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1 Beegenue B Simulink
Kpamxkue ceedenus o nakeme

Cucrema cTpyKTypHOT0o MojaenupoBanus Simulink npennasnadeHa
I KOMIIBIOTEPHOM  pE€AIM3alMd  MAaTEMaTHYECKUX  MOJEIEH
TUHAMHAYECKUX CUCTEM U YCTPOWCTB, MpeACTaBICHHBIX
(GyHKIIMOHAIBHON OJOK-CXeMOW WM cucTeMoil ypaBHeHUU. [Ipu sToMm
BO3MOXXHBI Pa3JIMYHbIC BapHaHTHl MOJCIUPOBAHMI: BO BPEMEHHOMN
00J1acTH, B YaCTOTHOM 00J1aCTH, C COOBITUHHBIM YIIPABJICHUEM U T.]I.

Jlnst mocTpoeHust (PYHKIIMOHATBLHON OJIOK-CXEMbBI MOJEIUPYEMbBIX
ycrpoiictB  Simulink  umeer oOmmupHyr0 OHOJHMOTEKY OJOYHBIX
KOMIIOHCHTOB W YyJOOHBIM pemakTop Oyok-cxemM. OH OCHOBaH Ha
rpaguyeckoM HHTEpQece MOoab30BaTEeNs U MO CYIIECTBY SBIACTCS
TUTTAIHBIM CPEIICTBOM BU3YaJIbHO-OPUEHTUPOBAHHOTO
nporpaMMHupoBaHus. Vcronb3yss OMOIHOTEKy KOMIIOHEHTOB PEIIAONTAX
OJIOKOB, TOJIL30BATENb C MTOMOIIBIO MBIIIN MEPEHOCUT HYXKHBIE OJOKU
u3 OuOnIMoTeKkH B padouece okHO makera Simulink u coenuHseT TUHUIMU
CBSI3M BXOJbl M BBIXOABI OJ0KOB. Takum oOpa3oM, cozmaeTcs OJI0K-
CcXeMa CUCTEMBI WJIM YCTPONCTBA, TO €CTh KOMITbIOTEpHAS MOJIETIb.

[Mopsnok padotsl ¢ maketom Simulink criemyrormii:

1  Ha pabouem ctoisie oTkpbiBaeM nukrorpammy MATLAB.

2 B oTkpbIBIIEMCS] KOMaHAHOM OKHE Ha TTAHEIH HHCTPYMEHTOB
HaxkuMaeM KHonky Simulink.

3  OrtkpsiBaercs Simulink. Kpome pabGouero okna c¢ oOuum
umeHeM Untitled (“Be3bIMSHHBINA) OTKpPBIBAETCS OKHO OMOIMOTEKH
Simulink ¢ paznenamu:

- Sourses — ICTOYHHKW;

- Sinks — mpueMHHKWY;

- Discrete — nuckpeTHEbIe;

- Linear — nuHelHEIE;

- Nonlinear — nenuHeHBIC

- Connections — cBs3u;

U T.]I.



llopsiook evinonnenus pabomoi.:

B kauecTBe mnpuMmepa pacCMOTPUM AEMOHCTPATHUBHBIN IIPUMED.
Jlitst aTOTO:!

1. Haxwumaem kaHoniky Demos B menro Help.

2. B neBom okomike BeiOMpaeM myHKT Simulink.,

3. JIBoiiHbIM IEIYKOM BbIOMpacM myHKT Simple models (B
Bepcuu 6.1 u BeIe myHKT General).

4. B mpaBoM OKHE BBIOMpacM Mozelb SPring-mass system
simulation.

5.  3amyckaeMm ee KoMaHA0i RUN WK TBOMHBIM HIETYKOM.

OkHO  gmeMmoHcTpammu  “Spring—mass  system  simulation”
MPEJICTaBICHO HA pUcyHke 1.1.
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Pucynok 1.1 - OxHo [leMoHcTpanuu “Spring—mass system simulation”

JlaHHass Mozenb peanu3yeT KoJIeOATeIbHYI0 MEXAaHUYECKYIO
CUCTEMY C OJHOU CTENEeHBbIO CBOOObI. PUBMYECKUM aHAJIOTOM MOJIENU
ABJISIETCS TIEPEMEHHOE 110 HAINpPaBJICHUIO JBWIKCHHE, 3aKpEeIUICHHOM
OpYKUHOM K “HpeIraromieii” 3ajenke (cjieBa) Macchl MO TJIaJKOU
MOBEPXHOCTU C TpeHUEeM. BHemHss cuwia NpUIOKEHa K 3aJelKe.



Mopenp peammzyer auddepeHnuanpbHoe ypaBHEHHE, OIMCHIBAOIICE
nBwkenne kyouka. B MATLAB B mepemnatouHbix (YHKIUSX BMECTO
p—oneparopa Jlaminaca nuirercs S.

PaccMmotpum 6710KH (CaeBa Hampaso):

Input — reneparop, X1 — 3BeHO mNepBOro mopsiaka, CymMmarop,
1

YCUINTCIIb, — — HHTCTPATOP, Mux - cmecurenn (HOBBOHHGT BBIBCCTHU
S

Oonmee oxHoro curHama Ha Scope), Scope (Actual position) -
ocumiutorpad, Animation function - 6ok aHUMarIHH.
3amyck MOACIMPOBAHUS OCYILECTBIISICTCS KHOIKOM
Ha »kpane — aHuUMalMOHHAs KapTUHKA, TpEACTaBIEHHAs Ha
pucynke 1.2:

b

¢ onecart Ammation
File Edit *Window Help

Cloze

Pucynok 1.2 - /IBuxkeHune rpy3a Ha IpyKUHE

JIBoiiHOM IIeT4oK Ha SCOPE TMocje 3amycka MOJAEIUPOBAHUS
OTKpBIBa€T OKHO ScOpe (pucyHok 1.3), B KOTOpOM OTOOpa)KaroTCs
rpadUKu, XapakTepu3yrolyue KojaeOaHus MpaBoil Macchl BO BPEMEHU U

3HAKOTIEPEMEHHYIO BHEITHIOKO CUITY.

OcCTaHOBUTH MOACIUPOBAHUC C IMOMOIILIO 3HAYKA "n 3aKPbITh

OKHa JCMOHCTpaluu.



# Actual Poszition
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Pucynok 1.3 - I'paduku, xapakrepusyromme paboTy CUCTEMbI
Xoo pabomul:

1. Ha skpaHe — OTKPBITH OKHO OMOJMOTEKH M pabouee OKHO
Simulink.

2. B oxHe OMOJMOTEKHM JBOWHBIM IIETYKOM PACKPHIBACTCS
KOKIbIH U3 pa3aenoB. B pazmene 6mbmmuoreku Sources (Mctounukn)
BRIOMpaeM rerepaTop Signal Generator, meperackuBaem ero B pabouee
OKHO M 3aKpbIBa€M OKHO SOUIces.

3. B pazmene Sinks (IlpuemHmMKu) BbIOMpaeM ocipuniorpad
Scope, neperackuBaeM B paboyee OKHO U 3aKpbIBaeM OKHO Sinks.

4. B pasnene Linear (JIuneiinbie 6moxn) wm Math (s Bepcun
6.1 u BhIIE) BBIOMpacM OOk ycuiautenb — Gain ¢ peryaupyeMbiM
kodppunuentom ycunenus (KY) um cymmarop — Sum, a Ttaxxke
unrerparop — Integretor (B8 Bepcum 6.1 u BbIe AaHHBIA OJIOK
HaxomuTcss B pasnene Continuous). Bce Oiokm mociieioBaTEIbHO
nepeTackuBaeM B pabouee OKHO M 3aKpbiBacM okHo Linear (Math).

5. B pazgene Connections (Csszu) miu Signals & Systems (s
Bepcur 6.1 u BhIlE) BeIOUpaeM cMecuTedb — MUX U mepeTackuBaem B
paboyee OKHO.

6. B paGouem okHe mpucTynaeM K coeMHEeHHIO 0J0K0B. Cxema
MOJIETU JOJDKHA UMETh BUJ (pucyHOK 1.4):
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Pucynoxk 1.4 - Cxema Mojienu 1a00paTOpHOM padOThI

KonupoBaHnue 070Kka OCYIIECTBISCTCS MyTEM IMEPETACKUBAHUS C
Haxkaron kmapumeir Ctrl. ITToBopoT 0610Ka OCYIIECTBISETCS ITyTEeM
BBLIEJIEHU OJI0OKa M HaxkaTueM KoMOnHanuu kiasuiir Ctrl+F.

/. Ilepeitmem Kk HacTpoiike cuctembl. OTKpbITHE OKHa
HAaCTPOMKHU OJIOKA OCYIIECTBIISETCS MyTEM JIBOMHOTO Iienuka. B Onoke
Signal Generator paccMoTpuM JOCTYIHBIE HaM CUTHaJIB. BwiOupaem
Squre — ygacroty B I't — 0.02. CMOTpHM, Kak CUCTEMa OTpearupyer Ha
CKauKk000pa3zHoe Bo3MylieHne. CrucTema He SIBISIETCS KoIeOaTebHOM.

8. VYmenmpmmMm KY mo BHyTpeHHemy koHTypy (Gain).
KVGain=0.1, T.e. yMeHpmuM gemndupyromyrw cuay B 10 pas.
Mopenupyem. HmeeM KoiieOarenbHyl0 cHCTEMY. Tenepb HYXKHO
MIOMEHATh COOCMBEHHYI0 4acmomy, KOTOPYHO OIpENeiseT HWKHUN
KV¥YGain1. YBemnuum ero B 10 pa3. Buaum, 4To yBeIHYHMIIach 4acToOTa H
YMEHBIINIACh aMIUTUTY1a KOJICOaHUM.

9. B Signal Generator yseamumm ammutyay B 5 pas. Ha
BHyTpeHHeM Gain Bmecto 0.1 caenaem 0.3 — yBenuunM KO3 GUIUECHT
IeMII(pUPOBaAHMUSL.

Mbl  yOenuiIMch, 4YTO 4YacToTa KOJICOAHUM  peryIupyercs
yCUJIUTENIeM Ha BHEIIHEM KOHType, a 3aTyXaHue KoJeOaHUu
peryJnpyercs Ha BHyTPEHHEM KOHTYpE.



10. O3HakOMUTBCS €  JEMOHCTPAIIMOHHBIMU  MPUMEPAMHU
Tracking a bouncing boll, Simple pendulum simulation, Toilet bowl
flushing animation w omnmcath OJAMH W3 HHUX [0 YKa3aHHUIO
npernoaaBaTCA:

- HA3HAUYCHHUEC CUCTCMBI,

- COCTaB MOJICIIN;

- 0COOCHHOCTH ABHMKCHHUS CUCTEMBI.



2 MoaeanpoBaHue HeJIMHEHHBIX U JUCKPETHBIX CHCTEM

Tlopsiook cocmasnenust cmpykmyprou mooenu ¢ SImulink ozs cucmemi,
onucwvleaemol oughghepeHyuanbHvimM ypasHeHuem

1. Pazpemuts nuddepeHnaibHOE ypaBHEHUE OTHOCUTEIBHO
cTapuie Mpou3BOIHOM.

2. C nomoipio cymmaropa SUm coopaTh MOJIEb MTPaBOM 4acTu
ypaBHEHUH.

3. Hcnonp3ysd LENOYKHM U3 IMOCIEAO0BATENbHO BKIHOYEHHBIX
UHTErpaTtopoB INt (KOJIMYECTBO KOTOPBIX ONPEAEISIETCS MOPSAKOM
YpaBHEHUS ), TOJYYUTh HEU3BECTHYIO (DYHKIIMIO U €€ MTPOU3BO/IHBIE.

4, C 1noMOUIIbI0 yCUIIUTENIEH Gain ¢ peryimpyemMbiM
ko3 uIMeHTOM mepesayd WIM  COOTBETCTBYIOIIMX —HEJTMHEHWHBIX
OJIOKOB MOJYYUTh ClIaraeMble MPABOW YACTU yYpaBHEHHUS (TIOJyYEHHOTO B
n.1) ¥ NOAKITIOUNUTH UX K CyMMaTopy Sum.

5. Buemniorwo cuny F(f) MomenupoBaTh COOTBETCTBYIOLIUM
reHEPaTOPOM.

6. B noinyyeHHOIl cXeMe YCTaHOBUTh KO3(P(UIMEHTH B
COOTBETCTBUU C 3aJJaHHBIM BaPUAHTOM.

7. IIpoBepuTh MOJEIb Ha CTPYKTYPHYIO YCTOMUHMBOCTH: YHUCIIO
MepeMEH 3HaKa CHTHaJa B KaXJIOM 3aMKHYTOM KOHTYpPE€ JOJKHO OBIThH
HEYETHBIM.

8.  HalGparte monens B pabouem okae Simulink.

9. JloGaBuTh B MOJENIb HEOOXOIWMBIC MPUEMHUKH CHUTHAJIOB

Scope, Display, X-Y plot.
Vpaenenue Ban oep llons

Knaccuueckoe HenuHelHoe nuddepeHnnaibHoe ypaBHeHUEe Ban
nep Ilonst 0ObIuHO 3anuchiBaeTcs B hopMe:

d?x 5\ dx
——¢e-\l-x7)—+x=0. 2.1
dt’ o | )dt 1)

OTO ypaBHEHUE ONMCBHIBAET KOJEOATEIbHYID CHCTEMY C
nepeMeHHbIM ko3 dunrieHToM AemndupoBanus. Eciau nepemereHus
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dx
Majbl, TO KOA(DPUIUMEHT Mpu pm OTPHULIATEIICH, YTO COOTBETCTBYET

OTPULIATEIBHOMY JIeMN(UPOBAHUIO U, CIEJO0BATEIbHO, Pa3BUTHUIO
aBTokosicOanuit. Ilpu OonplIMX MepeMenieHusX JaemMndupoBaHue
CTAHOBUTCSI TOJOXKHUTEIbHBIM, TO €CTh YCTOWMYMBBIE aBTOKOJICOAHUS
MOTYT CYIIECTBOBAaTh TOJBKO TMpPH OTCYTCTBUHU JeMII(PUPOBaHUSI.
VYpaBHEeHHE JOCTATOYHO XOPOIIO OMNHUCHIBAET pabOTy HEKOTOPHIX
reHepaTopoB KoJjieOanuil. KaueCcTBEHHBIN XapakTep pelieHUs 3aBUCUT OT
3HaYeHusa Mapamerpa ¢. llpu ManmbIX CpaBHUTENBHO C EIMHULIEH
3HAQYEHUSX € TMOJy4YaloTCs PELICHUs OJIHOrO BHUJA, TOTJA Kak MpH
OOJIBIIINX 3HAYEHUSIX € PEIICHUSI UMEIOT IPYyTOu BU/I.

3amaHue: MPOMOACIUPOBaTH ypaBHeHUE (2.1) mpw 3HAYCHHSIX

e=1, x(0)=2, x(0)=0.
Ypasnuenue Pines

YpaBuenue Panes sxkBuBaneHTHO ypaBHeHHio Ban nep [Toxs (2.1),

d%y dy 1 (dng
@Y Y (D) Ly-0 2.2
a2 | dt 3 \dt Y (2:2)

HO Tpolle, TaK KaK HEJIWHENHOE CcllaraéMoe COAEPKUT JIWIIb
y dx
IIPOU3BOJHYIO ——, & HE JBE IIEPEMEHHBIE X U — .
dt dt

3agaHue: MPOMOACIUPOBATh ypaBHEHHE (2.2) TpU 3HAUYCHUAX

e=0.2, y(0)=1, y(0)=0.
Ypasuenue Mamuve
2

(:it—g/+(a—2-q-c032~t)-y=0. (2.3)

VYpaBHeHnne Martbe mpeacTaBiIsieT cOOO0W ypaBHEHHE BTOPOIO
NopsiIKa C IEPUOIMUECKUM KOI(PPUIIUEHTOM, T/i€ @ U ( - HOCTOSHHBIE.
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3agaHue: NpOMOJICIUPOBATh ypaBHEHUE (2.3) MpU 3HAYCHUSIX

a=1, q=0.02, y(0)=1, y(0)=0.

Jlunetinvle ypasHeHus 6mMopo2o nopsioka ¢ nepemeHHbLMU
K03 puyuenmamu

YpaBHeHnue Jlexanapa:

d? d
(1—t2)-#—2-t-d—¥+n-(n+1)-y:0. (2.4)

3amaHue: MPOMOACIUPOBATH ypaBHeHUE (2.4) TpH 3HAYCHUSIX
n=3, y(0)=3, y(0)=1.

Mooenv HenuneunoU d1eKkmpuyecKol yenu
o\ di : :
L-(l—a-l )-a+R-|:E-smoo-t. (2.5)

JlanHoe ypaBHEHUE NPUOIUKEHHO OMUCHIBAET 1I€Mb, COACPKAILYIO
WHIYKTUBHOCTb C HACHIIAIONIMMCS CTAJIBHBIM  CEPICYHUKOM —

o o .2 di o o
HCIIMHCHUHBIN 2JICMCHT. CﬂaraeMoe, coacpiKaliee 1 - a, - HCJIMHCHUHBIN

YJIEH YpPaBHEHHS.

3amaHue: MPOMOACIUPOBATH ypaBHeHHE (2.5) TpH 3HAYCHHSIX
»=10, E=10,R=1,a=0.1, L=1,i(0)=0.7.

Pe3onancnviii konmyp ¢ nepemenHol emKocmuio

dzq 2
F+o)0-(1—m-coso)1-t)-q=0. (2.6)
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Hcnonb3yss JaHHOE ypaBHEHHUE, OIPEICTsIIOT MTHOBEHHOE
3HaYeHUWE  3apsjla KOHJEHcatopa (  BXOMSIIEro B COCTaB

AJIEKTPUYECKOTO KOHTypa C TMOCTOSSHHOM WHAYKTUBHOCThIO L wm
IIEPEMEHHOM €MKOCTBbI0, MTHOBEHHOE 3HAYCHHE KOTOPOM OIPENEIAETCS
kak C=C,-(1+m-cosm, -t).
C, - cpenHee 3HaYeHHE; M - OTHOCUTEIbHOE U3MEHEeHHe (M << 1);
1
L-C,

3amaHue: MPOMOJACIUPOBATH ypaBHeHUE (2.6) TpH 3HAYCHUSX

m =0.0001, o, =0.005, w, =10, q(0)=10, g(0)=0.

~ - 2
®, - KpyroBast 4aCTOTa M3MEHEHHI eMKOCTH (<< ®); W =

Mooenv neauneuHou cucmemol

2
‘;—;‘+25-(1+0.1-x2)-x=0. 2.7)

C 1noMOIIpIO [TaHHOTO YpPAaBHEHUS OIMHUCHIBAIOT JIBUYKECHHE
MOCTOSIHHOM ~ MacChl, MPUKPEIJICHHOW K HEJIMHEHHOW MpY>KUHE,
KECTKOCTb KOTOPOH pacTET Mo Mepe Bo3pacTaHus AedhopMaluu.

3amaHue: MPOMOACIUPOBATH ypaBHeHUE (2.7) TpH 3HAYCHHSIX

x(0)=3, x(0)=0.
Vpasuenus Boromeppa

JlaHHbIE ypaBHEHUS OIKCHIBAIOT OOpbOY MEXIy IBYMs BUIIAMU
KABOTHBIX:

%:kl'Nl_kS'Nl'Nz

t g (2.8)
dN,
—dt =K Ny =k, -Ny-N,




13

B stux ypaBHeHusix N; m N, - 4YHMCIEHHOCTHM ABYX BHJOB,
KUBYIIUX Ha Kakou-InOO OmnpeAenéHHON TEepPUTOPUU. ITU BUIBI
HaxoJsTCS B KOHKYPEHTHOW OOpbOE JIpyr ¢ IPyrom, XoTsi Obl MOTOMY,
4TO OHHU MOTPEONAIOT OAWH M TOT Xe KopMm. K, K,, ky m Kk, -
MOJIOKUTENNBHBIE  JIEHCTBUTENBHBIE MapameTphl, mpuuém  K,>K;.
ITepBblil UJIeH NMPABOW YACTHU COOTBETCTBYET HOPMAJIbHOMY YBEIMUEHUIO
YHUCIIEHHOCTH, KOTOpO€ HMelo Obl MECT0 B  OTCYTCTBUU
orpaHnurBarOIUX (HaxkTopoB. BTopoil ujieH BbIpaXaeT YMEHBIIECHUE
YUCJIEHHOCTH, KOTOPOE BO3HUKAET B PE3YyJIbTATE KOHKYPEHTHOU OOpPHObI
IBYX BUJIOB JKMBOTHBIX.

3aanne: MPOMOJIEIUPOBATh cucTeMy (2.8) mpu 3HaueHusx K, =2,

k, =8, k; =1, k, =4, N;(0)=10, N,(0)=10.
Bombomemanue ¢ manvix ebicom C yueniom conpomueienus 603dyxa

[Ipy pBWKEHWM CHapsiga C YMEPEHHOM CKOPOCTBKO CHIIA
COINPOTHUBJIEHUS BO3JyXa MPUMEPHO MPOIOPIHOHAIBLHA KBAJpaTy 3TOU
CKOpPOCTU U HampaBiieHa €il HaBcTpeuy. JIBrxkeHue cHapsiga maccod M
ONMCBIBACTCS YPABHEHUSIMU:

ézgcme
L , (2.9)

v=g-sin0—h-v?

rae K - mocrosinHas, onpenensionas BIUSHUE COMPOTUBIICHUS BO3/yXa;
h=k/M; v - cKOpOCTh IBWIKEHHS II0 TPAEKTOpUH; O - Yyroi, Ioj
KOTOPBIM HAaIlpaBJIi€H BEKTOP CKOPOCTH, OTCUHMTHIBAEMBIM BHHU3 OT
TOPU30HTAJIBHOU OCH.

3agaHue: MPOMOACIUPOBATh ypaBHEeHHE (2.9) Tpu 3HAYCHUAX

9g=9.8,h=2,6(0)=0, v(0)=96.

Mooenw 102uueckotl cucmemol

CoctaButh MoAeIb “Bb100p”, MOACTUPYIONIYI0 TaKyH CUTYAIIHIO:
“IlycTth y GonbHOTO moaHstack temmeparypa 39° C. He 3Has nmpuHATH
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JUM eMy JieKapcTBO, 00oibHOM pemaet: “Ecnu TemmnepaTypa NOJHUMETCS
BBIIII€, TO BBINbBIO JIEKAPCTBO, €CJIM CHU3UTCS — HE Oyny MPUHUMATH. A
€CJIM COCTOSIHUE YXYIIIUTCS — TOrJa BBIIIbIO KOMOMHHUPOBAHHOE
aekapcTBo”. B mobom ciaydae OOJbHOM HOJDKEH COOOIIUTh O CBOEM
COCTOSIHMM Bpauy”’. BpiOop OOJBHOrO AOMKEH HWMHUTHPOBATH OJIOK
Combinatorial logic, Ha BXOJQ KOTOPOro JOKHBI IOCTYNATh
00bEeIMHEHHBIC CUTHAJIBI C BBIXOJIOB OyiokoB Constant, uMUTUPYIOIINX
MOBBIIICHUE TeMIEpaTyphl y OonbHOrO (Hampumep “1” — temmeparypa
noBbIcWIaCh, “0” - HeT). Pe3ynbTaThl, MOJYUYEHHBIE B XOJI€ OUYEPEIHOTO
ceaHca MOJICIMPOBaHMS, COXpaHUTh B padoudeir obixactu MATLAB.
Teneps mpeAmnonoxum, 4to OOJLHOM MPUHUMAET PEIICHHE HE Cpa3y
BBINIUTh OJHO WJIM APYroe JeKapcTBO, WM 00a BMecTe, a dYepes
HEKOTOPOE BpEMSs, pEeHIaeT MPUHATh KaXJ0€ MO OTICIbHOCTH U YXKE
MOTOM 3BOHUT Bpaudy. Jlmg Takoll cuTyauuu co34aTh MOJEIb
“Pemienue”, Jyoruka pabOThl KOTOPOM COCTOUT B crleayromem: 1.
BrixogHo#t curnain, chopMupoBaHHBIH B Mojenu “Bwibop”, moipkeH
ObITh cuuTaH u3 padoueit obractu MATLAB u pazgenern Ha TpH
KOMIOHEHTbl  (Pewenue nepgoe aexkapcmeo, Pewenue emopoe
nekapcmeo  u  Coobwenue 6pauyy); 2. 3HAa4CHHE IIEPBBIX JBYX
KOMIIOHCHTOB BBIBOJSTCS OJJHOBPEMEHHO B OKHax JBYX OsokoB Display
(kaxxmoe B cBoeM); 3. Ha crnenyromieM mare paboThl MOJIESIA B TPEThEM
okHe Display BeBoauTcs 3HaueHWe KOMNOHEHTBH CoobweHue
pooumesim.

IIpumeuanue: B 00oux Monenax B pazaene Simulation-Simulation
parameters ma Bkiaake Solver ycranosuts: Stop time=1, Type=Fixed-
step (discrete), Fixed step size=auto mis moxenu «Bwibop» u 0.2 ms
Mozenu «Be1oopy.

Mooenuposanue cryuatinvix cobbimuii

Cozpgate Mogmenu: 1. KoTopas MO3BOJIAET MOJICUYUTATH YHUCIO
NONaJaHuil HEKOTOPOIo MPU3HAKA B 33JIaHHBIN UHTEPBAJ, TO €CTh:

- TEHEpUPYET TMOCIeN0BaTeILHOCTh chaydaiiHbix uuncen (CH),
PaBHOMEPHO pacmpeiesieHHbIx Ha uaTepsane [0;7],

- moacuuThiBaeT yuciio nonaganuii CH B quamnazon [0;5],

- BBIBOJIUT PE3yJIbTAT MOJCUYETA ONEPaTOPYy.
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2. KoTtopas 0O0€CHeYMBAECT PEruCTPaAlMI0 MOMEHTA IPEBBIICHUS
CIIy4YaiHbIM YMCJIOM 33/IaHHOTO 3HAYECHHS:

- TEHEPUPYET TMOCIEA0BATEIbHOCTh chaydaiiHbix uncen (CYH),
PaBHOMEPHO paclpeacaeHHbIX Ha uHtepBaie [0;7],

«  TIOACYUTHIBAET  KOJUYECTBO MOMEHTOB MPEBBILLICHUS
CIIy4ailHbIM YUCJIOM 33/IaHHOTO 3HAYCHUS =4,

- BBIBOJIUT PE3YyJIbTAT MOJICYETA ONEPATOPY .
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3 'enepanus cay4yaiHbIX NPOLECCOB € 33/IAHHOI CNIEKTPAJIbLHOM
IVIOTHOCTBIO

OcHogHble onpeoeieHus.

Crnyyatinbii cueHanl — CUTHAJ, MTHOBEHHOE 3HAYEHHUE KOTOPOTO
3apaHee HE M3BECTHO M MOXKET OBITh IIPEJICKa3aHO JIUIIh C HEKOTOPOM
BEPOSITHOCTHIO, MEHBIIIEH €TMHULIBI.

Cnyuatinoii  npoyecc  (CII) — MareMaTuyeckas  MOJACIb
M3MEHSIOIIETOCsS BO BPEMEHH CIy4alHOro CUrHasia.

Cnyuauinsiii npoyecc X(t) — QyHKIUA, 3HAYSHHUS KOTOPOH B J1000i
MOMEHT BPEMEHHU 1, SBJISIOTCS CTy4allHBIMU BEJITUYMHAMMU.

CII X(t) cmayuonapen B TIUPOKOM CMBICIE, €CIH €T0
MaTteMaTtuyeckoe oxuaanue My u aucnepcuss Dy He 3aBHUCAT OT
BpEMEHHU, a KoppensinuoHHas ¢GyHKIUS Ry 3aBUCUT HE OT caMuXx
MOMEHTOB BPEMEHH, a TOJIBKO OT UHTEPBaJa MEXKIAy HUMHU (O=11—1o!

Rx(t1,t2)=Rx(t—t1)=Rx(o),
Mjx(t)=const, Dx(t)=const.

Cnempanvhas NJIOMHOCTb — BEJIUYMHA, KOTOpast
IPOIOPIHOHATIbHA CPEAHEH MOIIHOCTH IpOIecca B MHTEPBAlIE YacTOT
oT ® 10 ®+dw.

benviti wym — cramuonapusiii CII, cmexTpaibHas IIOTHOCTD
MOIIIHOCTH KOTOPOTO MOCTOsIHHA Ha Bcex yacTtoTax: W(w)=Wyp=const.

Teopemuqecmw yacmo

MHorue curnansl SBISIOTCS JIETEPMUHUPOBAHHBIMH, TO €CTh HX
BpeMCHHass 3aBUCHMMOCTH Y(I) mW3BeCTHAa W HE MEHSCTCA TIpH
HEOJHOKPAaTHOM MOJENUpOoBaHUU. Takue Cur”Haasl YJIOOHBI IS
AHAJINTUYECKOr0 ONMcaHusg W a”anu3a cucreM. Ho Ha mpakrTuke
OOJBIIUHCTBO peaNbHBIX CUTHAJIOB HE ABJISIOTCSA
NETEPMUHUPOBAHHBIMU. OJHOM M3  IPUYMH  OTOrO  SABJISAETCS
3aCOPEHHOCTh CUTHAJIOB LIYMAaMHU U NIOMEXaMU, UMEIOIIUMHU CIy4YanlHbIN
XapakTep C TeM WUJIM UHBIM CHEKTpoM. Takum oOpa3oM, IJisd MOITyUEHUs
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pCAIbHOT'O CHUTHAJIA, UCIIOJIb3YeMOI'0 Ha MPAKTHUKE, HEOO0XOIUMO YMETh
TCHEPUPOBATH TIOMEXH H IPEIKIE BCETrO OCIIBIN IITyM.

[IpeamnonokuM, 4TO B HAIEM PACIOPSHKCHUU MMECTCS TeHepaTop
IIIyMa, BBIXOJHOW CHUT'HAJI KOTOPOrO MMEET CIEKTPAIbHYIO IIOTHOCTh
Sx(®). s MMHUTAIMK IIyMOB HMMECIOIIUX MECTO B PEallbHOM CHCTEME,
TpeOyeTcss BOCHPOM3BECTH CIyYallHBIA CHUTHAJI CO CHEKTPaIbHOU
WIOTHOCTEIO Sy(®) (pucyHok 3.1). s 3TOro HeOOXOAMMO OIPENETUTh
nepenaTounyo GyHkiuo O(jo) auaeiiHoro hopMupyomiero GuibTpa.

X [o@ | Y
Sx(m) Sy((’))

Pucynok 3.1 - JIuneitnas cucrema

N3 Teopunm aBTOMATHUYECKOTO YIPABJICHHS MW3BECTHO, YTO
CIIEKTpaJIbHAA TUIOTHOCTh CHUTHAJIA HA BBIXOJIC JIMHEWHOW CHUCTEMBI
paBHa KBaJpaTy MOMAYJsS YAaCTOTHOM (QPYHKIMU, YMHOKEHHOTO Ha
CIIEKTPAJIBHYIO TJIIOTHOCTh BXOJHOT'O CUTHAJIA!

S, (@) =|0(j- o) Sy ().

Ha ocHOBaHUHM 3TOTO MOKHO HAWTH:

Sy (®)

. 2 .
PO =5 (o)

Eciu B KauecTBE BXOJHOTO CHTHAIa MCIOJIB3YCTCS OCIBIA IIyM,
st KoToporo Sx(m)=1, To
- 2 _
[ D(jo)|” = Sy(w).

To ecTp cnekTpasbHasg IUIOTHOCTh CHTHAJIA HA BBIXOAE B ITOM
clly4ae 3aBUCHUT TOJIBKO OT MapaMeTpPOB JIMHEWHOTO (PUIIbTpA.
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B nanHOil pabore Ha BXoJa (uUIbTpa Kpome Oejoro Iuryma
HEO0OXO0MMO TaKKe M0J1aBaTh MEPUOANYECCKUN CUTHAI (CUHYCOHUY ), TaK
KaKk B peajJbHbIX CHCTEMaX KpPOME IIOMEX, HMMEIONINX CIy9aiHbIHI
XapakKTep, MOTYT IIPUCYTCTBOBATh MTIOMEXH HECIYyUYalHOTO XapaKTepa.

Kak mpaBuio, B KadecTBE JIMHEHHOTO (OpMHUPYIOMIETO (PUIbTpa
UCITIONIb3YeTCs KoJieOaTeIbHOE 3BEHO:

1
2 2 '
T°-p°+2-§-T-p+1

W () = (3.1)

1

rae T =—, ®o — pe30HAHCHAs YacToTa.
o
[Ippu co3maHWM  aKTUBHBIX  Y3KOMOJOCHBIX  (UIBTPOB  C
nepenatouHord (Qynkuuerdn Buma (3.1) TPUMEHSIOT HW30MpATEIIbHBIC
YCUJIMTENH, KOTOpbIE W3 TIOCTYMHalolled Ha BXOJ COBOKYITHOCTH
CUTHAJIOB IIMPOKOr0 JMana3oHa 4YacTOT BBIACISIOT TPYIITY CUTHAJIOB
OJIM3KUX YaCTOT, HECYIIUX MOJIE3HYIO HH(DOpMaIIHIO.

llopsiook evinonnenus pabomoi

1. B makere Simulink cocraButh M HaOpaTh CTPYKTYPHYIO
MOJIe/Ib, TO3BOJISIONIYI0 TEHEPUPOBAThH CIAyYallHBIN mporiecc (Oenblid
IIyM), COJAEp KAl TEPUOIUICCKYIO0 COCTABIISIFONIYIO C YaCTOTOH (1.
JlaHHass MojeNb AOJDKHA MPEACTaBIATh cO00M (UIbTp (KoJjiebaTeabHOe
3BE€HO C TepenaTtoyHoi ¢yHkiuen (4.1)), Ha BXOJ KOTOPOTO IMOJAETCs
CyMMapHBbI curaain oemoro mryma u cuaycounsl f(t)=A-sin(w-t).

2.  Wswmensas xodddummeHt aemmndupoBaHus o (B HHTEpBae
0.3+0.7 MeTtomoM JiefieHHs TONOoJIaM) B TEpeAaTOYHOM (YyHKIHMH
(GunpTpa MOJYYUTh HA €r0 BBIXOAE CIIyYalWHbIM CUTHAN C 3aJaHHOU
CIIEKTPaJIbHOM IUIOTHOCTBIO.

[Ipu cocTaBieHnU MOJIeId HEOOXOUMBI Oy YT OJIOKH:

- Band Limited White Nose — rereparop Oenoro myma (pHCYHOK
3.2, A);

- baok Averaging Power Spectral Density wu3 0Oubmnoreku
Simulink Extras — npenHa3HadeH I HATJISTHOTO TPEICTABICHUS
GbOpMBI  BBIXOJHOTO CHTHajla M €ro DSHEPreTMYECKOr0 CIEeKTpPa;
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HEOOXOJMMO UCIOJIB30BATh CJCAYIOIIMEe HACTPONMKU JAHHBIX OJIOKOB
(pucyHke 3.2, b):

Block Parameters: Band-Limited White Noise x| |

— Continuouz ‘White Moize. [mazk] [link]

White noize for continuous [z-domain] systems. B and-limited uging
zero-order-hold,

— Parameterz
Moize power;

o]
Sample time;
|01

Seed:
|[23341]

¥ Interpret vector parameters az 1-0

] Cancel | Help Sy |

A

Block Parameters: Averaging Power Spectral De..

— Spectrum Analyzer [mazk] [link]

Spectium analyzer uzing graph window,

— Parameters
Length of buffer:
128
Mumber of points for
|2n4a
Flat after how many points:
|54
Sample tirme;
|1
ak. Cancel | Help | Sy
b

Pucynok 3.2 — bnoku, HeoOX0AMMBbIE JJIs1 COCTABIICHUS MOJICTN B
Simulink
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MeToa OCHOBaH Ha JEJICHHHM TEKyIIEro orpe3ka [a, D] Ha nBe
paBHbIE YacTU C TMOCIEAYIOIUM BBIOOPOM OJIHOM W3 TIOJIOBUH, B
KOTOPOM HAaXOJUTCSI MAaKCHUMYM B KaueCTBE CIEIYIOIIETO TEKYIIEro
otpe3ka. Yem Ommxke korduuueHt nemnduposanus o k 0.3, Tem 6osiee
BBIpAKEHA PE30HAHCHAs 4YacToTa B  CIEKTPaJbHOW IUIOTHOCTHU
BBIXOJITHOI'O CUTHAJIa M1 HA00OPOT.

B tabnuie 3.1 npeacTaBieHbl XapaKTEPUCTUKU, HEOOXOAUMBIE IS
IOCTPOCHUSL  CIIyYalHbIM CUTHAJI C 33aJaHHOW  CHEKTPaJIbHOU
IJIOTHOCTBIO.

Taomuma 3.1 — UnauBuayaasHbIe 3a1aHUS

Ne [A 1 o Stop time | Sy(w)

1 101 5 10 400 pucyHok 4.3, 1
2 |01 7 12.5 400 pucyHok 4.3,.2
3 (0.1 3 4.5 200 pucyHok 4.3, 3
4 |01 4.5 6.7 250 pucyHok 4.3, 4
5 |01 3 3) 200 pucyHok 4.3, 5
6 |01 4 8 400 pucyHok 4.3, 6
/7 101 6 11.1 300 pucyHok 4.3, 7
8 |01 2 3.84 250 pucyHok 4.3, 8
9 |01 4 7.69 400 pucyHok 4.3, 9
10 10.01 2 4 400 pucyHok 4.3, 10
11 10.04 5 9 300 pucyHok 4.3, 11
12 10.01 2.5 3) 400 pucyHok 4.3, 12

Ha pucynke 3.3 npencTtaBieHbl CIy4allHbIE CUTHAJbI C 3aJaHHOMN
CIIEKTPAJIbHOM INIOTHOCTBIO.

Stop time — Bpems monenupoBanus (Simulation — Simulation
parameters — Stop time).
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4 Unentuduranus IMHAMUYECKUX 00bEKTOB 10 MePeX0AHbIM
GyHkuuam

Teopemuqecmte ceéedeHus

Hoeumudgpuxayus (identificare, nam.- y3HaBaTh) — OLICHHBAHUE
CTPYKTYphl U MapaMeTPOB CUCTEMBI IO pe3yJibTaTaM AKCIEPUMEHTOB C
Heil. HaumbGomee wuHbOpMaTHBHA UIACHTUPUKALMS CHUCTEMBI  IIO
pe3ysbTaTaM aKmuseHblX dKcnepumernmos (C BMEIIaTeIbCTBOM B padoTy
00bEKTa C TIOMONIBIO TMPOOHBIX curHaiaoB). Haubonee ynoOHbIN
NpoOHBIA CUTHAI — CKAa4YKOOOpa3HOE W3MEHEHHE YIIPaBJISAIOIIETO
CUTHAJIa WM BO3MYIIECHHUS, ICHCTBYIOIIETO HA CUCTEMY.

Mertannyprudeckue MaluHbl U arperaTthl, Kak IpaBuUiio, padoTaroT
B HEMIPEPBHIBHO-TUCKPETHOM PEXKHUME, TOITOMY BMECTO MOJAYH MPOOHBIX
CUTHAJIOB 4acTo MOYHO UCIIOJIb30BaTh CKa4uK00Opa3HbIe
TEXHOJIOTUYECKHUE BO3MYIIEHUS (HampuMep, 3arpy3ka OdepeaHoiu
MOPUMHU IIMXThl B IOMEHHYIO M€Yb, HaYaJl0 MPOJYBKH B KOHBEPTOPE,
3aXBaT 3arOTOBKU MPOKATHBIMU BaJKaMU U JIp.).

3aperucTpupoBaHHbIM TpapuK U3MEHEHHUS BBIXOJHOW BEIUYMHBI
MPU CKAaYKOOOpa3HOM BO3MYIIEHUU Ha BXOJE — HEPEXOOHVIO (DYHKYUIO
TEXHOJOru4ecKkoro oowekra ympasieHus (TOY) MOXHO HCMONB30BAThH
TSI €70 UACHTU(DUKAIINH.

Ecnn IIOCTAaBJICHA  3ajada aBTOMAaTH3aLAN TOY, TO
UICHTU(PUKAIIMIO  CJIEAyeT  MPOBOJUTH  CPEICTBAMHU  TEOPHUU
aBToMaTudeckoro ynpasieHus (TAY), T.e. npeacTaBuTh 0OBEKT B BUJIE
HEKOTOPOTO COEJWHEHHUSI THUIIOBBIX 3BEHbEB TAY, IJIMHEUHBIX U
HEJIMHEWHBIX.

[TomyuuB rpaduxk mnepexoaHod (YHKIMH, BHa4Yaje BBITIOTHSIOT
CMPYKMYPHYI0 udeHmuguxkayuro — OEHUBAHKE MOPSJIKA NepeaaTOUHOM
byHKIIMKU 00BEKTa, BUJA €ro HelnuHeHocTel. [Ipu 7ToM OCHOBBIBAIOTCS
Ha 0COOEHHOCTSX rpa)MKOB NEPEXOAHBIX (DYHKIIHM.

Jlanmee BBINOIHAIOT — naApamempudeckyio  UuoeHmu@ukayuro —
OIICHWBAHWE TMapaMeTpoOB CHUCTEeMBbl (KOA(DPHUIIMEHTOB TMepeIaToOuHON
GyHKIIMKM MO0 ypaBHEHUN HEIWHEUHBIX 3BEHBEB) MNPUOJIMKEHHBIMU
YHCJIEHHBIMU MeToaaMu TAY.
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['padudeckn  MOXHO  ONPENETUTh  IOCTOSIHHYIO  BpPEMEHHU
MHEPIMOHHOTO 3BEHA (KaK ATO MOKa3aHO B TAOJMIIE) WA MOCTOSHHYIO
BPEMEHU KOJ1e0aTeIbHOTO 3BEHA:

T=T./2m,

rie Tx — mnepuoa CoOOCTBEHHBIX KoJieOaHul, a KodppuIueHT
nemidupoBaHus KojaeOaHUN OMpenensitoT mo rpaduky B 3aBUCHMOCTH
OT BEJIMYUHBI OTHOCUTEIHHOTO TIepeperyIupoBanus (pucyHok 4.1)

180 T
170 +
1680 1
150 +
14D +

130 T

MepeperynupoBaHne, %

120 +

110

100 f f f f f f f f t -
H c1 02 03 04 05 OB OF 08 09 10

Koad.gemngpupoeanua

Pucynok 4.1 — I'padguk 3aBUCUMOCTH OT BEJIMYUHBI OTHOCUTEIHHOTO
nepeperyIMpoOBaHus

Hoenmugurxayus ¢ nomowpio Hacmpausaemou mooenu
bonee TOYHO BBHITIOJIHUTH MMAPAMETPUUECKYIO HJICHTH(PHUKAIUIO
MoxkHo Ha [I9BM, HampuMmep, ¢ HMOMOIIBIO CHCTEMBI CTPYKTYPHOTO
moenupoBanus Simulink.

Ilopsoox nposedenus pabomoi

1. Ilo pe3ynbraraM CTPYKTYpHOM HJCHTHU(UKAIUM cOOpaTh U3
onoxoB Simulink Momens B Buie coequHEHUs TUIOBBIX 3BEHbEB. Ha
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BXOJI MOJIEJIM T10JIaTh CKA4YKOOOpa3HbI BXOJHOM CUTHAJ C reHeparopa
Step.

2. Tlo pe3yJibTaTam IIPEABAPUTEIILHON YUCJIIEHHOMN
napaMeTpU4eCcKOl HUJICHTU(UKALIMKU 3a]1aTh MPEANOJaracMble 3HAYCHUS
MapaMeTPOB CUCTEMBI.

3. 3agaHHyr nepexoaHyro GyHKnuo B Bujge MANe . mat —
¢haiima BBECTH B MOJIEIIb C TIOMOIIBIO TeHepaTtopa From File.

4, CobOpaTh cxeMy ISl KauyeCTBEHHOTO CPaBHECHHUS 3aJaHHOMN
nepexogHo  (PyHKIMM U BBIXOAHOTO CUTHajda CHUCTEMBl Ha
ocrutorpade Scope.

5. CoOpate cxemy Il KOJMYECTBEHHOT'O CPABHEHHUS DJTHX
CUTHAJIOB MO MUHUMYMY CPEIHEKBAJIPAaTUYHON OIIMOKH WJIM CpeaHEen
OIIUOKHU MOZYJISI.

6. IlomoOpaTe omTUMajbHbIE 3HAYCHUSI TApPAMETPOB MOJIEIH,
MOJIb3YSICh, HAPUMEDP, METOAOM MOKOOPAMHATHOI'O CITyCKa.

3anucarh MOJYUYCHHBIM YMCICHHBIN BUJI MIEPEAaTOUHON QYHKITUH.
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5 MopaesunpoBanue 00bEKTOB € pacnpe/eJeHHbIMHA MapaMeTpamMu
Kpamxue meopemuueckue ceedenus

Huddepenimanbuoe ypaBHEHHE TEIUIONPOBOJHOCTU JIsI OJHOM
MPOCTPAHCTBEHHOW KOOPJIUHATHI OYJI€T UMETh BUJ

2
au_aau LAy

_ = ) 5.1
ot ox:) c-p oD
] ou
rie E — YJaCTHaid HpOI/IBBO,Z[Ha}I TCMHGpaTypI:-I 10 BpeMCHI/I; ax—z —

YacTHasl TPOU3BOHASI BTOPOTO MOPsIAKA TeMIIEpaTyphbl IO KOOPAMHATE;
a — Koaghguyuenm memnepamyponpogoonocmu; (|, — Mmenio8ol NOMoK
BHYTPEHHUX HCTOYHHMKOB Teria [Bt/mM?]; p — miomnocms [Kr/M3]; ¢ —

mennoemkocmo [JIx/Kr-Tpan].
B tepmuHax BekTOpHOro aHanuza ypaBHeHue (5.1) Oyaer umethb

BH]
M _ g au+ Iy (5.22)
ot C-p
M _ g2y v (5.26)
ot C-p
N _ div(a - grad(u)) + -3 (5.2¢)
ot C-p

B 3THX ypaBHEeHMAX AU — omeparop Jlaraca; VU — omeparop

Tamunsrona; div(grad(u))= Au=V?u — nuseprenmms cpaduenma

memnepamypet,

I’ paouenm memnepamypvl — 3TO BEKTOp, HAIPABJICHHBIA IO

HOPMaJIK K H30TEPMUYECKON IOBEPXHOCTU B CTOPOHY BO3pACTaHUA
TEMIIEPATYpPbl U YUCIEHHOW PaBHBIN MPOU3BOJHOM OT TEMIIEPATYPHI I10
HTOMY HallpaBJICHUIO.
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Kosgppuyuenm - memnepamyponposoonocmu  XapaKTepu3yer
CKOpPOCTh WU3MEHEHUS TEMIEPATYPBI. Koadpdunuent
TEMIIEPATYPOIPOBOJHOCTH  SIBJISIETCS ~ MEpPOH  TEIJIOMHEPIIMOHHBIX
cBoiicTB Tema. W3 ypaBHeHuss (5.1) craeayer, UYTO U3MEHEHHE

ou .
TeMIIepaTypbl BO BpPEMCHU E Ui J1I000M TOYKH MPOCTPAHCTBA

MPOMOPIMOHATLHO BennunHe a. CKOpOCTh U3MEHEHHS TEMIIepaTyphl B
mo0oi Touke Tena OyaeT Tem Oosblie, yeMm Oosbine KOADPUIIUEHT
TEMIIEPATypPONPOBOAHOCTH. [l0oATOMY mpH MpOUYMX PaBHBIX YCIOBHUSX
BBIpAaBHHMBAHUE TeMIIEpaTyp BO BCEX TOYKaxX IMPOCTpaHCTBA Oyjaer
MPOUCXOIUTh OBICTPEE B TOM TeJle, KOTOpoe 00JamaeT OOJbIIUM
Kod(ppurmenToM TemIepaTypornpoBogHOCTH. Bennunna koaddunnerta
TEMIIEPATypPONIPOBOAHOCTH  3aBUCUT  OT  MNPUPOABI  BEIIECTBA.
Koadduimenr TemmepaTypornpoBOJHOCTH MOXKHO BBIYUCIUTH  I10

dbopmyne

o= ) (5.3)
p-c

A — k03hPUITMEHT TemIonpoBOAHOCTH [BT/M Tpan].
[Toncrasisist BeIpaxkenue (5.3) ypaBHenue (5.1) nmoaydaum

C.p._: o —— +qV (54)
X

Kosgppuyuenm mennonposoonocmu xapakTepusyeT CIOCOOHOCTH
T TPOBOAUTH Termo. Yem Oonbiie kodhPUIMEHT, TeM ObIcTpee
porpeBaeTcs TeIO.

PaznuyaroT cmayuonapuulti 1 HecmayuoHapHvlll TPOIECCHl TUIIBI
nepenauu. Ilpu  ycraHoBuBmIeMca — (cmayuoHapHom  PEXKUME)
TeMrepaTypa Tejla He 3aBUCUT OT BPEMEHH M TO3TOMY JIeBas YacTh
mudepeHImanb HOTO YpaBHEHUS TEIUIONPOBOAHOCTH paBHA Hy0. [Ipu
HECTAIIMOHAPHOM PEXKHUME TeMmIepaTypa Teja 3aBHUCUT OT BpeMeHH. B
Cllydyae CTallMOHApDHOTO pPEXHUMa HCIOJB3YyeTCs ISl pelIeHus
INIUNMUYECKOe YPABHEHHWE, a B ClIydya€ HECTAI[MOHAPHOTO pEeXUMa
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UCIIONIBL3YETCS napabonruveckoe ypaBHeHue. B ciydae, eciv B Tee HET
BHYTPEHHHUX UCTOYHUKOB TEILIa, BeIpaxkeHue (, =0.

s 4uciieHHOro pelieHus 3aJadyd PaclpoCTpPaHECHUs TeIia B
MJIaCTUHE HEOOXOAUMO 3aJaTh HAud/lbHble YCIOBUS U 2pAHUYHble
(kpaesvie) ycmoBusi.

Hauanvuvie yenosus YCTaHABJIUBAIOT pacIpeiesieHue
TEMIIEPATYPHI B TEJIE B ONPEACICHHBIA MOMEHT BPEMEHH, Yallle BCETO B
MOMEHT BpeMeHu t = 0.

Kpaesvie ycnoeus XapakTepu3ylOT TEIUIOBBIE YCJIOBUA Ha
MOBEPXHOCTH Teja, KOTOPHIC JOKHBI OBITh U3BECTHHI B JTIOOOH MOMEHT
BPEMEHH.

PaznuyaroT cienyronme BUAbl TPaHUYHbBIX (KPAaeBbIX) YCIOBUM.

e [panuunvie ycnosus tniepBoro poxaa. Ilpm sTOM 3amaercs
pacrpesiesicHue TeMIepaTypbl HAa NOBEPXHOCTH TeJla A KaKJIO0ro
MOMeEHTA BpeMeHu. [1o npyroMy nx Ha3bIBaKOT eie ycarosuamu Jupuxie.

e [ panuunvie ycnosusi BTOporo poxpa. Ilpum sTOomM 3amarorcs
BEJIMYMHBI TEIJIOBOTO MOTOKA ISl KAXKJIOW TOYKM MOBEPXHOCTH TEJIA U
1000r0 MOMEHTa BpeMeHH. 1o apyroMy uX Has3bpIBarOT €LIE VCI08UAMU

. o u
Heitimana. TennoBou OTOK NMPONOPLUHUOHATICH an’
n

e [panuunvie ycnoeua Tperbero poxaa. Ilpm »TomM 3amaercs
TEMIEpAaTypa OKpY>KAloIIe cpeabl M 3aKOH TEIIOOOMEHa MEXIy
IIOBEPXHOCTBIO U OKPY’KAIOIIEH Cpenoy. ['paHuYHOE YCIIOBUE TPETHETO
pola XapakTepU3yeT 3aKOH TEIUIOOOMEHAa MEXAY IOBEPXHOCTBIO U
OKPY’KaroIIEN Cpelo B IMPOLECCE OXJIAKIAEHUS U HATPEBAHMS TeJla.

e [ panuunble yCi06us 4ETBEPTOrO POAa XapaKTepU3YIOT yCIOBHSA
TEMJI000MEHa CUCTEMBI TEJI UJIU TeJa ¢ OKPYKAIOLIEH CPEIoH M0 3aKOHY
TEIJIONPOBOIHOCTH.

Pewenue ypasnenuut mennonposoornocmu 6 cucmeme MATLAB

B cucreme MATLAB nuddepenunanbabie ypaBHEHUSI B YACTHBIX
npou3BoAHblXx (PDE) Moryr OBITH peIIeHBI METOJOM KOHEYHBIX
AJIEMEHTOB ABYMS CIIOCOOAMU:

1. Tlytem coctaBienus nporpammsl Ha sizbike MATLAB,;

2. llppy momMoimM CrneuuajdbHOW TMaHEIu HWHCTPYMEHTOB —
rpadudeckoro uaTepdeiica monp3oparens (GUI) PDE Toolbox.
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B nmannoi#t pabore Oyner paccmaTpuBaThcs BTOpoil crocod. OH
MO3BOJISIET PELIATh MOCTABJICHHBIE 33/1a4l C TPAHUYHBIMU YCIIOBHUSIMHU
Jlupuxne n Hetimana.

Jliis 3anycka PDE ToolboX B koMaHIHOM CTpOKE OKHA yIpaBICHUS
HY)KHO BBINIOJIHUTH KoMmauay pdetool. ITocie dyero otkpoercs OKHO, B
KOTOPOM HAaXOJSITCSd HHCTPYMEHTBHI M pabouas 00jacTh, B KOTOPOM
CTPOUTCS U OTOOPaKAETCs YUCICHHOE PEIICHUE YPABHEHUM.

[Ipumep

PemmTh 3a1auy HarpeBa miaCTUHBI TOJIIUHOM 2 CM., BBICOTOM 1,6
cMm. IlocpenuHe TMIIACTUHBI MMEETCS MPSIMOYTOJIbHOE OTBEPCTUE
mmpunor 0,1 cm. u Boicotor 0,8 cMm. IIpoaomKUTENTLHOCTh HarpeBa o
CEKYH/I.

['paHn4HBIE YCIOBUS:

e U =100 — na 1eBoi1 rpaHUIIC;

e U=-10 — na mpaBo#i rpaHuIIE;

du

® Ha OCTAJIbHBIX I'PAHHUIAX —— = 0.

Havanmeaoe ycmoBue U(0)=20. Ompenenuth pacmpeaeicHue
TeMIepaTyp Mo JJIMHE MIACTUHKHU.

Pemenue

1. Heob6xomumo HapucoBaTh 00bekT B cpeae PDE Toolbox. Jlns
0oJiee TOYHOTO TTOCTPOCHUSI HEOOXOANMO MEPEUTH B PEKUM CETKH. [
ATOro HeoOXoaMMO 3aiTH B MeHIo OptionNS W aKTUBHU3UPOBATH ITYyHKTHI
Grid (BkiIrOYaeT M OTKIIOYACT PEKHUM CETKH) U SNap (MpuBs3Ka K y3jaM
cetkn) (pucyHok 5.1). ITymkr AXes limits ycraHaBimMBaeT TpaHHIIBI
KOOpJIMHATHBIX oceid, a AXeS Equal BeipaBHMBaeT MacmTadbr oceit. Jliis
IOCTPOCHHS OTBEPCTHS HE0OXoauMo 3aiTh B moameHto Grid spacing u
HAHECTH  BCIIOMOTaTeJbHbIE JIMHUKM  CeTKU. Jlns  u3MeHeHus
KOOPJMHATHOW CETKH HEOOXOIMMO OTKJIFOUUTH pekum Auto.
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<} PDE Toolbox - [Untitled]

File Edit | Options Draw Boundary PDE  Mesh Solve Plot Window  Help
<} Grid Spacing _al =]l
Grid Spacing... L
v Snap #-awiz linear spacing: [T auto
fmes Limits. .. | 150515 -
ctizs B H-amiz extra bicks:
Turn off Toolbar Help
| 0.050.05
£oom
-amiz linear spacing: [V &uto
Application r
[ 1:0.21
Befrezh
“r-amis extra bicks:
02p------------ I
R &pply | Diohe |

Pucynok 5.1 - 3aganue napamerpoB oceit B PDE Toolbox

2. Tlocme aTOr0 MPOU3BBOAUTCS MOCTPOCHUE JIBYX O0IacTel, Kak

nokazaHo Ha pucyHke 5.2. B crpoke gopmyn ucnpasnsercs R1+R2 na
R1-R2.

0| @[ <| ®| > | sa|roe| A £ = | ) =\ |[Gensic sodar <[ %18
Set formula: [RiR2
1 : ! BN : !
) I | 5 i | ___________ i
OBfF------------ E, ___________ _
I E, ___________ _
02f - ___________ i
R R h
R A _
L2p------------ E, ___________ _
L4p------------ E, ___________ .
-] RN ----------- .
= 4: ........... 4

Pucynok 5.2 - Bug niactunsl
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3. B PDE Toolbox MoxHO 3amaBaTh I'paHHYHBIC YCIOBUS Jupuxie
u Heumana. 3aganuM cHavana rpaHu4Hble yciioBusa Helimana, KOTOpbIE
3a/1a10TCsl CIAEAYIOIUM 00pa3oMm:

e HaxxumaeM KHOIIKY |8Ql mocme Toro kak I'paHULbl MJIaCTUHBI
OyayT OTOOpakaThCs B BHJIE CTPEJIOK YEPHOTO IBETa HEOOXOIUMO
HaxaTh KoMmOuHaruio kmapumn Ctrl+A  nmug  BBIICICHHS — BCETO
nepumeTpa. PaBEeHCTBO HYJIFO TETJIOBOIO MOTOKA €CTh YAaCTHBIM CIIy4au
ycnoBuit Hetimana. Heobxoaumo 3aiit B MeHro Boundary u BeIOpaTh
nyHkT Specify boundary conditions. B oTkpeIBIIEMCsT THaIOrOBOM OKHE
ykazatb TN — ycnoBus Heiumana (pucyHok 5.3). Jmga mnomyudeHus
TEIJION30JIMPOBAHHBIX BEPXHUX U HIDKHUX TPAHUIl U TaKUX K€ TPAHUIL
IJJACTUHBI C OTBEPCTHEM HEOOXOAMMO, 4YTOOBI KOI(PUIMEHTHI (
(TeroBoi MOTOK) U ( (kosghduyuenm mennoomoauu) ObLIA PaBHBI
Hyr0. [Tociie 3Toro cTpesku 1mo nepuMeTpy U3MEHST IIBET Ha CHHHM.

+} Boundary Condition Mi=]E3

Boundary cond. equation: nekgrad(T +g*T=g
Condition bype; Coefficient  Walue Drescription
ie N R q 0 Heat flue
™ Diichlet q 0 Heat transfer coefficient

i i =i

| 0 | ErpEeratine

ak. Cancel |

Pucynok 5.3 - 3agaua ycnoBuii Heiimana

o ITocne sToro Ha npaBo (pUCYHOK 5.5) U Ha JICBOW I'paHUIIAX
(pucyHOK 5.4) muacTuHbl 3amaguM ycioBus Jupuxie. h — BecoBoit
K03 PuIMEeHT, a I — 3aJaHHas TeMIiepaTypa (pUcyHok 5.4).
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+} Boundary Condition [_ O]

Boundan cond. equation: h*T=r
Condition tupe: Coefficient  Walue D'ezcription
W N | ||:| Heat fux
= Diricklet | ||:| Heat tratizten caeticient

h I 1 Weight

r I 100 Temperature

] | Cancel |

Pucynok 5.4 - 3agaua ycinoBuid [Jupuxie s 1€BOUW TPaHUIIBI

-} Boundary Condition _ O]

Boundary cond. equation; h*T=r
Condition bype: Coefficient  Yalue D'escription
W Meumsr | ||:| e At e
&% Dirichlet q I i Heat tratisfern coeffizent

h I 1 Wieight

I I A0 Temperature

E. | Cancel |

Pucynok 5.5 - 3agaua ycinoBuid /Jupuxie s npaBoil TpaHUIIbI

4. Tlocme 3agauM TPaHUYHBIX YCIOBHH HEOOXOIUMO pa3OUTh
ILIOIA1b HA KOHEUYHbIE YJIEMEHTHI, HaxaB | <2y 44| Heckombko pas.

5. Tlocie »TOoro HEOOXOAMMO YyKa3aThb THII M IapaMETPHI
auddepeHnraibHoro ypaBHeHus. B mynkre Options B mOAMyHKTE
Applications meobxomumo BeiOpath Heat Transfer. Tak kak B Hairem
cllydyae  MPOLECC  HeCmayuoHapHuli,  BbIOUpaeM  ypaBHCHHE
napaboauiecko2o TUMa

[IpuBeneHHOE YpaBHEHME MOJTHOCTHIO COBIAMAET C MPUBEICHHBIM
BbIllic ypaBHeHHEM (5.4), 3a HCKIIOYECHHEM TOr0O MOMEHTA, 4YTO B
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ypaBHCHUH, IPHBEACHHOM B JHAJIOIOBOM OKHE, YUHMTBIBACTCS TAKXKE W
KOHBEKTHBHAsI COCTaBIISIOIIA.
B nuanoroBoM OKHE 3amucaHo CASAYIOIIee ypaBHCHUE:

rho-C-T'—div(k-grad(T))=Q+h-(Text - T) (9.5)

2
. u
rje rho-C-T’:c-p-a—u; div(k -grad(T))= A - 8—2 ;
ot OX
Q=0,— BHyTpeHHsis OHeprusi; h -(Text —T) — KOHBEKTHUBHas
COCTaBJIsIOmIasl, peanusyromas 3akoH Hprorona — Puxmana, h -

Koo puyuenm mennoomoauu. 3aaluM HapaMeTpbl, KaK MOKa3aHO Ha
pucyHke 5.6.

<} PDE Specification - |O] x|
E quation: thoFCT -divlk*grad(T |J=0+hT ext-T]. T=temperature
Type of PDE: Coeffizient Walue Drezcription
" Elliptic tho |10 Density
i+ Parabolic C |10 Heat capacity
' Hypetbolic k. I 1.0 Coeff. of heat conduction
) Egennmdes a I 0 Heat source
ki I 0 Cony. heat transfer coeff.
Text I 0.0 Eternal temperature
)8 | Cancel |

Pucynok 5.6 - 3agauya mapameTpoB nuddepeHnanTbHOr0 YpaBHEHUS

6. HawampHble ycnoBus 3agaauM B MeHIO Solve. B myHkTe
Parameters 3amaguM BpeMs MOJEIMPOBAHUS W HAYaAJIbHBIC YCJIOBHS:
u(0), u’(0)=0. Ero moxHo 3amaTh orpe3koM (0:5) wim uMHTEepBaIaMu
(0:0.1:0.2:03:5). HuTepBansl He o00s3aTeIbHO paBHbIC. 3HAYCHUS
OTACISIOTCS ABOECTOUMEM (PUCYHOK 5.7).
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<} Solve Parameters H=] E3

Time:

| 05
(0] §

|zn

Fielative tolerance:

| 0.01

Abzolute tolerance:

| 0.001

Ok | Cancel

Pucynok 5.7 - [TapameTpsl BpeMEHHU U HaYaJbHBIX YCIOBUU

7. Jlns ynydiieHusT KadecTBa OTOOPaKEHHS PEIICHHUs MOKHO

clelaTh HEKOTOpbIe HacTpoiku. Hakath N OTKPBIBIIEMCS
JIMAJIOTOBOM OKHE YKa3aTh (pUCYHOK 5.8):

<} Plot Selection _|O]
Plat type: Property: |dzer entry: Plat style:
[+ Colar -
Itemperature j I Ilnterpulated ghad. j
[~ Cortaur
v Arrows Itemperature gradient j I Ipropurtiunal j
[ Deformed mesh Itemperature gradient j I
[~ Height [3-D plat] Itemperature j I Icontinuuus j
W Animation phionz. ..
[V | &nimat Opt
[~ Platin = grid Cantour plat levels: I 20 [+ Plat solution autamatically
™ Show mesh Calormap: Ith j Time: fior plat: I 5 vI
Fliot | Done | Cancel |

PucyHnok 5.8 - Pactnpennsie mapaMeTpbl BEIBOJA PEIICHUS

8. IlomaB komanmy Plot HaOmomaeM HCKOMOe pacrpeaeicHue
TEMIIEPATYP.
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3aoanus 0151 CAMOCMOAMENbHO20 8bINOJIHEHUS

3aoaua 1

PemmTh 3a1auy HarpeBa miaCTUHBI TOJIIUHOM 2 CM., BBICOTOM 1,6
cM. Ilo cpenuue niacTuHbl UMeEeTCst Kpyriioe oTrBepctue paauycom 0,2
cM. [IponommxkurensHOCTh HarpeBa 20 cexkyHI. [ paHUYHBIE YCIOBHUS:

e U = 500 — mnHa BHyTpeHHUX TrpaHUIaX (HAa TpaHUIAX C
OTBEPCTHUS);

e U =300 — na mpaBo# u JIEBOIl rpaHUIIC TJIACTUHBI;

¢ Ha OCTAJIbHBIX I'PAHHIAX yi .

HauansHoe ycmorue U(0) = 20.

BriBecTn pacnpeneneHue TemIieparype IO UIMHE TUIACTUHKH.
[JIOTHOCTP W TEMJIOEMKOCTh IUIACTUHBI MPHUHATH paBHbIMU 1, a
KOA(DPUIIMEHT TEeTTONPOBOHOCTU MPUHATH paBHBIM 200.

3aoaua 2

3amath CTEpKEHb pamuycom 1 cM. B crepxxkHe uMmerorcs aBa
otBepcTua Tonmmuo 0,2 cm u BbicoTOoM 0,8 CM, KOTOpBIE MOTYT
pacrojaraTbCsi MPOU3BOJILHO B JIOOOM MecTe cedeHus. llomyduts
pacrpeziesieHle TeMIlepatyp B npeaenax oonactu. [IponomKkuTenbHOCTh
Harpesa 20 cekyn. ['paHu4YHbBIC YCITOBHUS:

e U =250 — Ha BHEIIHUX TPAHUIIAX CTEPKHS,

e U =150 — Ha BHYTpEHHUX TPAHUIIAX;

Hauanenoe ycnoBue U(0) = 20 o anuHe ctepxkHs. [ImoTHOCTE U
TEIUIOEMKOCTh CTEPKHSI TMPUHATH paBHbIMU 1, a ko3 PuuUeHT
TEIJIONPOBOAHOCTA TPHUHATH paBHbIM 20. I[lpu pernieHun ypaBHEHUS
YYECTh KOHBEKTHUBHYIO COCTaBIAIONIYI0. Temmeparypy OKpy»Karouieu
cpenbl puHATH paBHOU 20°C. KoaddunueHT Temwmootnauyn K MpuHATH
pPaBHBIM 2.
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