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1. JlaGopaTopHnas padora Nel
KOMITbIOTEPHOE MOJIEJTMPOBAHUE CBOBOIHBIX KOJIEBAHUI
MATEMATHUYECKOI'O MAATHUKA B ITAKETE MATHCAD

Ilenv padomur:

1.  Ilocmpoums mamemamuueckyro Mooeilb C80O0OHBIX KOleOaHull
MamemMamudecko2o MAasmHuKa npu pasiudHblX HA4aibHbIX VCI08UAX U NOAYYUMD
peutenusi ouggepenyuanbHo2o ypasHeHus: cpeocmeamu NpocpamMmMHO20 HaKema
«MathCADy,

2. Ilo nonyuennvim epagukam conocmasums pe3yibmamvl peuleHull
MOYH020 U NPUOIUNCEHHO020 OUPDepeHYUATILHBIX VPABGHEHULL,

3. [Ilpeocmasums pe3ynrbmamsl pabomsl 8 6ude AHUMUPOBAHHOZO
U300padiceHuss KOAeOAHUU MAMeMaAmuyeckKko20 MAsmHUKd, peaiu308aHH020 C
HOMOWbI0 KOMNOHeHmbl npocpammnoz2o nakema « MathCAD ».

Oovekm wuccnedoeanusn: mamemMamuyecKuii. MAAMHUK C  PAaA3TuyHbIMU
8UOAMU MpeHUsl 8 MOUKe nooseca.

Annapammuvle cpeocmea: supmyanvhas nabopamopusi na IBM IBM PC,

npoepammuwlii mamemamuyeckuti nakem «MathCADy.

1.1 ITocTpoeHue Moe 1M MATEMATHYECKOT0 MASITHUKA
MaremMaTH4eCKUid MasSTHUK TPEACTaBIsseT CcoOOW Tpy3 Maccoid m,
NOJBEUICHHBII HAa HEBECOMOM CTepXKHE muHbl {. BepTHkanbHOE MOJI0KEHUE

CTCPIKHA COOTBCTCTBYCT ITOJOXKCHHUIO PABHOBCCHUA MAasATHHKA.
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Puc.1. MaremaTndyeckuii MassTHUK Impu OTCYTCTBUHU CHJI COIIPOTHBJIICHHA B

TOYKC ITOABCCA.

CocraBum CYMMY MOMCHTOB JIJIA HaHHOfI MEXaHUYECKON CUCTEMBI:

J~8=ZM,

r7ie J — MOMEHT MHEpIHH Tpy3a, | = mi?,

€ — YIJIOBOE YCKOpPEHHE I'Py3a.

HpGILCTaBI/IM YIJIIOBOC YCKOPEHHE Ka Mecto g ypasHenrud. K~ BTOPYIO
MPOU3BOJIHYI0O OT OOOOIIEHHOW KOOpPAWMHATHI ¢ Yyrja IOBOPOTAa CTEPKHS OT
MTOJIOKEHUS PABHOBECHS U 3aIUIIEM

J - ® = —mg sing.

3HaK «—» B MPaBOMl YaCTU YypaBHEHUs IOKA3bIBAET, YTO HAIPABICHUE
OTKJIOHEHMS IPy3a U BEKTOPA MOMEHTA COBIIAIAIOT.

PasnennM of6e 4acTH ypaBHEeHHs Ha [ = ml? w monmydum IHHeiHOE
mubdepeHnnaaTbHOe  ypaBHEHHE  BTOPOTO  MOpSAKA C  MOCTOSHHBIMHU

kodh punreHTamu:



¢ +Lsing = 0. (1.1)

Kak m3BecTHO, Ipu MalblXx yrimax SiNn@=@, Toraa AudQepeHnnaIbHoe
ypaBHEHHUE NPUMET BHI:

p+lgp=0. (1.2)

OpHoii W3 BaXHBIX 3a7a4 JaHHOW JIabOpaTOpHOM paboOTHI SBISETCS

comocTaBjieHUE pe3ynbTaToB pemeHuit ypapHenud (1.1) u (1.2), mepBoe wu3

KOTOPBIX SIBJSIETCS TOYHBIM (HEJIIMHEWHBIM), BTOPOE€ — MNPUOIMKEHHBIM

(JIMHEWHBIM).

PaCCMOTpI/IM MOBCACHUC CHUCTCMBI IIPHU PA3JIMYHBIX HAYAJIbHBIX YCJIOBHAX

(Ha‘IaJIBHBIX yriaax OTKHOHCHI/IH)I

1) 30°;
2)  90°;
3 179°,

a TaKXKe MpU Pa3TUYHBIX BUIAX COMPOTUBIICHUS B TOUKE MOJIBECa:
1) OTCYTCTBHU CHJI COTPOTUBIICHUS;
2) HAJIWYMH BA3KOTO TPEHHUS,;

3) HaJIM4YUH CYXOTO TPEHUSI.

1.2 MaremaTH4yecKoe MOAeJIMPOBaAHNE KOJIe0aHUT MATHUKA

OneiT Nel.

HOBGI[GHI/IG MAaTEMATHYICCKOI'O MasjTHHUKA ITPH OTCYTCTBHUH TPCHMA.

1.2.1 PemeHune TOYHOTO ypaBHEHHUS.
Hauanbnbie ycnosus:

| =0,3 (M) - aauHA cTepKHSA MASTHHKA;
0o =307; 90°; 179°- yrael oOTKIOHeHMs TIpy3a OT MOJNOXKEHHUS

paBHOBECHS;

-1
®y = 0(c™) - yriosas ckopocTh BpalieHHs MasTHHKA;



0y

A= - BEKTOP-CTOJI0€1] HaYaJIbHbIX YCIOBUM;
®0

[epeoGo3Hauum @ —> Xg; ¢ —> X; u 3amnumem:

gl

D(t,X) := g'S'n()%) - BEKTOP-CTOJIOCI] pelIeHuUs

| nudepeHnanTbHOro ypaBHEHHUS.

B mepBoii ctpoke Bektop-ctonibna D(t,X) 3amuceiBaeTcs mepBas
NpON3BOIHAS OOOOIMIEHHON KOOPAMHATHI, BO BTOPOW — BTOpas MPOU3BOJHAS,
BBIpOKCHHAS 13 MU (HEepEHIINATEHOTO YPaBHEHHS.

Z :=rkfixed(A,0,8,2000D) - orepaTop UHTETPUPOBAHHUS
muddepenumanbHoro  ypaBHeHuss wMeroaoM Pynre-Kyrra IV mopsaka ¢
HOCTOSIHHBIM ILIarOM.

B ckoOkax Ha mepBoM MecTe OIepaTopa 3alUChIBA€TCSl BEKTOpP HadaJbHBIX
ycnoBui (A), 3aTeM — MHTEpBaJIbl BPEMEHHU B CEKyHAaX (HA4aJbHOE M KOHEUHOE
3HAa4YeHHE), KOJIMYECTBO pACUETHBIX TOYEK Ha 3a/JlaHHOM OTpE3KE BPEMEHH MU
BEKTOp-CTO0EI pemrenus auddepennnaibaoro ypasuenus (D(t,X)).

i-=0.. Iast(Z<o>) CUYETUMK KOJIMYECTBA TOUYECK;

t = (Z<O>)i ¢j == (Z<1>)i.1_80 o; = (Z<2>)i'@
n

- - mepeoO03HaAUCHNS,

HEOOXOIMMBIE JJIS IOCTPOEHUS TPAPUKOB.
1.2.2 Pemenne npuOIMmKEHHOTO YpaBHEHUS.

HauanbHbie ycnosus:

| =0,3M - jutnHAa cTepkHA MasTHHKA;



vy =30 90°; 179°- yrael  oTknoHeHMs Trpy3a OT  MOJOXKEHHS
paBHOBECHS;
po = 0(c™) - yrmoBast ckopocTh BpallleHus MAsTHHKA;

Vo

o - BEKTOP-CTOJI0€1] HaYaJIbHBIX YCIOBU;
0

Al =

%
D1(t,) := - BEKTOP-CcTO0eI pereHus: auddepeHnanbHoro

2= g,
S

ypaBHEHUS,
Z1 :=rkiixed(Al,0,8,200Q D1) oneparop WHTETPUPOBAHUS
muddepenumanbHoro  ypaBHeHuss wMeroaoM Pynre-Kyrra IV mopsaka ¢

ITOCTOSHHBIM IIAI'OM,

i = O . Iast(Zl<O>) - CHCTUYHUK KOJIHUYECCTBA TOYCK,
(p) 180 (2} 180
t ;:(21<0>)i Vi :=(Zl )i'— Pi ::(21 )I_ ;
H€p€O603Ha‘IeHI/I}I, T n

HEO0OXOAUMBIE ISl TOCTPOSHUS Tpa(UKOB.

1.2.3 TloctpoeHue TpaduKOB yria TOBOPOTa M YIJIOBOH CKOPOCTH
MaTEeMaTHYECKOTO MasSTHUKA TPH TOYHBIX (Po, g) W TPHOMMKEHHBIX (Yo, Po)

BBIYMCJICHHAX.

a) go=30°
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Puc.1.3 3aBUCHMOCTB YIJIOBBIX CKOPOCTEH OT BpEMEHHU

Kakx BugHO wu3 rpaduKkoB, pa3HOCTh MEXAY TNepUojaMu KoJieOaHUN

HC3HAYUTCIBbHO HApPACTACT MU 34 6 TIOJIHBIX IICPHUOJOB HC ITPCBBIIACT 0,2 C.
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Puc.1.4 3aBucuMOCTb YIJIOB OTKJIOHEHHS] OT BPEMEHU
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Puc.5. 3aBucuMoCTh YriOBBIX CKOPOCTENW OT BPEMEHH.

Pasnocte Mexay mnepuomamu KojieOaHMM Bo3pocia M 3a 6 TMEepUOIOB
JlocTUrja 3HaueHus B 1,3 c.

B) (po=179°
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Puc.1.6 3aBucumocTth YIJIOB OTKJIIOHCHHUA OT BpCMCHHA
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Pucl.7 3aBucuMOCTb YIIOBBIX CKOPOCTEN OT BPEMEHHU



Ha mnonyuyeHHpix BHOporpaMMax HaOJIOAAETCs IMOJHOE HECOBIAJECHUE
NEepUOJ0B KoNeOaHW W CYIIECTBEHHas pa3sHula B amiuMtynax. [lorpemrHocts
BEJIMKA, U B JAHHOM ClIydae pelieHre NpuoImKEHHOTO YpaBHEHUS HETPUEMIIEMO.

Takum 00pazoM, ImpU MalbIX Yrilax HadaJbHOro OTKIOHEeHHs (MeHee 30°)
BEJIMYMHBI yrja MOBOPOTA U YIJIOBOM CKOPOCTH, IMOJYYEHHBIE IO TOYHBIM H
npuOIMAKEHHBIM TU(PepeHInaTbHbIM YPABHEHUSAM, PAKTUUYECKU HE OTIMYAIOTCS
napyr ot apyra. [lpu yrinax, 6nuszkux k 180° 310 paznuuue BeCbMa CYIIECTBEHHO U
HE TI03BOJIET BOCIIOJIb30BATHCS MPUOIMKEHHBIM YPABHEHUEM.

OnbIT Ne2.,

1.3 [loBeaeHNE MATEMATUYSCKOrO MasITHUKA IPU HAJIMYUU BI3KOTO TPCHMUS.

LLLLS S

Puc.1.8 Maremarrueckuii MasiTHUK MpPHU HATMYUU BSI3KOTO COMTPOTUBJICHUS B

TOYKC IIOABECCA

1.3.1 Pemenue TOYHOTO YpaBHCHUS.

HauanbHabie ycnosus:

| =0,3m;



oy =307; 90°; 1797;

®y =0(c™);

N := 0. - K09 duuKeHT 3aTyXaHuUs;

do
A = ( - BEKTOP-CTOJIOEI] Ha4aJbHbIX YCIOBU;
aly

D(t,X) = . g.sirll(xo)

- BEKTOP-CTOJIOCI] PEeIICHUS

nugdepeHInanbHOr0 YpaBHEHUS;

Z :=rkiixed(A,0,8,2000,D) - OIIepaTOp UHTErPUPOBAHUSA
meronoM Pynre-Kyrra |V nopsiaka ¢ OCTOSIHHBIM LIaroM;
i-=0.. Iast( Z<O>) - C4ETUYMK KOJINYECTBA TOYEK;
(D) 180 () 180
) ) (), 25
o

|
T

1.3.2Pemenne npuOIMKEHHOTO YpaBHEHUS

HauvaneHbie ycnoBus:

|=0,3m;
v, =30°; 90°; 179°;

Po =0(c™);
Vo

Al :=

n:=0."



71 :=rkfixed(Al, 0,8, 2000 DL)

=0, last(z2®)

t :(Zl<0>)i \Vi1=(21<1>)i'1_80 i‘=(Zl<2>)i:1—8O

T

T

1.3.3 TIlocTtpoeHue TrpadukoB yria MOBOPOTa U YIJIOBOH CKOPOCTH
BBIYUCIICHUSX.

2) 0=30°

MATEMaTHYECKOT0 MasiTHUKA MPH TOYHBIX (o, g) U NPHOIMKEHHBIX (Yo, Po)
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Puc.1.10 3aBUCUMOCTb YIJIOBBIX CKOPOCTEH OT BpEMEHU

HabGmromaercss mpakTHyYecKd IOJHOE COBHAJEHHE TrpaUKOB TOYHOIO U
NPUOTMKEHHOTO BBIUMCICHUH.
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Puc.1.12 3aBUCHMOCTH YIJIOBBIX CKOPOCTEN OT BpEMEHHU

[losBuIOCH PACXOKACHHUC MCKIAY 3aBUCHUMOCTAMMU. Paznocth IICPHUOJ0B

cocraBisaeT okono 0,1 c¢. Kpome TOro, umMeer Mecto HECOOTBETCTBHUE aAMILIUTY/I

Kosebanwmii (morpemHocTh 0kosio 10%). [Ipumenenne npuOIMmKEHHOTO YPaBHEHHUS

YKC HCKCIIATCIIBHO.
B) (o=179°
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Puc.1.13. 3aBUCHUMOCTb YTJIOB OTKJIOHEHHUS OT BPEMEHU
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Puc.1.14 3aBUCHMOCTH YIJIOBBIX CKOPOCTEN OT BpEMEHU

[Tpu TakoM 3HaYEHUU HAYAIBHOT'O OTKJIOHEHUS PACXOKICHHUE 3aBUCUMOCTEMN
HaOIoMaeTcsl yke B TepBble MOMEHTHI Koijiebanuii. [lomHoe HecoBmajgeHue 1o
nepuogaM u  ammutynaMm  (ommOka  okoino  40%), a, cluegoBaTeNbHO,
HEMPUEMJIEMOCTh ~ PacueTOB  TIO npubamxkEHHOMY  nuddepeHInanTbHOMY

YpaBHEHHUIO.

OneiT Ne3.

1.4 HOBGI[GHI/IG MAaTCMATHYCCKOI'O MasjTHHUKA ITPH HAJITMYNWHM CYXOI'O TPCHUA




Puc.1.15 MaTtemaTuueckuii MasiTHUK MPU HAJTMYUU CYXOrOo TPEHUS B TOUKE
1ojaBeca

1.4.1 Pemenue TOYHOTO YpaBHEHHUS

HauanbHblie YCJIIOBHA:

| =0,3m;
oy =307; 90°; 1797;

(’00 = 0 (C-l);
n:=0."
)
- oo
X - BEKTOP-CTONOEI PelIeHHs
D(t,X) := g- Sin(XO) au(QepeHnnansHOr0 ypaBHEHHS;

—I-sign(xl) ——

Z :=rkfixed(A, 0,8,2000, D)

=0 1ast 2?)



t..=\Z
i

(£0)  m () 20, - (2) 220

T T

1.4.2 Pemenuie npuOIMXEHHOTO ypaBHEHUS

HauanbHrble YCJIIOBHA:

|=0,3um;
v, =30, 90°; 179°%;

Po =0(c™);
Vo0
Al = :
PO
n:=0."

gl
Dl(t,X) = g)% )

—I-sign(xl) - —

Z1 :=rkfixed(Al, 0,8, 2000, D)

i:=0.. Iast(Zl<0>)

,=(21<°>), vi=(z <1>) _8p =(21<2>) 180

T

1.4.3 TIloctpoeHue TrpadukoB yria MOBOPOTa U YIIOBOHM CKOPOCTH
MaTEeMaTHYECKOTO MasTHUKA TPH TOYHBIX (o, g) W TPHOMMKEHHBIX (Yo, Po)

BBIYHMCIICHHAX



a) 0o=30°
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Puc.1.16 3aBucUMOCTb YTJIOB OTKJIOHEHHS OT BpEMEHU
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Puc.1.17 3aBUCHUMOCTD YTJIOBBIX CKOPOCTEH OT BpEMEHU

HGCOBHaILeHI/Ie aMIIINTyd U IICpUOa0B KoJicOaHu oueHb Majio. Bo3MoxHO

0) 9o=90°

MpUMEHEHUE TPUOTMHKEHHBIX BEIYUCIICHUH.
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Pucl.18 3aBucuMOCTb YIJIOB OTKJIOHEHHS OT BpEMEHU
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Puc.1.19. 3aBUCHUMOCTD YTIIOBBIX CKOPOCTEH OT BpeMEHU

PazHocTth IMCPHUOA0B COCTABIICT OKOJIO 2 c¢. HexenarensHO IMIPUMCHCHHC

npUOTNAKEHHOTO YpaBHEHUS.
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Puc.1.20 3aBUCUMOCTD YIJIOB OTKJIIOHEHUS! OT BPEMEHU
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Puc.1.21 3aBUCUMOCTD YTJIOBBIX CKOPOCTEH OT BpeMEHU

HpI/I TAKOM 3HAYCHHUU HAYAJIBHOI'O OTKIIOHCHUA PACXOKIACHUC 3aBUCHUMOCTEH
Ha6JIIOIIaeTC$I YK€ B IICPBBIC MOMCHTDI koneOanmii. IToaHoe HECOBIIAACHUC II10
nepuoaaM M aMIUIMTydaM. HGHpI/IeMHCMOCTb BBIUMCJICHUN IIO HpI/I6J'II/I}KéHHOMy

muddepeHnaIbHOMY YpaBHEHUIO.



1.5 AunManus Kojie0annii MagTHHKA

OpHoll W3 TJIaBHBIX 3a/lad MAaTEMaTUYECKOIO MOJEIMPOBAHUS SIBISIETCS
BU3YyalU3allMsl Pe3yJIbTaTOB, MOJYYEHHBIX PEIICHUEM TEX WM UHBIX ypaBHeHHM. C
MOMOIIbI0 aHUMAIUd Mbl MOKEM YBUJETh MOBEACHUE HCCIEIYEMON CUCTEMBI B
peanbHOM BPEMEHH, YTO MIOMOTAET HArJSHO OLIEHUTh PE3YJbTAThl HalleH pabOThI
U CeNaTh HEOOXOAUMbIE BHIBOBI.

[Mporpammusbiii nmaket «MathCAD» T03BOJISIET BBINOJHUTH AHUMAIIUIO
UCCJIEIyeMOr0 MaTeMaTUYeCKOro MasiTHMKa. PaboTa BBIMOJIHSETCS B HECKOJBKO
I1aroB.

[ar 1. BezpiBaeM Ha paboumii JIUCT MPOrpaMMBbl MOJISPHBIN Tpaduk.

Mar 2. 3agaém anuHy cTepkHs (WM paauyc mHojsipHoro rpaduka) R u

TOUKY ( (paAnyc-BeKTOp LEHTpa I'Py3a) UCCIIETyeMOro MasiTHUKA'
R:=0,10..3( g := 28.!
Mar 3. Temepr HE0OXOIAMMO 3aJaTh MOCJIEAOBATEILHOCTh YTIIOBBIX

3HAYEHUH, Yyepe3 KOTOpble OyAeT MPOXOAUTh MAATHUK (IIPU 3TOM YUUTHIBAEM yTOJ

T
Ha4yaJbHOTO OTKJIOHEHMs, Hanpumep 90° E ). st aroro B makete «MathCAD»

ecTb BcTpoeHHas nepeMeHHas FRAME, kortopas ynpasiasieT MylIbTUILUIMKAIIUEH.

Bocrionp3yemcsa nepeMeHHON 1 3a1aiuM MOCJIEI0BATEIbHOCTD:

d)::(Z(l))FRAME N g

Cnemyer oOpatuTh BHMMaHHWE Ha TO, uro InepeMenHas FRAME

T
3aIlIMCBIBACTCA KaK MHACKC, a YIroJl Ha4YaJIbHOI'O OTKJIOHCHHA | — ( BBIYHUTACTCA U3

£2)

3HAYEHHUS! YTIIOBOU KOOPAUHATHI .

[ar 4. Ctpoum rpaduk B NOJSAPHBIX KOOPIUHATAX:



90

120 ® 60
150 ’ 30
R i
q 180} 1 } 1 } 1 0
000 040 20 30
210 1 330
240 - 300
270
¢

Puc. 1.22 BI/I3yaJII/I?>aI_II/I$I MATEMATUYCCKOI'O MasiTHUKA B IPOrpaMMeEe

«MathCAD»

YToOBI YBETMYUTH pa3sMep TOYKU (, HY)KHO, JBa pasa IIEIKHYB HOJISIPHBIH
rpaduK, B IOSBUBIIIEMCS JUAJIOTOBOM OKHE BBIOpaTh BKIANKy «Crem»(« Trace») u

BO BTOpOﬁ CTPOKC UBMCHHUTH TOJINMHY TOYKH, KAK ITOKA3aHO Ha pHUC. 1.23.

o =1
Formatting Currently Selected Polar Plot
MNonApHets ook | ©08a | kMetkw | Ymonvanue
Mram Cureon  MaHes Ueer Tun Tonwwn.
trace 1 niane zolid red lires 1 [
trace 2 none e bilu points BN =
trace 3 none dazh  gm lines 1t
trace 4 hone dadat mag  lines 1
trace 5 none zolid cya  lines 1
trace B nione dot birn lines 1
trace 2 ke v by v poirks V B v
1
2
] CrpsraTe aprymerTe CrpaTare nerd 5
4
4]
B
7
a
9
[ ] ] [ OrtreHa ] Crp 7

Puc. 1.23 V3MeHeHrEe TOMIMUHBI TOYKHA



[Ilar 5. BwiOupaem «Anumanus (Animate)» u3 MeHo «HCTpYMEHTSI
(Tools)», 94TOOBI OTKPBITH AWATOTOBOE OKHO JUIS CO3JaHHsS aHWMAaIuu. Tenepb
HY’KHO TOJIHOCTHIO BBIJICTIUThH MOJSIPHBIN T'paduk U B AMATOTOBOM OKHE BBECTH
HayaJbHYI0O U KOHEYHYIO BEJIIMUMHY Kajpa, U CKOpOCTh (kaap/cek). B manHoM

ciaydae HayanbHbIU Kaap: 0; koHeuHbli: 2000; CKOpOCTH:

% = 250 (xanp/cex),

TAc 8 CCKYH — BpCM:A K0JICOaTEIbHOIO mponecca. OTO TO3BOJIMT Ha6J'IIOI[aTB

MOBCACHUC CUCTCMBI B pCAJIbLHOM BPCMCHU.

-~

JanMcartb AHHMAUHHE

DA kanpa

AHURELLMA
OT: ]
Il 2000 OTraeHa

CropocTe: | 250 Coxp. kak...

K.aopoe/Cek

iED,)

HacTpofik 1

Faop= 2000

BrifiepuTe 08nacTe QOKYMEHT 3, COLEPHKMMOE KOTOPORMH
OCHOELIESETCA HA MEPEMEHHON Kanpa, EESAMTE HAYaNEHYKD 1
KOHEYHYHD BEAMYMHE KaAPa, H HEHMUTE SHWMALMA.

Puc. 1.24 JlnanoroBoe oKHO «3amucaTh aHUMAaIIHIO)

[Iar 6. Illénkaem KHONKY «aHumanus». I[IporpamMma B IHAJIOrOBOM OKHE
NPEeOCTaBUT AHMMHUPOBAHHOE H300pakeHUue TMOJISIpHOTO Tpaduka, a 3areM

IIO3BOJIUT IIPOCMOTPETh aHMMAILIMIO KaK BUJACOPOJINK B OTACIIBHOM OKHC.

1.6 Ilopsinok BbINOTHEHUS PA0OTHI
1. Tlo Homepy Bapuanta u3 Tabnumbel 1.1 BBIOpaTh IMHY MasTHHKA,
Kod(hpuIMeHT TpeHus: (COMPOTUBIICHUS) U BUJ CHJIOBOTO COIIPOTHBIICHHS B TOUYKE
oJiBeca.

2. HCCJ’IGI{OB&TB MOBCACHHUC CUCTCMBEI ITPHU OTCYTCTBHUHU CHUJI COIIPOTHUBIICHUA



2.1. CocraBuTh HOpOrpaMmy JUisl UYUCIECHHOTO pEHIEHUS TOYHOIO
nuddepeHunaIbHOr0 ypaBHeHHsI KosieOanuii mastHuka B cpene «MathCAD»
metonom Pynre-Kyrra IV nmopsiaka ¢ mOCTOSHHBIM IIarOM MHTETPUPOBAHUS.

2.2. CocTaBUTh NPOTpaMMYy AJII YUCIEHHOTO peuIeHus] TpUOIMKEHHOTO
muddepeHuraIbHOr0 ypaBHEHHsI KojeOanuii masitHuka B cpeae «MathCAD»
MeronoM Pynre-Kyrra [V nmopsiaka ¢ moCTOSHHBIM 1IarOM MHTETPUPOBAHUSL.

2.3. Tloctpouts rpadukud HU3MEHEHHS yrja MOBOPOTa M YIJIOBOM
CKOPOCTH MAasITHUKA MPU TOYHBIX U TPUOIMKEHHBIX BHIYUCICHUIX, BAPBUPYS YTOI
HA4yaJbHOTO OTKJOHEHUs 1o TpéMm 3HaueHusM: 30°, 90°, 179°. CpaBHUTH
MOJIYYE€HHBIE PE3yJIbTAThI, CI€NATh BHIBOJIBI.

3. UccnenoBaTh MOBEJECHUE CUCTEMBI ITPU HAJTUMYMK BA3KOTO TPEHUS, CIETYs
yKa3aHUsIM MyHKTOB 2.1-2.3.

4. UccnenoBaTh MOBENEHUE CUCTEMBI MPHU HATWYUHU CHJI CYXOTO TPEHHS,
cieays yKazaHusiM TyHKTOB 2.1-2.3.

5. IlpencTaBuTh pe3ynbTaThl pabOThl B BUAE aHUMUPOBAHHOTO U300pakeHUs
IIOBEJICHHSI CUCTEMBI IIPH:

1) OTCYTCTBUU CHJI CONIPOTUBICHUS;

2) HaNMYUH BA3KOTO TPCHUS;

3) HaIWYHH CYXOTO TPEHHUSI.

6. Pesynbrarhl BbITIONIHEHHST paboThl coxpaHuTh Kak ¢ain MathCADa, a
Takke ohopmMuth oT4eT B penakrope «Word» ¢ HeoOXomuMmbIMU TpaduKamw,
(dopMmynamu, MOSICHEHUSIMHU U BBIBOJIAMHU.

IIpumeuanue: MyHKT 2 BBINOJIHAETCS 00S3aTEIBHO I BCEX BapUaHTOB!
[TynkT 3 win 4 BeIOMpATh B COOTBETCTBUH C HOMEPOM BapuaHTa U3 Tabnuubl 1.

TaOnuia 1.

Ne n/n 1 2 3 4 5 6 7 8 9 10

Jmuua wutu £, | 40 45 50 55 60 65 70 75 80 85
cM

Kospdpuuuenr |05 |06 |07 |0,6 0,5 0,5 0,6 0,7 0,6 0,5

CONPOTHUBIICHUS
Bun cunosoro | Bssk | Bsask | Cyx | Cyxo | B3k | Cyxo | Bsask | Cyxo | Cyxo | Bs3k
CONPOTHBIIEHUS | O€ oe oe |e oe e oe e e oe

B TOYKC ITIOABECa




1.7 BOITPOCHI JI1sA CAMOKOHTPOJIA

1. Kakum oOpazom B mHOporpaMMHOM  MaTeMaTHYECKOM  MaKeTe
«MathCAD» ocymectBisiercs  pemieHne  auddepeHunanbHblX  ypaBHEHHM
KOJIeOaHU MEXaHUYECKUX CUCTEM?

2.  Buapl cun  CcONpOTHBICHHS B KOJEOATENBHBIX CHCTEMax W
0COOCHHOCTH COCTaBNeHUS AUPPEPEHIINATHHBIX YPaBHEHUN TSI KQXKIOTO BHUJIA.

3. Kakmm  o00pa3oM  3ammCHIBAaCTCSI ~ BEKTOP-CTONOCN  pEIICHHS
nuddepeHnrnanbHOr0 ypaBHEHUS ?

4, [Mopsinok BeimonHeHKs anumarnuu B makere «MathCAD».

5. Tlo kakomy 3aKkoHy YyOBIBaIOT YCIIOBHBIC aMIUIUTYJbI CBOOOIHBIX

KOJICOaHUM MasTHHUKA Ipu JlefICTBHH JIMHEMHO-BSI3KOI'0 U Cyxoro TpCHI/ISI?



2.1 JlaGopaTopHas padore Ne2
KOMIIBIOTEPHOE MOJIEJIUPOBAHUE CBOBOJHBIX KOJIEBAHUI
MATEMATHUYECKOTI'O MASITHUKA CPEJIE MATLAB/Simulink

eab padoThI:

I.Iloctpouth  MaTeMaTUYECKyH0  MOJEIb  CBOOOJHBIX  KoJieOaHMIA
MaTeMaTHYeCKOTO MAasTHHKAa U TONYyYHTh pernieHue  audQepeHInaaIbHOTo
ypaBHEHUs cpeacTBamMu nmporpammuoro nakera « MATLAB/Simulinky

2.Ilo0  mONYy4YEeHHBIM  JIAHHBIM  TOCTPOMM  TrpauKh  pEHICHUs
g depeHrnanbHOr0 ypaBHEHUS

OO0beKT HuccaeI0BaAHUA: MAaTCMaTHYCCKUH MAasSTHUK C TPEHHUEM B TOYKE
noJiBeca.

AnmapaTHble cpeAcTBa: BUpTyalibHas jaboparopuss Ha DBM IBM PC,

nporpaMMHbIid MaTeMatrueckuit maker « MATLAB/Simulinky.

2. 1. IlocTpoeHHne MoeIM MATEMATHYECKOT0 MASITHUKA

MaremaTH4eCKUii MasSTHUK TPEACTaBiIseT CcoOOW Tpy3 maccod m,

MOJBEIICHHBII Ha HEBECOMOM CTepXKHE UIMHBI L. BepTukanbHOe MOI0KEHUE

CTCPIKHA COOTBCTCTBYCT ITOJOXKCHHUIO PABHOBCCHUA MAasATHHUKA.



Puc. 2.1 PacueTHas cxema MaTeMaTH4YE€CKOTO MasiTHUKA MPU HATUYUU

BA3KOI'O TPCHUA B TOYKEC ITOJBECA

HauansHbie ycnosus:

L = 0.3 (M) — qyinHa CTep KHS MasSTHUKA;

(@ = 90° — HayaIbHBIN YroJ OTKIOHEHHMS TPy3a OT MOJOKEHHUS PAaBHOBECHS;

pu = 0.06 (Hm'C) — ko3 HUIUEHT BI3KOTO TPEHUS B MOBECE;

® = 0 (pan/C) — HavanbHasE YIJIOBas CKOPOCTh MAasITHUKA.

CocraBuM nuddepeHnranbHoe ypaBHEHUE JUIsl JaHHOW MEXaHWYECKOH
CUCTEMBI:

[ = —pup —mgL sin @,

rie | = mL® - MOMEHT HHEpLHH COCPEIOTOUYCHHON MACChl M MasTHHKA.

Torna

¢ =—u'e—Tsing.

3areM, 3aMeHss IPOU3BOAHBIE onepaTopoM Jlamnaca, moay4yum:

plo +u -p-g0+%sinq) = 0.

B pesynbTare npeoOpazoBaHus TOTYUUM:

=1 ,u' L (g sin )
@ ) @ > \L 4
[lo mnonydYeHHOMY  BBIPOKEHHUIO CTPOMM  CXEMy  MOJENHU B

Simulink/MATLAB (puc. 2.1):

1 0 0
—» sin 0.81/0.3 1 —b@—» :

Trigonometric Gain Integrator1 Integrator
Function

Gain3

1 1 180/pi :I
9.81/0.3 r —-D@—D . »
Scope

Gain2 Integratord Integrator3 Gainl

Gaind




Puc. 2.1 Brok-cxema Simulink-mozenu koneOanuii MasiTHHKA
Pacder moCcTOSSHHBIX HHTETPATOPOB:
20 = 9(0) = pi/2;
"2y -t 9o =29= (0) = 0;
2= —p % =-0.66 %
Wurepdeiicet  OmokoB — wmHTerpatopoB («Integratorly, «Integratory)

MokaszaHbl Ha puc. 2.3 - puc.2.4. [{ns unrerparopoB «Integratordy, «Integrator3»

IIOCTOSAHHBIC COOTBETCTBECHHO OANMHAKOBBIC.

PesynbTaT BRIBOAMTCS B BHjE rpaduka ¢ MoMoIpio Ojoka «Scopey» (puc.

2.5).
@ Block Parameters: Integrator] X @ Block Parameters: Integrator X
Integrator + Integrator

Continuous-time integration of the input signal. Continuous-time integration of the input signal.

Parameters Parameters

External reset: | none v External reset: |none R
Initial condition source: |internal 2 Iritial condition source: (NI =

Initial condition:

Initial condition:
’ . l pi/2

|-0.66*pi/2

[ Limit output

[ Limit output
P [] wrap state

Wrap state
L % [] show saturation port

[] show saturation port [] show state port

[[] show state port Absolute tolerance:

Absolute tolerance:

'auto
Iauto ’ [] 1gnore limit and reset when linearizing
[[] 1gnore limit and reset when linearizing Enable zero-crossing detection
Enable zero-crossing detection State Name: (e.g., 'position’)

State Name: (e.g., 'position’) |

B |
\) Cancel Help Apply Cancel Help Apply

Puc. 2.3 Unrepdeiicel HacTpoiKku OJ10Ka Puc.2.4 UnTepdeiicel HacTpoiiku Oiioka
«Integrator1» «Integrator2»




Puc. 2.5 I'paduku 3aTyxaromux KouedaH!l MaTeMaTHYeCKOro MasgTHHUKA, TOCTPOECHHBIE

10 TOYHOMY U IPUOIMKEHHOMY YpaBHEHUSAM

3ak/r04eHune: 1Mocjae MOCTPOeHUs: OJIOK-CXeMbl U I'paQUKOB 3aTyXaroIINX
KoJeOaHU MOXKHO CcJieJlaThb BBIBOJ, 4YTO YCJIOBHAas aMIUIUTyla KojaeOaHu
YMEHBIIIATCS TO JKCIMOHEHTe (M0 3aKOoHYy TeoMeTpudeckoi mnporpeccun). Jlo
BpemMenn 1;=0,5¢ rpaduku KojmebGaHWM, PACCUMTAHHBIX IO TOYHOH W
npuOmKEHHOW  (opMynaM, TpakKTHUUECKH coBManarT. [padux KonedbaHui
MasiTHUKA, PACCUYUTAHHBIA MO NMPUOMIKEHHONH (QopMmylie, 3aTyxaeT AOJbIIE, YeM

rpaduK, pacCUMTaHHBIN 110 TOUYHOUN opMyIIe.

CICOK UCTIOJIb30BAHHOM JINTEPATYPhBI

1. MATLAB 6/6.1/6.5 + Simulink 4/5 B MaremaTuke U MOJCIIMPOBAHUHU
| Oesikonor B.I1. ITomuoe pykoBomctBo mosb3oBatens - M.: COJIOH-IIpecc. —
2003. - 576 c.

2. MopenvpoBaHue U BU3yalu3alus IBIKCHUN MEXaHUUECKUX CUCTEM B
MATLAB: Yue6noe noco6bue / B.C.Illep6akos, M. C. KopsiToB, A.A. Pynmens u
ap.— Omck: CubAJIU, 2007. — 84c.

3. MonenupoBanue mnporieccoB u cucteM B MATLAB. Yuebnsiii kypc /

Jlazapes 1O. - CII6.: ITutep, 2005, 512 c.



3. JlabopatopHas paGora Ne3
KOMIIBIOTEPHOE MOJIEJIMPOBAHUE CBOBOJHbBIX
KOJIEBAHU MATEMATHYECKOI'O MASITHUKA B CPEJIE
MATLAB/SimMechanics

eab padoThI:

1. [TocTpouTh MaTeMaTHYECKYyIO MOJIeNIb CBOOOJHBIX KoOJeOaHUM
MaTeMaTHYeCKOTO  MasTHHKA C  BS3KUM  CONPOTHUBIECHHUEM  CPEICTBAMH
nporpammHuoro nakera « MATLAB/SimMechanicsy;

2. [TocTpouts rpaduku H3MEHEHUS CKOPOCTH W yIJla MasTHHKa B
3aBUCUMOCTH OT BPEMCHU;

3. Bocco3naTh aHUMAIUMIO 3aTyXalolMX KoJie0aHWH MaTeMaTHYEeCKOTO
MasTHUKA C BSA3KHM TPEHHEM B TOYKE IMOJBECA CPEACTBAMU IIPOTPAMMHOTO MaKeTa
«MATLAB/SimMechanicsy;

OO0beKT HccJeI0BAaHUA: MAaTCMAaTHYCCKUH MasSTHUK C BSI3KUM TPCHHEM B
TOYKE MOJBECa.

AnmnapaTHble cpeAcTBa: BUpTyalbHas Jlabopatopus Ha OBM IBM PC,

nporpaMmHbIid MaTematnueckuii maket «MATLAB/SimMechanicsy.

3.1 IlocTpoeHue Moae/ I MATEMATHYECKOT0 MAATHUKA
MaremaTH4eCKUi MAasSTHUK TPEACTaBIsseT CcoOOW Tpy3 Maccod m,

MOJBEIICHHBIN HAa HEBECOMOM CTEPKHE IJIUHBI £.

Puc.1. MaremaTndecKknii MasTHHUK C BSA3KHUM COIIPOTUBJICHHUEM B TOUKE ITIOJABCCA



HcxomHble mapoaMeTpbl MOIEIIH:

I= 0.3 (M) - MHA CTeP)KHSA MasSATHUKA;

u=0.03 (H*M*C) - xo03(puIMEHT BA3KOrO0 COMNPOTUBICHUS B OCH
MasITHHKA,;

HauanbHbie ycnosus:

¢ =9

- HaYyaJbHBIA Yrojl OTKJIOHEHUS MAaATHHUKA OT TOJOXKEHUS
paBHOBECHS;

® =0 (¢') — HayaTBHAs YIIOBast CKOPOCTH BPAIICHHS MASTHHKA.

Ha puc.2 npencraBnena Oi0K-cXemMa MOPOrpaMMbl, —peasu3yrolen

MAaTCMATUYCCKYI0 MOJICIIb CBO6OI[HBIX 3aTyXarnmuux KoJIcOaHMH MasiTHUKA B

nakere «MATLAB/SimMechanics.

e ool 37 s e il o Mycs1 B — 8 csifpcsz g
Machinea [1:
Baod
Environmant Ground Weld Bady1 —T ¥ 1
Revalute h

Scope

vy

IC o
Joint Sensaor > I:l

Joint Inttial Condition

Scopel

LD ..7

Gain

Joint Actuator

Puc. 2. bnok-cxema nporpamMmsl, peaau3yooiieid MaTeMaTHUYeCKyI0 MOIeTb CBOOOIHBIX
KoJieOaHUi MaTeMaTUYECKOT0 MasiTHUKA C BA3KUM CONPOTUBIICHUEM CPEACTBAMHU ITPOTrPAMMHOTO

nakera «MATLAB/Simmechanics»
PaccmoTrpum coctaB, Ha3HaYeHHE W HACTPOWKY KaXJOro u3 OJOKOB
MIPOTaMMBbl.
Bnox «Machine Environmenty mo3BoJisier co3maBaTh aHUMAIAKO KOJeOaHui
MaTeMaTHYECKOTO MasTHHKA. [lapameTphl 0J10Ka 3a/1aHbI 110 YMOTIaHHIO.
bnok «Ground» (puc. 3) siBisseTcs omopoi, K HEMY JKECTKO MPHUCOSINHCH
npu oMo 6oka «Weldy (puc. 4) 610k «Bodyly (puc. 5). COBOKYITHOCTh 3THX

TpeX OJIOKOB pean3yeT CTOUKY.



P2l Bock Parameters: Weld X

e Weld A
P4 Block Parameters: Ground X Represents 2ero degres of revddom. Rigidly contects the bse (B)
and followar (i) Bodies in intial refatve configuration. Sensor
ports can be added, Weld joint cannot be actuated
GI’OUﬂd Connection parametess
: u Current basa: GNDEBGrourd
Grounds one side of a Joint to a fixed location in the World it R R

coordinate system. .

Number of séensor / actuator ports: O

Parameters

Farameters
Axes  Advanced
Location [xy,2): ([000] m v g ey mo}"‘"‘“‘"‘" il
Show Machine Environment port
0K Cancel || Help Apply ( Tl R
Puc. 3 WnTepdeiic HacTpoiiku Gioka Puc.4 Unrepdeiic Hactpoiiku 6moka «Weld»
«Ground»

Block Parameters: Body1
Body »
Represents a user-defined rigid body. Body defined by mass m,
inertia tensor I, and coordinate origins and axes for center of
gravity (CG) and other user-specified Body coordinate systems.

This dialog sets Body initial position and orientation, unless Body

and/or connected Joints are actuated separately. This dialog also
provides optional settings for customized body geometry and

color.
Mass properties
Mass: [ 1 | kg x
Inertia: ieye(3) | kg*m~A2 ~
Position Orientation Visualization
Show Port Origin Position
Port Side Has Vector [x y z] Un
et v CG [000] m | =
Right ~|/Csi  [000] m
O Right v CS2  [-0.0180.024 0] m
O Right ¥ /CS3  [0.0180.024 0] m
< > d
Cancel Help Apply

Puc. 5 Unurepdeiic nactpoiiku 61oka «Bodyly»

bnok «Revolute» (puc. 6) peanm3yer BpallaTelbHYI0 KHHEMATHYCCKYFO
napy 5 kimacca. B mapamerpax 070Kka yCTaHOBJICHO 3HAYCHHE 3 BHEITHUX BBIXOJOB
JUTsE CeHCOpa W TIPUBOAA M HavalbHBIX ycnoBuil. Ock Bpamenuss — Z. K Onoky

«Revolute» npucoenuusercs 6ok «Body» (puc. 7), peanu3yroniuii cam MasiTHUK.



@ Block Parameters: Revolute X [Pa] Block Parameters: Body X

Revolute A Body 2
Represents one rotational degree of freedom. The follower (F) Represents a user-defined rigid body. Body defined by mass m,

Body rotates relative to the base (B) Body about a single rotational inertia tensor 1, and coordinate origins and axes for center of

axis going through collocated Body coordinate system origins. gravity (CG) and other user-specified Body coordinate systems.

This dialog sets Body initial position and orientation, unless Body

BETERE Bc SOURIDE Berh e G dec. Haes bioees e and/or connected Joints are actuated separately. This dialog also

and axis direction determine sign of forward motion by the right-

TR provides optional settings for customized body geometry and
color.
Connection parameters Mass properties
Current base: CS1@Body1 Mass: ll ‘ kg Z
Current follower: CS1@Body
Inertia: [[0.0500;000.05;,000.0075] | |kg*m~2 ~
Number of sensor / actuator ports: |3
hud Position ~ Orientation  Visualization
Show Port Origin Position ‘
Parameters Port Side  Name Vegcmr [xyz] o
Axes  Advanced a let Y/ CG [0-0.150] m | =
Name Primitive Axis of Action [x y ] ‘ left  v(CS1 [000] m
R1 revolute [001] J Right v CS2 [0-0.30] m
‘ 5 < > v
< > Cancel Help Apply
Cancel Help Apply
Puc. 6 UnTepdeiic HacTpoliku O10Ka Puc. 7 Uurepdeiic HacTpoiiku 010ka «Body»

«Revolutey
B mapamerpax Onoka «Body» 3amaeM KoopauHATBl KOHIIOB MAasTHHKA,

MaTpHUIly MHEPLUHU ISl MAasTHUKAa B COOTBETCTBUU C 3aJaHHBIMU 3HAueHUsSMU. B
KadecTBEe IMapaMeTpoB ATOTO0 3BEHAa HEOOXOAMMO YKa3aTh Maccy Tena (maccy
NpUHUMaeM paBHOH | Kr), MOMEHTHl HWHEPIHH OTHOCUTEIBHO TJIaBHBIX
[EHTPATBHBIX OCEH CUMMETPHH, a TAaKXKEe KOOPIAMHATHI KOHIIOB 3B€HA U €ro IEHTpPa
macc. [Ipm 3TOM KOOpIWHATBI MOXKHO 3aJaBaTh KaK B IJIODAJBLHON cHCTeMe
KoopauHat (World), Tak u B JJokaabHO# cucteme koopauHat (CS1, CS2) 3seHa.
B cronbue Sow port HacTpamBaeTcsi 0TOOpaKeHHE COOTBETCTBYIOIIETO MOpTa Ha
omoke. B cronbme Port side — Hactpoiika pacnonoxxenus mopra. Cronber; Name
OTBeUaeT 3a HawmMeHoBaHWe Kaxmoro mopra: CS1, CS2 — mopTsl,
COOTBETCTBYIONME KpalHUM TodkaM 3BeHa, CG — meHTp Macc 3BeHa (T.K ICHTP
Macc 3BEHa HE YYacTBYET B COCAMHCHHWH C IPYTMMH 3BCHBSMH, Ha CXEME OH HE
otoOpakaercs). B ciaemyromumx cTon0nax 3a1aroTcs KOOPAMHATHI TIEPEUNCICHHBIX
BBIIIC TOYEK W ONPEICIISIOTCS CIWHHUIBI M3MEPCHHUS, a TaKXKe OIpeaeiseTCs

CUCTCMA KOOPpJAHHAT, B KOTOpOI?I IMPOBOAUTCA 3aaHUC MOJI0KEHUI TOYCK 3BCHA.



Jlis ompeneneHus yria U yrJIoBOM CKOPOCTH MAasTHHKA UCIOIB3yeM OJIOK
«Joint Sensor» (puc. 8). B mapamerpax 0yioka ycTaHaBimBaeM BbIBOA «Angle» u

«Angle velocity», BkiirouaeM BBIBOJ] CUTHAIA Pa3eiIbHO.

@ Block Parameters: Joint Sensor X

Measurements
Primitive Outputs

Connected to

primitive: e i
Angle Units: | rad v
Angular velocity Units: |rad/s v
[] Angular acceleration Units: |deg/sA2
[] Computed torque Units: N*m

Joint Reactions
[[] Reaction torque Units: N*m
[ Reaction force Units: | N
Reaction measured on: |Base -
With respect to CS: Absolute (World) v

[ output selected parameters as one signal.

Cancel Help Apply

Puc. 8 Unrepdeiic HacTpoiiku O1oka «Bodyl»

BriBo mokazanwuii Ha 3KpaH B BUE TPAQUKOB OCYIIECTBISETCS C TIOMOIIBIO
0s10Kk0B «Scopey (puc. 9) u «Scopely (puc.10).

CoBokymHOCTh O1oKOB  «Joint  Sensor», «Gainy, «Joint Actuatory,
«Revolute». peanm3yroT Bsi3koe TpeHHE B omope MasTHHKa. C momormipio 0J10ka
«Joint  Sensor» wm3MepseM YIJIOBYIO CKOPOCTh MasTHHKA, YMHOXaeM e¢
ko3hpuIMeHT TpeHUs ¢ moMmolnbio Oyoka «Gainy. Muoxurens «Gainy
npuHuMaeM paBHbIM -0.03. 3areM ¢dopMmHEpyeM MOMEHT CONPOTHBICHUS
BpaleHuio ¢ momoireio «Joint Actuatory (puc. 11), pe3ynbrar mojgaem Ha OJIOK

«Revolutey.



@ Block Parameters: Joint Actuator X

Joint Actuator

Actuates a Joint primitive with generalized force/torque or linear/
angular position, velocity, and acceleration motion signals. Base-
follower sequence and joint axis determines sign of forward
motion. Inputs are Simulink signals. Motion input signals must be
bundled into one signal. Connect to Joint block to see Connected
to primitive list.

Actuation

aReEge R -
primitive:

Actuate with: Generalized Forces e
Applied torque units: N*m e

Cancel Help Apply
Puc. 11 Unrepdeiic nactpoiiku 6110ka «Joint Actuator»

3ajanne HaYalbHBIX YCIIOBUH peanusyercs 010kom «Joint Initial Conditiony

Block Parameters: Joint Initial Condition

Joint Initial Condition

Sets the initial linear/angular position and velocity of some or all of the primitives in a Joint. Connect to a
Joint to see a list of its primitives.

Actuation
Enable Primitive Position Units Velocity Units
R1 90 deg T 0.0 deg/s &

Cancel Help Apply
(puc. 12)

Puc. 12 Unrtepdeiic mactpoiiku 6:10ka «Joint Initial Conditiony

brnokom «Joint Sensor» kpoMe H3MEpEeHHsS CKOPOCTH H3MEPSETCS TaKKe

YTOJI MIOBOPOTA MAasITHUKA. Pe3ynbTaThl MU3MEPEHHM BHIBOJSATCS C MTOMOIIBIO OJIOKOB

«Scopey (st @) u «Scopely» (i o).



i, C

Puc. 13. PesynpTat noctpoenus rpaduka u3MEeHEHHs yriia MOBOPOTa MasITHUKA C TIOMOIIIBIO

6moxa «Scopex»

tc
Puc. 14. PesynapTaT noctpoeHus rpaduka u3MEHEHHUS YIII0BOM CKOPOCTH MasiTHUKA C

MOMOIIIBIO OJToKa «Scopel»

3akilouenne:

o IOCTpOEHAa  MaTeMaTH4YecKas MOJENb CBOOOJHBIX  KOJIeOaHHIA
MaTEeMaTHYECKOTO  MAasTHUKA C  BSI3KHM  CONPOTHUBICHHEM  CpPEICTBAMH
nporpammuoro maketa «MATLAB/SimMechanics»; moctpoeHbl rpaduku
W3MEHEHUS CKOPOCTH U yIJia IIOBOPOTA MASTHUKA B 3aBUCIMOCTH OT BPEMCHH;

o BOCCO3/laHA AHHMMAIWS 3aTyXaroIMX KOJICOAHWH MaTeMaTH4eCKOro

MasATHHKA C BA3KHM TPCHUCM B TOYKC IIOABCCA.



3.2 IlopsiioK BBINOJHEHHS PaboThI

1. Ilo Homepy BapuanHTa u3 TaOmuibl 3.1 BbIOpaTh MJIMHY MasiTHHKA,
Kod(pdULIMEeHT TpeHus (COMMPOTUBICHHUS) U BUJ CUJIOBOI'O CONPOTUBIICHUS B TOUKE
noJiBeca.

2. CocTaBUTh OJIOK-CXEMY Jii YUCJIEHHOTO MOJEIMPOBAHUS JBUKEHUS
MaTeMaTU4eCcKoro MasTHuka B mnakere SimMechanics/MATLAB ¢ 3aganHbIM
BUJIOM HEYNIPYTOTro CONPOTUBIEHUS (BA3KUM WM CYyXUM TPEHHUEM ).

3. Tloctpouth rpaguku M3MEHEHHs YIJia MOBOPOTa M YIJIOBOM CKOPOCTH
MasATHHUKA MPU €ro Ha4aJIbHOM OTKJIOHEHUA Ha 90° u 179° n HyneBol HavanbHOU
YTJI0BOM CKOPOCTH.

4. HaOmomath pe3ynbTaTbl MOJEIUPOBAHHUS B BHJIE AHUMHUPOBAHHOIO
N300pa)KeHUs TOBEJCHUSI CUCTEMBI

6. Pe3ynabTaThl BBINOJIHEHUs PabOThI COXpaHUTh B (opmare .SIX, a Tarxxke
opopmMuth oTueT B penaktope «Word» ¢ HeoOXoAMMBIMU TpaduKamu,
dbopMynamu, MOSCHEHUSIMH U BBIBOJIAMHU.

Ta6muma 1 — McxomHbie mapaMeTpbl CHCTEMBI

No BapuanTa 1 2 3 4 5 6 7 8 9 10

Huuna wutu ¢, | 40 45 50 |55 60 65 70 75 80 85
cM

Ko>¢pdpuupenr |05 |06 |07 |0,26 (035 (0,15 (046 |0,37 |0,46 |0,55
COIIPOTHUBJICHUS

Bun cuioBoro | Bsask | Bssk | Cyx | Cyxo | Bask | Cyxo | Bask | Cyxo | Cyxo | Bszk
COMPOTHBIICHUS | 0€ oe oe |e oe e oe e e oe
B TOYKE MOJBECA

3.3 BOITPOCHI 1A CAMOKOHTPOJIA

1. KakoB oOmumii mOps/IOK COCTABJICHHUS OJIOK-CXEMBI JIJII MOJCITUPOBAHUS
MEXaHUYECKON CUCTEMBI HA MPUMEPE MATEMATHUYECKOTO MAsiTHUKA B MAKETE

SimMechanics/MATLAB?

2. Kak ¢popmupyetcst MaTpuiia MHEPIIMHA TBEPAOTO Teia B 0yioke «Body»?



3. C moMo1IpI0 KaKux CPeACTB MOJCITHPOBAHMS 00€eCIIeYNBACTCS MOTYICHHE
rpa)ukOoB HM3MCHCHHMSI KHHEMATHUYECKMX W CHJIOBBIX XapaKTEPHCTHK
uccieayeMoit cucreMsl B makere SimMechanics/MATLAB?
4. Kakum oOpa3om obOecredyuBaeTCsi BO3MOXXHOCTh AHUMAlMM JIBUKCHHS
uccieayeMoro oobekTa B nmakere SimMechanics/MATLAB?
5. Kak 3amaercss mpu MOJEIMPOBAHUM BA3KOE MU CYXO€ COMPOTHUBIICHUE,

I[GI‘/’ICTBYIOI_HGC B KHHEMATHYCCKUX Inapax, B IIaAKETC

SimMechanics/MATLAB?

CIIMCOK MCIIOJIb30BAHHOM JIUTEPATYPhI

1. MonenupoBaH#e U BU3yaau3alys JBHKCHI MEXaHHYECKUX CUCTEM B
MATLAB: yue6noe nocobue / B.C.lllep6ako, M. C. KopsiToB, A.A. Pynmens,
B.A. I'nymen;, C.A.Mumomenko. — Omck: U3n-so CubAIU, 2007. — 84c.

2. MopenupoBanue MexaTpoHHbIX cucteM B cpeae MATLAB (Simulink
/ SimMechanics): y4eOHOe mocoOue s BBICHIMX y4eOHBIX 3aBeneHuii/ B.M.
MycanumoB, I'.b. 3amopyeB, WN.M. Kananmsimmna, A.Jl. IlepedecoBa, K.A.
Hyxnun. — CI16: HUY UTMO, 2013. — 114 c.



4.1 JladbopaTopHoii padore Ned
KOMIIBIOTEPHOE MOJIEJINPOBAHUME ABUXEHUSA
PBIYAYKHOI'O MEXAHUX3MA B CPEJE MATLAB/SimMechanics

eab padoThI:

1. IlocTpouTh MaTEMaTUYECKYIO MOJIEIb JIBHXKEHUS PHIYaKHOTO MEXaHU3Ma
cpeactBamu nporpammuoro nakera « MATLAB/SimMechanicsy;

2. [lo pe3ynbTaTam KOMIIBIOTEPHOTO MOJAECIMPOBAHUS MOJYUYUTh Tpaduku
KHUHEMAaTUYECKUX U JMHAMHYECKUX XapaKTEPUCTHK HCCIEIYEMOTO PhIYaKHOIO
MEXaHHM3Ma, OJYYUTh AHUMAIIMOHHYIO KApTUHY €0 JBUKCHUS.

OO0beKT nccaeq0BaHUS: PHIYAKHBIN MEXaHU3M MEIIATeNsl C MPUII0KEHHON
K HEMY MOJIE3HOM HArpy3Komu.

AnmapaTHble cpeAcTBa: BUpTyanbHas Jlabopatopus Ha DBM IBM PC,

HIpOrpaMMHBINA MaTeMaThueckuil maket «SimMechanics/Simulink/MATLABy.

4.1 Onucanue KOHCTPYKUMH, HCXOJAHbIE JaHHbIE, PeaJn3auus MOdeJu

Ha puc. 4.1 mpexacraBieHa pacyeTHash cxema pPBIYQKHOTO MEXaHH3Ma

MCIIATCIA.



Puc. 4.1 PacuetHas cxema MmexaHusma: | — KpuBoOIIuM, 2 — MAaTyH, 3 —

B ta6n. 4.1 npencraBieHbl HCXOHBIE TaHHBIE MEXaHU3MA.

noJI3yH, 4 —pabouuii OpraH MexaHu3ma - MelaTeab

Tabmn. 4.1 - cxonHable JaHHBIE MEXaHU3MA

No 3BeHa/

1 2 3 A

BCIIMUUHA

I, m 0.5 1 - 1

m, ke 1 2.5 5 3

L, ke'm® 0.02 0.2 0.006 0.25
] 'I[. g{csn&usz 4 l ¢ i a.ic.s‘s : I

Ravolute O

JANGH NS ORMQ R
SpMnowHna

brok-cxema Mojenu MexaHu3Ma MpejcTaBieHa Ha puc. 4.2.

04

MIMBDEHMA
KpMoawnn

HArpy®a W MEMepaue

Welg2|

Waryw CD

Prismabc

]

OO
nansyw

‘ HANPARNAKILAR

Puc. 4.2 bnok-cxema MOICIIN PBIYAXKHOI'O MCXaHHU3Ma

PaccMoTpuM cocTaB M HACTPOMKY BCTIOMOTATEIbHBIX OJIOKOB U TIOJICUCTEM

4.2 BennomorareJibHBIE MOJACHCTEMbI

Ha puc. 4.3 wu 4.4 mnupencraBineHbl cxeMbl mnoacucteM «Crolika» u

«Hanpaanﬁomaﬂ» COOTBCTCTBCHHO.



Env ~o§—‘= b —mcefposip—<1> (GO alcsp cop—{n b | E

Machine

Environment Ground Weld Croika Hanpaanaowan Woid 1 Ground1
ANA NON3YHA
Puc. 4.3 Iloacucrema «CToiikay Puc. 4.4 Tloncucrema «Hanpasinsromias»

IToncucrema «3amaHuie NBYOKCHHS KPUBOIIMITAY MPEACTaBIeHa Ha puc. 4.5.
C ec TOMONIBIO YCTAHABIMBAIOTCS KHHEMATHYCCKHE IMapaMeTphl KPHUBOIIMIIA:
HaYaJIBHBIN yToJI IOBOPOTA, YIJIOBask CKOPOCTh, YIIIOBOE YCKOPEHHE.

B omoke «Joint Actuator» (puc. 4.6) B kauecTBe MeTO/ia 3aIaHUs JIBHIKCHUS
BbIOMpacM KHHEMaTH4decKuil meton «Motiony, a Takke eIUHHUIBI HU3MEPCHHUS
KHHEMAaTHYECKUX IMapaMeTPOB.

brok «Constanty» onpenenser Ha4aJIbHOE MOJIOKCHUE KPUBOIIINIIA, B TAHHOM
cinydyae HavanbHOe moyokeHue 0 pan. biok «Integrator» ompexaenser yrioByro

CKOpPOCTb, a 0110k «Integratorly — yrioBoe ycKOpeHHe KpUBOIIUTIA.

R

1
s

"‘“”“”‘j‘*. ) <D

N l Joint Actuator

Integrator1

0

Constant
Puc. 4.5 Tloncucrema «3amanue ABUKEHUS KPUBOITHTIAY»

Ha puc. 5.2 npencrasnen unrepdeiic 6ioka Integratorl.



Block Parameters: Joint Actuator X %l Block Pansmeters: Integrator! x

Joint Actuator Ievtegrakor

Actuates a Joint primitive with generalized force/torque or linear/ e e LA

angular position, velocity, and acceleration motion signals. Base- Parameters
follower sequence and joint axis determines sign of forward motion.
Inputs are Simulink signals. Motion input signals must be bundled External reszt.  none 3
into one signal. Connect to Joint block to see Connected to primitive
Jist. Initial condition sowrce: | intermal v
Initiad condition
Actuation -
Sonnecied 4o R1 v ] ume output
primitive:
L] wrap state
Actuate with: Motion ¥ ] show saturation port

[] show state port
Abtsohate tolerance

s
Angular units: rad v 50

] 1gnore bmit and reset when lincartzing
Angular velocity units: rad/s i =] Enable zero-crossing detection
State Name: (6.9, 'position’)

Angular acceleration units: | rad/s~2 %

Cancel Help || Apply J [Cox ] cancel Help 200my
Puc. 4.6 Uurepdeiic 6moka «Joint Actuator» Puc.4.7 Untepdeiic 6moka «Integratorl»

3uaucHue B mose «lnitial condition» onpenenser yriaoBym CKOPOCTh
KPHBOIIIKITA, KOTOpasi paBHA B JAHHOM cirydae 2 paj/C.

[Moncucrema «M3mepenust KpUBOILIUIDY TIpeIcTaBlieHa Ha puc. 4.8.

P Angle
Camtrwaoun Angle Pb 1
W Ran ‘
Gant !
] ,mu"
- 2

g | B
ap}— - L} canpocn.
yoHODE Y ' 1
Joint Sensa " A Product MOWNOCTE Intngratoe padora

Continuous Angle

Te
Fr

&

[—, NONOWT CAn
P—— — 8 pPBcwMne
om occn Z
poongm X Y Z

Puc. 4.8 Iloacucrema «M3mepeHust KpUBOLLIMIDY

Ha puc. 4.9 u 4.10 npencraBnensl rpadMKi MOITHOCTH U PAOOTHI.



M. B7

LR

-
tc

Puc. 4.10 I'paduk u3meHeHUS paObOTHI

[Moncucrema «Harpyska/usmepenue maTyH» npejacraBieHa Ha puc. 4.11.

F:.ID‘I

_J B ’ - 0

wamepoise v s
Body Sanscr i - [®)

mocv-vo

-owcwx vmaOoa—pY |
CHOPOSTL DO
-mvn-

a8 IR AR

DOPOINGER warZy 3

— “:a _— "-9 |

Constanm Boady Actuator

Puc. 4.11 Tloacucrema «Harpyska — usmepeHue- maTyH»



Tak Kak TOJIE3HOW HArpy3KOW [UId Memarens SBISETCS  BA3KOE

CONPOTUBIIEHHE CpElbl, B KOTOpO paboTaeT paboumii opraH MemaTess, TO

-

YCJIOBHO MOXHO yTBEpXJaTh, uTO Ha koHel maryHa CD nelictByer cuna P,
IPOTHBOIOIOXKHAS II0 HANpPaBIECHHIO BEKTOPAa CKOPOCTH Up. llpu 3TOM
KOA(PUIIMEHTHI COMPOTUBIICHUS] TIO COOTBETCTBYIOIIMM OCSIM MPUHUMAIOTCS
paBubiMu 60. Ha puc. 4.12 npencraBieHsl rpadukd CKOpPOCTH TOJI3yHA U
nmosie3HoM Harpysku. [lns ymoOctBa Bocmpusatus rpadukoB CKOPOCTh IMOJI3yHA

oObL1a yBenuueHna B 100 pas.

Puc. 4.12 I'paduku CKOPOCTH MOI3YHA U TIOJIE3HON Harpy3Ku

Tpaexropust u romorpad ckopoctu Touku D oroOpakensl Ha puc. 4.13 u

4.14.
4 4| Tpaextopua 1.0 — O X
XY Plot XY Plot
1 1
0.5
0.5 _
~ 0
.
o ~— @
2 0 T 2 05 -
> 7 > C T
", -1 H""‘-q,_______ H-H-.,___
05 S ,/
T -15
P 2
2 45 4 05 0 05 1 15 0.5 o 0.5 1 15
¥ Axis X Axis
Puc. 4.13 T'onorpad ckopoctu Touku D Puc. 4.14 Tpaekropust Touku D

[Moacucrema «M3mepenus - noia3yH» npeacTasieHa Ha puc. 4.15.



ot Mlepavewenns

Yex Bl
ope NOPOMO UMD

CHOPOCTS

Fr YOO pEoine
m =

Joint Senscrt

=

Nx
Ny |
=

Nz Nx
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Puc. 4.15 [Moacuctema «M3mepeHus - oa3yH»

IToacucreMa Mo3BOJISIET U3MEPATh OCHOBHBIE KMHEMATHUYECKHUE MAPaMETPhI
MOJI3YHA, a TaKXKe peakuuu cBs3el. ['paduku nepemenieHus, CKOpOCTH, YCKOPEHUS

MoJI3yHa TpeICTaBjIeHbI Ha puc. 4.16.

Puc. 4.16 I'paduku nepemenieHus, CKOPOCTH, YCKOPEHHUS MOJI3yHa

3akirouenue
B xome nanHOM mabopaTopHOil pabOTBI CO3/MaHA MOJEIb PBHIUAKHOTO
MeXaHH3Ma MelaTens CpeAcTBaMu MIPOrpaMMHOTO nakeTa
«MATLAB/SimMechanics». 3atem ObITM HW3MEpPEeHBI W MPOAHATU3UPOBAHEI
KUHEMAaTUYECKUE W JUHAMHYECKHUE XapaKTepUCTHKHM MEXaHW3Ma MpU MOMOUIU

CO3JIaHHOW MOJIEIIH.



4.3 TIOPANOK BBITIOJIHEHHMA PABOTHI
1. Cobpath 0JIOK-CXeMy MOJIeIHn PBIUAKHOTO MeXaHHU3Ma
MEPEMENINBAIOIIETO YCTPOICTBA, WCTIOJIB3Ys  TpUMEpP (puc.4.2) "
BCIIOMOTrareabHble mnoacuctembl (puc. 4.4-4.5, 4.8. YucneHHsle 3HaYEHUS
napamMeTpoB MEXaHU3Ma MPEJCTaBICHbl B COOTBETCTBUE C BApUAHTOM B Ta0J. 4.2.

Ta6u. 4.2 — ITapaMeTpbl ppIYAKHOTO MEXaHU3MA

Ne BapuaHTa

5

6

7

8

9

10

Hnuna
KPHUBOIIIHIIA
OA, |y ,MMm

40

60

80

50

30

25

70

55

45

35

Hnuna
matyHa AB,
I, MM

100

120

180

150

130

120

190

140

160

125

Jnuna
maryHa CD,
I MM

70

90

120

100

120

95

150

100

120

90

IToronnas
Macca
3BEHBbEB, M,?
Kr/M

50

90

60

70

40

100

55

65

75

45

Yacrora
BpalllcHUs
KpHUBOIIIKIIA

01, C

2.5

55

6.5

2. CchopmupoBath MOACUCTEMY 3aJlaHUs TOJIE3HON Harpy3KH, JeHCTBYIOLIEH
Ha pabouyuil OpraH NepeMelIMBaroIIero ycTpoiWcTtsa — B T.JI B BHUIE BSI3KOTO
COTPOTHUBIICHUS TMEPEMENINBAEMON Cpejibl, MPONOPIUOHATBHON CKOPOCTU TOYKH
IPWIOXKEHUS 3ToN cuibl. KoaddHImeHT BI3KOro COMpOTUBICHHS CPElibl BHIOPATH
CaMOCTOSITEIIbHO, UCXOJsl U3 YCIOBHUSA, YTOOBI CHJIa BS3KOTO COINPOTHUBIICHHS IO
MOJYJII0 Haxouiack B npenenax 100-200 H.

3. CdhopmupoBaTh MOACUCTEMY H3MEPEHUS KUHEMATUYECKUX U CHUIIOBBIX
XapaKTepUCTUK uccienyeMoro Mmexanusma (puc.4.11 u 4.15) u nonyuuts rpaduku
MorntHOCTH (puc. 4.9), paboThl, coBepiracMoit Mmexanu3mMom (puc.4.10), mocTpouThb
rogorpad ckopoctu (puc. 4.13) u Tpaektoputo 1.D (4.14), a Takxke rpaduku
MepeMeEILeHHs], CKOPOCTH U YCKOpeHHus nosizyHa B (puc.4.16).

4. [IlpoBeputh aneKBaTHOCTh pabOTHI MPOTPaAaMMBI IYyTEM aHAIU3a
MOJIY9aeMbIX Pe3yJIbTaTOB U C(HOPMYITUPOBATH BHIBOIBI.

5. CoxpanuTh mnporpamMmy B ¢opmare .SIX ¥ MOATrOTOBUTH OTYET B

nporpamme Word.



1.7 BOITPOCHI JI1sA CAMOKOHTPOJIA

Kak cdhopmupoBate Matpuiy wuHepuuu OjokoB  «Bodyy,
MOJEIUPYIOIIUX TBEPABIE TEJIA MEXaHU3Ma?

UeMy paBeH MakCUMaJIbHBIA XOJ IIOJI3yHAa B JI€3aKCUAIBHOM
kpuBomnnHoOnmon3yHHoM MexaHusme? [IpoBeppre 53TO B Bamen
pabore.

KakoBel Moryr OBITH pa3mepbl YaHa CHPOEKTUPOBAHHOTO BaMH
NEPEMEIMBAOIIETO YCTpOiicTBa?

Uro Takoe «paboumii XOa» MeXaHHW3Ma M KakOB OH B BalleM
MexaHu3me?

Kak paccuutath nOTpeONIIEMYIO  pBIYQKHBIM  MEXaHHU3MOM

MaKCUMAaJIbHYIO U CPEIHIOI0 MOLIHOCTh?



CIIMCOK MCIIOJIb30BAHHOM JIUTEPATYPhI

1. MopaenupoBaHue U BU3yadu3alus ABHXKEHUN MEXaHUUECKUX CUCTEM B
MATLAB: yue6noe nocobue / B.C.Illep6akoB, M. C. KoperToB, A.A. Pynmens,
B.A. I'nymen;, C.A.Mumomenko. — Omck: U3n-so CubAIU, 2007. — 84c.

2. MopenupoBanue MexaTpoHHbIX cucteM B cpeae MATLAB (Simulink
/ SimMechanics): yueOHOe mTocoOue i BBICIIUX Y4eOHBIX 3aBeacHuii/ B.M.
Mycamumos, I'.b. 3amopyeB, WN.W. Kananemumnaa, A.Jl. IlepeuecoBa, K.A.
Hyxnun. — CI16: HUY UTMO, 2013. - 114 c.

3. Apro6onesckuit I.1. Teopust mexanuzmoB. M.: Hayka, 1965. - 776 c.

4. IesaxonoB B.II. MATLAB 6/6.1/6.5 + Simulink 4/5 B MmatemaTuke u
mozaenupoBanuu. [Ton-Hoe pykoBoacTBo noaszosareins. M.: COJIOH-IIpecc. -
2003. - 576 c.

5. Marepuain, npeAcTaBIeHHbIN Ha caiilTe www.exponenta.ru

6. CripaBounas cucreMa MATLAB www.matlab.com.



5. JlabopaTopHnasi padora Neb5
YUCJIEHHOE MOJAEJIUPOBAHUE BEPTUKAJIBHOI'O
JIBUKEHMUS IIAPA B BA3KOM CPEJE, COYJAPAIOMIEIOCSI C
YIIPYTUM OCHOBAHUEM

Ilenv pabomer: OCBOUTH UUCIEHHBIE METOAbl PELICHUS HEIUHEHHOro
mudepeHaITbHOr0  ypaBHEHUS € Pa3pbIBHBIMM  XapaKTEPUCTHUKAMM:
CKaykoOOpa3HbIM  HM3MEHEHHEM  TMapaMeTpoB  JUHAMUYECKOro  Ipoiiecca,
HAYaJIbHBIX YCJIOBUM WHTErPUPOBAHUS B cpeAe OJOYHOTO HMMHUTAIMOHHOTO
MareMaTudeckoro moaenuposanus Simulink/ MATLAB.

OO0bekT McciaegoBaHuUs: IIap, MaJalONMKA B BS3KOM cpele Ha ynpyroe
OCHOBAaHHE C PA3NTMYHBIMU KOA(DPUIIMEHTaMU BOCCTAHOBJIECHUS CKOPOCTH MpH
ynape.

AnmnapaTHble cpeAcTBa: BUpTyalbHas Jlabopatopus Ha OBM IBM PC,
nporpaMMHbIid MaTematnueckuii maket Simulink/ MATLAB».

5.1 OCHOBHBIE TEOPETUYECKMUE [TOJIOXKEHUA

PacuetHas nuHamuueckas cxema JABW)KEHHS IlIapa, MaJlalollero B BA3KON

Cpelie ¢ HEKOTOPO# HavaabHOM BBICOTHI Ng M ¢ HEKOTOPOI HaYaIbHON CKOPOCTHIO

Vo Ha yIpyroe OCHOBaHHE ¢ KOX(P(HUIIMEHTOM BOCCTAaHOBICHHs K, MOKa3aHa Ha

pHc.5.1.
A Fcomp
DY
mg
v

S

Puc.5.1 PacueTHas quHamMuyeckas cxema JIBM)KEHUS I1apa



Huddepenumansuoe

00BEKTa, UIMEET BHUJI

mx + bx = —mg,

YpaBHEHHE,

OIIKUCBIBAIOIICC

(5.1)

NIBIDKEHUE

JaHHOT'O

rae g — yCKOpeHHe CBOOOHOTO MaJeHUs; X — TeKYyIIas BbICOTA IIaprKa Ha

wimTo, b — k03 PHIMEeHT BSI3KOTO CONMPOTUBIICHUS CPEbI, B KOTOPOI JBUKETCS

HIapUK B IPOMEKYTKaX BPEMEHU MEKY COYNAPEHUSIMH C ILTUTOM.

3ameHsst mpou3BoAHBIE onepatopom Jlamaca p = d/dt, nonydaem

1

x =[x+ (=gl

(5.2)

brok-cxema Simulink-momenu 4YucieHHOrO pelieHus ypaBHeHus (2.2)

npe/cTaBleHa Ha pUC.D.2.

-9.81

Integrator

Constant

]

Y

¥
*o

g,
=

PG o

Gaini

=

Integratort

Puc. 5.2 Briok-cxema Simulink-mMoenu 4ucaIeHHOTO pelIeHUs] YPaBHCHHS

Ha Brixome Osioka «Integratory

Scope

MoJIy4aeM 3HAau€HHE TEKYIIeW CKOPOCTU

JBMKEHUS IIapUKa, a Ha BBIXOJIE BTOPOro Oyioka mHTerpupoBaHus «Integratorly —

3HAYCHUE KOOPAMHATHI IAPUKA HAJl IUTUTOM.

JInst  KOppeKTHOM paboThI

MOJEIU B OJIOKE

napaMeTpoB IEpPBOro

unTerparopa (0mox «Integrator») (puc.5.3) HEOOXOAMMO YCTaHOBHUTH BHEITHEE

yrnpasnenue (dnmement falling (mpu ymensmiennn) B crmcke External reset) ot

BBIX0JIa BTOPOTO MHTETpaTopa. B chmcke ycTaHOBKM HadajabHBIX ycioBui (Initial

condition sours) HeoOxomumo BBIOpaTh «externaly, a Takke aKTHBH3HPOBATH

GYHKIIMIO OMpEeNeNeHUusT HYJIEBOTO YPOBHS KOOPJHHATHI

(COmpUKOCHOBEHMS

mapuka ¢ MJauTON) MyTeM YCTaHOBKH rajodku B TpeOyemoM okHe. Kpowme Toro,




H€O6XOI[I/IMO YCTaHOBUTb MCTKY B OKHC

cocrostaus) (puc. 5.3).

«Show state port» (ITokazate mopT

-A)‘ i~ Integrator
' | Continuous-time integration of the input signal.

- Parameters

Extemal reset: Ifalling

Initial condition source: [extemai

[ Limit output

Lol Lo

[~ Show saturation port

v Show state port

Absolute tolerance:

\ ]auto

v Enable zero crossing detection

oK | Cancel | Help ]

Puc. 5.3 OkHo HacTpoiiku 6510ka uHTErpaTopa «Integrator»

HpI/I 9TOM PpPACCHUTAHHOC 3HAYCHHUC Ha BbLIXOAC IICPBOIO HHTCIrpaTopa

H€O6XOI[I/IMO IIogaTrb Ha BXOIIHOﬁ ImopT 0J0Ka BHENIHETO HAYaJbHOIO YCIIOBUA

MHTErpaTopa HE HEMOCPEACTBEHHO, a 00s3aTelIbHO dYepe3 OJIOK HavaabHOTO

ycnousi IC. B mocinemHeM MOXXKHO YCTAHOBUTh M HEOOXOJMMOE HadallbHOE

3HAYEHUE CKOPOCTH I1apuka (Hampumep, 0).

B 610ke mapameTpoB BToporo mHTerpatopa (61ok «lIntegratorl») (puc.5.4)

HEOOXOIMMO YCTAaHOBHUTH HIDKHIOIO TpaHUIly (HYJIb) HM3MEHEHUS KOOPIMHATHI,

HavaJbHOE yCIIOBHUE - BHyTpeHHee «internal» (10 metpos).



r~ Integrator -

Continuous-time intearation of the input signal.

Parameters

External reset: I hohe

Lef L«

Initial condition source: Iintemal

Initial condition:
[1 0

iV Limit output
Upper saturation limit:
linf

Lower saturation limit;
0

[ Show saturation port
[ Show state port

Absolute tolerance:

|auto

v Enable zero crossing detection

} oK ‘ Cancel | Help ‘ ooy I

Puc. 5.4. OxHo HacTpoiiku 6j10ka mHTETpaTopa «lIntegratorl»

MopenvupoBaHie TPOUCXOIUT cleAylmuM obpa3zom. HWuTerpupoBanue
HAayMHAETCs MPHU YKA3aHHBIX HAyaJbHBIX YCIOBHUSAX. B MOMEHT, KOrzila Ha BTOPOM
UHTErpaTope (GUKCHpPYETCs IMepPeceYeHUe IIapUKOM HYJIEBOTO YPOBHS BBICOTHI,
OCYIIECTBIISIETCSI TOYHOE (C MAIIMHHOM TOYHOCTHIO) BBIYHMCIEHUE MOMEHTa
BPEMEHHM, B KOTOPBIM IIApUK KAacaeTcsl IUIMTHI, MEPECUUTHIBAETCS 3HAUYCHHE
CKOPOCTH B MEPBOM HHTETPaTOpe Ha MOMEHT MEPECEUYCHUs, U 3TOT MOMEHT
YCTaHaBJIMBACTCS KaK HOBBIM HayaJbHbIM MOMEHT BpeMeHU. HailieHHoe 3HaueHue
CKOPOCTH 4epe3 BBIXOJHOW MOPT MEPBOTrO MHTErparopa (HAXOAMUTCS B HUXKHEU
gacTh OJOKa-WHTErpaTtopa) HU3MEHSET CBOM 3HAK Ha MPOTHBOIMOJIOXKHBIH,
ymeHbmaercs no penuaunae (Gainl) ¢ yuerom koaddurmenra K BocctaHOBICHUS
CKOpPOCTH NIPH yAAPE U UCIIOIB3YETCA KaK HOBOE€ HAYaJbHOE YCIOBHUE IO CKOPOCTH.

3arem HHTCTPUPOBAHUC IIPOAOJIZKACTCA IIPHU HOBBLIX HAYAJIBHBIX YCIIOBHAX.



Cnemyer  OTMETHTh, UYTO  YIpaBICHHE  MPOLECCOM  MpPEpHIBaHUSA
UHTETPUPOBAHUS M TPOJOJDKEHUS €ro NpH HOBBIX HAYaldbHBIX YCIOBHAX
OCYILIECTBIISIETCSI BTOPBIM HHTErpaTOPOM TMPH TMEPECeUYCHUH BEIUYMHBI Ha €Tr0
BBIXOJIC YCTAHOBJICHHOTO ypOBHsI (HyJs) Ipu yMeHbleHuu (ycranoBka failing na
MIEPBOM UHTETPATOPE).

Ha 6nok-cxeme Mozenu oOpartHas netis ¢ koddduirentom ycwienus Gain
(puc.5.2), paBHOM b / m, CIyXUT JJsi y4€Ta BS3KOTO COMPOTUBIICHUS CPEJbI, B
KOTOPOM JBMYKETCS IIApHK.

Ha puc. 5.5 npeacraBieHo OKHO 3aJjaHusi MapaMETPOB HHTEIPUPOBAHUS

g depeHInanbHOr0 ypaBHEHHUS.

) A 7 = ey
ot e

) 'Simulation Parameters: Ball2 - P

Solver! Workspacele’ﬂl Diagnosticsl .&dvanced‘ Heal-TimeWockshopl

Simulation time
Start time: ’_U—U Stop time: [TD

Solver options
Type: |Variablestep w|  |ode23 (Bogacki-Shampine] Re
Max step size: | 0.01 Relative tolerance: | 1e-5

Min step size: l auto Absolute tolerance: | auto
Initial step size: ! auto

Output options

Iﬁefine output _V_] Refine factor; | 1

0K I Cancel| Help I

100% ode23

Puc. 5.5 OkHo BBOA mapamMeTPOB MOIEIIUPOBAHUS

[lonydyeHHsle B pe3ydbTaTe YHCICHHOTO MOJETUPOBaHUS Tpaduku
KOOpDAMHATHI IMIAPHKA M W3MEHEHUS €ro CKOPOCTH BO BPEMEHHU II0Ka3aHbl Ha

puc.5.6.



D200 REBE B

Puc. 5.6 I'paduku M3MEHEHHS CKOPOCTH IIAPHKA U €ro KOOPAMHATHI BO

BpCMCHH



5.2 [IPOTPAMMA BbIITOJIHEHWA PABOTHI

1. [locTpouTs MaTeMaTUYECKYIO MOJENb BEPTHKAIBHBIX KOJEOAHMI
CBOOOJHO MAJAIOUIEro B BA3KOM cpeAe Iapa, COyAapsIolIerocss ¢ yHpyrum
OCHOBAaHHEM TIPHU PA3TUYHBIX KO3(PPUIIMEHTaX BOCCTAHOBIIEHUS CKOPOCTH.

2. [Honyuuts pemenne auddPepeHunanbHOro ypaBHEHUSI CPEICTBAMMU
nporpammuoro makera Simulink/MATLAB.

3. [TocTpouts rpadvku U3MEHEHUS] KOOPAUHATHI U CKOPOCTH JIBHIKEHUS
miapa BO BPEMEHHM NpPHU Pa3IUYHBIX KO3 UIIMEHTaX CONPOTUBIEHUS CpPEIbl U
K02()PUIIMEHTOB BOCCTAHOBJICHUSI CKOPOCTH MPHU yAape.

4, BbInosHUTh aHANW3 MOJYYEHHBIX TPaUKOB JBHKEHUS, MPOBEPUTH
aJIeKBaTHOCTh TIOJTYYEHHbBIX YMCICHHBIX PEIICHHM.

5. CdopmynupoBaTh BBIBOJIBI.

5.3 KOHTPOJIbHBIE BOITPOCHI
1. B uém ocobeHHOCTH MaTEMaTUYECKOTO MOJEIMPOBAHUS TaJCHUS
IIapyKa Ha yOpyroe ocHoBaHue?
2. Kakumu cpenctBamMu  JOCTUTAeTCsl YHMCIEHHOE MaTeMaTHYEeCKOe

MOICIIMPOBAHUC IOBUIKCHUA IIapHUKa IIPU COYAApCHHUU C HEeaOCOII0THO yupyrum

OCHOBaHUEM?

3. Kak yuuThIiBaeTCsi BIMSHUE CONPOTUBICHHE CpEAbl HA JIBUKECHUE
mapuka?

4. Kak mpoBeputrh aIeKBaTHOCTh MOJYYEHHOM MaTE€MaTHYECKON
Mozenun?

o. Yro takoe k03(PpPUIIMEHT BOCCTAHOBJICHHUS CKOPOCTH TPU YIape U Kak

OIIpCACINUTDb €T0 3HAYCHHNC B YHUCIICHHOM BKCHepI/IMeHTe?



CIIMCOK MCIIOJIb30BAHHOM JIUTEPATYPhI

4, MATLAB 6/6.1/6.5 + Simulink 4/5 B MmaTremMaTuke ¥ MOJCIUPOBAHUHT
/ IbsikonoB B.II. TlomHoe pykoBoactBo mosb3oBarens - M.: COJIOH-IIpecc. —
2003. - 576 c.

S. M54 MogenupoBanue W BHU3yalu3alus IBUKEHUN MEXaHUYECKUX
cucteM B MATLAB: Yue6noe nocodue / B.C.Il1lepbakos, M. C. KopsiToB, A.A.
Pynnens u np.— Omck: CubAIU, 2007. — 84c.

6. MopenupoBanue MmexaTpoHHbIX cucTeM B cpeae MATLAB (Simulink
/ SimMechanics): y4yeOHOe TmocoOHMe Il BBICHIMX Y4e€OHBIX 3aBefeHUN /
Mycanumo B.M., I'.b. 3amopyes, .M. Kanansimuna, u gp. — CII6: HUY
UTMO, 2013. - 114 c.

7. MopenupoBanue nporeccoB u cucteM B MATLAB. Yuebnsiii kypc /

Jlazapes IOpuii - CII6.: [Tutep, 2005, 511c



6. JladbopaTopHas padora Ne6
KOMIIBIOTEPHOE MOJIEJIMPOBAHUE CUCTEMBbI
JUPPEPEHIIUAJIBHBIX YPABHEHUI, OTUCBIBAIOIINX
«CTPAHHBI» ATTPAKTOPA JIOPEHIIA

Ilenvy pabomwbi: OCBOWTH UHCICHHBIE METOJABI PEIICHUS CHUCTEMBI
HEIMHEHHBIX MU PepeHInanbHbIX YpPaBHCHHA, OIMCHIBAIOIINX BO3MOYKHOCTH
MOSIBIICHUS] B JETEPMUHUPOBAHHBIX CUCTEMaX JMHAMHUYECKOTO Xaoca Ha MpUMeEpe
«cTpaHHOTO» arTpakropa JlopeHma, B cpeae OJOYHOTO UMHUTAIIMOHHOTO
MareMaTudeckoro moaenuposanus Simulink/ MATLAB.

Obvekm uccnedosanusa:  cucmema HeIUHEUHbIX OugghepeHyuarbHbix
VpasHenutl nepeoco NopsaoKa, NPUBOOSAUAs K NOGIEHUI) CMPAHHO20 AMmMpPaKmopa
Jlopenya.

Annapammuvie cpeocmea: supmyanvhas nabopamopus va IBM IBM PC,

npozpammuslii mamemamudeckutl nakem «Simulink/ MATLAB».

6.1 TeopeTnueckue cBeAeHHSI

AttpakTtop (oT aHri. «to attracty — mpuraruBaTh) — TEOMETpHUECKas
CTPYKTYpa, XapakTepHu3yolas MoBeACHNUE CUCTEMBI B ()a30BOM IMPOCTPAHCTBE B
KOHIIE JUIUTEIBHOTO BPEMEHMU.

To ecTh aTTpakTOp — 3TO TO, K YEMY CTPEMUTCS MPUNUTH CUCTEMA, K UEMY
OHa MPUTATUBACTCH.

[IpocTedmmM TUIOM aTTpPaKTOpa SBISIETCA TOYKA. TakoW aTTPakTop
XapakTepeH M1 MasTHHKAa NpU Hanuuuu TpeHusd. He3zaBucumo OT HavanbHOU
CKOPOCTH U IOJIOKEHUS, TAKOW MAsATHUK BCETJa NPUAET B COCTOSHUE MOKOS, T.€. B
TOYKY.

CrnenyomuyM TUIIOM aTTPaKTOpa SIBISETCS MPEAEIbHbIN UK, UMEIOIINI
BHJI 3AMKHYTOU KpHBOM JIMHUU. [[pMepoM Takoro arrpakropa ABIsSE€TCS MASTHHK,

Ha KOTOPBIA HE BIUSET CWia TpeHud. Ellle 0OJHUM NpUMEpOM MPEIEIbHOTO UK



aBigercss OueHue cepauna. Yacrora OMEHUS MOXKET CHHMXKATbCA W BO3pacTaTh,
OJIHAKO OHA BCErJa CTPEMUTCA K CBOEMY aTTPAKTOPY, CBOEH 3aMKHYTON KPUBOM.

Ecnu  arrpakropamu  Ha3bIBalOT TOYKM WJIM 3aMKHYTbIC  JIMHUH,
MPUTSATUBAIONINE K ce0e BCce BO3MOKHBIE TPAEKTOPUH MOBEJACHUS CUCTEMBI, TO MPHU
CTPAaHHOM  aTTPAaKTOpPE HEKOTopas OrpaHWYeHHas 00JacTb  3aloJHseTCA
HEIpeICKa3yeMo JBUKYILIEHCS TOUYKOM, TPaeKTOPUsl KOTOPOU MOPOKIAAeT GUrypy
ApoOHON pasMepHOCTH. lIpm 3TOM TOYKa B CTpPAaHHOM AaTTPaKTOpPE COBEPLIAECT
BECbMa CJIOJKHBIE JBUKEHHUsI, XaOTUUYECKU NEPEIPhIruBasi BIIEPE] U Ha3ad MEXAY
IBYMsI IIEHTpaMH-(POKyCaMHu.

PaccMoTpuM 3HaMEHUTHIN IIPUMED, BECbMa HAIISIAHO JIEMOHCTPUPYIOLINM,
YTO CTOMT 3a TEPMHUHOM «XaOTHYeCKas JuWHaMuka». Oasapn JlopeHn wu3
MaccadyceTckoro TEXHOJIOTMYECKOro HuHctutyta B 1961 romy 3aHumalcs
YUCJICHHBIMU HCCIIEOBAHUSAMM METEOCUCTEM, B YACTHOCTU MOJAECIMPOBAHUEM
KOHBEKIIMOHHBIX TOKOB B arMocdepe. OH Hamucan mporpamMmy i pelieHus

cienytomieit cuctemsl qudPepeHnnanbHbIX YpaBHEHUN:

X =0o(y—x)
y=x(r—z)-y. (6.1)
Z=xy—bz

B nanpHedmux pacuerax mapameTphl G, T U b MOCTOSHHBI M MPUHUMAIOT
sgauenus o = 10, r =27 ub = 8/3.

Jlopennr yaensut Bce Ooibllie U OOJbIIe BHUMAHUS MAaTEMAaTHKE CHCTEM,
KOTOpBbIE HHUKOT/Ia HE HAXOAWINCh B YCTOMYMBOM COCTOSIHUM, MOYTH IMOBTOPSIS
IpyT JIpyra, HO HE JOCTHUTras IMOJHOW WACHTHYHOCTH. M3BEeCTHO, 4TO moroja Kak
pa3 ¥ ABIIACTCS TaKOW alepHOJIUYHON CHCTEMON. MHUp IOJIOH MOI00HBIX CHCTEM, U
HE HYXHO JAJIEKO XOJUTh 3a MPUMEPAMH: YHCJICHHOCTh IMOMYJISIHUN >KUBOTHBIX
pacTeT W MajgaeT MOYTH PETYISPHO, SMUJIEMUM HAYUHAIOTCS W IPOJOIKAKTCH,
BOITPEKH JIFOACKHM HaJeXaaM, TOKe B onpeaeacHHoM nopsiake. M eciu 661 moroja
KOrJga-HuOyab IOBTOPWJIAch B TOYHOCTH, ITPOJICMOHCTPHPOBAB TOJHOCTHIO

HACHTUYHOC IIPCKHCMY 00J1aK0 WJIH JOXAb, KaK ABC KaIlJIh BOJbI MOXO0KUI Ha



HEOAaBHO HpOI.HCI[HIHfI, TOrga, BEpOsATHO, OHA CTalla OBI BCCra BOCIIPOU3BOAUTHCH,

U Ipo0JieMa IPOTrHO3UPOBAHUS NOTEPsiIa Obl CBOIO AKTYaJIbHOCTb.

JlopeHny mpeaBUAeN, YTO JOJKHA CYIIECTBOBATh  CBSA3b  MEXKAY
HEMOBTOPSIEMOCThIO aTMOC(EPHBIX SIBICHUM M HECIOCOOHOCTHIO METEOPOJIOTOB
MpeAcKa3aTh WX, WHBIMH CJIOBaMHU, CBS3b MEXIY alepUOJAUYHOCTBIO U
HempeacKazyeMocThio. HaliTu mpocThie BBIpaKEHHS ISl allepUOAUYHOCTH OBLIO
JIeJIOM HeJIeTKuM, oAHako JIopeHil, mpeo101eB MHOXKECTBO MEJIKUX MPENsSTCTBUH,
B YaCTHOCTH 3aI[UKJIMBAHUE MPOTrPaMMBbI, BCE K€ JOCTUT ycreXa. ITO MPOU3OIILIO,
KOrjJla OH BBEJI B MAlllMHY YpPaBHEHHUE, OMHUCHIBAIOIICE KOJUYECTBO COJTHEYHOM
SHEPIuM, KOTOpasi U3JIMBACTCSI HA 36MHYIO TOBEPXHOCTh MPHU JIBUKEHUU CBETUJIA C
BOCTOKa Ha 3amaj. [locie 3Toro naHHble Ha BBIXOJE MPUIILIM B COOTBETCTBHE C
U3MEHEHUSAMH, HaONIOJaeMbIMU B PEajbHOCTH, KOTJa COJIHIIE HarpeBaer,
HaIrpuMep, BocTouHoe nobepexxkbe CeBepHOW AMEpPUKH U ATIAHTHUUECKUN OKEaH.
B pe3ynbTaTe IMKIMYHOCTH TPOrPaMMBbl HCUE3TIA.

ATttpakTop JlopeHIia paccuuTaH Ha OCHOBE BCETO TpeX CTerneHeld CBOOOIbI
— TpU OOBIKHOBEHHBIX NU(PEpeHITNAIBHBIX YpaBHEHUS, TPU KOHCTaHThl U TPHU
HavaJbHBIX ycioBus. OgHaKo, HECMOTPS HA CBOIO MPOCTOTY, cuctema JlopeHia
BEJICT TICEBIOCITYIANHBIM (Xa0THUECKUM) 00pa3oMm.

CMoaenrpoBaB CBOIO CUCTEMY Ha KoMIibioTepe, JIopeHI| BISIBIII PUUUHY
€€ XaOTHYECKOTO TMOBEJACHUS — pa3HUIy B HayaldbHBIX ycioBusx. Jlaxke
MUKPOCKOTTMYECKOE OTKJIOHEHHE JBYX CHCTEM B CaMOM Hayajle B MpoIlecce
SBOJIOLMKM TMPHUBOAWIO K SKCIHOHEHUUAIBHOMY HAKOIUIEHHUIO OIIHUOOK W,
COOTBETCTBEHHO, UX CTOXAaCTUYECKOMY Pa3HOIJIACHUIO.

Bmecte ¢ Tem, m000# aTTpakTOp MMEET TPaHUYHBIE Pa3MEphl, MOATOMY
AKCIOHEHI[MATBHOE PACXOXKIEHUE JIBYX TPACKTOPUN pPa3HBIX CHUCTEM HE MOMKET
MpoaokKaThcsd OeckoHeuHO. PaHO wiM 1o37HO OpOWTBHI BHOBb COMAYTCS U
MpOUAYT pAIOM JAPYT C APYroM WM K€ COBHAAYT, XOTA IOCIEIHEE OYEHb
ManoBeposiTHO. KcTaTu, coBnajeHue TpaeKTOpUM SIBISIETCS MPaBUIIOM MOBEJICHUS

MPOCTHIX MPEACKA3YEMBIX ATTPAKTOPOB.



CX0IMMOCTBh-pacx0kAeHHE (FOBOPAT TAK)KE, COCTABJIEHUE U BBITATUBAHUE
COOTBETCTBEHHO)  XAaOTHMYECKOTO  aTTpakTopa CHUCTEMAaTUYECKH  YCTpPaAHSET
Ha4yaJIbHYI0 MHQOPMALIMIO U 3aMEHsSEeT ee HOBOW. IIpu BOCXOXJ€HUU TpaeKTOpHUH
COJNIMKAIOTCA, M HAYMHAET HpPOABIATHCS 3(P(PEKT ONM30pYKOCTH — BO3pACTAET
HEONpeEeIeHHOCTh KpynHoMacmTabHo wuHpopmauuu. [lpu  pacxoxaeHuu
TPAEKTOPUN HA00OPOT, OHU PACXOAATCS, U NPosABIAETCS IP(DEKT JanbHO30PKOCTH,
KOTI'/Ia BO3pacTaeT HEONPEAeIeHHOCTh MeJIKOMacIiTaOHO! nH(popManuu.

B pe3synpraTe MOCTOSIHHOW CXOJUMOCTH-PACXOKIEHUS XaOTHYECKOTO
aTTpakTopa HEONpPEIEIEHHOCTh CTPEMMTENIbHO HapacTaeT, 4YTO C KaxAbIM
MOMEHTOM BPEMEHH JIUIIAET HAC BO3MOXKHOCTH JIeJaTh TOYHbBIE MPOTHO3bI. TO,
YeM TaK TOpAUTCS Hayka — CIOCOOHOCTBbIO YCTAaHABIMBATH CBSI3U MEXIY
OpUYMHAMUA W CIEJACTBUAMH — B XAOTHMYECKHX CHUCTEMax HEBO3MOXKHO.
[Ipy4MHHO-CIIEICTBEHHON CBS3U MEXIY MPOILIbIM U OyIyIIeM B XaOCe HET.

3necb Ke HEOOXOJUMO OTMETUTh, YTO CKOPOCTh CXOAUMOCTH-
pPacXOoXACHUS SBISIETCS. MEPOM Xaoca, T.€. YWCICHHBIM BBIPAKEHHEM TOTO,
HACKOJIbKO CHUCTEMa XaoTW4Ha. J[pyroil CTaTUCTUYECKOM MEpOil Xaoca CIIyKUT
pPa3MepHOCTh aTTPaKTOpA.

Takum o006pa3oM, MOXXHO OTMETUTb, 4YTO OCHOBHBIM CBOWCTBOM
XA0TUYECKUX AaTTPAKTOPOB SBISETCA CXOAMMOCTHU-PACXOJUMOCTh TPAaCKTOpUI
pa3HbBIX CHCTEM, KOTOpbIE CIy4alHbIM OOpa30oM IIOCTETIEHHO M OECKOHEYHO
[EPEMEIINBAOTCS.

Oddexr 06abouku OBUT HE CIYYaHOCTBIO, HO HEOOXOIUMOCTHIO.
HomyctuM, HeOonplIMe MNepTypOalud TaK M OCTaHYTCS HEOONBIIMMH, HE
nepeMenasick B CHCTeMe, paccyxnaan yueHbld. IlpuOmkasce K  paHee
NPONACHHOMY COCTOSIHHIO, MOrojia YMOAOOUTCS M IOCIEAYIOIIUM COCTOSHHSIM.
[{ukibl CTaHYT NpeACcKa3yeMbIMM M B KOHIIE KOHIIOB IIOTEPSIOT BCE CBOE
ouapoBarue. YToObI BOCTIPOM3BECTH OOTAThIN CIIEKTP PEATHHOM MOTOJBI 3€MHOTO
nrapa, ee 4yJecHOe MHOTrooOpasue, Bps JU MOXKHO >KeJlaTh Yero-auodo JIydIero,

gem 3¢ ekt 6adouku. Kak yxe roBopmiioch, JaHHBIN (DEHOMEH UMEET U CTPOToe



HAay4YHOE Ha3BaHUE — «CWJIbHAS 3aBUCUMOCTb OT HayajJbHBIX YCIOBHI.
3aBUCUMOCTb 3Ty MNPEBOCXOIHO WILTIOCTPUPYET JETCKUNA CTUIIOK:

He 6bu10 TBO3111 — MO/AKOBA Tponaia,

He 6b1710 MOAKOBBI — JIOIIa/1b 3aXpoMana,

Jlomaap 3axpomana — KOMaHAUp YOUT,

Konnuna pa3z6uta, apmust O€xKuT,

Bpar BcTynaet B ropo, MJI€HHbIX HE A,

OTTOrO0 YTO B KY3HHUIIE HE OBLJIO TBO3/IS.

(ITepeson C. 5. Mapiaka)

Kak nHayka, Tak W >KH3Hb YYHUT, YTO IIellb COOBITUH MOXET HMETh
KPUTHUUYECKYI0 TOYKY, B KOTOPOM HEOOJIbIINE WU3MEHEHUs MPUoOpeTarnT 0coOyro
3HaunMocTh. CyTh Xaoca B TOM, 4YTO TaKu€ TOYKH HAXOAATCA BeE3Je,
pacrpoCTpaHsoTCs TMOBCIOAY. B cuctemMax, mMmogoOHBIX TOTOE, CHJIbHAs
3aBUCUMOCTh OT HauyaJbHBIX YCJIOBUH TMpPEACTAaBISET CO00Ml Heuz0exKHOoe
CJIEICTBUE MEPECEUEHUS MAJIOTO C BEJIUKHM.

Komnern Jlopenna ObUTM HM3yMJIEHBI T€M, YTO OH COEJAMHHI B CBOEH
MUHHUATIOPHOM MOJENIU MOTOoJbl anepHOJUYHOCTh U CUJIBHYIO 3aBUCUMOCTH OT
HayaJlbHBIX YCJIOBUHM, YTO TMOATBEPXKIAIM €ro JABEHAJLATh YpPaBHEHMIA,
POCYUTAHHBIX C TTOPA3UTENBHON TPYAOCIIOCOOHOCTRIO HE OJUH JecaToK pa3. Kak
MOKET MOoA00HOe MHOrooOpasue, Takash HeNpeACcKa3yeMOCTb — B YHUCTOM BHUJE
Xa0c! — BO3HMKHYTH U3 MPOCTOM JETEPMUHUCTCKON CUCTEMBI?

JlopeHn, OTIOXXHMB Ha BpeMs 3aHATUA TIOTOJOW, CTal HCKaTh Ooiee
MPOCTBIC CTIIOCOOBI BOCITPOM3BEACHUS CIIOXKHOTO IMOBEJACHUS 00BheKTOB. OauH U3
HUX OBUT HAWJIEH B BHUJIE CUCTEMBI U3 TPEX HEIUHEUHBIX, T. €. BBIPAKAIOUIUX HE
MPSAMYIO TPONOPUMOHAIIBHYIO 3aBUCUMOCTh YpaBHEHH M. JIMHEHHbIE COOTHOLICHUS
M300paKalOTCsl TMPSMOW JIMHWEW Ha Tpaduke, W OHU JOCTATOYHO TMPOCTHI.
JIuneliHble ypaBHEHHUs BCErJa pa3peliduMbl, YTO JI€NAeT UX MNOJAXOASIIUMHU IJIs
y4eOHUKOB. JINHEWHbIE CUCTEMBI 00JIaIaf0T HEOCTIOPUMBIM JTOCTOMHCTBOM: MOYKHO

paccmaTpuBaTh OTAEIbHBIE YPABHEHHS KaK MOPO3Hb, TAK U BMECTE.



Henuueitnpie cuctemMbl B 00IIEM BUJE HE MOTYT OBITh PEILCHBI.
PaccmaTpuBas >KMAKOCTHBIE MU MEXAaHUYECKHE CHUCTEMbI, CHEIUATUCTHI OOBIYHO
CTaparOTCAd HCKIIOUUTh HEIMHEHWHBIE SJIEMEHTHI, K NOpuMepy, TpeHue. Ecin
npeHedpeyb MM, MOXKHO TOJYYUTh MPOCTYIO JIMHEHHYIO 3aBUCHUMOCTH MEXIY
YCKOPEHHEM XOKKEHHOM 1mai0bl M CHIION, IpUAAoIIel el 3To yckopenue. [IpuHsB
B pacyeT TPEHHUE, MbI YCIOKHUM (POpMYIy, MOCKOJIbKY cuia OyIeT MEHSThCSA B
3aBUCUMOCTU OT CKOPOCTH JBUXKEHUS aiObl. 13-3a 3TON Cl10KHON N3MEHYMBOCTH
paccuMTaTh HEJIMHEHHOCTh BEChbMa HENMPOCTO. BmecTte ¢ TeM OHa MOpPOXKAACT
MHOT0OOpa3Hble BUJBI TOBEJICHUS OOBEKTOB, HE HAOJIOAaeMble B JIMHEHWHBIX
CHUCTEMaX.

B  nauHamMuKe — KMAKOCTEM  BCE  CBOJMTCS K  HEJIMHEUHOMY
muddepennmanbHoMy ypaBHeHnro HaBbe—CTOKCa, YJIUBUTEIBLHO €MKOMY U
ONPEACISIONIEMY CBSI3b MEXKY CKOPOCTBIO, TaBJICHUEM, MNIOTHOCTHIO U BSI3KOCTHIO
KugkocTtd. llpupoay STUX CBsI3e 3a4acTyl0 HEBO3MOXHO YJIOBUTh, HOO
UCCJIEIOBATh IMOBEJCHUE HEIMHEHHOr0 ypaBHEHMsI BCE PaBHO 4YTO OJIyX AaTh IO
JaOMPUHTY, CTEHBI KOTOPOTO TMEPECTPAMBAIOTCSA C KaxAbIM BammMm Imarom. Kax
ckazan ¢on Heiiman, «xapaktep ypaBHEHHUSA... MEHSETCS OJHOBPEMEHHO BO BCEX
pPEIEBAaHTHBIX OTHOLUEHHUSX; MEHSETCS KaK IMOpSOoK, Tak U creneHb. OTcrona
MOTYT TPOUCTEKATh OOJNBIINE MAaTEMAaTUUYECKUE CIOKHOCTHY. J[pyrumu cioBamu,
MUpP OBbLIT ObI COBCEM MHBIM M Xa0C HE Ka3ajcs Obl CTOJIb HEOOXOIUMBIM, €CJIH OBl B
ypaBHeHun HaBbe—CTOKCaA HE TaujCs 1I€EMOH HEJIMHEHHOCTH.

OcoObIfi BUIT MBWXKEHUS >KUIKOCTH TMOPOAWI Tpu ypaBHeHus JlopeHia,
KOTOpPBIE ONUCHIBAIOT TEUYCHUE T'a3a WM KUJIKOCTU, U3BECTHOE KaK KOHBEKUUs. B
aTMocepe KOHBEKIMS Kak OBl TepeMelIMBaeT BO3MyX, HATPEThId MPH
CONPUKOCHOBEHUHU C TEIUIOM TMOYBOM. MOXKHO 3aMETUTh, KaK MEPIAOIIUe
KOHBEKIIMOHHBIC  BOJHBI  MOJAHUMAIOTCSA, MOJAOOHO  TMPUBUICHUSM,  HaJ
packageHHBIM achaabTOM WM JPYTUMHU MTOBEPXHOCTSAMH, U3ITYYAIOIIUMHU TETUIOTY.
JlopeH1l HCTIBITHIBAJ UCKPEHHIOK PaJ0CTh, PACCKa3bIBasi O KOHBEKLUHMHU TOPSYETO
kodpe B wyamke. [lo ero yTBepKIeHHIO, 3TO OAWMH U3 OECUMCICHHBIX

TUJIPOJIMHAMUYECKHUX MPOIECCOB B Hallel BceneHHO#, MoBeIeHNEe KOTOPBIX HaM,



BEPOSATHO, 3axouercs npeayragarb. Kak, Hanmpumep, BBIYUCIUTH, HACKOIBKO
OBICTPO OCTHIBAEeT yamka kode? Ecium HAaNUTOK HE CIMIIKOM TOPSIYMA, TEIIoTa
pacceetcst 0€3 BCSIKOTO TMAPOJUHAMUYECKOTO JIBHIKEHUS, U KUJIKOCTh MEPEUJIET B
ctabunbHOoe cocTtosiHue. OJHako ecinu Kode TOpsSuMil, KOHBEKLHUS IOBJIEYET
NepeMelieHle >KUAKOCTH C OoJibllied TeMmmeparypod CcO JIHa Yallkd Ha
MOBEPXHOCTh, TJI€ TEeMIepaTypa HIKE. DTOT MPOIecC HaOMI0AAaeTcsl 0COOEHHO
OTYETJIMBO, €CJIM B YalIKy ¢ KOo()e KalnmHyTh HEMHOTO CIMBOK — TOI/Ia BUIUUIb,
CKOJIb CIIOHO KpY>KE€HHE >KUIKOCTU. Brmpouem, Oynyiiee cocTositHuEe MOA0OHOM
CUCTEMBbl OYEBHUIHO: JBU)KEHHE HEU30€KHO MNPEKPATUTCSA, IMOCKOJIbKY TEerioTa
pacceeTcs, a MepeMelIeHue YacTHIl KUAKOCTH OyJeT 3amensieHo TpeHuem. Kak
nosicusieT JlopeH1, «y Hac MOTYT OBITh TPYJHOCTH C OIpPEAEIIEHUEM TeMIIEPATYPhI
Kode yepe3 MUHYTY, HO TMpeAcKa3aTh €€ 3HauYeHWE Yepe3 yac HaM YxKe ropaszio
nerue». GopMynbl ABUKEHUS, OMpPEACIAIONINe U3MEHEHUE TeMIepaTypbl Kodpe B
Yaiike, JOJDKHBI OTpaxaTh OyJyllee COCTOSHHE 3TOM THAPOJAMHAMHYECKOU
cuctemMbl. OHU JOJDKHBI y4uUTHIBaTh 3(G(EeKT paccenBaHusi, MNpU KOTOPOM
TeMIIepaTypa KUIAKOCTH CTPEMUTCS K KOMHATHOMU, a €€ CKOPOCTb — K HYJIIO.

PaccmoTpuM mpocredmmii mpuMep KOHBEKIMH. [ 3TOro mnpencraBum
HEKOTOPBIM 3aMKHYTBI OOBEM JKHUJIKOCTH B COCYZI€ C POBHBIM JTHOM, KOTOPBIi
MOYHO HarpeBaTh, U C I'JIAaJKON MMOBEPXHOCTHIO, ITOABEPrarOUIEHCs B X0/I€ OIbITa
OXJaXIeHU0. Pa3Huma Ttemmeparyp MeEXAy TrOpsAYdM JHOM U MPOXJIATHOU
MOBEPXHOCTHIO MOPOKIAET TOKU KUIKOCTU. Ecnu pa3znuiia HeOombIasi, KUAKOCTh
OCTaeTCs HEMOJBIIKHOM; TEIUIOTa MepeMeNiaeTcsi K TOBEPXHOCTU Ojaromaps
TEIIOBOM TPOBOJMMOCTH, KaK B METAJUIMYECKOM Opycke, HE MpeooieBas
€CTECTBEHHOE CTPEMJICHHE >KUAKOCTH HAXOAUTHCA B mOkKoe. K Tomy ke Takas
CUCTEMa SBJSETCS YCTOMYMBOM: CIIy4aWHbIE JBWKCHUS, MPOUCXOJIAIIUE,
HarpuMep, Korja Ja0OpaHT HEYAsHHO 3aJICHET COCYJ, OOBIYHO 3aMUparoT, U
KHUJKOCTh BO3BPAIAETCA B COCTOSTHUE TTOKOSI.

Ho crout yBenmuuTth Temneparypy, Kak HoBeJieHue cucteMsl MeHsaeTcs. [1o
MEpE€ HarpeBaHus JKUJIKOCTH OHA pACIIMPSAETCS CHU3Y, CTAHOBUTCS MEHEE

HHOTHOﬁ, 4TO, B CBOIO OYCPCAb, BJICYCT YMCHBIICHHUC €€ MACChbI, JOCTATOYHOC,



9TOOBl MPEOJOJIETh TPEHUE, B pe3yjbTaTe€ BEHIECTBO YCTPEMIIACTCS K
MOBEPXHOCTHU. ECIIM KOHCTPYKIMA COCYJIa XOPOIIO MPOAYMaHa, B HEM MOSIBIISIETCA
HWIAHAPUYECKUHN 3aBUTOK, B KOTOPOM ropsiydasl )KUJIKOCTbh NOJHUMAETCS MO OJHOU
M3 CTCHOK, a OXJIaXKJEHHAasl CIyCKaeTcs Mo MpoTuBOMoJiokHOU. [loHabmronaB 3a
COCYIOM, MOXHO IIPOCJIEAWTH HENPEPBIBHBIA LMK TaKUX MepeMelleHud. Brae
1a00OpaTOpPHBIX CTEH cama MpUpojia co3aaeT obnactu KoHBekuuu. K mpumepy,
KOIJla COJIHIIE HAarpeBaeT IMECYaHYI MOBEPXHOCTh IMYCTBHIHW, MEPEMEIIAIOIINECS
BO3JIYIITHBIE MAacChl MOTYT C(POPMHUPOBATH MUPAXKH BBICOKO B 00JIaKaxX WJIM BOJIU3H
3eMJIH.

C nanpHEWIIMM POCTOM TEMIIEPATYPhl MOBEJACHUE KUJIKOCTU €Ile OOJbIIe
YCIIOKHSETCS: B 3aBUTKAX 3apOoxjaroTcs kosebanusi. YpaBHenus JlopeHna Obutu
CJIMIIKOM MPUMHUTUBHBIMU ISl UX MOJEIHMPOBAHUS, OMUCHIBAS JIUIIb OJIHY YEpTY,
XapaKTEePHYIO JUIsi KOHBEKIIMM B TIPUPOAE, — KPyroodpasHoe mepemerieHme
HarpeTol J>KUAKOCTH. B ypaBHEHHSIX YYUTHIBAIACh KaK CKOPOCTh TaKOTO
nepeMenieHusi, TakK U Temionepedada; u  oba  (U3MYECKHX Tpoliecca
B3auMojeiicTBoBad. [logoOHO JIOO0N IUPKYIUPYIOIIEH YacTUIle TOpsYeH
JKUJIKOCTH, KHUJIKOE BEIIECTBO B HAIIEM OMNBITE, B3aUMOJICUCTBYSI C MEHEE
HarpeTou cyOcTaHIuel, yrpaunBaeT Temiory. OIHaKO, €ClIU ABUKEHUE KUIKOCTH
IIPOUCXOTUT JOCTATOYHO OBICTPO, OHA HE MOTEPSET BCIO M3OBITOYHYIO TEIJIOBYIO
SHEPTHUIO 32 OJWH LUKJ MEPEMEIICHUM «JIHO —> MMOBEPXHOCTh —> JTHO», U B 3TOM
cly4yae B HE MOTyT 00pa3oBaThCs 3aBUXPEHUSI.

IlepBas xaoTwdeckas cucrema, OOHapyxkeHHas OIaBapaoM JlopeHiem,
TOYHO COOTBETCTBYET MEXAHUYECKOMY YCTPOMCTBY — BOJISTHOMY KOJIECY, KOTOPOE
MOXET BECTH Ce0s1 YAMBUTEIIBHO CIIOKHBIM 00pa3oM Bparmaroreecs Koieco umeer
T€ K€ CBOMCTBA, YTO W BpaIAIOIIMECS B IPOLECCE KOHBEKIUU LWIUHIPHI

KHUIAKOCTH, KOJICCO IIOXOKC Ha MX ITIOIICPCUYHBIC CCUCHUA.



Puc 6.1 Boasinoe koneco Jlopeniia

O6e cucreMbl peryaupyrorcs (IIOTOKOM BOJbI WM TEIJIOTHl), U 00e€
pacceuBaroT sHepruro. JKuAKOCTh yTpauumBaeT TEIUIOTY; BOJAA BBUIMBAETCA W3
yeprakoB Koisioca. JloarocpoyHoe mnoBeneHHE O0EUuX CHCTEM 3aBUCHUT OT TOTO,
HACKOJIbKO BeNIMKa yMpaBlsiiolias MMU JHeprusi Bojna HamumBaeTcst cBepxy ¢
MOCTOSIHHOM CcKOpocThio. Eciin ckopocTh ee HeOobllas, BEpXHUN Yepriak HUKOTAa
HE CTAHOBUTCS IMOJIHBIM, TPEHUE HE MPEOJI0IEBAETCS U KOJIECO HE MOBOPAYMBACTCS
(ITomobHoe siBneHue HAOJIONAETCS U B KUIAKOCTH €CIIM TEMJIOTHl HEAOCTATOYHO,
YTOOBl  TPEOJOJIETh  BS3KOCTh, JKHAKOCTh OCTaHeTcs HemonBikHOW) C
YBEJIMYEHUEM CKOPOCTH BOJSHOTO TMOTOKAa KOJECO HAUYMHAET JBUTAThCA MOL
TSOKECTBIO BEpPXHEro 4eprnaka (cjieBa) M JaKe BpamarbCd € MOCTOSIHHOM
CKOpocThi0 (B weHTpe). OgHako Hpu 4Ype3MEpPHON CKOPOCTH BOABI (cCrpaBa)
BpaIllCHUE KOJECa MOXET CTaThb XAaOTWYHBIM H3-3a HEJIMHEWHBIX BO3JCHUCTBUM,
MOSIBUBIIMXCS B cucTteMe. Yepnakud, 0OpoxXoAs MOJI BOISHBIM IOTOKOM,
HAIOJIHAIOTCS B 3aBHCHUMOCTH OT TOTO, HACKOJIBKO OBICTPO BpallaeTcsl KOJIECO.
[Tpu ObICTpOM BpalIieHHH KoJieCa UM HE XBaTaeT BPEMEHU, YTOOBI HAMIOJHUTHCS
(Tak xe W KUAKOCTH B OBICTPOBPAIIAOIIMXCA KOHBEKIIMOHHBIX 3aBUTKaX
HEJI0OCTaeT BPEMEHH, YTOOBI MOTJIOTUTH TEIIOTy.) Kpome Toro, eMKocT MOTryT
HavyaTh JIBUTAThCA B OOpaTHYIO CTOPOHY, 3allOJIHMBIINCH BOMOH. B pe3ymbrarte
MOJIHbIE YEpHaKU Ha JABUXKYIIEICS BBEPX CTOPOHE KoJieca CIOCOOHBI 3aMEIUTh
BpallleHUE BCEW CHUCTEMBbI, a 3aTE€M BbI3BaThb €€ MOBOPOT B OOpPaTHYIO CTOPOHY.
®aktruecku JIopeHI] 00HAPYKUII, YTO B TEUEHHUE JUTUTENBHBIX NEPUOJIOB BPEMEHH

BpalCHHUEC MOXKET MCHATDH CBOC HAIIPABJICHUEC HCCKOJIBKO Pa3, HUKOI'Ja HE AOCTHUIad



MOCTOSTHHOM CKOPOCTU U HHMKOT/Ia HE MOBTOPSSICH KAKUM-TTMOO MpeJcKa3yeMbIM
o0Opazom.

Cnoyctst roasl (u3uku eime ooOcyxnanu mnyonukanuio JlopeHna - <«oTy
3amMeYaTeNibHyl0, HEOOBIKHOBEHHYIO CTaThiO!», - M B HX TJia3ax MOSBIAIACH
3aayMunBocTh. O ero paboTe TOBOPWJIM TaK, CIOBHO OHA MpeACTaBisijga coOoM
OPEBHUM MAaHYCKPHUINT, XPAHUBIIMM CEKPEThl BEYHOCTU. I3 ThICSIY cCTarew,
COCTaBUBIIMX CICIHAIBHYIO JIUTEPATYPY O MpobiieMe Xaoca, Bps JIM Kakasi-Tuoo
LUTHpOBanachk d4aime, 4dem JIopeHnoB «/IeTepMUHUCTCKUI HENEPUOANYECKUN
noTok». B TeueHne MHOTUX JIieT HU OJAMH (EHOMEH HE H300pakalicsl CTOJIb
OeccyeTHOE KOJIMYECTBO Pa3, HU 00 OJHOM HE CHSUIA CTOJBKO (PUIBMOB, CKOJBKO O
TauHCTBCHHOM KPUBOM — JIBOWHOM CHOUpAd, W3BECTHOM KaK «aTTPaKTOP
Jlopenma». Ona Bomomana B cebe CIOKHOCTh M 3allyTaHHOCTb, BCE
MHOT000pa3ue xaoca.

O6o03HaunM (HU3NYECKUI CMBICT TIEPEMEHHBIX W TapaMeTPOB B CHUCTEME
YpaBHEHUW MPUMEHUTEIBHO K YIOMSHYTBIM 3aJa4yam.

o KonBekuuss B IUIOCKOM cjoe. 31ech X OTBEYaeT 3a CKOPOCTh
BpallleHUsT BOJSAHBIX BajoOB, y U Z — 3a paclpeleeHue TEMIIepaTyphl I10
TOPU3OHTAIM U BEPTHKAJIU, I' — HOPMHPOBAHHOE YuciIo Panes, 6 — 4ucio
[IpanaTns  (otHomieHne KO3 dUIIMEHTa  KUHEMAaTHYECKONM  BA3KOCTH K
KO PUIIMEHTY TEeMIIepaTypoOlpOBOJHOCTH), b comepXuT uHPoOpMaNHUoO O
F€OMETPUU KOHBEKTHBHOM STUYCUKH.

. KonBekuus B 3aMKHYTOU meTiie. 34eChb X — CKOPOCTb TEUECHUS, Y —
OTKJIOHEHHE TEMIEPATypbl OT CPEIHEH B TOYKE, OTCTOSIIEA OT HHXKHEW TOUYKH
netriu Ha 90°, z — To ke, HO B HUWKHEHN Touke. [loaBeneHue Temnia nmpou3BOAUTCS
B HUOKHEU TOYKE.

o Bpamenue BoggHoro koneca. PaccmarpuBaercs 3aada O Kojece, Ha
000/1e KOTOPOTO YKpEIJIEHbI KOP3WHBI ¢ OTBepCTUAMH B aHE. CBEepXy Ha KOJECO
CHUMMETPUYHO OTHOCHUTEIBHO OCH BpAIIEHUS JILETCA CIUIOIIHOM IMOTOK BOJIBL.
3amada paBHO3HAYHA MPEbIAYIIEH, MEPEBEPHYTON «BBEPX HOTaMH», C 3aMEHOM

TEMIIEPATYyphl Ha TUIOTHOCTh PACIpe/ICTIECHUsI MACChl BOABI B KOP3UHAX MO 0001Y.



6.2 IIOPAJOK BBITIOJIHEHUA PABOTbBI
1. 3amMeHHMB MPOU3BOAHBIC B cCUCTeMe TU(depeHIINaTbHBIX YpaBHeHUH (6.1)
onepatopamu Jlamiaca, HpHUBECTH CUCTEMY K BHIY, YAOOHOMY IS
MmojenupoBanus B mporpamme Simulink/MATLAB.
CoOpaTh 0JI0K-CXeMy MOJICIIH paccMaTpUBaeMoi cucTeMsbl (puc.6.2).
3aiaTh HaYaJIbHBIC YCI0BUS UHTerparopam Xo=10, yo=10, z,=10.
Bpems moaenupoBanus ycraHoBuTh 50...80 c.

BriGpaTh nmoaxosiiue MacmTadbbl SKpaHOB IpadornocTpouTeiei.

o 0k~ w

[TonmyunTh Tpaduku mpoeknuu (Ha30BBIX TPACKTOPHI H300pakaroIici
Toukn Ha Miockoctd XY, XZ wu YZ, npoHaOIo/laB peaau3aiuio
YAUBUTEIBHOTO SIBJIGHUSI — CTpaHHOTO arTtpakTopa Jlopenmna (puc. 6.3-
6.5).

7. ChopmynupoBaTh BHIBOABI IO padoOTe.
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Puc. 6.4 IIpoekius TpaeKTOpuU N300paKaroIe TOYKH Ha TUIOCKOCTh XZ



Puc. 6.5 Ipoekius TpaekTopun H300pakaromiel TOYKU Ha MIIOCKOCTh XY

6.3 KOHTPOJIbHBIE BOITPOCHI
Uto Takoe arTpakTop?
Kaxue Buas! arrpakropoB Bri 3HaeTe?

J1J1s1 4ero UCMoNb3YIOTCS ATTPAKTOPHI?

H W o

[Ipu xakux oOCTOSTENHCTBAX OBUI IMOJYYEH CTPAHHBIA aTTPAKTOP

Jlopenua?

o1

Uem oTiiMuaeTcst «CTPaHHBINY aTTPaAKTOP OT OOBIYHOTO?
6. Kakue cpencrea Bbel  wucmonp3oBamu Ui MOJCIUPOBAHUS

paccMaTpruBaeMoOn CUCTEMBI?

CITMCOK MCITOJIb30BAHHOM JIUTEPATYPBI

1. MATLAB 6/6.1/6.5 + Simulink 4/5 B maremaTuke W MOJCIUPOBAHUH /
HesaxonoB B.I1. [TonHnoe pykoBoactBo nmonbs3oBatens - M.: COJIOH-IIpecc.
—2003. - 576 c.

2. MopenupoBaHue ¥ BH3yalu3alusl JABKCHUN MEXaHWYECKHX CHCTEM B
MATLAB: VYuye6noe mocooue / B.C.Illepbakos, M. C. KopsitoB, A.A.
Pymmens u np.— Omck: Cu6A I, 2007. — 84c.

3. MonenupoBanue mpormeccoB u cucteM B MATLAB. Yue6nslit kypc /
Jlazapes IO. - CII6.: ITutep, 2005, 512 c.



7. JlabopaTopHas padora Ne7
KOMIIBIOTEPHOE MOIAEJIMPOBAHUE JIBUKEHUSA

MOBHJIBHOI'O POBOTA C BUBPAIIMOHHBIM
HPUBOJAOM B NAKETE PACHIMPEHUA SIMMECHANICS
CPEJABI MATEMATHUYECKOI'O UMUTALHUOHHOI'O
BJIOYHOI'O MOJAEJUPOBAHUS SIMULINK/MATLAB

Heanb padorbi: O3HAKOMUTHCS C BO3MOXKHOCTAMHU maketa SimMechanics
JUIST  KOMITBFOTEPHOTO  MOJICTUPOBAHMS  JIBIDKCHUS MOOWJIBHOTO poOoTa C
nebaslaHcHBIM ~ BUOpornpuBoAoM. (OCBOUTh OCHOBHBIC IPUHIIUIBI  CO3JAaHUS
UMUTAITMOHHBIX MAaTEMATHICCKUX MOJICIICH TT0IO0OHBIX MEXaHUUECKUX CUCTEM.

7.1 TEOPETUYECKMUE ITOJIOXXEHUW A

Ha pwuc.7.1 mpexncraBieHa pacueTHash cXeMa HCCIEIYyeMOro OOBeKTa -
MOOWJIBHOTO BHUOpaIllMOHHOTO poboTa ¢ JaebamaHCcHBIM TpuBogoM. [IpuBon
MOOWJIBHOTO po0OOTa COCTOUT M3 jAecOamaHca (3) Maccod M, 3aKpeIuieHHOTO Ha
crepkHe (2) mmuHOM |, KOTOpBIH KpemuTCsS MMOCPEACTBOM BpallaTeIbHON

kuHemaTudeckoir mapel C k nonsyHy (1). 3a cuer BpamieHus aebangaHca IMONI3YH

nepeMeniaeTcs.
Hcxonunle naHunle:
° Macca kopiryca pobora M =1 kr;
) Macca aebananca m= 0.2 kr;

. paanyc nebamanca | = 0.02 M,

o ko3 durment cyxoro tpenus f=0.5.
u
0 '
12! i / T
[ m )
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: M [ ‘ N /
£ 4/ mg X
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Fmp /I J
T e i
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Puc.7.1 Cxema mexanusma: 1-monsyH, 2-cTepkeHsb, 3-1edananc



7.2 IIOPAJOK BBIITOJIHEHMA PABOTEI

1. B rnmaBHOM MeHI0 BbIOepuTe KoMaHny «Co3aate HOBYIO Simulink-Mozaensby.

2. TlpoexTupoBaHue OOJBIIMHCTBA MEXaHM3MOB HAUWHACTCS C HETIOABIKHOTO
3BeHa - cToWku. Jlns ero 3amaHus wucmoibdyeMm 0ok «Ground», KOTOpBIit
HaxoauTcs B pazgene «Bodies» makera SimMechanics. B mapamerpax 0Oiioka

ykaxute koopauHatel [0, 0, 0], koTopble OyIyT COOTBETCTBOBATH KOOpJAUHATAM

Ha4dalla OT4YCTA.

3. Hanee npucoenunseMm k Oioky «Ground» 6mok «Joint Initial Conditiony,
KOTOpBIN HaxoauTcs B pazzaene «Sensors & Actuators» makera SimMechanics. B
JaHHOM Cllydae 3TOT OJIOK 3aJlaeT HayaJlbHOE€ OTHOCHTEIbHOE MojoXeHue P-tumna

(Prismatic) — mocTymaTelbHONM KHHEMaTHYecKoW mapbl. B mapamerpax Ojoka

yKaskuTe no3uiuio Position = 0 m (puc.73).

b
(a
b

R R R R

4. Tak Kak KOPIYC MOET COBEpIIaTh TOJHKO IMOCTYMAaTEeIbHOE JBHKEHUE
BIOJIb OCH X, TO BO3BMEM B KadecTBe OJIOKAa CONpsDKeHHUs OJok «Joint —

Prismatic». B mapamerpax Oyioka HeoOxomaumo ykazath [1 0 0], uto Oyzmer

milectaricsiFrst Gerersion'Sensors & Acusfers 45D

W

2[5 &) 61 B3 & &
\ % “‘: |
;

2}

Puc.7.2 baoxk Joint Initial Condition: a)-pacmonoskenue B 6uOMHoTEKE, 0)-I1apaMeTphl

0)

Block Parameters: Joint Initial Condition

Joint Initial Condition

Sets the initial linear/angular position and velocity of some or
all of the primitives in a Joint. Connect to a Joint to see a list of
its primitives.

Actuation

Enable Primitive Position Units

Cancel Help Apply

HaCTPOUKHU

03Ha4aThb BO3MOXXHOCTH ABUXCHUA BIOJIb OCH X.

Sensory,

OTHOCHUTEJIbHOTO JIBM)KEHUSI YacTel MpuMHUTHBA. B maHHOM ciiydae BbIOMpaeM

K omHoMy ®3 BBIXOJOB JaHHOrO OJIOKAa MOJKIOuYaiTe 00K «Joint

KOTOPBIM IO3BOJISIET HM3MEPUTH CIEAYIOIIME XapPAKTEPUCTUKHU



P-npumMutuB (IOCTYNATeabHBIM) W BBIOMpAEM CIEAYIOLIHE IapameTpbl
uzMepenus (puc7.3):
-no3unuio (Position) — mepemenieHne 4acTd NPUMHUTHBA, COCAMHEHHOU C
terroM Follower, OoTHOCUTEIBLHO €0 YacTH, COCAUHECHHOM ¢ TelloM Base;
-ckopocThb (Velocity) — oTHOCUTENbHAS CKOPOCTb;
-yckopenue (Acceleration) — oTHOCUTENIbHOE YCKOPEHUE;

-peaknus (Reaction force) — cuna peakuuu BAOJIb OCH IPUMUTHBA.

N
Promtve Outputs

Coonected 1o
provetive

7 Paston Uity m .
v Veloly Usita mwa
' o ACCOMIMON UNts:  aVE™2 -
Computed foroe Units
Joint Reacbons
Raacton torgue Uity
¥ Reacton force Umits: N

» Coancel [IS1S)

Puc.7.3 Hacrpoiiku 61oka Joint Sensor
5. MogenupoBanue kopiyca (MoJi3yHa) JaHHOTO MEXaHH3Ma peaiu3yeTcs Mpu
nomoiiu 6oka «Body» (puc.7.4).
B kadecTBe 3a71aBaeMbIX TapaMeTPOB BBHICTYMAIOT:
- Macca Tena (Mass), KOTopas MOXET OBITh BBIpaKEHAa B Pa3IUYHBIX
eAMHUIIAX;
- TEH30p WHEPIMHU Tejda OTHOCUTENbHO ero I1eHTtpa wMacc (Inertia),

MIPEACTABIISIONINI COO0M MAaTPUITy pa3MepoM 3xX3:

Je 0 07
H=|0 J, 0|
0o 0 J_|
STy
rae Jix, Jiy, Jizz — OCEBBIE MOMEHTBI MHEPLUUM Teda OTHOCUTEIBHO OCEH

COOCTBEHHOH JIOKAIBHON CUCTEMBI KOOPAMHAT, CBSI3aHHOM C €T0 IIEHTPOM Macc.

- JICKapTOBBI KOOPJMHATHI XapaKTEPHBIX TOYCK, CBA3aHHBIX ¢ TenoM (Origin
position vector [X y z]). B gacTHOCTH, 00s3aTeIbHO JOJKHBI OBITH yKa3aHBI
KoopauHaThl 1eHTpa TsokecTtd Tena CG u, mpu HEOOXOAMMOCTH, KOOPAUHATHI

MPOU3BOJILHOTO YHCa Apyrux xapaktepHbix Touek CS1, CS2, CS3, ... CS,, Takux



KaK IIEHTPhl IIAPHUPOB, CBSI3AHHBIX C JAHHBIM TEJIOM, WA TOYKH MPUIOKECHUS
BHEIIIHUX CUJI U MOMEHTOB.

Jlns Ttoro, 4ytoObl J00aBUTH WM YOpaTh H300pa)K€HHE BXO0]1a/BbIXOJa
ONpe/ICICHHOW TOYKM Ha MHKTOorpamMMe Oyioka «Body» B oxHe Mozenwu,
UCIIOJIBb3YyeTCsl YCTAaHOBKA WK cOpoc diaxka B KosoHke Show port.

B kononke Translated from origin of yka3biBaeTcs WM CHCTEMBI
KOOpAMHAT, OT Hayajga KOTOPOM OTCUMTBHIBAIOTCS KOOPAUHATBI TEKYLIEH
xapakTepHod Touku. Kak MUHMMYM OJlHa XapakTepHasi TOYKa JIOJDKHA OBITh
3ajana B cucteme koopauHat WORLD mu6o B cucteme koopaunatr ADJOINING.
DT0 HEOOXOIUMO, YTOOKI CBSI3aTh JAHHOE TEJIO C COCEAHUMU HEMOJABUKHBIMU WIH
noAaBwxHeIMU TenaMu. Cuctema koopamHat WORLD — »st1o uwHepumanbHas
HETOJIBMKHAS CUCTEMa, CBsi3aHHAs ¢ 3emuiei, a cuctema koopauHat ADJOINING

CBS3aHA C LIAPHUPOM.

Body

Represents a user-defined rigid body. Body defined by mass m, inertia tensor I, and coordinate origins and axes for center of
gravity (CG) and other user-specified Body coordinate systems. This dialog sets Body initial position and orientation, unless Body
and/or connected Joints are actuated separately. This dialog also provides optional settings for customized body geometry and
color.

Mass properties

m

Mass: 1 kg -
Inertia: [0.001 0 0;0 0.001 0;0 0 0.001] kg*m~2 -
[
Position | Orientation | Visualization |
Show Port Name Origin Position Units Translated from Components in
Port Side Vector [xy z] Origin of Axes of -
V| {Right ~|cc [000] [m = |world ~ | world -] 5
V] left  ~v|csi  [-0.100] [m = |world ~ | world -]
[l Right ~|cs2  [0.100] [m  +|world ~ | world | S

Puc. 7.4 Hactpoiika napameTpoB Oiioka «Body»

6. Jlns 3amanus BpalieHus aebanaHca UCIoib3yerces 0ok «Joint Actuatory,
KOTOPBI MOKET HaXOIUThCA B JABYX PEKHUMAX: PEKUM 3aJaHUs JIBHXKCHUS
(Motion) u pexxum 3amanus crtsl wian MmomeHTa (Generalized Forces). BeibupaeTcst
pexum Motion u ykaseiBaroTcsl eAWHHIBI W3MepeHus (puc.7.5). s 3amaHus
BpaIIaTeIbHOTO JIBIDKEHHUS HEOoOXoauMo c(opMUpOBaTh BEKTOp U3 TpeX

HU3MCPACMBIX BO BPCMCHHU BCIIMYMH — YIJIOBOC YCKOPCHHC, YIJTIOBas CKOPOCTb U



yroil moBopota. [[nsi BpalieHWs C IOCTOSIHHOM YacTOTOW, YIJIOBOE YCKOPEHHE

3ajJlaéM paBHOE HYJII0 ¢ momoibio 0moka Constant. YrimoByro CKOpocTh U yroi

MOBOpPOTA 3a7aercs B O6yokax Integrator u Integratorl (puc. 7.6, 6-B). Bce curnansi

COCUHSIOTCS ¢ moMoIbio 0s1oka MUuX u mogarotcs Ha Joint Actuator (puc. 7.6, a)

Puc.7.5 Hactpoiika mapamerpoB 0Ooka «Joint Actuatory

a)
Integrator
Continuous-t gration of the input signal.
FParameters

lotr! Actuntor

Actuebes 2 Jont primive with perevaiized foroeSorque of

Pear/ anguier postor, velocky, NG acosirabion mobion Sgnsis
S fudkgwer saquences nd jrk axs delermnes sgn of farward
MOson. Iputs 20 Serulnk signals. NOOSO Ingt Sgnaks Mus de
undied into ona s, Conoedt to Joint biodk to sae Cosnacted
primitne i

ACTLtOn
Cofeected 13 RS -
Frimave
Acnsate vatn Poon -
Angivw untx rad
MLy vHoary uras rad's
Angiar soosernben urits:  rad's "2 -
o Cazewd Iwip

Integratort

Joint Actuator

1
5

Integrator

Constant

%

Integrator

| |

6)

m

Parameters

Continuous-time integration of the input signal.

External reset: [none

External reset: lnone

'l Initial condition source: ’internal

Initial condition source: linternal

- l Tnitial condition:

Initial condition:

3

[T 1 it modra

J[ oK ][ Cancel ” Help ]

]
[7] Limit output

Upper saturation limit:

e inf

Apply Q9 [ o

” Cancel H

Help

)

Apply

Puc. 7.6 brok-cxema 3aiaHust ABHXKCHUS CTEPKHS C e0aaHCOM: a)-CIoCcO0 COeAMHEHHUS
6710K0B, 0)-uHTEepdeiic O10Kka Integrator (yriosast CkOpocTb), B)-uHTepdeiic Ooka Integratorl

(yroza noBopota)



7. Tak KaK CTEp:KEHb MOXKET COBEpIIATh TOJBKO BpalleHue BoKpyr ocu OZ,

TO BO3bMEM B KauecTBe OJioka compspkeHus 0yok Joint — «Revolute» (puc.7.7). B

napameTpax Oioka HeoOxoaumo ykazath [0, O,

BO3MOXHOCTbh BpallleHus1 BOKpyT ocu OZ.

Revolute =

Regrasents oom rotationsl degree of freedom. The follower (F)
Body rotates relaine to the base (3) Body about 3 sngle rotational
&3 gaing through cotlecated Body coordinate system crigins,
Sensor snd actestor ports can be added. Base-follower saguence
and axds direction determne Sgn of forward motion By the nght
hand rua,

Connection parametsrs
Current base:
Current fallowar:

CG@8ody

CS1080ty1

Numbsr of sensar / actustor ports; |3

Faramaters
Ams Advanced |
Moo Primitive Aofis of Action [xy 2]
[} revohte [oo1)
5 v
oK Cancel Help

Puc.7.7 Bnok Revolute

1], uro OyaeT o3HaA4YaTh

K o6moky Joint Revolute moakmrowaercs Omox Bodyl (puc.7.8), 3mech

MOACIUPYCTCA CTCPIKCHD C I[e6aJ'IaHCOM.

Body

customized body geometry and color.

Mass properties

Represents a user-defined rigid body. Body defined by mass m, inertia tensor I, and coordinate origins and axes for
center of gravity (CG) and other user-specified Body coordinate systems. This dialog sets Body initial position and
orientation, unless Body and/or connected Joints are actuated separately. This dialog also provides optional settings for

Mass: 5|

Inertia: [0.0500;00.050;000]

Fosition | Orientation | Visualization |

kg

-

Show Port Origin Position

. Translated from

Components in

Port Side Name Vector [x y z] Units Origin of Axes of
s G [0-10] (m  ~]world - | world -]
7] cs1 [000] [m | world ~ | world - |
] sz [0-10] (m =] world ~ | world -
[ OK ] [ Cancel ] l Help ]

Puc. 7.8 Hacrpotiika mapamerpos 0110ka «Body»

Apply

»

m




8. K Beixomay Omoka Joint Revolute monkimouaercst 6ok «Joint Sensorly
(puc.7.9).

Primitive Outputs
anqued to R1 =
primitive:
[v] Angle Units: | rad v
[¥] Angular velocity Units: |rad/s x
[¥] Angular acceleration Units: |rad/s~2 x
[] Computed torque Units: N”m
Joint Reactions
[[] Reaction torque Units:  N*m
[[] Reaction force Units: N
Reaction measured
Base *
on:
With respect to CS: | Absolute (World) >
[[] output selected parameters as one signal. v
oK Cancel | Help Apply

Puc.7.9 Untpedeiic 6moka «Joint Sensorly

Kpome 6rokoB «Scope» emie mpucyrctByeT 00k «Continuous Angley
(puc.7.10), KOTOpBI TO3BOJSET IMOJYYHUTH (MIPH HCIOJIB30BAHUU COBMECTHO C
61oxoM m3Mmepurens Joint Sensor) mpaBUSIbHOE 3HAYEHUE yria OTHOCUTEIHHOTO
MOBOPOTA JABYX YACTEH BpalaTebHOTO MPUMHUTHBA IIAPHHUPA, €CIIA YToJl TIOBOPOTA
MPEBBIIIACT 3HAUYCHUE £ paauaH. MIcoap30BaHUE B ATUX CIydasX TOJIBKO OHOTO
610ka Joint Sensor BBI3BIBAET pa3pblB U3MEPSEMOTO 3HAYCHUS yIila BETUYMHON B
2n pangmas. biok Continuous Angle nomkeH ciemoBath 3a 610koM Joint Sensor, u
Ha €ro BXOJ, KpoMme caMoro yria Angle, Hy>)KHO MOJaBaTh CKOPOCTh M3MEHEHUS

yria Rate. Torna Ha Beixoze 0J10Ka MOMYYUTCS] HEIPEPHIBHBINM CUTHAM YTJIA.
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Puc. 7.10 M3mepeHne mapaMeTpoB: a)-pacioioskeHue B OubnnoTeke, 0)-HaCTPOUKH

Continuous Angle, B)-cxema moIKIFOUEHUS

[Tony4yeHHbIE pe3yJIbTaThI:
PesynbpTaThl MonenupoBanus B Bue IpaduKoOB mepeMeiieHusi, CKOpoCTH U

yckopeHnus (puc./.11) moka3aHbl B 610Kke «SCOPE.




1) "\

A nn.t

" n ~ NN o\ Y vnl a | \ |
w, AWAWAWA! \ \ i
N \"-‘f \J “‘/’ .‘\/ 's/“.'._-'l‘ l"._l“ "-Jl ". ,il "\,lll ‘ ‘

Puc. 7.11 I'paduxu: a)-nepememniennsi, 0)-CKOPOCTH, B)-yCKOPEHUS MOJI3yHA

I'paduk cun peaknuu (puc.7.12), BOZHUKAIOMUX MPHU JBUKEHUU TOJI3YHA,

nmoytyueH B OJ10Ke «SCOpe 4.

Puc. 7.12 I'padux cun peakiiuu, BOSHUKAOIUX [IPU ABMIKEHUH MOJI3yHA



Puc. 7.13 I'paduk yria moBopoTta cTepkHs ¢ qedarancom

Puc. 7.14 I'paduk yrioBoit CKOPOCTH CTEPKHS JIeOATaHCOM

Puc. 7.15 I'pacuk yrinoBoro yckOpeHus CTepkHs ¢ JebanaHcoM

Tenepr no00aBMM B Hamly MoJelb Bs3Koe TpeHme. JlehcTBus uis

BBITIOJIHEHUS TAHHOM 3aJa4M, CIEIYIOIIHE:



K curnany Reaction force na ocu y mpucoeaunsercs 6mok «Gainy. Jlanee
npucoeauHsercs Omok Joint Actuatorl, BbIXOJ KOTOPOro MPHUCOSAUHSICTCS KO

BXOy Onoka «Prismaticy» (puc.7.16).

Conpstant

J—
i

Fr Il Scope

hd

¥
¥

Joint Sensor

Prismatici
%\& ‘—@4 Scopel

Gain

Joint Actuatort

Puc.7.16 Cnoco6 coennHeHus: 6JOKOB JUIsl 3a/1aHUs BSI3KOTO TPEHUs

WmuTtaiimonHas MOJIeNIb paccMaTpruBaeMoro oobekTa B cpene SimMechanics

npencrapieHa Ha puc. 7.17.

e s p—aice®
b mlcolly com _
Machine L I T’ Angle
Body2 Continuous Angle

Environment  Sround Ew—
Y Revolute1 Ratz
Prismaticl
ap

Scope2
Continuous Angle P ’—‘

oint Initial Condition - Scoped a
Joint SEnsaH—|—>|§| Fr Scope
Joint Sensor
Puc. 7.17 Cxema Moenu MexaHu3Ma ¢ y4€TOM TPEHHUS

.
&
Su g
Yy vy

Bl

Scoped

K%

Joint Actuator

N8 4—@4 Soopet

Gain

Joint Actuatort

Constant

[Tony4yeHHBIE pE3yNIbTATHI:
Pe3ynbTaThl MomenupoBaHus B BUJE rpadHUKOB MEpeMElIeHUsl, CKOPOCTU U

YCKOPEHHsI TIOJy4eHBI B 0JI0Ke «SCOPEe» 1 moKazansl Ha puc. 7.18.



Puc. 18 I'paduku: a)-nepemenienus, 0)-CKOPOCTH, B)-YCKOPEHHS TIOJI3yHA

I'padux cun peaxkiuu, BOSHUKAIOMIUX MPU JABMKEHUHU Moi3yHa (puc.l9)

MoKa3aH B OJI0Ke «SCOpe 4.

Puc. 7.19 I'paduk cun peakiiuu, BOSHUKAIOIUX [IPU ABM)KEHUH MOJI3yHA

I'padux yrma moBopota ctepkuu ¢ nebdamancom (puc.20) mokazaH B OJoke

Scope 3



Puc.7. 20 I'paduk yrina moBopora aebananca

I'padux yriaoBoil ckopocTu cTepkHs ¢ aedanancom (puc./.21) mokaszaH B

0s10Ke «Scope 2.

Puc. 21 I'paduk yrmoBoi# ckopoctu aedananca

I'paduk yrioBoro yckopeHus CTepkHs ¢ jaebanaHcoM (puc./.22) mokas3aH B

61oke «Scope 1x.

Puc.7.22 I'pacuk yrioBoro yckopeHus aedainaHca



Tabmuua 7.1 - BapuaHTtsl 3a1aHus

Ne Bapmanra | 1 2 3 4 5 6 7 8 9 10
Macca 1 1,2 1,1 1 15 1,4 1,2 1,1 1 1,6
KOpITyca, KT

Macca 0,4 0,3 0,2 0,3 0,2 0,1 0,5 0,4 0,1 0,2
nebaranca,

KT

JlnHa 0,02 |005 (0,01 |0015 |0,03 |002 (004 |002 |0,01 |0,025
CTEPIKHS C

nebanancoMm,

KT

7.3 KOHTPOJIBHBIE BOITPOCHI

1. O6bsicHUTE, MOYEMY MPOUCXOAUT HAMPABIECHHOE JBHXKEHHUSI MOOUIILHOTO
BUOPALIMOHHOTO POOOTa ¢ Ie0aTaHCHBIM MTPUBOJIOM ?

2. Kak u3mMeHuTh HamnpaBlieHUE JBUKEHUS MOOMIBHOTO poOoTa?

3. Kakuwe mnapameTpbl BIMSIOT Ha CKOpPOCTh JBHUXKEHUS MOOUIIBHOTO
pobora?

4. Kak 3amaerca marpuiia uHepuuu nedananca?

5. MoxeT Iu MOOHJIBLHBIN BUOPAITMOHHBIN pOOOT MepeMemarhbcsi BBEPX 110

HAKJIOHHOM IJIOCKOCTH?
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