm. Pex. x.1.H. B.I'. Ilotemkxuna. M.:
JUAJIOT-MU®DU, 2000. 416 c. (IlakeTbl mpUKIATHBIX MPOrPaMM;
K#. 2).

21.KoppensiimoHHble 3puTeNIbHBIE CHUCTeMbl poboToB /A.M. Kopuxos,
B.U. Cepsamxun, B.C. Tumos; Ilog pen. A.M. Kopukosa. Tomck:
Panuno n cBsa3p Tomckoe otnene-uue, 1990. 264 c.

22.Acmpamos O.C., Jluxapnenxkos B.I', Pyrxoeuyk B.Il. Hekoropsie
aCNEeKThl BBINCNCHUS JBIKYIIUXCA OOBEKTOB TEJIEBU3MOHHBIMU
metonamu  //MexBy3oBckuii  cOopuuk «Pammomepenaromme u
TeJaeBU3HOHHBIE ycTpoiicTBay. JIMAIL 1976. C. 19-23.

23./lyoa P., Xapm II. Pacnio3zHaBanue oOpa3oB u aHanu3 cieH: Ilep. c
anrn. M.: Mup, 1976. 512 c.

24 Ilpemm V. Hudposas obpadbotka mzobpaxenuit. [lep. ¢ anrmn. /Tlog
pen. [1.C. JlebeneBa/ B 2-x kuurax. M.: Mup, 1982. 790 c.

25.@unamos B.H. OueHka MpOCTPAHCTBEHHOM BBIOOPKH B TEJIEBU3HOH-
HOHN KOPPENAILMOHHO-ONITUMAIBHOM clefsiel cucreme // MeXBy30B-
ckuii cOopHUK «MeTobl 1udpoBoit 00padOTKH, Mepeadyd U oToopa-
KeHus TeneBu3noHHoN nHdopmarmmny. JIMAIIL, 1982. C. 13-20.

26.Menuk-Illaxunazapos  A.M., Mapkamyn — M.I [udporsie
U3MEPUTENbHBIE  CUCTEMBI  KOPPEJSIMOHHOTO  THIIA. M.:
Oneproaromuzaart, 1985. 128 c.

680



Tpyoul konghepenyuu «llpoexmuposarie uHICEHEPHLIX U HAYYHBIX npuLodxceruil 6 cpede MATLAB»
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UCCNEOQOBAHUE OUHAMUWYECKUX NMPOLIECCOB
CUHXPOHHOI'O ABUTATEJIA C NOCTOAHHBIMU
MAITHUTAMU NMPU BEKTOPHOM YINPABIEHUA

Pemimun b.U.
Hayuno-npouzsoocmeennoe npeonpusimue Bcepoccuiickuii nayuno-
UCCe008amenbCKull UHCIMUMYm 91eKmMpOMeXaHuKu ¢ 3a6000M
HIIII BHUUDM, 2. Mocksa
e-mail: vniiem@orc.ru

[[lupokoe NpPHUMEHEHHE JBUTATENENM NEPEMEHHOIO TOKa B
PEryJIUpPYEMBIX 3JIEKTPONPHUBOJAX CTAJIO BO3MOXKHBIM C MOSBICHUEM
CHEMAIM3UPOBAHHBIX OBICTPOAECUCTBYIOIINX MUKponpoueccopoB. Ecnu
B NpPHUBOJAX C JBUTATEISIMU [OCTOSSHHOTO TOKa IPUMEHEHHE
MHUKPOITPOLIECCOPOB HE MPUBOJIUT K MPUHIMINAIBHO HOBOMY KayeCTBY
pEeryaupoBaHusi, TO B NPHUBOJAX C JBUIaTEIsIMH IMEPEMEHHOIO TOKa
CJIOKHBIE QJITOPUTMBI (POPMHUPOBAHHUS MOMEHTA JBUTATENSl BO3MOXKHO
peasn3oBath 0e€3 OONBLIIMX 3aTpaT TOJIbKO MpU [PUMEHEHHUU
MHUKPOIIPOLIECCOPOB.

[TpuHuun QopmMupoBaHUS MOMEHTa B HPHUBOJAX MOCTOSIHHOI'O
TOKa 3@ CUET PEryJMpOBaHUs pa3[elbHO MOTOKAa BO30YXKIEHUS U TOKa
NOJJIEP>KUBAETCA M B CHCTEMax YNPABJICHUs NPUBOJAMHU IIEPEMEHHOTO
Toka. C 3TOM Lenpl0 TpexdasHas MallliHa 3aMEHSETCS] SKBUBAJIEHTHOU
0000mmeHHON aByX(a3HOW MAaIIMHONW, B KOTOPOW pE3yIbTUPYIONINE
BEKTOPbI HANPSKEHUI, TOKOB U MOTOKOCLEIUIEHUI pacCMaTpUBAIOTCS B
cucteme koopauHat d, q, Bpamatoiericst BMectTe ¢ potopoM [1]. Tak kak
TOKHA CTaTOpa MOYKHO HM3MEPUTh, PEryJUpPOBAaHUE MOMEHTA JBUTATEIIS
OCYULIECTBJISIETCS 3a CUET MOAJAEPNKAHUS MOTOKOCLEIUIEHHUsI cTaropa 1o
ocu d U perynMpoBaHHs MOMEHTA 3a CUET TOKa craropa no ocu q. llpu
ATOM XapaKTep CUTHAJIOB PEryJsTOPOB B CUCTEME KOOpauHAT d,q Takoi
ke, KaK M B IMPHUBOJE IIOCTOSTHHOTO TOKAa, TO €CTh OTCYTCTBYIOT
CUHYCOMJIAJIbHBIE COCTABJIAIOIINE HaNpsDKeHus nBuratens. Tpu dassl
HaOpsDKEHUsT TWTAaHUS JBUTATENs TMOJIy4aroTcsl IpeoOpa3oBaHUEM
HanpspKeHUu 0000IIeHHON JByX(a3HOW MaIIMHBI B KOOpJMHATax
poTopa uy, Uq B HEMOIBMKHYIO CUCTEMY KOOPIHMHAT C MCIIOJIIB30BaHUEM
ANEKTPUYECKOTO yTrila MOBOPOTa poTOpa. TpH U3MEPEHHBIE TOKA CTaTOpa
C  HCHOJB30BAaHWEM  DJIEKTPUYECKOIO  yIVIa  IIOBOpOTa  POTOpA
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peoOpasyloTcsi B TOKH 14, 15, KOTOPBIE PEANN3YIOT OOpaTHBIE CBS3U IO
TOKY.

Kak npaBwio Oosblnas 4yacTh MPUBOJIOB MEPEMEHHOTO TOKAa HE
npelHa3HAaYeHbl IS TOJIHOIEHHOTO PEryjJupoBaHHs B YeThIpEX
KBaJIpaHTax, 4TO NOTPeOOBaiO OBl PEryJupyeMoro HMHBEPTHUPOBAHUSA
SHEPTrUM B CETh 32 CUET YCIOXHEHHs cucTembl. [losTomy mpobiembl
peann3auy peryasTOpoB sl MIPUBOJIOB MEPEMEHHOTO TOKAa CXOAHBI C
mpobiieMaMy  pealu3allid  PerylsaTOpoB Ui HEPEBEPCHUBHBIX
OPUBOJOB TOCTOSTHHOTO Toka. [lpm 3ToM s Oonblioro Kiacca
MPUBOJAOB, HE TpeOyroumx OOJBIIOr0 AHana3zoHa pPeryJupoBaHUA H
BBICOKOW TOYHOCTH TOJJICP)KAHUS YacCTOTHI BpAIICHHS HEXEIaTeIbHO
UCIIOJIb30BAaHUE JlaTYMKa YIJIa TMOBOPOTa pOTOpa, KOTOpPHIA Tpedyer
CHEIUAaIbHON KOHCTPYKIIMU JUIsl KPEIUICHUS Ha Baly CO CTOPOHBI
BeHTUJIsITOpa. [103TOMY pa3padaThIiBalOTCS CHUCTEMBI PETYIUPOBAHMUS, B
KOTOPBIX HCIIOJB3YETCS MOJENb JBUTATENS IJis peann3anuu oOpaTHOM
CBA3U [0 4YACTOTE€ BpallleHHs W M3MEPEHUs SJIEKTPUYECKOTO yriia
OBOPOTA pOTOpA.

MHoro4ucieHsple MyOIMKalUh 1O COBPEMEHHBIM CHCTEMam
yOpaBlIeHUs TMPHUBOJAMH TEPEMEHHOTO TOKa HE JCTAUM3UPYIOT
CTPYKTYpHhl O0OBEKTa U MMEIOT JOCTATOYHO MPOTHBOPEYMBHIC JAHHBIE O
pETyNATOpax U MPHUHIINIIAX UX MOCTpoeHus. B cTtathe Oymet paccMoTpeH
BOIIPOC TMOCTPOEHUS PETYISTOPOB HA MPUMEPE CHHXPOHHOTO JIBUTATEIS
C TIOCTOSIHHBIMM MarHuTaMH, TaKk Kak MpH CTpeMJeHHH (OpMUPOBATH
MOMEHT 3a CYeT MOAJEp>KaHUs MOTOKOCIEIUIEHUSI MO OJHOW OCH U
pPEryJIupoBaHusl TOKAa MO JPYroil OCH €ro CTPYKTypa U TOCTPOEHUE
perysisTopoB HauboJiee OJIM3KU CTPYKTYpE U MOCTPOCHUIO PETYIIATOPOB
PUBOJIOB MOCTOSIHHOTO TOKa. B CBs3M C 3TUM clefyeT 0XXHaaTh, YTO
Opy peaau3alliid CHUCTEMbl PEryJIMpOBaHUS OyAyT BO3HHMKATh TE JKe
npoOIeMbl, YTO U MPU PeaTU3alUUd CUCTEM PEryJIUpOBaHUS MPHUBOJIOB
NOCTOSIHHOTO  Toka. Ilepeuucnum  Te  TpeOOBaHMS,  KOTOpPBIE
OPEeNbABISUIACh TPU  pa3pabOTKe PEryJisaTopoB  MJii  IPHUBOJOB
MOCTOSIHHOTO TOKa!

— BpeMs pEeryjJupoBaHUs MOMEHTa (TOKa) JOJKHO COCTaBIISThH
nopsiaka 20-30 mc, 1y TOro 4to0bl UMETh JOMYCTUMBINA 3amac
0 HAaNpsSHKEHWIO THUTAaHUA M YacTOTy Cpe3a CHCTEMBI,
OTCTOSIIIYI0 JOCTaTOYHO JaJIeko OT COOCTBEHHOM YacTOTHI

YOPYTrUuX KoJieOaHUN MEXaHU3Ma;

— JIOJDKHO OBITh KOMIIEHCUPOBAHO BpenHoe BiusiHuEe npoTtuBoI/C
PY KOHEYHOM BPEMEHHU PETYJIUPOBAHMUS;

— perymatop JODKEH UMETh CBOWCTBO  aJanTallikl  IpH
MEHSIOIUXCA MapaMeTpax 00beKTa peryInpOBaHNUS;

— B CHCTeMax peryJupoBaHUA IS MPHUBOJIOB, HE HMEIOIIUX
BO3MOXKHOCTH  PEKYIEpUpOBaTh OSHEPIHMI0 B  CETh MpHU
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TOPMOXKEHUH,  JIOJDKHBI ~ OBITh  NPEAYCMOTPEHBI  Y3IIbI,
IpEeJOTBpALIAONINE YXO/ PEryIsaTOpOB MPU MNOATOPMAKHUBAHUU
C MOCJEIYIOIUMH OPOCKaMU TOKA MPHU 3aMbIKAHUU CUCTEMBI.

Ha puc. 1 nmnpexncraBieHa cucreMa peryjivpoBaHUs — AJis
CUHXPOHHOT'O JIBUTaTelsl C MOCTOSHHBIMU MarHUTaMH, KOTOpasi OTBEYaeT
TpeOOBAaHMSIM, PACCMOTPEHHbIM BbIlIe. CTpPYKTypa [BHUrarens Kak
00BEKTa PETYIUPOBAHUS U €T0 MOJIENIN B CUCTEME KOOpauHaT poropa d,q
peann3oBaHbl Ha 0a3e U3BECTHBIX ypaBHEHUH [1] :

LqO( dig/dt ) =u4 - ROy + LqHgpald, ; []

L 0( dig/dt ) = uq - ROq + LeOalhn[d, - Ylpnld; /L (1)

M = 1.5, YOig + (La - Ly) Oalig ] |

M + Ma = JI[{ dw/dt ),
rae Ly, Ly, 14, 1g, Ug, Uq — COOTBETCTBEHHO MHIYKTHMBHOCTH PacCesHUs,
TOKA M HANPSIKEHUs cTaropa Mo ocsiM, R — conmpoTuBieHUus 0OMOTOK
cratopa, Y — aMIUIMTyAa MOTOKOCLEIJIEHHUsI OT MOCTOSIHHBIX MarHUTOB
poTopa, NpUBEAEHHAs K CTaTOpy, M U ) — 3IEKTPOMArHuTHbI MOMEHT
Y 4acTOTa BpalIeHUs pOTOpA.

Ha pwuc.1 wyacrora BpameHus poTopa JBUTATENsl  HUMEET
0003HaYeHUE Wy, a MOJEIH - Wy, O6buHO Ly/R = Ly/R = Ty = Ty. [na
TOr0, YTOOBI IPEAOTBPATUTD YXOJ PETYJISITOPOB NPU NOATOPMAKUBAHUH,
KaKk ¥ B NPUBOJE INOCTOSHHOI'O TOKa [2] JOruueckoe ycTpoicTBO, Ha
BXO/Jl KOTOPOT'O MOJAITCS TOKU JIBUTaTeNIsl U MOJIEH, MOAKIIOYAET TOKU
MOJEJIA BMECTO TOKOB JBUTATENsl B MOMEHT BPEMEHH, KOI/Ida MOMEHT
MajaeT A0 HyJIS M CUCTEMA PEryJMpOBaHUS CTPEMUTCS CMEHHUTh 3HAK
MOMEHTA.

Oror xe curHan Log  cOpacklBaeT B HOJIb HMHTETPAIbHYIO
COCTABJISIFOLLYIO PETyJIATOpa BBIUMUCIEHUSI BHEIIHET0O MOMEHTa MBp sl
MOJIETH, HUMEIIero  nepemaTtouHyro  pynkmmro  Wm(p) u
CPaBHMBAIOIIETO TOKU ABUTATENsI U MOJIEIH 10 OCH ( MPU HAIUYUH TOKA.
OOpatHas CcBs3b [10 YACTOTE BPALLEHUS B cCUCTEMe Oepercs u3 mozenu. B
asurarene ¥ ero mozenu npotuBoOJC mo ocaAM €4 M €, MOIyT
3HAYUTENIbHO BIMSTH HAa JUHAMHUYECKHE POLIECCH B 3aMKHYTOM CHUCTEME
pEerylupoBaHMsl, OCOOEHHO TMpU  MalbIX  AJIEKTPOMEXAHUYECKUX
IOCTOSIHHBIX BpeMeHU mnpuBoja. [loaToMy cucTeMy MOXHO CUMTATh
JUHEWHOMN U peajan30BaTh ONTUMAJIbHBIE IEPEXOHBIE TPOLECCH] TOIBKO
B TOM CJIyd4ae, €ClId peryisTopbl TOKa oOecrmedaT Majoe BIHUSHUE
npotuBoIJIC.

O
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Yacmo 5. Hmumayuonnoe modenuposanue. Simulink u Stateflow

TR S el Torima
PTd e L —ia
1+T;p . i | ORI
T1p Lig 1 1a | 1 — e lg
140 1 I i R{0+T4p} | LT — b L |—
Lip .1 ) L Loy | —eo—
" Wrg =Ul,
T 1. 5p Mg
T A,
Napratem LA I T ]
3H Pieap PL Flg e Wy
1+T5p 1 o . Mn
— = | I - - . 1
Hip Lip Tip | ™ * « 1Lyl .
| 1+Tp - Ril+T.q) — "4
™ Tip _ i LN
k,
i+ Te

- | | Pu |
Mogeoe Brrencossinne sospenTa
— iy lae | - - -

e
=, fo | il W I 1 A, P, |
BlEE  Adg d, q-a, b, R E B e, g o }
— Lag 0y, |
l k
Almp
Puc. 1.

[Ipu cuHTE3e PEryNATOpPOB MOJAENH MPEICTABISIETCS B CHCTEME
KoopAauHAT potopa d, q, XOTS UX MapaMeTpbl OCTAIOTCS TEMH Ke IS
Moznenu B 000N cHUCTEME KOOpAWHAT, B TOM 4YHCIEe H MJiA
BpaIIaromencs ¢ J100i 9acToToi BpameHus W, YacTHbIA ciydaid ), =0
COOTBETCTBYET pEaJIbHOM MOJIETW ABUTATENE U MPU STOM NpPSIMBbIE U
oOpaTHple mMpeoOpa3oBaHUs KOOPJAWHAT (HANPSKEHUH M TOKOB) C
MOMOIIBIO  BBEJICHUS DJIEKTPUUECKOTO0 YIJIa TOBOPOTa CHUCTEMBI
KOOpJIMHAT TpHU () = ()} MO3BOJSIOT HCIOJIB30BaTh MPEUMYIIECTBA
peanu3alnuu pEryasTOpoB B cucTeMe koopauHaT poropa d,q. Ilepen
PACCMOTPEHHEM KOHTYpa PETYJIMPOBAHUS TOKA MO OCU ( OyJIeM CUUTATh,
YTO peaju30BaH pPEryjsiTOp, KOTOPbIA C BBICOKOH TOYHOCTBHIO
MOJJIEP)KUBAET TOK 1y PABHBIM HYJIIO U TEM CaMbIM MMOTOKOCIICTUICHHE
mo ocu d (Wd +Wr) ompenensieTcss TOJBKO MOTOKOCIEIUICHUEM OT
nocTostHHBIX MarHuToB Wr. [Ipu sTOM MOMeHT nBHratens paseH M = 1.5
pn *Wr * iq u u3 puc.l mMoIyuyuM CTPYKTYpY PEryisTopa TOKa IO OCH (
¢ yuerom BiugHus JJC (Puc. 2). Perymarop toka PTq sBusgercs
MHTETPANBbHBIM 10 33JaHUI0 M WHTETPATbHO-IPONOPIMOHATIBHBIM IO
KaHaily oOpaTHOM cBsi3u [3] .
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Tpyoul konghepenyuu «llpoexmuposarie uHICEHEPHLIX U HAYYHBIX npuLodxceruil 6 cpede MATLAB»

PTq eq | Pa*VY;
| e
jl’.? — _ 11, l i-il r""I [
Tip b ] 1.Sp; | g
- | 1I+Ip R(1+Typ) Ip
Tip
ki
Puc. 2.

[lepenaTrounast QyHKIHMS MEXITY TOKOM U 3aJjaHUEM Ha TOK paBHa:
iq(P) 1
= , (2)

42(P) _[1+(BT /o) ]*{By* Top™/[14(Bo/Top) [+(B,+T)p/[ 1B,/ To) 1}

rae B, = Ti*R/k; — mocTosiHHas BpeMEHH HHTETPUPOBAHUS 3aMKHYTOTO
KoHTypa Toka, To= J*R / [1.5 ( p,*W. )’] - smexTpoMexaHHuecKas
MOCTOSIHHASI BPEMEHU JIBUTATEIIS.

Kak cnemyer m3 (2), BiussHHUE 3.1.C. OyAET TEM MEHBIIIE, YeM
MeHblie oTHoweHue B,/T,,. Y yem Oosibliie 3TO OTHOILIEHUE, TEM XYKE
nemidupoBaHue U OOJIbIIE CHIKEHHE TUHAMUYECKOTO TOKA.

B cBi3M Cc O3TEM TIOCTOSIHHAasT BpPEMEHH WHTETPUPOBAHUS
3aMKHYTOTO KOHTypa B, BbIOMpaeTcs AOCTaTOYHO Mayoi (mopsaka
1 Mc), a Bpems perymupoBaHusi U KOIPPUIUEHT aeMIbUpOBaHUSA
3aMKHYTOTO  KOHTypa OINpPEIENSIETCS  HE3aBUCUMOM  MOCTOSTHHOU
Bpemenu T.

Koaddumment nemmnprpoBanus KOHTypa paBeH

(B, +T)?
&E=0.5 B,
B, * Tg*(1+

)

Tou

ITocrosinnas Bpemenn T >> B, (mopsaka 5+6 mc). Ilpu Takom
BBIOOpe 00bIYHO & > V2 /2 1 Bpems peryaupoBanus t pe = 3( B, + T).
Cnenyer OTMETUTb, 4YTO TMpPU M3MEHEHUU [apaMeTpoB OOBEKTa
MEePEXOAHBIE TMPOIECChl MEHSIOTCS HE3HAYUTEIBHO BBUAY MAaJoro
M3MeHEHUsT KOA(D(PUIIMEHTOB XapaKTePUCTUUECKOTO YpPaBHEHHUS TIPH
Manmoi BenuuuHe B;. Bumsaue npotuolJIC onpenensaeTcs
kodpurmmentom  1+(B; / T,,). Uem Ommxke 3TOT KOIPPUIIUEHT K
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Yacmo 5. Hmumayuonnoe modenuposanue. Simulink u Stateflow

€IUHUIIE, TeM MEHBIIE 3TO BIUSHHE. TakuM 00pa3oM, MpU MajoM
3HaueHMH B, W mnpu Takoil CTpyKType peryisTtop oOnagaeT
aJanTUBHBIMU CBOWCTBAMM IPU MEHSIOUIMXCS MapameTpax o0beKTa U
KOMIIEHCUPYET BpeaHoe BiausHue npotuBoI/C Ha mnepexonaHbie
npouecchl. Creayer OTMETUTh, UYTO OOBIYHO NPUBOJAUMBIA B
MyOIMKaUAX TPOHOPIIMOHATBFHO-UHTETPAIBHBIN PETYIISTOP IPU TOM KE
OBICTPOACHCTBUM KOHTYpa PETYIUPOBAHUSA, KOTOPOE MPH KOIPPHIeHTE
nemndupoBanus & > V2 /2 onpenensercs wieHOM npH ‘p’(IUIOIAIBIO
PEryJIupOBaHMs) XapaKTePUCTUUECKOTO ypaBHEHUS, HE CIIPABUIICS ObI C
yKa3aHHBIMHU 3aJja4aMUu.

PaccmoTtpum HacTpoiiky perynstopa PTd, mogaepskuBarorero Tox
14 =0. Bo3Mymennem ams peryiastopa Toka 14 siBigercs npotuBodAC eg

(puc. 3).

PTd  +e,
T | R 1 uy — 1 i
Ip 1 .
= 1+Typ R(1+Tp)
Tip -
k;
Puc. 3.

Ilepenaroynas QyHKUMSA MEXIY 14 U €q PaBHA:

ig(p) 1 B, p
eq(p) R B Tgp’+ (B, +T)p+1 (3)
[Ipn pasroHe npuBOJa M YCTAHOBUBIIEMCS JHUHAMHAYECKOM
MOMCHTC HpOTI/IBOQI[C eq N3MCHACTCA JII/IHGﬁHO BO BpeMeHI/I n €€
n3o0paxxenne pasHo K/p, K = eqy / t, , TOe €qu — MaKCHMalbHOE
3HaUYEHHE €y , t, — BpeMs HOCTHXKEHHUS €q,. lorma w3 (3) moaydum

n300pakeHue ToKa iq4:
( eqM/R )*( BT / tp)

iq(p) = :
B.* Ta*p°+ ( B+ T )*p + 1 (4)

N3 (4) cnemyer, 4yto 4Yem MeHblne B, Tem wMeHbmie OyaeT
TMHAMHYECKOE TMpUpalieHue Toka ig. Kpome Toro, HeoOXoaumo
YBEJIIMYMBATh TIOCTOSIHHYIO BpeMeHH 1, dYTOObI MPEmnsSTCTBOBATH
U3MEHEHHIO TOKA, OCOOEHHO IPH PE3KOM YBEINYEHHH €; B MOMEHTHI
HapacTaHUsl W CIaJaHus JWHAMHYeckoro Toka. Ecimm B, kak u B
peryisaTope Toka 1q BelOupaercsa paBHOM 1 mc, To T mpepbimaer B,
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OoJee, 4UeM Ha MOPSIIOK.

Pacuer perynsiTopa 4acToThl BpalieHUs] B CUCTEME C JaTYMKOM
yria moBOpOTa POTOPA MPHU MOCTOSTHHOM MOTOKOCHEIIJIEHUU 1Mo ocu d H
CBEpHYTOM KOHTYpE TOKa 1y BBIIOJIHAETCS B 3aBUCUMOCTH OT BEJIMYHHBI
1iara KBaHTOBaHUS M TpeOyeMoro ObICTpOAECHCTBUSI KOHTYypa 0€3 yuera
WJIM C YYETOM Il1ara KBaHTOBaHus [4, 5].

Tak Kak mpeanojaraercs peaau3alus CHCTEMbl 0€3 JaTdyHKa
YacTOTHI BPAILEHUSA, TO pPAacyeThl Jajee OyIyT BBINOIHATHCA O€3 ydeTa
mara KBAaHTOBAaHHS. JTO OOBSICHSIETCS TOM, 4YTO IIar KBaHTOBAaHWUS,
KpaTHBIA TMEPUOJy BBICOKOYACTOTHOM KOMMYTAallMd HWHBEPTOpa, MpHU
WCIIOJIb30BaHWM CHUTHAJBHOIO Ipolieccopa JOCTaTOYHO Mall W IpH
OBICTPOJICUCTBUM CHUCTEMBI PEryJIUPOBAHMS, MPUHSATOM B MPAKTUKE
OOIIEMTPOMBIIIUICHHBIX CHUCTEM, BIIMSIHHUEM IIara KBaHTOBAHUS MOXHO
npeHeOpeyb.

Hacrtpoiika  mponopuuoHaIbHO-UHTETPAIIBHOIO  PETyJsiTopa
CKOpPOCTH OYyJeT BBINOJHATHCA 10 '"CUMMETPUYHOMY ONTHUMYyMY', B
OCHOBE KOTOPOIO JIEKUT MOAYJIBHBIM KpUTEepuil ontumuzanuu [4, 5].
[Ipu ynapHOM MNPUIIOKEHUU HArPYy3KH TEpeperyaupoBaHUE MOMEHTa
coctapisieT 43%, nepeperynupoBaHue Mo CKOPOCTH MPU CKAuKe 3a/1aHus
U TIPEIBKIIOYEHHOM QuibTpe cocTaBisieT 8%o.

[locTosinHasi BpeMeHu perynsropa T,, paBHas TOCTOSHHOM
BpeMeHU (pUIbTpa Ha BXOJE, paBHA

T,=4B;+T)/[1 +(B;/Toy).

[TocTosiHHast BpEMEHH IBOMHOTO MHTETPUPOBAHUS KOHTYpa paBHA
Bo="Ti[1+(B/T,)] I/ (1.5% p*W,) = 8{(B,+ T)/[1 + (B,/ T,)]}".

B cucreme ¢ CHHXpOHHBIM JBUTAaTelIeM C TOCTOSIHHBIMHU
MarHuTaMu MOJIeNIb CIYKUT [JIs peaiu3aiuu oOpaTHOM CBSI3M 1O
CKOPOCTH U O00EeCIeYeHUsl YCTOMUUBON pabOThl CUCTEMBI PETYIHUPOBAHUS
opu TOpMOXKEeHUHU. JlJIs Takux CHUCTeM OCOOCHHO TPYAHOU 3ajaveit
ABJISIETCSI BBIYMCIIEHUE BHEIIHEr0 MOMEHTA JJII MOAENH, 0€3 KOTOpPOro
HEJb3sl TOJYYHUTh JOCTOBEPHYIO MH(OPMALMIO O YacTOTE BpAallCHHS.
Ota 3a/aya CTosla U B IPHUBOJIAX MOCTOSHHOTIO TOKA, OJHAKO OBICTPO
BBIYUCIIUTH BHEIITHUN MOMEHT JIOCTaTOYHO CJIOKHO. ECiiu OBl 3T0 MOXKHO
Obu10 caenatb 0Oe3 OONbLIIMX 3aTpaT, CHUCTEMbl PETYIHPOBAHUS
CTPOMJIMCH Obl Ha MPUHIUIIAX, OTJIMYHBIX OT OOLIEHPUHSTHIX. [loaTOMY
CUCTEMBbl C MOJEIbI0 HE MOTYT KOHKYPHUPOBAaTh C CHUCTEMaMH C
JaTYMKaMU yrjia [OBOpPOTa pPOTOpa IO KA4yeCTBY PETYIMPOBAHMS
YacTOTHI BpAIllEHUs PU  yJIAPHBIM MPUITIOKEHUEM BHEIITHETO MOMEHTA.

B mnpeamnonoxkeHun, 4to TOK 13 ONM30K K HYyJIO, Ha puc. 4
IPE/ICTaBlIeHa CXeMa BBIYUCIICHHUS BHEIIHETO MOMEHTAa B CHUCTEME C
HCIIOJIb30BAHUEM MoJen. HampskeHus ug ¥ ug € BBIXOJA PEryJsATOPOB
TOKOB MOAAIOTCA OJHOBPEMEHHO B JBHUTATENb U B MOJENb. Tak Kak
CTPYKTYpbI JBUTATENs U MOJEIU UIACHTUYHBI, UX aCCUMMETpHUS CBsi3aHa
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Yacmo 5. Hmumayuonnoe mooenuposanue. Simulink u Stateflow

TOJIBKO € OTCYTCTBHCM BHCHIHCTO MOMCHTA B MOJCIIH. HpI/I
HWACHTUYHOCTU CTPYKTYp ABHIATCIII W MOJACIHM HHTCTPHUPOBAHUC
Pa3HOCTH TOKOB Iq AaCT COCTABAKOINYHO TOKAa OT BHCHIHCTO MOMCHTA
ABUI'aTCJIA, TAK KaK JUHAMHWYCCKNUC COCTABIIAIOIINC TOKOB PABHBI.

PTd oy
PC 24 il
H:..f;. 1+Tap . T! _ Amnrarens
' T|'|:| l_.I_F[:' "'I'I-I I 1I-I'\-1ﬁ_ ]..‘:]:I""'L_I-
~[ 1 Tip
ky L Brruanciaesie MoseHTs
Se Wmip) [ LSpew, |—
qaw 1 ¥
P ™ e
= — Mogens M
1 M A1 L
Ril+Tgp) Ip Y™
l J';M |
Puc. 4.

Jns paccMaTtpruBaeMom CTPYKTYPBI 3aIIUIIEM CUCTEMY YPaBHEHUM:

1.5%*p,*W, 1
Uy ———— (Mg+ My,) ~ My
R(1+Tqp) Toup (1+Tgp)
1.5%p,*W, 1
U, — (Mgt M) My : £ )
R(1+Typ) Towp (1+Tgp)
(igu = 1gn )*W: (p )* L5%*py* Wy = My, .

N3 (5) nomyunm:
Mw (P) _ W:(p)
M (p) Wr(p)+T3M*Tq*pl+TaMp+1 . (6)

BLI6€peM B Ka4yCCTBC peryisTopa IIPOITIOPIUOHAJIBHO-

WHTETPANbHBIN C Iepe1aTOuHON PyHKIMEH
1+ T4 |y

Wi(p)=——. (7)
Tsp
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[ToacraBuB ( 7) B( 6), momy4dum:

MBM(p ) 1+ T4p

My (p)  Tou*T* Ta*p’+ TousT3*p” +(T3+Ty)p+1 . (8)

W3 (8) Bumno, uto npu T; << T,,, Ty u T4 >> T3 MoxkHO
YBEJIMYUTH OBICTPOJCHCTBUE PETYISTOpa MPH BHIUMCICHUH MOMEHTA,
OJIHAKO BO3MOYXXHO IIOSIBJIEHUE BBICOKOYACTOTHBIX COCTaBJISIOLIUX,
ompenenseMblX wieHaMH npu "p" m "p™"  XapaKTepHCTHYECKOTO
YpaBHEHHS MEepeIaTOuHON QPyHKIMH (8), KOTOPBIE TacATCA MOJEIBIO.

[IpuBeneHHbIE BBILIE BBIBOABI NpPEAINOJarajid, 4To KOMMYTalluu
IIOJIBEPraeTcsl HE TOJIBKO HAIPSDKEHUE Ha JIBUraTesie, HO U HalpsDKEHHE
Ha Mogzenu. Ilpu Oosee mpoctom  ayis peanus3alMu BapuaHTe 0e3
KOMMYTallMd MOJIENM HEOOXOJUMO YCTaHaBIMBaTh (UIBTPBl B ILEMIX
TOKa KakK JBMraTens, TaKk U MOJEIH, C TEM YTOObl IpPU BBIUMCICHUU
MOMEHTA CpaBHUBAaTh IVIAJIKUE COCTABJISAIOIIME TOKOB. YUYMTHIBAS
BBICOKYIO YacTOTY KOMMYTAlUH, 3TH (pUIBTpbl HE OYyAyT NpEBbIIIATH
1+1,5 MC 1 X MOYKHO HE YUYUTBIBATh IIPX pacyeTax.

3ana3aplBaHUE MPU BBIYMCICHUH MOMEHTA MPUBENET K OOJIbLIEH
IIOCAJIKE CKOPOCTH IIpU IIPWIOKEHUM BHEIIHEN0O MOMEHTa H Kak
CJIEJICTBHE, K YBEJIMYEHUIO NIEPEPETYIMPOBAHNS B TOKE U MOMEHTE.

IIpoBencHHBIE BBIYMCICHHS IPOBEPSUIMCH INPU MOJACINPOBAHUU
CUHXPOHHOTO Tpex(a3HOro [BHUraTesss € HOCTOSHHBIMH MarHUTaMu
CI5,5 — 150 ¢ xapakTepuCTUKaMH:

MomtHocTh — 5,5 KBT ;

Yactora -1501I11;

Ammntyaa Hanpsbkenus — 160 B ;

Yucno nmap momocoB — 3 ;

AMIUTATY1a TOTOKOCUEIUIEHHS] OT MAarHUTOB POTOPA,
npuBeaeHHas k craropy - 0,17 Bebep™® BUTOK ;
MowmeHT uHepiuy potopa — 0,012 kr* M ;
Conpotusnenue cratopa — 0,252 Owm ;
HMunyxtuBHocTy 1o ocsim Ly = Ly - 0,00235T'n .

[{enapro MOAEIMPOBAHNUS SABIISUIOCH:

— IPOBEPUTH NMPABWIIBHOCTH NIPUBEACHHBIX PACUETOB PETYISITOPOB;

— TOATBEPAUTh  TEXHMYECKOE  pelieHue, oOecnedyuBaroliee
MOJITOPMaXMBAHUE MPUBOJIA 0€3 peKyIepali YHEPTHHA B CETh U
OpOCKOB TOKQ;

— MpOBEpUTH PAOOTy CHUCTEMBI C MOJEIBIO JBUTATeNs s
peanu3anu  OOpaTHOW CBS3M 1O CKOPOCTH M YTOUHHUTh
napameTpsl PETyJISITOpa I BBIYMCIICHHS BHEIITHETO MOMEHTA,
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— MpOBEpPUTH PadOTy C MOJENbIO JABUraTelsl NpU KOMMYyTalUeH
HaIIPSOKEHUS TUTaHUS.
Mopens mpuBOoga Ha puc. 5 3aMKHyTa IO 4acCTOTE BPAILLEHUS U
MOXET OBITh PAacCMOTPEHA KakK JIMHEHHas, TO €CThb PEeKyIlepupyroas
SHEPIUI0 B CETh MOJl YIPABICHUEM PETYJSITOPOB, U KaK HEJMHEHHAas, B
KoTOpoil moj naeiictBueM noruku (Log) compoTuBiieHHE cTatopa pe3Ko
BO3pAcTaeT MpU CTPEMIICHHH CMEHHUTh 3HAK TOKa B CETU MOCTOSHHOIO

TOKaA.

3apaHue
CKOpOCTH

314

3apaTtunk
WHTEHCWBHOCTM

In1

dunbTp

dunbTp Id

Perynatop

[0 1
3apaHue Tok
no ocun d

Pel
PC

CKopocTun

Out

dunbTp Iq

ud

Toka Id
|-
Ll
a |->

REF
FBK
rynsitop

IPIRO

Perynatop

ToKa Iq

Scope1

M
Out In Out B In Out » REF
3apaHve ing 1t [|In Ou ’ out REF o >
Mepexr. 7 —p{FBK Out Ug T F
265 3agaHus SR FBK o) OcraHoBs
npouecca
3apaHue2 IPIR R aF pou
Arg
Beectn
Mr{—— Pplin1
-10 In Out >
o o
BHewHun 3agepxka Wr Pp{in2
MOMeHT M npy NPUNOXEHUN ChaTb
Harpysku v Temn )
ee U3MeHeHus Log |— P in3
Out By
Ground1 .
Pp{ind
? BBO[ NMAPAMETPOB
Pp{in5
NMOACHEHNA ENTER
Pp{in6
Os
Puc. 5.

Scope

Jl1st mpoBepKH pabOThI JJOTUKU MPY MOATOPMAXKUBAHUU MTPUBOA B
pexKUME OTCYTCTBHUSI TOKAa M peaiu3alliid OOpaTHOM CBSI3U MO CKOPOCTHU

o MoACIN ABHUTATCIA C BBIYHMCICHHCM

pcajin3oBaHa MOACIIb, IIPCACTABICHHAA HA PHUC. 6.
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3apaHuve Toka dunbTp Id
no ocu d Per. Toka Id Id P{In Out
[0 f—y7»fE . '—i;:i_.nom
Ly |Fai Out »|Ud q ; |
3l mnbTp Iq|
’ Per.ckopoctu u y Idmtr
n? out In Out p|inout »|REF Per. Toka Iq g' U Idmd! (—
3apaxuvel - Out P |REF I Log g
Mepekn. ZI Fitr P FBK L |FBK Out p-{Ug (‘g F L lqmr
3apaHust BIRM SR O 4 tamel e
3apaHne2 Arg o
Beectn "
-—10 In Out » r
: n\C »|Ms
Harpyska 3apepxka 2 Wr
npy NPUNOXKEHMM CHaATb Log
Harpysku u Temn E
ee U3MeHeHust =
Ground1
Id P{InOut H
Wmotor 'I:i_
»>ud o ® Id
EI g 3 mnbTp Idm
>
InOut
OcTaHoB ? IR = g U qm
npouecca Wmodel 3U
NOACHEHNA L p|ug D .
Bbluncnenmne E
MOMeHTa L SF T
BBOJ NMAPAMETPOB Arg in2
_‘E Igmdl Mr in3
lgmtr  Ms »|Ms in4
ENTER »|Log Wr i >0 Outi—
n
in7 Scope
in8
Os
Puc. 6.

YToObI IPOBEPUTH MPABUIILHOCTh PACUETOB PETYJISTOPOB, CHayaIa
MOJIEJIMPOBANach JIMHEWHAs CHUCTeMa C OOpaTHOW CBSI3bIO 0 YAcCTOTE
BpalleHUs, TO €CTb CHCTEMA C BO3MOXHOCTBIO PEKYyIEpUPOBATH
JHEPrUl0 B CeTh Ipu TOpMOXKeHuMU. Ha puc. 7 mnpuseneHsl
OCLIMJIJIOTPAMMBI ITEPEXOIHBIX IIPOLIECCOB MOMEHTA, YAaCTOTHI BPAILCHHUS
U ee 3aJaHus, HANPHKEHUH Ug,Uq INPH IYCKE CUCTEMBI OT 3aJaT4MKa
MHTEHCUBHOCTH C TOCIEAYIOIUM IPUIIOKEHUEM BHEIIHETO MOMEHTA.
Kak crnenyer u3 ocuuuiorpamm, HepexoaHble Mpolecchl Mo (opme
AHAJIOTMYHBI IEPEXOIHBIM IPOLIECCAaM B PUBOJAE MOCTOSHHOIO TOKA, TO
€CThb IepeperyIupoBaHie MOMEHTA IpHU IyCKe cOCTaBisgeT okoyio 8%, a
IOpU yIapHOM MPHJIOKEHUH BHEUIHEr0 MoMeHTa MB — oxoiio 43%. D10
MOATBEPKIaeT (GaKT MPUTOTHOCTH TPAAUIIMOHHBIX METOIOB pacuera AJis
CHUCTEM YIPABICHHS IPHUBOJOB IEPEMEHHOIO TOKa C BEKTOPHBIM
YIIPaBICHHUEM.

[Ipy MoaenupoBaHMM HEIMHEWHON CHUCTEMBbl 0€3 NPUMEHEHUS
CHEIMAIbHBIX ~ CXEMHBIX  pEIIEHUWH  Jaxke TMpu  HEOOJBIIOM
[EPEPETYJIUPOBAHUN CKOPOCTH IIpM BBIXOAE HA YCTAHOBHUBILEECS
3HaYeHUE HAOJIOAeTCsl YXOJ PEryJiATOpOB M Kak CIEACTBHE, OpOCOK
MOMEHTa IIPU 3aMbIKaHUS CUCTEMBI (pHc. 8). B peabHbIX yClIOBUSAX NpU
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4acTOM CMEHE 3HaKa YCKOPDEHMsI Takas CHUCTEMa HE MOXKET ObITh
paboTtocriocoOHOM. [103TOMY Kak U B MPUBOAAX MOCTOSHHOTO TOKA JUIS
UCKJIIIOYEHMsI JTOrO SIBJICHMSI CJEAyeT MPUMEHATh CIelHaIbHbIE
JIOTUYECKHUE pelieHus [2].

OcmworpaMMbl - IEPEXOAHBIX MPOLIECCOB ISl CUCTEMBI 0€3
JaT4YMKa yria moBopoTa poropa (puc. 6) npuBeAeHbI Ha pucC. 9.

& 1] —
et J il Il'.I il
Ell ’ R 8! . 1 II F I | :- A -
I| |I | ! / II
f I | \ i 1 et
1on : 1 M \ || SR 1 R — .fhh'__
| 1 | ;
1 .'I i | : I \ _.'I |II |
- -l\ ) 1__ -II J - |. -
100 ol LA Ly el
2 EEHE I il -
. T HLEO RER .
Puc. 7. Puc. 8.
a0 - ———y
- | ) e e |
[ 4 0 i
10 | | . -.
Tl by [ —
III II..I_ b I 'l,l ]
aff o L I\
II
108 . L e . AT
Xl : i
- -1 I
o 2 3 i 5 B 2 2 ; : _— : "
Puc. 9. Puc. 10.

Kak BugHO M3 OocHMILIOrpaMM, Ka4eCTBO MEPEXOIHBIX MPOLIECCOB
0e3 maTuymka CKOPOCTH XYK€ B CBS3M C TPYMHOCTHIO BBIYMCIICHHUS
BHEIIHETO MOMEHTa, [JI1 KOTOPOrO0 XapaKTEpPHO TMOSIBICHUE C
3ama3fplBAHUEM, YTO IMPUBOJUT K YBEIMYCHHUIO MAJCHUA YaCTOTHI
BpaleHus] W TepeperyJupoBaHUI0 MOMEHTa JBHrarens. Bribop
perynsitopa g BBIYMCICHUS BHEIIHETO MOMEHTa [Ji MOJEIU
3aTPYAHUTENICH BBUAY  HEOJIArOMPUATHOW TMepeaaTOuyHON (yHKIIHH
caMoro oO0BeKkTa W TpedyeT MAIbHEWIINX WCcaeqoBaHui. BaxkHO
OTMETUTh, YTO MPU NPUMEHEHUH JIOTUKH TEPEKIIOYEHUS] TOKOB HET
yX0Jla pEryJSITOPOB MpPH PAa3MbIKAHUM CHCTEMBI U TOCIETYIOLIUX
OpOCKOB MOMEHTa 10 3TOW npuynHe. JKenanue n30aBUTHCSA OT JaTYUKA
yria MOBOpOTa POTOpa  ONpPaBIbIBAETCS TEM, YTO MPAKTUYECKH Ha
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00BbEKTaX BHEIIHUN MOMEHT HE MPUKJIAAbIBAETCS CKAYKOM, JaXKe €CIIU
B35ITh B KaU€CTBE MPUMEPOB OOBEKTHI MPOKATHOT'O MTPOU3BOICTRA.

Ha puc. 10 npuBeneHbl MEepexolHbIE MPOUECCHl ISl ATOM ke
MOJIENIM ¢ KOMMYTAIMEN MTUTAIOIEr0 HAMIPSHKEHUSI.

[lo pesymbraraM HCCIEIOBAaHUN MOXKHO CJI€JaTh CIEAYIOLUe
BBIBO/IBI:

— MpU NPUMEHEHUU ONTUMAJBHBIX PETYJISITOPOB JIJisi MPUBOJIOB C
TPaJUIIUOHHBIM BpEMEHEM PErYJIMPOBAHMUS  MOYKHO
UCITIOJIb30BaTh TPAAUIIMOHHBIE METOJbl pacyeTa PEryisiTopoB U
JUTsl BEKTOPHOTO YIIPaBJICHUS TPUBOIAMH IEPEMEHHOTO TOKA;

— YYMUTHIBAsl HEMOJIHYIO YIPaBISEMOCTh MPHUBOJOB MEPEMEHHOIO
TOKa B UEThIpEX KBaJpaHTax, HJs HCKIIOYEHHUS YyX0ja
PEryJsiTOPOB CIEAYET TMOJKI0YaTh B CUCTEMY PETYIHPOBAHMUS
TOKHA MOJEJIM BMECTO OTCYTCTBYIOLLIMX TOKOB JIBUTATEJIs;

— CHCTEeMa C MOJEIbIO IBUTATENs ISl pealn3alii 00paTHOM CBS3U
[0 YacTOT€ BpalleHUs M MpeoOpa3oBaHUsI KOOPAMHAT yCTYNaEeT
N0 JUHAMUYECKHM KauecTBaM CHUCTEME C JaTYMKOM yria
MOBOPOTAa POTOpa M3-3a  3ama3[bIBaHUsA, CBSI3aHHOTO C
BBIYKMCIICHUEM MOMEHTa BHEUIHEH HAarpy3Kd MOJENH, HO TaKoe
pelIeHue OMpaBbIBACTCS YIPOIIEHUEM KOHCTPYKIIMH CHUJIOBOM
YacTH MPUBO/JIA.

Jumepamypa
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YK 681.5.015

NMPUMEHEHUE NAKETOB SIMULINK U STATEFLOW
ansa MOOENMUPOBAHUA TMBPUOHOW CUCTEMbI
NMPAMOIO LUDOPOBOIO YIMNPABJIEHUA C
YHATAPHO-KOAOOBbIM OATHYHUKOM

Typenko T.B.
Canxkm-Ilemepbypeckuti 2ocyoapcmeeHHblil I1eKMpOmexXHU4ecKul
yuugepcumem "JIDTH", o. Cankm-Ilemepoype
e-mail: tourenko@nwgsm.ru

B naGopaTopuu 31€MEHTOB U YCTPONUCTB aBTOMAaTUYECKUX CHCTEM
kKaenpsl  aBTOMAaTWUKM ®  mpoueccoB  ympaBienus  CaHKT-
[TerepOyprckoro rocynapctBeHHoro ynusepcurera "JIODTHU" Obun
pa3paboTaH JTabOpaTOPHBIA CTEHJ CHCTEMBI TIPSIMOTO IU(POBOTO
YOPaBJIEHUS! C YHUTAPHO-KOJOBBIM 1aTdyukoM [1]. JIabopaTopHslil cTeHn
COZICPKUT DIJIEKTPUUYECKHUI JBUTaTENb IMOCTOSIHHOTO TOKA, MUTAEMBbIH
HaIpsHKEHUEM C IIMPOTHO-UMITYIbCHOM Moaynsuuen (LLIMM), na Bamy
KOTOPOTO YCTaHOBJICH pEaYKTOD, (OTORNEKTPUUECKUIA
YUCJIOUMITYJIbCHBIM ~ JaTYMK YIJIOBBIX IEPEMEIICHUM, 3JIEKTPOHHO-
BbluMCAUTENbHAs MammHa (OBM) co BCTPOEGHHBIM  yCTPOMCTBOM
mudpoBoro BBoJa-BeiBONA, IIIMM-ycunurens. IlomoOHBIE CcHCTEMBI
UMEIOT HIMPOKOE PACIPOCTPAHEHUE W MCIHOJIB3YIOTCS, HalpuMep, B
pa3nuuHbIX MaHumyisTopax. CTpyKTypHas cxeMa JiabopaTOpHOIO
CTEHJa MpeJCTaBIeHa Ha puc. 1.

mnm A
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Puc. 1. Cmpyxmypuas cxema 1abopamopnozo cmeHnoaq.
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VYron noBopoTta Bajia peAyKTopa U3MEPSIETCS] YHUTAPHO-KOJAOBBIM
JTATYUKOM, Ha BBIXO/IE KOTOPOTO bopmupyrorcs 1B

MOCJIEIOBATEILHOCTU UMIYJIbcOB A W B, (pa30oBblil CIOBUT MEXIY
KOTOPBIMHU COCTaBIISIET 4. [Tpu JIBUKEHUU BIIEpE]

MocieI0BaTeIbHOCT, B omepexxaer mo ¢ase mociaenoBaTeNbHOCTh A,
Mpu IBWKEHWM Hazang — A omepexaer B. KonmwmdecTBo MMITYJIbCOB 7
3aBUCHUT OT yIjia MoBOpoTa Bana O : n=k;Q, rae k; — KodpduuueHt

natunka. OpHa U3 MOCJIEN0BATEIbHOCTENM UMITYJIbCOB JlaT4yuKa (B
TaHHOM ciiydae A) mocTymaeT Ha Bxon 3ampoca mnpepbiBanus (3I1)
OBM. Korzma Ha Bxona 3ampoca IpepbIBaHUS MOCTYIMAET OYEpPEOHOMN
UMITYJIbC, 3aIyCKAaeTCsl MporpaMMa-o0padOTUMK MpEpbIBAHUS, KOTOpas
BBIYUCIISIET HOBOE 3HAQUYEHUE YIPABIAIOUIEIO CUTHAla, KOTOPOE
nepenaercsa B LIIMM-dbopmupoBartenb (BXOIAIIUA B COCTaB yCTPOUCTBA
1 poBOro BBOAA-BhIBOJIAa). TO €CTh, pETyNATOpP B CUCTEME pEaM30BaH
nporpammuo. st popmupoBanus HIMM-curnana u s oGecrieueHus
BO3MOXXHOCTH HM3MEpPEHUs BPEMEHH YCTPOMCTBO LHU(PPOBOro BBOAA-
BBIBOJIa COACPKUT T€HEPATOP OMOPHOM 4YacTOThI f, M CUETYMK. Takum

oOpa3oM, Bce BpeMeHHble HMHTepBasibl (Takue kak nepuon LIMM wu
pabounit mepuon) KpatHsl nepuony 1, =1/ f, .

CucreMa COJIEpKUT KaK HEMPEPHIBHBIE JIEMEHTHI, OMKUCHIBAEMbIE
mudepeHnnanTbHEIMU  YPAaBHCHUSIMH, TaK M DJEMEHTBI, B KOTOPBIX
OJIHOBPEMEHHO JWMHAMHKAa OTpa)KaeTcsi KaK HENpPEepPbIBHBIMHU, TaK H
JTUCKPETHBIE MepeMeHHbIMU (TuOpuaAHbIe 37eMeHThl). K mocnennum
OTHOCSITCS, MPEXKJE BCEr0, YHUTAPHO-KOJOBBIM NATUUK W MPOTPAMMHO
peanu3oBaHHbIN perynsaTtop. [loaxoabl K MOIETUPOBAHUIO TAKUX CUCTEM
omnucansl B [2], [3].

OgHrM W3 pacnpoOCTPAaHEHHBIX NOAXOAOB K MPEACTABICHUIO
TUOPHIHBIX cucTeM sBisieTcss Mozaenb Hepone-Kona [4], B koTopoit
ruOpuHas CUCTEMa MPEJCTaBIsAECTCS KaK OOBbEAMHEHUE HEMPEPHIBHOTO
o0bekTa (yCTaHOBKH), JAUCKPETHOTO KOHTpoJuiepa W uHTepderica. B
JAHHOM CJlydae aHaJIoro-u@poBbIM HHTEP(HENCcOM MOMKET CIYXHUTh
YHUTAPHO-KOIOBBIN JATYUK. [udpo-ananoropslii uHrepdeiic
npeactasieH [IIMM-dopmuposarenem. OgHako, JaHHOE MPECTaBICHUE
SIBJSIETCS NPUOJIMKEHHBIM M HE TMO3BOJISIET YYECTh JUCKPETHOCTh B
MOBEJICHUH 00BEKTa (YCTAHOBKH).

Hanbonee  ygoOHbIM 111 MOJAEIMPOBAHUSA  SIBISIETCS
NpEeACTaBICHUE CHUCTEMbI B BHUJE B3aUMOJEHUCTBYIONIUX THOPUIHBIX
ABTOMATOB U HEMPEPBIBHBIX 3JIEMEHTOB. HemnmpepbiBHBIE 3IEMEHTHI
MPEICTaBIAIOTCS B 001IeM ciydae nuddepeHnaibHbIMA YPaBHEHUSIMH.
['ubpuaHbIMf aBTOMAT MPEICTaBISAECT coboif KOPTEXK
M = (Q, q,, V.1,V E, A), rae ) — MHOXECTBO cocTosiHUH, ¢, QO —
HayaJbHOE COCTOSIHUE, J — MHOXECTBO MEPEMEHHBIX (OMpeaeaum
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Takxke 7, — MHOXECTBO BCEX BO3MOJKHBIX 3HAYEHUU IEPEMEHHBIX V),
I 1T, — HavyanbHbIE 3HAYECHMS TIEPEMEHHBIX; V;,, — MHOXKECTBO BXOJIHBIX
NEPEMEHHBIX (OnpenenuM Takxke 7),, — MHOXECTBO BCEX BO3MOXKHBIX
3HAQUEHUH NEepeMeHHbIX V), E —MHOXECTBO COOBITHH (IIEPEXOMAO0B):
E= (ql,qz, g), II€ ¢, —Ha4daJlbHOE COCTOSIHME, ¢, — KOHEYHOE
cocrosaue (q,00Q,q,0Q0), g —ycnoBue (g — MOAMHOXECTBO
MHoxectBa T, X7, ), A —ortobpaxenne QXTI XTI, — T, — oTpaxaer

HN3MCHCHHC IICPCMCHHBIX IIpu BXOAC B HOBOC COCTOHUC.
I[OHOJ'IHI/ITCJ'IBHO OIIpCACINM MHOXCCTBO BBLIXOJHBIX ICPCMCHHBIX VOUT’

KOTOpPO€ ABJISETCS MOAMHOKECTBOM MHOXecTBa V. Takxke ompenenum
MHOXKECTBO 3HAYCHHMH BBIXOAHBIX IepeMeHHbIX 1,,,,. Cuenyer

OTMCTUTBb, 4YTO BXOAHBLIC IICPCMCHHLIC, ITPHUHAIAICKAININC MHOKCCTBY
VIN= MOT'YT UBMCHATBHCA KaK HCIIPCPBIBHO, TAK U JUCKPETHO, B OTIIMYHUU

OT INCPCMCHHBIX M3 MHOXCCTBA 14 (I/I COOTBCTCTBCHHO, MHOXKECCTBA
VOUT)’ KOTOPBIC HM3MCHAIOTCA JHCKPCTHO B MOMCHT HN3MCHCHUA

coctosnus g L1Q aBromarta M .

Takum 00pa3oM, Kak 3JEMEHT CHUCTEMbI OIPEIEJICHHbIN BbILIE
aBTOMAT IIPEACTABIAET coboii 3BEHO, OCYILECTBIIAIOLLEE
npeoOpa3oBaHUE BEKTOpPAa BXOJHBIX IEPEMEHHBIX X, B BEKTOp

BBIXOJHBIX IIEPEMEHHBIX X )7 ,» KAK IIOKA3aHO Ha pHUC. 2.

X Xour
Rl M o

Puc. 2. I'ubpuonwviii agmomam.

Jlis MofenupoBaHus TOTOOHBIX aBTOMAaTOB MOYKHO HCIIOJIb30BATh
naket Stateflow. B makere Stateflow aBTOMaT mpeacraBnseTcss B BHIE
rpada. BepmuHbl 3T0TO Tpada COOTBETCTBYIOT COCTOSHHUSM aBTOMAaTa
(MHOXkecTBO (J). OOHO U3 COCTOSIHMM MOMEUYAETCsl KaKk HadajabHOE (g, ).

Kaxnomy peOpy rpacda comnocTtaBisieTcsi yCIOBHE, KOTOPOE ONpEesieT
MHOXXeCTBO g. Takke g KaXIOro aBToMara OMNPEeesioTCs

MHO>KECTBA BXOJHBIX, BBIXOJHBIX W JIOKAJIbHBIX MEPEMEHHBIX. Jlid
KaXJI0W MEPEMEHHOM 3aaeTCsi MHOXKECTBO €€ 3HAaYCHUW. MHOXKECTBO
3HAYCHUN KaXJIOW IMEepEeMEHHOM 3ajaercs ee TUIMoM (IeJ0YMCIICHHas,
BEIIICCTBEHHAsI, JIOTWUYecKas W T.i.). Kpome »3Toro, mis Kaxmou
NePEMEHHOM MOJKET OBbITh 3aJIaH JHMara3oH ee 3HaueHUuU (MUHHMAaJIbHOE
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U MaKCUMaJIbHOE 3HAYCHUS).

[I1M-dopmupoBaTesib MOXKET OBITh MPEACTABICH aBTOMATOM, Y
KOTOPOr0: MHOKECTBO COCTOSIHUM Q) ={0n, oﬁf} , HAYaJbHOE COCTOSIHUE
q, =on, MHOKECTBO  TIE€PEMEHHBIX V= {T r, Ts, oldtime, ouz},
MHOJKECTBO BXOJIHBIX IEPEMEHHBIX V :{time,T on,T: shim} , MHOXECTBO
BBIXOAHBIX  MEPEMEHHBIX V., :{out} , ~HadaJbHBIE  3HAYCHUS
nepeMeHHbIX 17 =Ton(0), Ts=Tshim(0), oldtime=time(0), out =1,
rae Ton(0), Tshim(0), time(0) —3HaYeHUsT BXOAHBIX MEPEMEHHBIX
Ton, Tshim, time B HayaJbHBIH MOMEHT BpPEMEHH, MHOXECTBO
nepexonoB E :{el,ej . IEpeXOoJ]l e;: HAYAJIBHOE COCTOSHUE ¢, =on,
KOHE4YHOEe ¢, =off , ycioBue g onpenensercs time —oldtime>Tr,
EpPEXo] e,: HadYallbHOE COCTOSHME ¢, =off , KOHE4YHoe ¢, =on,
ycioBue g omnpenensercs time — oldtime > T .

OtobpaxkeHne A ompeaeisieTcs CIeayNIM 00pa3oM:

— TIpH BXOJ€ B cocTosiHue off : out =0, ocTanbHBIC TIEPEMECHHBIC
HEU3MEHHBI;

— npu BXxoae B cocrosuue on: Tr=Ton, Ts=Tshim,
oldtime = time, out =1.

[lepeMeHHbIE UMEIOT CIAEAYIOMIMI CMBICIL: fime — BpeMms, 1shim —
nepuop [IIUM, Ton — pabouuit nepuon, oldtime — Bpemsi, mpoOLIEIITUE
C MOMEHTa nepexona B coctosiHue on . Ilepemennbie 7r u Ts XpaHAT
3Ha4YeHUs NepeMeHHbIX Ton W Tshim B Te4eHUE OJHOIO Mepuoaa
[I1M, To ectb m3meHenne napamerpoB [IIMM BO3MOKHO TOJBKO CO
CIEAYIOLIETO MEPUOa.

3nauenue Bpemenu, nepuoga MM wu pabouero mnepuona
BBIPAXKAETCA B KOJIMYECTBE UMITYJIbCOB OIMIOPHOMN YaCTOTBHI.

JlanHbIil aBTOMAT B BUE rpada npeacTaBieH Ha puc. 3. ABToMar
pabotaer crefywmuM o0pa3oM. B HauanbHBII MOMEHT BpEMEHU
aBTOMAT IIEPEXOIUT B COCTOSHUE ¢,, TO €CTb B COCTOsAHME on. llpu
STOM  BBITIOJHSIIOTCS.  U3MEHEHUSI  MEPEMEHHBIX,  OINpeJeICHHbIE
0TOOpaKEHUEM A(qo), 10 ectb Ir =Ton, Ts =Tshim, oldtime = time,

out =1. ABTomar HaXOOUTCA B COCTOAHMHM on A0 TCX IIOp, IIOKa

KOJIMYECTBO HMITYJIbCOB OIMOPHOM YACTOTHI, MPHUIIEAIIUX C MOMEHTA
BXOJIa B COCTOSIHHE 0N, HE TIPEBBICUT 3HaueHue padbouero nepuona 7r.
[Tocrme 3TOro MPOMCXOAUT TMEPEXOA B COCTOSHUE Off W TPOUCXOAUT

npucBoeHue out = (0. ABTOMAT HAXOAUTCS B COCTOSIHUM Off 10 TeX Top,

MOKa KOJMYECTBO HMITYJIbCOB OINOPHOW YacTOThI, MNPUIIEAINIAX C
MOMEHTA BXO0/J1a B COCTOSIHUE O HE NPEBBICUT 3Ha4YeHus nepruona [HIMM
Ts . Jlanee mpoUCXOOUT NEPEXO] BHOBb B COCTOSIHUE 0N , B IEPEMEHHBIE
Tr u Ts 3arpyxarTcsi HOBBbIE 3HA4Ye€HHs, U cOpachIBaeTCsi B HOJIb
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3HaYCHUE TIepEMEHHON oldtime .

on

oldtime=time [time-oldtime>TyH /oﬁ"
Tr=Ton ™ out=0
Ts=Tshim [time-oldtime>Ts]

ut=1

Puc. 3. Asmomam, mooderupyrowuii popmuposamens LLHIHM-cuenana.

IuM-ycunuTenb, ABUTATENh W PEAYKTOp MPEACTaBUM B BHIIE
nepeaToOuHbIX QyHKIUI:
ycuiuTens: Wy (s):ky, rie  ky —xoddpduument mnepenaun

YCUIIUTCIIA,

k

: _ /1B

ABUTraTenb: Wiy (S) = 3 )
Ty Tys® + Topys +1

JABHUIaTCIIA, T M — ICKTPOMEXAaHNYECKasA IIOCTOsIHHAA BPEMCHU

rae kyz — ko3 puuuent

JABHUI'aTClIA, TH — JKOpHasd IMOCTOAHHASA BPCMCHH IBUTATCIIA,

k
Ween (S ) =4

k
PEIyKTOD: S ,rme PPl — koaddunmeHT pemaykropa.
VHUTApHO-KOJOBBI  JaTYMK  OMNKCHIBACTCS  CJICAYIOIIMMHU
ypaBHCHUSMHU:

BBIXOJI curHana A:

E), npu o D%D% , (n+0.5)|:|% %
JAT JAT

A=[]

, ipu o U %n +O.5)D% , (n +1)|:|% %
k}IAT k}IAT

BBIXO/J CUrHajia B :

E?, npn o 0 %n + o.zs)m% , (n+ 0.75)5%c %
IIAT JIAT

B=[ ;

1 1
é, npu a0 %n +0.75)0 /{M , (n+1.25)0 /{M %

raie O —yroja IIOBOPOTa, kﬂAT — Ko3(pGULIMEHT JaT4yuKa, n — IeIoe

yucyuo (nJZ).
JIJiss MOJeNMpOBaHUS YHUTAPHO-KOJIOBOTO JaTYMKa MOXKET OBITH
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HCIIOJIB30BaH aBTOMAT, rpa(b KOTOPOTO IIPCACTABJICH HA PHUC. 4.

x/
Amin=Amax;
Amax=Amax+sdat;

[a>Amax]

vl [a<Amin]
Amax=Amin;

Amin=Amin-sdat;

[a<Amin]

[a>Amax]

2

4 Y

¥ Amax=Amin;
Amin=Amin-sdat] |*2
Amin=Amax;
Amax=Amax+sdat;

v4
Amax=Amin;
Amin=Amin-sdat;

Amin=Amax;
Amax=Amax+sdat,

[a>Amax]

[x 3 ) [a>Amax]

Amin=Amax;

Amax=Amax+sdat;
Y,

N
y3
Amax=Amin;
Amin=Amin- :

e - min=Amin sdat,)

[a<Amin]

Puc. 4. Asmomam, modenupyrowuii yHumapHo-K0008bwlil 0Am4ux.

ABTOMAT, TpEACTABICHHBIM Ha puc. 4, uMeeT 12 COCTOAHUH.
UYetwipe u3 uvux (al, a2, a3, a4) ABIAIOTCI OCHOBHBIMHU, B OJHOM M3
KOTOPBIX aBTOMAT HAXOJWUTCS 1O TE€X MOp, MOKa 3HAYEHHE BXOIHOMU
nepeMeHHo a (YroJl MOBOpPOTa) HE IOCTUTHET 3HAUYEHHUSI, IPH KOTOPOM
NPOU30MJET W3MEHEHHE CUTHAJOB HA BBIXOJE Jardyuka. V3MeHeHue
CUTHAJIOB Ha BBIXOAE JaT4YMKa IPOUCXOAUT B TOM Cllydae, Korjaa
3HAQYEHUE BXOJAHOM NEPEMEHHOW a TIPEBBICUT 3HAYECHHE IEPEMEHHOMN
Amax WM CTaHET MEHbIE 3HAYEHUs NEepeMeHHOU Amin. HavanbHble

3HaueHus nepeMeHHbX Amin=0, Amax=sdat, tne sdat=

5

kyar — K0dbduumnent natyuka. To ecTh, sdat — yroj, npu nMoBOpOTE Ha

KOTOPBIN BaJla JAaT4yMKa MPOUCXOJAUT U3MEHEHUE COCTOSIHUSI BBIXOJHBIX
curHasioB. [Ipum BbIXOJlE BXOAHOW TMEPEMEHHOW a 3a Tpenelsbl,
omnpenesnsieMble TMEpEeMEeHHbIMU Amax U Amin, OCYIIECTBISAETCS
BBIYKCIICHUE HOBBIX 3HAYEHUW HTUX TEPEMEHHBIX (CM. COCTOSHHUS
xl, ..., x4 u yl, ..., y4). Cpasy nocine 3Toro aBTomMaT nepexoauT B OJHO

U3 OCHOBHBIX coctosHuil (al, a2, a3, a4) u 1upu H>TOM
yCTaHABJIMBAIOTCSl HOBbIE 3HAUCHUS BHIXO/IHBIX IIEPEMEHHBIM A U B.
s MomenupoBaHMs MPOrPAMMHOIO PETYIIATOPa, MPEXKIAE BCETO,
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HY>)KHO CMOJIEJTUpOBaTh cucteMy mpepbiBanuii 9BM. I'pad aBTomara,
MOZENUPYIOIIEro npepsiBaHne B OBM, nokaszan Ha puc. 5. B aBTomare
UCIIOJNB3YIOTCSL  CIIEAYIOIIME TIEPEMEHHBIC: BXOJHAs IE€pPEMEHHAas
SensorSignal — curHan ¢ BbIXoJa JaTyuka (IOCIEAOBATEILHOCTh A),

BXOJHAasi IIEpEMEHHas fime — BPEMs, BBIPAKEHHOE B KOJIMYECTBE
MMITYJIbCOB OINOPHOTO CHUTHAJIA, BXOJHAas mepemMeHHas Direction —
HalpasJICHUE BpalLlCHUS (Direction =1 — BparieHue BIIEPEL,
Direction = —1 — BpaileHue Hazan), POS — yroi MOBOPOTA,

BBIPDQXKEHHBIM B KOJIMYECTBE MMITYJIbCOB JaTuuka, Position —yron
MOBOPOTA, BBIPAXKEHHbIH B panuaHax, OldTime —Bpems, Koraa
MPOU30IILJIO TPEIBIIYIIEE MPEPHIBAHUE, BBIPAXKEHHOE B KOJIMYECTBE
UMITyJIbCOB ~ ONOPHOTO  CUTHaJa, df —BpeMs  MEXAy  JIBYMs
MOCJIEIOBATEIbHBIMU  MPEPBIBAHUSAMU, U — YNPABIAIONIMN  CHTHAaJ,
velocity — CKOPOCTb.

B HauanbHBIE MOMEHT BpEMEHH aBTOMAT HAXOJMUTCS B COCTOSIHUHU
Wait. Korna 3HaueHHe BXOJHOW TIepeMeHHOM SensorSignal crtaHer

paBHbIM |, mpoucxoaut nepexon B coctosuue Control. Ilpu Bxozae B
ATO COCTOSIHME MPOUCXOAUT BBIYUCICHUE YIJIa TMOBOPOTA, BPEMEHH
MEXIY ABYMsI MOCJIEA0BATEIbHBIMU MPEPHIBAHUSIMUA U HOBOTO 3HAYEHUS
yIpaBIISIONIETO curHaiia (Ha rpade nmokasa npocreimuii [1-perymnstop),
a Tarxke B nepeMeHHylo OldTime 3anuchiBaeTCsi HOBOE 3HAYECHHE
Bpemenu. Jlanee, korma 3HaueHue nepeMeHHOM SensorSignal craHer

paBHbIM 0, TPOU3OMAET MEPEXO] BHOBb B cOCTOsSIHUE Wait, B KOTOpOM
aBTOMAT OyAeT HAXOAWUTHCA 10 NPHUXOJA CIEAYIOLIEr0 HMMITYJbCa OT

JATYHAKA.
Ha puc. 5 o6o3nauenst K — Kod3(phuUIMEHT perynsaropa
NOJIOKEHUsS, g — 3aJaHHOe IMepeMelleHne, F — YacToTa OIOPHOTO

curHana ( f,). OTH BEIM4YMHBI B JAHHOM CJIy4ae SIBISIOTCS KOHCTAHTAMH.

Sensor_Interrupt

% Control h

pos=pos-+Direction,
Position=(pos—+0. 0)/K21 ar
[SensorSignal==0] dt=time-OldTime;
velocz'ZyI(]/KHaT *F/dt)*Direction;
OldTime=time;

u=K*(g-Position);

- %

Wait ‘ [SensorSignal==1]

Puc. 5. Asmomam, modenupyrowuii 00Opabomxy npepvléanusi.
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B paccmarpuBaeMoM 1a00paTOPHOM MAaKETe peau30BaHa TAKKe
IBYXKOHTYpHasi CHCT€Ma [OJYMHEHHOro peryinupoBanus. llpu
BBIUMCJIEHUHM CKOPOCTH IyTEM YMUCIEHHOrO Au(QepeHuupoBaHus u3-3a
HNOTPEIIHOCTH  JaT4yhKa (HEpaBHOMEPHOTO HAHECEHUs IITPUXOB)
BO3HHMKAET 3HAYUTENbHAs NOTPEIIHOCTh BBIYUCIEHHUS CKOpocTh. g
YMEHBLIEHUSI €€ BIMSHUS MPOU3BOAMTCS YCPEIHEHUE BBIYMCICHHBIX
3HAYEHUH CKOpPOCTU. [l MOJEIMpOBAaHMSI 3TOrO ajaropuTMa TaKxKe
MOXET OBITh MCIOJIb30BaH KOHEUYHBIM aBTOMAaT. Tak KaK HMITYJIbChI C
JaTYMKaA TOCTYNAKT TOJIBKO MPHU BPAIlEHWH €ro Bajia, a B HayaJbHBIN
MOMEHT BPEMEHHM CKOPOCTh BpalleHus paBHa (, aBTOMAaT HUKOIJA He
nepeiner B coctossHue Control W ynpaBisoOLUMN CUTHAN He Oyner
BbluncieH. g m30exaHus 3TOM CHUTyallud HEOoOXOJUMO 3alyCcKaTb
pacueT yOpaBJAIOIIErO BO3ACHCTBUS HE TOJBKO TMPU IPHUXOAE
OUYEpEeTHOTO MMIyJbca OT JaTYMKa, HO U IO HCTEYEHUIO 33JaHHOIO
npomMexyTka BpemeHu. CrenoBaTellbHO, HE0OX0AUMO 0OpalaThiBaTh U
npepeiBaHue OT Taiimepa. Ha puc. 6 mnpeacraBieHa B Buue rpada
cuctema npepsiBannii 9BM, cocrosiias u3 1ByX aBTOMAaToOB: aBTOMar 1
MOJEIIUPYET MpPEpPhIBAHUE [0 CUTHAIYy JaT4hKa, a aBToMar 2 —
IIPEPBIBAHNE [0 CHUTHANy TanuMepa. BXOIHOW INEpEeMEHHOU SBIAETCS
nepemenHast TimerSignal . 3t 1Ba aBTOMarta pabOTAIOT NapajIeIbHO U

Ipyd 3TOM HCHOJIB3YIOT OOIIMEe MepeMeHHble (TMEpeMEHHbIE U W
Position).

MHO0KeCTBO MIePEMEHHBIX COJICPIKUT JIOTIOJTHUTEIIEHO
nepeMeHnsnle dtl, velocityl, i,pl, i2, iv. JlaHHble NEepeMEHHbIC

WCTIONB3YIOTCA  JJI1  XPAaHEHHS  MPOMEXKYTOUHBIX  PE3yJIbTaTOB
BbluKcieHui. [lpu npuxoae ouepeAHOro UMIyJibca OT JIaTYUKa aBTOMAT
NEePEXOAUT U3 HaYaJIbHOTO cocTosiHUsL Wait B coctosiuue Interrupt. llpu

STOM BBIIIOJIHSAETCS BBIUMCIIEHUE yTIila MOBOpOTa U ckopocTh. Cpasy ke
MOCJIe 3TOTO B 3aBUCHUMOCTH OT KOJMYECTBA MOCTYNHUBIIMX OT AATYMKA
MMITyJIbCOB aBTOMAT MepexoAuT Jbo B coctossHue Waitl u nanee B
Wait , u6o B coctosiaue Control . Ilpu mepexone B coctostaue Control
OCYIIECTBIISIETCS.  BBIYMUCICHHE CpPEAHEH CKOPOCTH W 3HAYCHUs
YIOPAaBIISIONIEr0 CUTHANA, a TAKXKE COPAChIBACTCS CUETUYMK UMITYJIbCOB i,
MIOCJIE YEro aBTOMAaT TaKKe MEpPEXOOuT B cocTrosiHue Waitl u nanee B
Wait . Ha puc. 6 o603HaueHbl: N — KOJMYECTBO UMITYJIbCOB JATUHKA,
MocJie  TOCTYIUIGHHSI KOTOPBIX  BBIUMCISIETCS HOBOE  3HAUYEHHE
ynpasisitoumiero  curHana, K,; u K, — UHTerpajbHas H

MPONOPILMOHANIbHAS COCTABIISIOIINE PETYIISTOPAa KOHTYPa CKOPOCTH.
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/ Interrupt R

_ pos=pos+Direction;
[SensorSignal==1] Position=(pos+0.0)/K a1,

dtl=dtl +time-OldTime,
velocityI=velocity 1 +(1/K yar *F/(time-OldTime))*Direction/K pgy;
OldTime=time;

i=i+I; ‘
J7 [i<N]
Control
/ velocity=velocityl/N;
Waitl dt=dtl;
velocity1=0;
dt1=0; i=0;

p1=K*(g-Position);
i2=p1l-velocity;

iv=iv+i2*dt/F;
\ [SensorSignal==0] Lu=(Ku*i2+Kn*iv); //
V
N

. 2
TimerlInt
[TimerSignal== Hmert ..
p1=Kp*(g-Position);
[TimerSignal== i2=pl-velocity;

u=(Kvp*i2+Kvi*iv);

Puc. 6. Cucmema npepwvieanuii IBM.

Brruncnenne 3amaBaeMoro 3HaueHus padouero mnepuona IIMM-
curHasia 7Tr BBIYUCISAETCS UCXOMAS U3 YIPABISAIONIETO BO3ACHCTBUA U,
BBIUHCIISIEMOTO TMPOTrPaMMHBIM PETYJIATOPOM U 3aJaHHOTO 3HAYCHUS
nepuona IMNUM-curnana Tshim: Tr = Tshim *‘u‘ Nudopmarus o 3HaKe

YIOPaBISAIONIETO BO3JAEUCTBUSL U TMEPENAeTCs Ha BXOJ YCHUIIUTENS-
dopmupoBarens (1 — Bnepen, -1 — Hazan). CTpyKTypHas cXeMa CUCTEMbI
JUIs MOAIeTMpoBaHus B makere Simulink mokasana Ha puc. 7.
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. Al SensorSignal
P-(HanpaBjieHHe 25.6 1/24 !
HIUM > »— a
»lu 0.07%0.0252+0.07s+1 s B
S — JIBuraTeinn Penyxrop Direction
npeodpazoBarean Jdarynk  Cxema onpenesieHus Position
HanpaBJeHHsl
time_mks w P time
timer1
elocit
TimerSignal veloarty
timer2
> _|'— M
Sign
. »
o B —
Saturation| product abs .
1000+" ol
Tshim g
IHAM-dpopmuposaren

Puc. 7. Cmpyxmypnas cxema cucmemvl 015 mooeauposanus 8 Simulink.

[Ipu  BeIOOpPe  mepuoga  AWCKpeTH3anuu  (mara)  TpU
MOJIETUPOBAHUU HEOOXOAWMO YYHMTHIBATh, YTO BHIOpAaHHOE 3HAYCHHE
mara AT 1omKHO 00eCnevnTh YCIOBHE OTCYTCTBHSI MOTEPU COOBITHIA.
Jlng »TOoro HEOOXOAMMO, YTOOBI INAr ObUT MEHBIIE MHHHUMAJIbLHOIO
BpEMEHH MEXIy JBYyMs COObITHSIMHU (Tepexogamu) B J0oOOM U3
aBTOMATOB CHCTEMbl. B JaHHOM ciyyae MHHHMAaJbHOE BPEMsI MEXIY
coObITHAMH ~ OyZneT ONpeAesaTbcs  ONOPHOM  4acToTom f, W

MaKCUMAaJILHOW YaCTOTOU CJIICOOBaHUA HMITYJIBCOB JaT4YHKaA. HpI/ILIGM,
ITOCKOJIBKY ITOCJICAOBATCIILHOCTH AunB CABHUHYTBI OTHOCHUTCIIbHO APYT
Jpyra Ha 4YCeTBEPTh MEpuoJa, TO MHHUMAJIBHOEC BpeMsS MEXIY
COOBITUSIMU ~ OyJeT paBHBIM YETBEPTH MHUHUMAJIBHOTO IEepuoaa
CJICA0BaHMA NMITYJILCOB JJaTHHKA. OTCIO)I[a OMnpCACIIsICM Iar:

[ 1 0

AT =min[+—; Ul
Dfo 4 &):[AT &PE)I m’omax L]

rac oomax — MAaKCUMaJIbHas1 CKOPOCTb BpallICHUA BaJla ABUT'ATCIIA.

Cnenyer  OTMETHTb, 4YTO  NPUMEHEHHE  BO3MOXKHOCTEH
aBTOMATUYECKOTO BBHIOOpA Iara WHTETPUPOBAHUS, TPEIOCTABIISIEMBIX
nporpammoit Simulink HemomycTUMO, Tak Kak METOJAbl BBIYHCIICHUS
mrara, HCIOJIb3yeMbIe STOW MPOrpaMMOl, MPUMEHUMBI TOJBKO TpH
PEIIeHNN HETPEPBIBHBIX TU((HEepPCHIIMATBLHBIX YPaBHEHUH.
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[TpennoxenHass Mozenb J1ab0OpPATOPHON YCTAaHOBKH IO3BOJISET
HOJIyYUTh 00JI€€ TOUHBIN pe3ysIbTaT, OTPaKAIOIIMI OBEIEHUE peaIbHON
CHUCTEMBI 110 CPABHEHUIO C MCIOJIB3YEMOU paHee JIMHEMHOW MOJielblo. B
YaCTHOCTH, IIpM  MCIIOJIB30BAaHUM  JIMHEHHOM  MOJEIM  JaHHOIO
7a00paToOpHOro MakeTa HaONIOAATUCh 3HAUYUTEIbHBIE PACXOXKIACHUS
PACUETHBIX M JKCIIEPUMEHTAIBHBIX JAaHHBIX. B 4acTHOCTH, mapameTpsl
pPEryJIATOPOB, IpPU KOTOPBIX JOCTUTAJIUCh 3aJaHHBIE ITOKA3aTeNn
Ka4yeCTBa, OTIIMYAINACH OT pacueTHbIX B 3—5 pa3. llpu ucnonszoBanumn
ONMCAaHHOW  BbIIIE  TUOPUIHOM  MOJENM  PACXOXACHUS  HE
npeBbicrin 20%.
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NMPUMEHEHUE NAKETA MATLAB B NPOLIECCE
NMPOEKTUPOBAHUA BTOPUYHOIO UCTOYHUKA
NMNTAHUA TASOPA3PAOHOU JNTAMINbI
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e-mail: irekmdm@ufanet.ru

OmnauM 3 HauOoJjiee TEPCHEKTUBHBIX B HACTOAIIEE BpEMs
MpOIECCOB  00pabOTKM  MaTepuaioB  SIBISIOTCS — Ta30pa3psiHbIe
TEXHOJIOTUYECKHE Tpolecchl. B  ra3oBoM paspsiae TIeHepUpyTCs
AJNIEKTPOHBI, HOHBI, OBICTPHIE HEUTPOHBI U FJEKTPOMArHUTHOE U3ITyUYECHHE
B IUMPOKOM JHana3oHe 4acTtoT. OHM MOTYT HCIOJIb30BAaThCS Kak B
KauecTBE MWHCTPYMEHTa [UIsi BO3ACWUCTBUSA Ha 0OpabaThIiBacMbIi
MaTepuayl, TaK W JUIA LEJIeW H3y4eHUs CBOWCTB ITOBEPXHOCTH U
OCYIIECTBJICHUS TEXHOJIOTUYECKOTO KOHTPOJIS KauecTBa
oOpabaTbiBaeMOl TTOBEPXHOCTH. ABTOPOM JIaHHOW pabOTHI MPOBEIACHO
UCCJIeIOBaHNE TTpeoOpa3oBaTes JEKTPUUECKON IHEPTUU - BTOPUUYHOTO
uctounuka nutanus (BUII) razopaspsHoil 1ammbl BBICOKOTO JIaBJICHUS,
OpUMEHSIEMON B~ TEXHOJOTMYECKHX  Ipoleccax  noiaurpaduu
(monmumepu3alusa OTBEepKIaeMbIX yibTpaduoneroBbiM (Y®) cBeToM
MatepuaioB) B cpeae MATLAB/Simulink.

B oanexktponuke oOmme  (PEeHOMEHOJOTHYECKHE  CBOMCTBA
ANEKTPUIECKUX TPUOOPOB MPHUHATO M300paxkaTh B BHUJI€ SKBUBAICHTHBIX
CXEM, KOTOpbIE IO3BOJISIIOT MPOU3BOJIUTH pacyeTbl. Takue CXeMbl
COCTOSIT M3 TPOCTHIX AJIEMEHTOB M OTOOpa)KaroT MPUOOP TONBKO Kak
VMCTOYHHMKYU WJIM MMOTPEOUTENHN 3IEKTPUUECKON IHEPTUU, HO HE SBISIOTCS
€ro MOJEJIBIO.

Cucrema ympaBieHHUs] TEXHOJIOTHYECKHUM IMPOIIECCOM COCTOUT W3
BxonHOro LC — ¢unbTpa, npu3BaHHOTO 00€CTIEUUTh SJIEKTPOMArHUTHYIO
COBMECTUMOCTh C CEThIO; CHJIOBOIO BBIIPSIMUTENSI C €MKOCTHBIM
(GUIBTPOM U MOIIHBIM MCTOYHUKOM MOCTOSIHHOTO TOKa ¢ MOAYJISITOPOM
IMIMPUHBI WMITYJILCOB, BBIMIOJHEHHOTO IO TMOBBIMIAIONICH cxeme; OJoka
MUTAHUSL CXEMBbl YIPaBJICHUS; CXEMbl YIIPABJICHUS Ha OCHOBE IOJHOIO
MocTtoBoro apaiiBepa cepun IR 2130 ¢upmsr International Rectifier;
MOJIHOTO  MOCTa W3 YeThlpeX OWIONAPHBIX  TPAH3UCTOPOB  C
M30JMPOBAHHBIMH 3aTBOPaMH, HEMOCPEICTBEHHO MHUTAIOLIUM JaMITy
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MOIITHOCTEIO OT 1 10 5 kBT.

Cornacvo [1, 2], ra3zopaspspaHas Jiamma TMpPENCTaBI€HA Kak
O€3bIHEPIIMOHHBIN TMEepPEeKIIIoYaTeslb Ha TPU TMOJOXKEHUS, YIPABISEMbIHA
HamnpspKeHUEM U TOKOM. [Ipu ropenun jgamimsl (mepexirovaTesib B OJHOM
U3 KpaHMX, B 3aBUCUMOCTH OT HalpaBJICHUS TOKA TIOJOKEHHH)
HanpspbkeHue Ha Hei paBHo Ur (t). Iloracanue nammnbl mpoUCXOOUT TIPU
CHWKEHUU TOKa 10 HyJd (TEepekiIroYaTeslb NEepexXoquT B CpeaHee
nonoxenue). Ilepesakuranue nammbl MPOUCXOAMUT MPU HANPSHKEHHUH
U’z (nepekiiroyaTenb NEPEXOUT B IPYTO€ KpailHE MOJI0KEHUE).

Haunbonee BaxHOW 3adavyeil NpU NPOEKTUPOBAHUHU MMOAOOHOMN
CUCTEMBbI SIBIIIETCA pa3pabOTKa MAaTeMAaTHYEeCKOW MOJenH. Ycrex
IPOEKTUPOBAHUSI BO MHOTOM 3aBUCHUT OT 3(h(PEKTUBHOCTH MPUMEHIEMOU
MOJEJH, OT BPEMEHU U PECYPCOB, 3aTPAYCHHBIX HA MPUHATUE PEIICHUI.

st moBbimienust 3(QPEKTUBHOCTH MpoIEecca MPOEKTUPOBAHUS
IPOBEIECH aHaJIu3 BO3MOXHBIX pEXKHUMOB MPH MOJEIUPOBAHUU
ANEKTPOMArHuTHBIX MpoueccoB B cucreme - BUII-narpyska B cpene
MATLAB/Simulink.

YpaBHEHUsA, KOTOPBIMH  OIUCHIBAKOTCA  AJIEKTPOMArHUTHBIE
MPOLIECCHl B 3TOM CUCTEME, NMPEACTaBICHbl B BHJI€ €IWHON CUCTEMBI
anredpo-nudhepeHIaTbHBIX YpaBHEHUN IS PAa3NUYHBIX COCTOSHUN
Harpy304HOro KOHTYpa U MOJyIPOBOJHUKOBBIX 3JIEMEHTOB

Uy =Ug Wkskg = kyks);

Ug =Ucqrs
— dizg
Ucgr =Uss(ky =Dk +ky) = Ly ?;

Uss =k \Ucyys

iy =iy (kskg —k,ks);

I3 :k1i13 +k2i43 _iss(l —k, —k,);
AU, .
dt

=iy —Cpy

il3
—_ diOl di36
U, =(k (Ud =Ly, E)(kz =Dk, +k,) — Ly ?)(lﬁké _k4k5);

dU,

: : . dU,
i, =k (o — Cy 712) thyiy —hs(L—k —k) —Cg f)(ksl% ~ kyks),

Trac l'ﬂ, UH — TOK M HAIIPsAXKCHUC Ha JIAMIIC, Ud — HAIIPSKCHUC ITUTAaHUA,

i()], i13, i43, i35, i35, chg, U35, UC67, U67 — TOKHM H HAIIPAKCHUA B

COOTBCTCTBYIOIIIHX QJIEMCHTAax u y3j1ax CXCMBbI, L, C —

COOTBCTCTBYIOIINEC MHAYKTUBHOCTU U €MKOCTH, kl-k6 — KO3(1)(1)I/IHI/ICHTBI,
706



Tpyoul konghepenyuu «llpoexmuposarie uHICEHEPHLIX U HAYYHBIX npuLodxceruil 6 cpede MATLAB»

XapaKTEPU3YIOIIUE COCTOSHHE HArpy3kH M IOJYyHPOBOJHUKOBBIX
AJIIEMEHTOB.
Yucio coCTOSHUM CHCTEMBI ONPENEISETCS KaK
N =m’1,

I7I€ M — YWCJIO TPAH3UCTOPOB (B JaHHOM ciyyae ux 6), [ — uducio
BO3MOKHBIX COCTOSIHUM Harpy3ku (B JAaHHOM ciydae /=3), T.e. YHCIO
CUCTEM YypaBHEHWH, OINHUCHIBAIOIIUX AJIEKTPOMATHUTHBIE MPOLECCHI
paBHO 648. COBMECTHOE PEILIEHHUE 3TUX CUCTEM 3aTPYIHUTEIBHO JaXe C
y4eToM TpuMeHeHus ObicTpoaeiicTBytonmx [IOBM. Vmpomenue
HEMHEWHBIX U depeHINaTbHbIX ypPaBHEHWH BBICOKHX MOPSIKOB
MPUHATUEM JIONYIIEHUA M CBEIEHWEM HMX K YPaBHEHHUSM BTOPOIO H
MEPBOTO MOPSAAKOB, HE MAIOT KEIAEMOW «IPO3PAYHOCTH» KOHEUYHBIX
BBIKJIQZIOK U HE ITO3BOJISIOT IPOU3BECTH JIE€TAIBHYIO IIPOBEPKY CUCTEMBI.

[Tossnenne cucremol MATLAB c¢ makerom Simulink pgemaer
BO3MOYKHBIM PELLIEHUE ITOW 3a/1a4l ¢ MUHUMAJIbHBIMU 3aTpaTaMu

B coorBercTBUM C TNPUBEACHHBIMU YpaBHEHUSIMH, Oblia
COCTABJICHA MAaTE€MaTU4YeCcKass MOJENb CUCTEMBbI IPU IOMOIIM ITAKeTa
MATLAB 6.0/Simulink (puc. 1).

Mopnens uMeeT CleIyrolMe YIPaBIAOIINAE BXOABI: BXOJIHOE
nurawplee HanpspkeHue Ud W ynpaBisioniMe HUMITYJIbChl kI — k6,
MMUTUPYIOIIME CXEMY YIPABIEHUS CHJIOBBIMU TPAaH3UCTOPHBIMU
KJIFOYaMU B PEAIbHOU CXEME.

Mopnens cocTaBieHa U3 CTaHJAPTHBIX OJIOKOB  CIIOXKEHMS,
yMHOXeHUS, IudepeHpoBanusi, COCIUHEHHBIX B COOTBETCTBUU C
CHUCTEMOU b hepeHIanTbHBIX YPaBHEHUM. PesynbraTtamn
MOJICJIMPOBAHUS SABJISIOTCS 3HAYEHUS TOKOB M HAIPSDKEHUM B Pa3JIMYHBIX
TOYKaX MOJEJIM B Pa3HbIE MOMEHTHI BPEMEHH IIPU U3MEHEHUU BXOJHOTO
HaNpsDKEHUS U yIPABJSAIOUINX CUTHAJIAX, 0TOOpakaeMble MHIMKATOpaMu
U-U3.

Ha puc. 2 mpencrasineHa ofHa U3 XapaKTEPUCTHUK, MOJIYYEHHBIX

Opyu  MOJCIMPOBAHMU — 3HAUYEHHE HANpsDKEHHS Ha  KJIeMMax
ra3opa3ps,AHON JaMIbl B HOMUHAJIBHOM PEKHUME.
CooTtHocs pe3yNbTaThI MOJIETTUPOBAHUS B MaKeTe

MATLAB/Simulink ¢ pe3ynbraTamMu MOAETUPOBAHUS B MPUKIATHOM
nakeTe MpoeKTUpoBaHus 3eKTpoHHbIX cxeM Circuit Maker 5.0 (puc. 3)
U C pe3yiabTaTaMH OJKCIEPUMEHTANIbHBIX HCCIECIOBAHUM, MOMXKHO
OTMETUTh WX aJIeKBaTHOCTh, YTO TOJATBEPKIACT MPaBUIBLHOCTH
ITOCTPOEHUS CAMOU MOJIEIIN.

[Taker Simulink mo3BoJsisieT MOHATH U pa3z00pPaTHCS C CYIIHOCTHIO
NPOMCXOIIMX B DJIEKTPOMArHUTHBIX CHCTeMax mporeccax. llpu
OJHOBPEMEHHOHM MpOCTOTE pabOoThl € NPUMEHSEMBIM IIAKETOM OH
o0lajjaeT  OrpOMHBIMH  BO3MOXKHOCTSIMH.  YIOOHBIM — uHTEpdeiic,
OpOCTOTa MAHMITYJUPOBAHHUS ONOKAMH ¥ MOIYJISIMH  CHCTEMBI,
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IMO3BOJIMJIM CIIC Ha CTaauu JIIPOCKTUPOBAHUA, 0e3 CIOXHBIX H
AOPOTroCTOAIUX SKCIICPUMCHTOB IIPOBECPUTH MATCMATHYCCKYIO OCHOBY
p33pa6aTLIBaGMBIX CHCTCM.

LO1 Derivative1

L c1 P
m—" b ik o1 13| x S RwT2)
Sum Derivative c12 i36

Sum1 Product2

L36 Derivative3 Sum5

— el
_ + ue7 i67

Product1 Sum4 Derivative2 ~ C67 > [

us

(Tk2)(KT+k2

V]
k2 .W_> =|ﬂ_|[
Sum2 "
Saturation

Product
U1
Product3

2L
S —E
Sumé Product5 >
P Product6 u2
k4

Constant Sum3

._l_:roducm Constant1

Puc. 1. Mamemamuueckas mooenb 6MopuuHo20 UCMOYHUKA NUMAHUS
2a30pa3ps0HOLL 1AMNbL

Puc. 2. Pe3ynomamoi mooenuposanusi ¢ nakeme MATLAB/Simulink.

708



Tpyoul konghepenyuu «llpoexmuposarie uHICEHEPHLIX U HAYYHBIX npuLodxceruil 6 cpede MATLAB»
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Puc. 3. Pe3ynomamei mooenuposanusi ¢ nakeme Circuit Maker 5.0.

Jlumepamypa

1. Kpacnononwvckuti A.E. u Op. Ilyckoperynupyromue amnmaparbl s
paspsanubix jgamn /A.E. Kpacnomonwsckuii, B.b. Cokonos, A.M.
Tpounkmii; Iloxq o6m. pen. A.E. Kpacnomombckoro. M.:
Oneproaromusaat, 1988. 208 c.: ui.

2. Kocmioxosa T.II. MonenupoBaHU€ W TPUHITHE TEXHUYECKUX
pemieHuit  mpu  pazpaboTke  mpeoOpaszoBarened  MapameTpoB
anekTposHeprun. Yda, 1999. 220 c.

3. I'epman-I'ankun C.I. KOMIBIOTEPHOE MOJAEIMPOBAHUE MOJYIPOBO-
nankoBeIX cucteM B MATLAB 6.0: YueOuoe mocoome. CIIO.:
KOPOHA mnpuHnT, 2001. 320 c., u.
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YK 613.314

MOAEJIb OAHO®A3HOIO UHBEPTOPA TOKA,
PABOTAIOLWEINO HA PEBOHAHCHYIO HAIPY3KY

Yepnbix U.B. ', JIysrun B.1'., ITetpos A.10.”

"Ypanwckuii 2ocyoapemeennviii mexnuueckuii ynusepcumen,
°Poccuiickas snexmpomexnonocuueckas komnanus (POJITEK),
2. Examepunoype
e-mail: chernykh@etf.ustu.ru, vil@etf.ustu.ru, reltec.@vimcom.mplik.ru

B  Hacrosimee Bpemsi  CYHIECTBYET  HECKOJBKO  IAKETOB
cxeMmotexHuyeckoro mojaenupoBanus: OrCad, Micro Cap, Electronic
Work Bench u 1.n. JlaHHBIE TTakeThl B OCHOBHOM OPHEHTUPOBAHBI Ha
pa3paboTKy 3JIEKTPOHHBIX CXEM, BKJIIOYAs MPOEKTUPOBAHUE MEYATHBIX
njaT, U HE TO3BOJSIOT B IOJHOM MeEpe MPOBOAUTH MOJEIUPOBAHHE
CUJIOBBIX AJIEKTPOHHBIX CXE€M, OCOOEHHO €ClId HEOOXOJMMO BBITIOJIHUTH
pacyeTsl TpeoOpa3oBaTesi JHEPTUU COBMECTHO C DJIEKTPUYECKOM
MAalIMHOM. MoaenupoBaHHEe CHUCTEMBI YIIPABICHHUS CHIIOBOM 4YacTH
npeoOpa3oBarens B TAKMX MakeTax TpedyeT OONbIINX TPYAOBBIX 3aTpar,
MOCKOJIBKY CHCTEMY YIPaBJICHHUS HEOOXOAMMO CO37aBaTh W3 MOJENEH
pEeaNbHBIX JJEKTPOHHBIX KOMIIOHEHTOB, B TO BPEMS KaK JOCTATOYHO
qacTo TpeOyeTcs JUIIb MPOBEPUTH AITOPUTM ee padoTel. U, HakoHer,
MOJENIA TOJIYIPOBOJHUKOBBIX IPUOOPOB, HCHOJIB3YEMBIE B TAKUX
MaKeTax, SBJISAIOTCS OY€Hb MOJPOOHBIMU (MOJETUPYETCS TJIaBHAs BOJIBT-
aMIIepHAasl XapaKTEPHUCTUKA, YYUTBHIBAIOTCS JAUHAMUYECKUE CBOWCTBA U
T.1.). B OonpmmHCTBE cnydaeB Takas JAeTalu3alls HE HYXHa,
JOCTATOYHO YYECTh JIUIIb OCHOBHBIE CBOKCTBA MOJYIPOBOJAHUKOBBIX
npubopoB. Hampumep, i nmojga IOCTATOYHO YYECTh CBOMCTBO
OJIHOCTOPOHHEH TMPOBOJAMMOCTH UM BHYTPEHHEE CONPOTHBIICHUE.
WM3nummne monpoOHOe omucaHue MOJIYNPOBOJHUKOBBIX PHUOOPOB
MIPUBOJUT TAKXE K TOMY, YTO CXEMa, COCTOSIIas W3 HECKOJBKUX
MIPUOOPOB PACCUNUTHIBAETCS CIMILKOM JIOJITO.

B 5TOM CMBICIE MHCTPYMEHT MOJAECIHMPOBAHUSA JAUHAMHYECKUX
cucteM Simulink coBMecTHO ¢ OHOJMOTEKON 3JIEKTPOTEXHUYECKUX
osi0koB 0710k0B Power System Blockset (PSB) BbironHo otinyaercst OT
MaKEeTOB CXEMOTEXHUYECKOro MojenupoBaHus. bubmuoreka PSB
COZIEpXKUT OoraThelii HAOOpP MojENel 3IEMEHTOB JJIEKTPOTEXHUUYECKUX
LEMEeH, SJIIEKTPUYECKNX MAIIUH U KOMIIOHEHTOB CHUJIOBOM 3JIEKTPOHUKH.
[Ipy »>TOM TOYHOCTH MOJENEH TakoBa, YTO OCHOBHBIE CBOWCTBa
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NEPEUUCIEHHBIX OOBEKTOB YUHMTHIBAIOTCA B JOCTaTO4HOUM Mepe. s

MOJEIUPOBAHUSI ~ CUCTEM  YNPABICHUS  MOXHO  MCIOJIb30BaTh

CTaHJApTHBIE DJEMEHTHI, BXOJdAlIME B cocTtaB Oubmuorexku Power

System Blockset, Ho MOXXHO Takxe paboTaTh CO BCeMH OJOKaMH W3

ocHoBHOM OuOnmoTeku Simulink. [Tpu 3TOM MOAenMpoOBaHUE CHUCTEMBI

YIOPABJICHUS BBIMOJHIETCS YNPOIIEHHO, Ha YPOBHE (DYHKIMOHAJIBHOMN

cxembl. [Ipy HEOOXOIUMOCTH MOKHO BKJIIOUATh B MOJENb OJIOKH U U3

apyrux oubnunorek, Hanpumep, u3 6udmmoreku DSP Blockset (maGop
0JI0kOB 111 00paboTKM MHQPOBBHIX CUTHAIOB). Bce mepeuncieHHoe

Boile genaetT Simulink+PSB naunbonee yn1oOHBIM MHCTPYMEHTOM IS

MOJEIUPOBAHUS ANEKTPOTEXHUUECKUX YCTPOMCTB.

[IpumepoM MoJ€Nnr SIEKTPOTEXHUUYECKOTO YCTPOMCTBA CIIYXKWUT,
omuchiBaeMasi HWXKE MoJelb OoaHOGa3HOro MHBEPTOpa  TOKa,
paboTaliero Ha pe30HAaHCHYK Harpy3ky. Takue mnpeoOpa3zoBarenu
SHEpPruu Haubojee YacTO MCHOJB3YIOTCS KaK HWCTOYHMKU TUTAHUS
YCTPOWCTB HHAYKIIMOHHOTO HArpeBa, MOIIHOCTh KOTOPBIX MOXET
JocTUraTh Heckobkux MBT. Ilpu pazpaboTke CTOIb MOIIHBIX (2 3HAYUT
U JIOPOTHX) YCTPOMCTB BIOJIHE YMECTHO MPEIBAPUTEIILHO MPOUTH ITAl
MOJEIUPOBAHUS JUIsl OTPAOOTKH AJITOPUTMOB YIPABICHUS, HAXOXKICHHUS
SHEPreTUYECKUX HArpy30K 3JEMEHTOB (HampuMmep, HaX0XKICHHE
MPEAEIbHbIX  3HAYEHUM  TOKOB, HANPSXKEHUM W MOIIHOCTEMN
KOMIIOHEHTOB), a TaK)Xe OIpPEAENICHUs] SHEPreTHYECKUX IOKa3aTeseu
YCTPOMCTBA B 11€JI0M (HapuMep, ONpeeeHre NoTpedisieMoil akTHBHON
u peaktuBHOU MomHocTH, K.IL/. u T.1.).

Mopens (puc. 1) BBINIOJIHEHA C HCMOJB30BAHUEM OCHOBHBIX
osokoB OuOnmorexku Simulink (cucrema ympaneHus, uHTepdeic) u
6s1oxoB 6mbmoteku Power System Blockset (cumoBas yacts).

Mopnens BKiIIO4aeT B ceOs:

1. CTOYHMK MOCTOSSHHOTO HAIIPSIAKEHUS.

2. Peaktop, obOecneunBaromuii paboTy mpeoOpa3zoBaressi B pexKUME
MCTOYHUKA TOKA, a TAK)KE OTPAaHMYECHUE CKOPOCTH HApAaCTaHUS TOKa B
aBapUMHBIX pexumax. biaromaps 23TOMy peakTopy cucTeEMa
VIOPABJICHUS  yCHEBAaeT  OTKIIOYUTh  HCTOYHHK  [OCTOSIHHOIO
HANpsDKEHUs, TIoKa TOK mpeoOpa3oBaTensi HE JOCTUT KPUTHYECKUX
3HA4YCHUMU.

3. MHBepTOpHBIM MOCT. B KauecTBe MOCTa MCHOJIb30BaH CTAHIAAPTHBIN
ook Universal Bridge 3 arms, nepeBeJeHHbII B pPEXUM
0J1HO(ha3HOTO MOCTA. 3a)KUMBI TIEPEMEHHOTO TOKa MOCTa BBHIOPAHbI B
Ka4ueCTBE BBIXOJHBIX 3A)KUMOB.

4. AKTUBHO-UHIYKTUBHO-€MKOCTHYIO Harpy3ky (ymnpouieHHass MOJelb
WHIYKIMOHHOW I€YM C YCTPOMCTBOM KOMIIEHCALlUU PEAKTUBHOMN
MOIIIHOCTH). Bennunna KOH/JIEHCaTopa, 00€eCIeunBaoIIero
KOMITCHCAIIMI0 PEAKTUBHOW MOIIHOCTH, BBIOMPAETCS TaKOil, YTO
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Harpy3ka UMEeT PEe30HAHCHBIE CBOMCTBA, Oiarofaps 4yemy 3amupaHue
TUPUCTOPOB MOCTAa TMPOUCXOJUT €CTECTBEHHBIM 0OOpa3zoM (mocie
MpEeKpalleHus] TOKa) W CIEelUUaJbHbIE YCTPONCTBA [JIsl 3alMpaHus
BEHTUJIEH HE TPeOYyIOTCS.

5. YcrpoiictBo 3amycka npeoOpazoBaTens. Y CTPOMCTBO — 3amycka
COZIEP/KUT JOTOJIHUTENIBHBIM HUCTOYHUK MOCTOSSHHOTO HAIPSIKEHUS U
IIPEBAPUTENIBHO 3apsDKAEMbI  ITyCKOBOW KOHAEHCATOpP, KOTOPBIM
paspspKaeTcs Ha HArpy3Ky Uil CO3JaHWs B HEW IEPBOHAYAIIBHBIX
KoneOanuii. B kaduecTBe KOMMYTHUPYIOIIETO AJIEMEHTa HCIOIb3yeTCs
THPHUCTOP.

"

ek u:r-.:u-nl | Tek la

— A

| [—| | Tek_L |t
+ .
1d1
o/ HETA T
Mt YerprdcTie
E_- 4 Bl ANTEERS
Univarsal B gl
Yeranea Toea N Rl | 2104 [ .
I?I_._ " ET | V_nagnil >
. Toh _L —b—-f'_\_\_h Toal_lesgie | —
e P _istocha bt ™)
Cacrama ._L N
EAp AN ?“l— Llick hiew 1o Tk 'i.!irllTlI\"b—F- —
T sawe dala |:‘ -
A vy Fawe azal dats | W maprusd e
B Wl i "

Puc. 1. Mooenv uneepmopa moxa.
(1 - ucmouHuK NOCMOAHHO20 HANPANCEHUS, 2 - MOKOOSPAHUYUBAIOWUL PeaKmOp,
3 - unsepmopnuiti mocm, 4 — nazpyska, 5 - ycmpoticmeo 3anycka, 6 - cucmema
ynpasnenus,).
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Puc. 2. Bpemennsvie ouazpammuvl pabomsi cucmemvl ynpagieHus.
(1 - nanpsadcenue na nazpyske, 2 - OnopHoe HanpsAXCeHue U HanpsdceHue
ynpagnenus, 3 - UMRYIbCbl YNPABLEHUS MUPUCMOPAMU NEPBOU OUALOHAIU MOCMA,
4 - umMnynvLevl YNpasieHus mupucmopamu 6mopot OUA2oHAIU MOCMA).

6. Cuctemy ympaBieHus mpeoOpasoBateneM. CucremMa yrpaBICHHUS
o0ecrieunBaeT 3aImycK npeoOpa3zoBaress. [Tpu 3aIycKe
npeoOpazoBaTessl UMITYJIbCHI YIIPABICHHS CHaYaIa MOAAI0TCS Ha OANH
U3 TUPUCTOPOB B KAaTOJAHOW M AHOJHOM TpyIlax MpeoOpa3oBaTesis
TakKUM 00pa3oM, 4TOOBI 00ECNEUUTh PEKUM KOPOTKOTO 3aMbIKAHHS
JUIST WCTOYHHMKA TMOCTOSTHHOrO Toka. [lo MOCTMKEHHHM TOKOM
MOPOrOBOr0  3HAYEHUSI UMITYJIbChl  YIpaBIEHUS TMOJAIOTCA Ha
TUPUCTOPBl OJHOW M3 AWaroHasied mMocta. OIHOBPEMEHHO C 3THM
MyCKOBOM KOHJIEHCATOP pa3psKaeTcs Ha Harpys3Ky, Cco3/aBas
nepBoHavaabHble KojieOanusi. Cucrema yNnpaBi€HUS OTCIEKUBACT
MOSIBJICHUE KOJEOAaHWMW W HAyMHAET BBIPAOATHIBATH HUMITYJILCHI
yIpaBle€HUs] TUPUCTOpPaMU JJisi (POPMUPOBAHUS MIEPEMEHHOIO TOKa B
Harpy3ke. B cucreme ymnpaBieHUs ~ peaqu3oBaH — AJITOPUTM,
MO3BOJISIIOIINN  PEryJAMpPOBATh yrojl ONEPEKEHUS BEHTUICH [3,
Onaromapsi 4eMy peryJHMpyeTcsl BeJIMYMHA HAIPSHKEHUs HAa Harpyske.
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Bpemennbie auarpaMMbl paOOThl CUCTEMbI YIPABIICHUS MMOKa3aHbl Ha
puc. 2. Ha nepBom rpaduke (cBepxy) NpeACTaBICHO HAIpPsSKEHUE Ha
Harpyske npeobdpaszoBartelns B mpoiiecce mycka. Ha BTopom rpaduke
OMOpHOE (pa3BEePTHIBAIOIIECE) HAMPSIKEHUE CHUCTEMbl YIIPABICHUS U
HaIpsOKEHUE YNPABJICHUS, 3aJal0lIee YroJl ONEpPEKEHHUs] MHBEPTOpA.
Ha TperbeM u uerBepTOM TrpaduUKe — HMIIYJIbChl YIPABICHHUS,
M0/1aBaE€Mbl€ HA TUPUCTOPBI KAKI0M AuaroHain Mocta. Kak BUIHO U3
auarpamMM, HMITYJIbCHl YIPaBJICHUS BBIPAOATHIBAIOTCS B MOMEHT
pPaBEHCTBA OMOPHOTO HANPSIKEHUS W HaNpsbKeHUs ynpasieHus. [Ipu
W3MEHEHUN HANpsOHKEHUS YIpaBieHus (a30BbIl CIBUT HMITYJIbCOB
TaK)X€ U3MEHSIETCs], 0JIaroiapsi 4eMy peryJaupyercs yroJl OnepeXeHus
npeoOpazoBareisi M, CIEIOBATENbHO, BEIUYMHA HAMNPSOKEHUS Ha
Harpyske.
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Puc. 3. Bpemennwvie ouazpammuvl pabomel Cui080U 4acmu npeoopazosameis
(1- mok, nompebasemviii npeobpazosamenem, 2 - mox 8 HazpysKke, 3 - HanNPsANCeHUe
Ha HazpysKe).
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Tpyoul konghepenyuu «llpoexmuposarie uHICEHEPHLIX U HAYYHBIX npuLodxceruil 6 cpede MATLAB»

Ha puc. 3 mpeacraBieHsl BpeMEHHBbIE JUarpaMmbl TOKa
noTpebisieMoro npeodpazoBaresieM (MEpBbIM Tpaduk), TOka B Harpy3Kke
(BTOpoi rpadMK) W HamnpsOKeHUsT Ha Harpyske (Tpetuil rpaduk).
['paduku nmOCTpUPYIOT IpOLIECC 3amycka nNpeodpa3oBaTes.

Jns  mocnenyromeid  oOpaOOTKM  MOMYYEHHBIX B MOJENH
BPEMEHHBIX 3aBUCUMOCTEH OPTaHW30BaH BBIBOJ JaHHBIX B pabodyIo
cpeny MATLAB (6mox Save data to Workspace) u 3amuce ux B
TeKCTOBBIN (paitm (Ook Save ascii data to File). TexcToBeiii daiin c
BPEMEHHBIMU  3aBUCHMOCTSMH  CUTHAQJIOB  HCHOJB3yeTCS IS
oTpeieTICHUST PA3IUIHBIX XapaKTePUCTUK MpeoOpa3oBaTes (CpeaHUX H
JNEUCTBYIOIIMX 3HAYECHUM TOKOB JJIEMEHTOB, MAaKCUMAJIbHBIX 3HAYEHUU
TOKOB U HANPSXKEHU, TAPMOHUYECKOTO COCTaBa TOKOB U HAMPSKEHUN U
T.IL.).

Hcnonb3zoBanue MPEICTaBICHHON MOJIeNn MI03BOJIHIIO
CYILIECTBEHHO COKPATUTh BPEMs ITPOCKTUPOBAHUS MPEOOpa30oBaTENS.
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