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1. JlaGopaTopHas padora Nel
KOMITBIOTEPHOE MOJIEJIMPOBAHUE CBOEOJHBIX KOJIEBAHUIA
MATEMATHUYECKOI'O MASTHUKA B ITAKETE MATHCAD

Lenv pabomoi:

1. Tlocmpoums mamemamuueckylo MooOelb C80000OHLIX  KOJeOAHULL
MAMeMamuyecko20 MAasmuuKka npu paziudtblX HAYAIbHbIX YCI08UAX U HOLYUUMb
peutenus OuppepeHyuatbHo20 YypasHeHUus CpeoCcCmeamu NpocpamMmHO20 naKema
«MathCAD»,

2. Io nonyuennvim epaguxam conocmasums pe3yivmamsl peuleHutl mouHo2o
U NPUOIUNCEHHO020 OUPDepeHYUATbHBIX YPABHEHUL,

3. Ilpedocmasums pesynomamvl pabomsl 8 6uUOe AHUMUPOBAHHO2O0
U300padicenuss KONeOAHUU MAMeMamuyeckoc0 MAasmHUKd, pearu308aHHO20 C
nomoubio komnonenmol npocpammnozo nakema « MathCAD .

O6vexm uccnedoeanusn: Mamemamuyeckull MasmHUK ¢ pasiuyHbLMU 6UOaMU
mMpenusi 8 moyke noogecd.

Annapammnsie cpedocmea: supmyanvHas nabopamopus na IBM IBM PC,

npocpammuwviil mamemamuyeckuti nakem «MathCAD»y.

1.1 IlocTpoeHue MoJe/JIM MATEMATHYECKOT0 MASITHUKA
MaremaTudecKuii MasTHHK TIPEACTaBIsIeT CcOO0OH Tpy3 Maccou m,
MOJBEIICHHbIA HA HEBECOMOM CTEpKHE JJIMHBI {. BepTUKaIbHOE IOJ0KEHUE

CTCPIKHS COOTBECTCTBYCT ITOJIOKCHHUIO PABHOBCCHA MAasATHHKA.



Puc.l. MaremaTnueckuii MasiTHUK IIpu OTCYTCTBHH CHJI COIIPOTHBJIICHHA B

TOYKC IIOABECA.

CocTaBUM CyMMYy MOMEHTOB ISl JAHHOW MEXaHUYECKOW CUCTEMBI:

J-8=ZM,

rae J — MOMEHT uHepLuu Ipysa, | = ml?,

€ — YIJIOBOE YCKOPEHUE Tpy3a.

HpeI[CTaBI/IM YIIIOBOC YCKOPCHHUE Ka Mecro g ypasHenusa. K BTOPYIO
MPOU3BOJIHYI0O OT OOOOIIEHHOW KOOPAWHATBHI ¢ yrja TOBOPOTA CTEPXKHS OT
TMOJIOKECHUS PABHOBECHS U 3AIUILIEM:

J @ = —mg sing.

3HaK «—» B TPaBOM YACTHM YPABHCHMUS IOKA3bIBAET, YTO HAMPABIICHUE
OTKJIOHEHMS I'py3a U BEKTOPa MOMEHTa COBIIAIaI0T.

Pasnenum o0e uacTH ypaBHeHMs Ha [ = ml? ¥ moayuuM JMHEHHOE
muddepeHnnanTbHOe  ypaBHEHHE  BTOPOTO  TOpsJKA €  TMOCTOSHHBIMU

koahpurmenTamu:



@ -.I;gTsingo = 0. (1.1)
Kak wu3BectHo, mpu Manblx yriax Sin@=¢@, toraa auddepeHmaibHoe
ypaBHEHUE PUMET BUI:
@ + gT @ = 0. (1.2)
OpHolt W3 BaXHBIX 3a7a4 JaHHOW J1abopaTOpHOW pabOTHI SBISETCS
COTIOCTaBJICHUE Pe3yJIbTaTOB penieHnid ypaBHeHut (1.1) u (1.2), nepBoe U3 KOTOPBIX
SIBJISIETCS TOYHBIM (HEJIMHEHHBIM), BTOPOE — MPUOIMKEHHBIM (JIMHEHHBIM ).

PaCCMOTpI/IM IMOBCACHUC CHUCTCMBI IIPHW PA3JIMYHBIX HAYAJIbHBIX YCIIOBUAX

(HaYanbHBIX yTiaxX OTKJIOHEHUS):

1) 30°;
2)  90°;
3)  179°,

a TaKXKe MPU PA3JIMYHBIX BUJIaX COMPOTUBJICHUS B TOUKE MOJIBECA:
1) OTCYTCTBHH CHJI CONPOTHBIICHHSI,
2) HAJIWYUH BSI3KOTO TPEHUS;

3) HaJIM4YUM CyXOTO TPEHUSI.

1.2 MaTtemaTH4ecKkoe MoJeJIMPOBaHNE KOJIeOAHUIT MasATHUKA

OnbIT Nel.

HOBGI[CHI/IG MAaTEMATHYCCKOT'O MAATHHUKA ITPH OTCYTCTBUU TPCHUA.

1.2.1 Pemienrie TOUHOTO YpaBHECHHUSI.
HauanbeHble ycnoBus:

| =0,3 (M) - naMHA CTEpKHSA MAATHUKA;
®p =30°% 90°% 179°- yruel OTKIOHeHMs Tpy3a OT  IONOMKEHHS

paBHOBECHSI;

®y = 0(c™) - yrioBas ckopocTh BpalleHHs! MasTHHKA;

¢0

®Q

A =



- BEKTOP-CTOJIOCI HauaJbHBIX YCIOBU;

Iepeo6osnauum @ —> Xg; &> X; u sanumem:

"
D(t,x) = g-sin(xo)

- BEKTOP-CTOJIOCI] pEIICHHUS

| nuddepeHInaTbHOT0 YpaBHEHUS.

B nepBoii ctpoke BekTop-cronbdma D(t,X) 3anuceiBaercs eppasi poOU3BOTHAS
0000IIEHHON KOOpAMHATHI, BO BTOPOM — BTOpas MpPOM3BOJHAs, BBIPAXKEHHAs W3
i pepeHInanbHOTO YPaBHEHHS.

Z = rkfixed(A,0,8,2000,D) - oreparop UHTETPUPOBAHUS
muddepennranbHoro  ypaBHeHuss MmerogoMm Pynre-Kyrra IV mopsigka ¢
MOCTOSTHHBIM II1arOM.

B ckoOkax Ha mepBOM MecTe orepaTopa 3allMChIBAeTCsS BEKTOpP HadaJlbHBIX
yciioBHi (A), 3aTeM — MHTEpBaJIbl BDEMEHU B CEKYHJax (Ha4aJlbHOE U KOHEYHOE
3HAYEHHUE), KOJMYECTBO PACUETHBIX TOUEK Ha 3aJaAHHOM OTPE3KE BPEMEHH U BEKTOP-
crosberl pemeHust quddepenipansHoro ypasHenus (D(t,X)).

i=0. Iast(Z<0>} CUETYMK KOJIMYECTBA TOUCK;

4= (Z<O>)i 0j = (Z<1>)--@ Oj = (Z<2>)..@

| -
- . nepeo0o3HaYeHU S,

HEO0OXO0IUMBbIE ISl IOCTPOCHUS TPaUKOB.

1.2.2 Pemenue npuOMMKEHHOTO YpaBHEHHUS.
HauanbeHble ycnoBus:

| = 0,3M - mmHa cTepKHS MasATHHKA;
vy =30°% 90°% 179°- yrmel  oTKIOHeHMs TIpy3a OT  ONOMKEHHS

paBHOBECHS;



po = 0(c?) - yrioBast ckopocTs BpaleHus MasTHHKA,;

o)
Al =

- BEKTOP-CTOJIOEL] HAYaJIbHBIX YCIOBHI;
PO

o
D1(t,X) = g%,

- BEKTOp-cTo0 eI pemenust 1uddepeHnaIbHOTo

I ypaBHEHMUS;

Z1 = rkfixed(A1, 0,8, 2000, D)

orepaTop

WHTETPUPOBAHUS
mudpepeHnanbHOTO  YpaBHEHUS

Merogom Pynre-Kyrtra

IV  nopsinka ¢
MTOCTOSTHHBIM ITIaroM;

i—0. |aSt(Zl<0>) - CYETUHMK KOJIMYECTBA TOYCK,

ti = (Zl<0>)i Y= (Zl<1>)i-l—&) pj= (Zl<2>)-i-1—80 - mepeo0o3HaYCHUS,
T

T

HE0OXOAMMBIE JJIsl HOCTPOECHHMS TPa(UKOB.

1.2.3 TIloctpoenue rpaduKoB yria TOBOPOTAa M YIJIOBOM CKOPOCTHU

MaTEeMaTUYEeCKOTO MAasTHUKA MPH TOYHBIX ((Qo, g) W MPHOMMKEHHBIX (o, Po)
BBIYHCIICHUSIX.
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Puc.1.2 3aBUCHMOCTD YTJI0B OTKJIIOHEHUSI OT BPEMEHH



200
Y 4B 4 N 3 RN A
;o i § £ A A 78
f A 714 / i T [ R
! 79 f \ . g | ! f A
o; Py \ oo \ Y
/ 1 ! J ) Ny J '1 I |'I ‘]
pi ;‘ THEEE f s Gl R R “\ 7.-[ 118
----- VT /AN I N
§ f Jj. J 3 f l\ N |II M ',L I} l'.
A 10 oy Y of ) AN L
. L 0 o . A e
\/ ¥ A ¥ A/ Y L/

—200

Puc.1.3 3aBUCUMOCTH YIJTIOBBIX CKOPOCTEH OT BpEeMEHHU

Kak BuaHo wu3 rpadukoB, pa3HOCTh MEXAYy IEepuUoJaMu KojaeOaHU

HC3HAYUTCIIbHO HAPACTACT U 34 6 TIOJIHBIX IICPHUOJO0B HC IIPCBBIIIACT 0,2 C.
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Puc.5. 3aBUCHUMOCTB YTIIOBBIX CKOPOCTEN OT BPEMEHMU.



Pa3zHocTh Mex a1y nepuoiaMu KosiebaHui BO3pociia U 3a 6 epuoa0oB JOCTUTTIa

3HaueHwus B 1,3 c.
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Puc.1.6 3aBucumocTh YIJI0B OTKJIOHCHHA OT BPCMCHHA

t

Pucl.7 3aBUCHMOCTB YIIIOBBIX CKOPOCTEH OT BpEeMEHHU

Ha mnonyyeHHbIX BuOporpaMmax HaOJIIOJAETCs IOJIHOE HECOBMAICHUE
NEepUoAOB KojeOaHUl M CyIllecTBEHHas pa3HMIla B aMmIuMTyaax. [lorpemHocTts
BEJIMKA, U B JAHHOM CJIy4ae penieHue NpuOImKEHHOTO YpaBHEHUS HETPUEMIIEMO.

Takum 00pa3om, Mpu MajibIX yriax HayaldbHOro OTKJIOHeHus (meHee 30°)
BEJMUYMHBI yrja IMOBOPOTa U YIJIIOBOM CKOPOCTH, MOJYYEHHBbIE IO TOYHBIM U
npuOIMKEHHBIM AU GEPEHIINATBPHBIM YPaBHEHUSIM, MTPAKTHUESCKH HE OTJIMYAIOTCS
apyr oT apyra. [lpu yrinax, 6muskux k 180° 310 pasnuune BechMa CYIIIECTBEHHO U

HC ITO3BOJISICT BOCIIOJIB30BAThCA HpI/I6J'II/DKéHHBIM YPaBHCHHCM.



OnbIT Ne2.

1.3 HOBCI[CHI/IG MATEMATHYCCKOI'O MAATHHUKA IIPHY HAJTMYMH BA3KOI'O TPCHMUA.

Puc.1.8 MareMatnuyeckuii MasiTHUK IIPU HATMYUU BA3KOTO CONPOTUBIICHUS B

TOYKE NOJBECA
1.3.1 Pemenue TOYHOTO YpaBHECHHSI.

HauasbHble YCIOBHSL:
|=0,3wm;
¢, =30°% 90° 179°
o =0(c?);
N = 0.7 - Ko3bduimenT 3aryxanus,

do
A= - BEKTOP-CTOJIOCI] HAaYaJIbHBIX YCJIIOBUH;
™0
D(t,X) = g-sin (XO) - BEKTOP-CTOJIOCL] peLIeHNS
—Z'H-Xl - mudGepeHInaTEHOTO YPaBHEHUS;
|



Z = rkfixed(A,0,8,2000, D) - OMEPATOP UHTETPUPOBAHUS
MetoqoM Pynre-Kyrra IV nopsiika ¢ mOCTOSHHBIM 1IaroM;

i=0.. Iast(Z<O>) - CUETUMK KOJIMYECTBA TOYEK;

t:= (Z<O>)- oj = (Z<1>)i'1_:0 o = (Z<2>)i'1—80

! T

1.3.2Pemenue npubImkEHHOTO ypaBHEHUS

HauanpHble ycnoBus:

|=0,3m;
v, =30° 90°% 179

po =0(c?);
Vo
Al =
n:=0.7.
X
D1(t,x) = g
_2.n.X1 — T

Z1 = rkfixed(Al,0,8,2000, DL)

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

= (Zl<0>)i vi=(217), 22 i (212) 220

I I 1
T T



1.3.3 Iloctpoenue rpaduKoB yria TOBOPOTAa M YIJIOBOM CKOPOCTH

MaTeMaTUYEeCKOTO MAasTHUKA IMPH TOYHBIX ((Qo, ) W MPHOMMKEHHBIX (o, Po)

BBIYMCIICHUSAX.
a) o=30°
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Puc.1.9 3aBucuMoCTb yriaoB OTKJIOHEHHUS OT BPEMEHU
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Puc.1.10 3aBUCUMOCTBH YTJIOBBIX CKOPOCTEH OT BpEMEHHU

HaGnrogaeTcss mpakTUYECKHM TIOJHOE COBIAJIEHWE TpaUKOB TOYHOTO H

MPUOIMKEHHOTO BHIYUCIICHUN.

6) o=90°
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Puc.1.12 3aBUCHMOCTD YIJIOBBIX CKOPOCTEH OT BPEMEHHU

[HosiBUIIOCH PACXOKACHUC MCKAY 3aBHCHUMOCTIMMU. Pa3nocTth IICPpHUOJ0B

YIKC HCIKCIIAaTCIIBbHO.

cocrtasisieT okoio 0,1 c. Kpome Toro, umeer MecTto HECOOTBETCTBHE AMILIUTY[
kosebanuii (morpemHocTs 0koio 10%). [IpuMenenue npuOmMHKEHHOTO YpaBHEHUS
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Puc.1.13. 3aBUCUMOCTD YIJIOB OTKJIOHEHHS OT BpEMEHU
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Puc.1.14 3aBUCUMOCTb YTJIOBBIX CKOPOCTEM OT BpEMEHU

[Tpu TakoM 3HAYCHWH HAYaJTHLHOTO OTKJIOHEHUS PACXO0XKICHUE 3aBUCUMOCTEH
HaOr0/1aeTCsl YK€ B TEpBbIE MOMEHTHI KojeOanuii. IlonmHOe HecoBmajeHue Io
nepuogaM U ammumTynaMm  (ommbka okono  40%), a, clenoBaTeNbHO,
HEMPUEMJIEMOCTh  PacyeToB IO npuommkEHHOMY AU PepeHInaIbHOMY

YPaBHEHHUIO.

OnbiT Ne3.

1.4 TloBeneHre MaTeEMaTHYECKOI0 MAATHHUKA IPYU HAJTUYUU CYXOr'0 TPEHUSI

LLL S

mg

Puc.1.15 MaTtemaTudeckuii MasgsTHUK IPU HAJTMYUK CYXOTO TPEHHUS B TOUKE

I0JIBECa



1.4.1 Pemenue TOYHOrO ypaBHEHHUS

HauvanpHbie YCJIIOBHA:

| =0,3m;
¢ =30 90° 179°%;
(DO = O(C_l);

n:=0.7;

(3

D(t,x) = .Si
t —I-sign(xl) - m

Z = rkfixed(A, 0,8, 2000, D)
1=0. Iast(Z<o>;)

T

- BEKTOP-CTOJIOCI] PEIICHHUS

nudpepeHInaNTbHOTO YPaBHEHMS;

L (29) = ()22 - (22), 22

|
T

1.4.2 Pemenne npuOIMmKEHHOTO YpaBHEHHUS

HauanbpHble ycnoBus:

|=0,3m;
v, =30° 90°% 179

Po =0(c?);



o)
Al = ;
PO
n:= 0.7
ol

D1(t,x) = :
—I-sign(xl) — 9T>$0

Z1 = rkfixed(A1, 0,8, 2000, D1)

- 0. Iast(21<°>)
6= (21<0>)i yi= ( <1>) ip ( 1<2>)i'-1780

1.4.3 TIlocTpoeHue rpauKOB yria MOBOpOTa M YIJIOBOW CKOPOCTH

MaTEeMaTUYEeCKOT0 MasTHHKA MPH TOYHBIX ((Qo, o) M MPHOTMKEHHBIX (Yo, Po)

BBIYUCIICHUSIX
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Puc.1.16 3aBUCUMOCTB YIJIOB OTKJIOHEHHS OT BPEMEHU
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Puc.1.17 3aBUCUMOCTB YTJIOBBIX CKOPOCTEH OT BpEMEHHU

HecoBnazenue aMmiTy 1 U IEepUOAOB KojebaHui oueHb Mano. Bo3MokHO
IIPUMEHEHHUE TTPUOIKEHHBIX BBIYUCIICHUM.
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Pucl.18 3aBucuMOCTb yII0B OTKJIOHEHHUS OT BpEMEHU
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Puc.1.19. 3aBUCUMOCTD YIJIOBBIX CKOPOCTEH OT BPEMEHHU



Paznocth MEpruoa0B COCTABJIAACT OKOJIO

NPUOIMAKEHHOTO YPABHEHHS.

2 c. HexenatenbHO OpUMEHEHHE
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Puc.1.20 3aBUCUMOCTB YIJIOB OTKJIOHEHHS OT BPEMEHU
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Puc.1.21 3aBUCHMOCTD YIJIOBBIX CKOPOCTEH OT BpEMEHHU

HpI/I TAaKOM 3HAYCHWH HAYAJIbHOI'O OTKJIIOHCHHUA PACXOKIACHHC 3aBUCHUMOCTEH

HaOIOMaeTCsl yKe B TEpBbie MOMEHTHI kosiebanuil. IlomHoe HecoBmaaeHue IO

nepuojiaM M ammuityaaMm. HenmpuemneMocTh BBIYUCIEHUI MO NPUOIMKEHHOMY

nudepeHnnanTbHOMy YpaBHEHUIO.



1.5 AuuManusa KoJ1e0aHNH MasgATHUKA

OpHoil W3 TIIaBHBIX 3a/lad MaTeMaTHUYeCKOTO0 MOJICTUPOBAHMS SIBIISIETCA
BU3YyaJIM3aLMs PE3YJIBTATOB, MOJTYYEHHBIX PEIIEHUEM TEX WJIM UHBIX YpaBHEHHN. C
MOMOIIbIO aHUMAIUU Mbl MOKEM YBHUJETh MOBEJCHUE UCCIEAYEMON CUCTEMBI B
peaIbHOM BPEMEHH, YTO TTOMOTAEeT HAIJISIIHO OLEHUTh Pe3yJIbTaThl Hallel paboTh
U clieTIaTh HEOOXOIMMBbIE BHIBOJIBI.

ITporpammusbiii maker «MathCAD» 1o3BoJIs€eT BBINOIHUTh AHUMAIIUIO
UCCIIETyEeMOT0 MaTeMaTH4YeCKOro MasTHHKA. PaboTa BBITIOTHSAETCS B HECKOJBKO
1aroB.

[IIar 1. Boi3piBaeM Ha pabOUUii JIUCT MPOTPAMMBI MOJISIPHBINA rpaduk.

[ar 2. 3agaém aiuHy cTepkHs (WU paguyc nossipHoro rpaguka) R u Touky

g (paanyc-BeKTOp IIEHTpA Irpy3a) UCCIAEAYEMOTr0 MasSTHUKA!
R:=0,10..3C g := 28.5

[lar 3. Temepp HEOOXOAMMO 3aJaTh IOCJIEAOBATEIBHOCTh YTIIOBBIX

3HAYEHUH, Yepe3 KOTopble OyAET MPOXOJIUTh MasiTHUK (TIPX 3TOM YUYUTHIBAEM YIOJI

T
Ha4yaJbHOIO OTKJIOHEHUs, Harmpumep 90° E ). st aToro B makete «MathCAD»

ecTb BcTpoeHHas nepemeHHass FRAME, koropast ynpaBisieT MyJlbTHILUIUKAITUEH.

Bocnonbszyemcsa nepeMeHHOM U 3aAauM MOCJIEI0BATEIbHOCTb:

¢= (Z<1>)FRAM E~ 7_2t

Crnenyet oOpaTuTh BHUMaHHUE HA TO, 4TO iepeMenHass FRAME 3anuceiBaeTcst

T
KaK HHIACKC, a YI'OJl HA4YaJIbHOI'O OTKJIIOHCHHA —_ BBIYHUTACTCA N3 3HAYCHUA

£7)

YIJIOBOM KOOPJAUHATHI .

[ar 4. Ctpoum rpaduk B NOJSAPHBIX KOOPAUHATAX:
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Puc. 1.22 Buzyanuzanus MaTeMaTH4YE€CKOTO MasiTHUKA B IPOrpaMMe

«MathCAD»

UtoOBl yBEIMUUTH pa3Mep TOUYKH (, HY>KHO, JiBa pa3a MICIKHYB MOJISIPHBIN
rpaduk, B MOSBUBIIEMCS TMAJIOTOBOM OKHE BbIOpaTh BKIAJKY «Cien»(«Trace») u

BO BTOPOU CTPOKE U3MEHUTH TOJIIMHY TOYKH, KaK MMOKa3aHo Ha puc.l.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 N3meHeHMEe TOIMIUHBI TOUYKHA



[Mlar 5. Breibupaem «Anmmanus (Animate)» u3 menr «MHCTPYMEHTHI
(Tools)», 94TOOBI OTKPHITH TUAIOTOBOE OKHO JUIS CO3JMaHUS aHMManuu. Ternepb
HY>KHO TIOJIHOCTBIO BBIJICJIUTH TMOJSPHBIM I'pauK M B IUAJOTOBOM OKHE BBECTH
HAYaJIbHYI0 M KOHEUHYIO BEJIMYMHY Kaapa, U CKOpOCTh (Kamp/cex). B manHOM

ciy4dae HayanbHbIM Kazp: 0; koHeuHbii: 2000; CKOpOCTH:

%’ = 250(xamp/cex),

rac 8 CCKYHI — BpPCMiA K0JICOATEILHOTO Imponccca. OTO IO3BOJIUT Ha6J'HOI[aTI>

MMOBCACHNC CUCTCMBI B PCAJIbHOM BPCMCHH.

-~

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 /InanoroBoe oKHO «3amucaTh aHUMAaIIHIO»

[Iar 6. Illénkaem kHONKY «aHuManus». [Iporpamma B AMAnOroBoM OKHE
IPEeJOCTaBUT AaHMMHUPOBAHHOE M300pakeHUEe MOJIApHOro Tpaduka, a 3aTeM

IMMO3BOJIMT IMMPOCMOTPCTh aHUMAIIUIO KaK BUACOPOJIMK B OTACIIBHOM OKHE.

1.6 IlopsinoK BBINOJTHEHUS PA0OTHI
1. Ilo HOMepy BapuaHTa U3 Tabmuiel 1.1 BbIOpaTh MJIMHY MasTHHKA,
Kod(pueHT TpeHus (COMPOTUBIICHHS) U BUJ CHJIOBOTO COTMPOTUBJICHUS B TOUYKE
noJiBeca.

2. HCCJ’IGI{OB&TB MMOBCACHHUC CUCTCMEI IIPHU OTCYTCTBHUH CHUJI COIIPOTUBJICHUS:



2.1. CocraBuTh TpoOrpamMmy Ui YHCIEHHOTO pELIEHUS TOYHOIO
muddepeHIManbHOT0 ypaBHEHUsT KosneOaHuil mastHuka B cpene «MathCADy
MetoaoM Pynre-Kyrra IV nopsinka ¢ moCTOSSHHBIM 111aroM UHTETPUPOBAHMUS.

2.2. CocTaBUThH IPOTrpamMMy JUIsl YUCJICHHOTO PEIICHHs MPUOTUKEHHOTO
muddepeHranbHOr0 ypaBHEHUs KosiebaHui MastHuka B cpene «MathCAD»
MeroaoM Pynre-Kyrra IV nopsinka ¢ moCTOSSHHBIM 111aroM UHTETPUPOBAHHUS.

2.3. IloctpouTts rpaduky H3MEHEHHUS yTila IOBOPOTA U YTIIOBOM CKOPOCTH
MasTHUKAa MPU TOYHBIX U MPUOJMIKEHHBIX BBIYUCICHUSX, Bapbupys yrodi
HA4yaJbHOTO OTKJOHEHUs 1o TpéM 3HadeHusaMm: 30°, 90°, 179°. CpaBHuUTH
MOJTy4YEHHBIEC PE3YIbTAThI, CACTIATh BBIBOIBI.

3. UccnenoBath MOBEACHUE CUCTEMBI IIPU HAJTMYUU BSI3KOT'O TPEHUS, CIETYSI
yKa3aHUAM MMyHKTOB 2.1-2.3.

4. WccnenoBaTh MOBEACHUE CUCTEMBl NPU HAIUYUHM CHUJI CYXOIO TpPEHUS,
cienysl yKa3aHusiM ImyHKToB 2.1-2.3.

5. IlpencTaBuTh pe3yabTaThl paOOTHI B BUAE AHUMUPOBAHHOTO M300paKeHHUS
NOBEJICHUSI CUCTEMBI TIPU:

1) oTCyTCTBUM CHJI CONPOTHBIICHUSI,

2) HAJIWYUH BSI3KOTO TPEHHUS;

3) HaJMYUM CYXOTO TPEHHUS.

6. PesynbpTarhl BeIMOMHEHUS paboOTHl coxpaHUTh Kak ¢ain MathCADa, a
Takke opopMuth otueT B pemakTtope «Word» ¢ HeoOXomuMbIMu rpadukami,
dbopMynaMu, MOSACHEHUSMHU U BBIBOJAMH.

Ilpumeyanue: TyHKT 2 BBITOJHSIETCS 00s3aTENBHO AJIsi BCEX BapUaHTOB!
[Tynkr 3 wnu 4 BRIOMpaTh B COOTBETCTBUH C HOMEPOM BapuUaHTa U3 TaOIUIH 1.

Tabmuua 1.

Ne i/t 1 2 3 4 5 6 7 8 9 10
Hmuua wutu ¢, | 40 45 50 55 60 65 70 75 80 85
cM
Kosddunwmenr |[05 |06 |0,7 |06 0,5 0,5 0,6 0,7 0,6 0,5
COIIPOTHBIICHUS
Bun  cunosoro | Bssk | Bsask | Cyx | Cyxo | Bssk | Cyxo | Bazk | Cyxo | Cyxo | Bsizk
CONPOTHBIICHUS | O€ oe oe |e oe e oe e e oe

B TOUKE TMOJIBECa




1.7 BOITPOCHI JJIs1 CAMOKOHTPOJIA

1. Kakum oOpazoM B MOpOrpaMMHOM MaTEMaTHYECKOM  ITAKETE
«MathCAD» ocymectBisiercss pemieHre  audepeHnnanbHbIX — ypaBHEHUM
KOJIeOaHUI MEXaHUYECKUX CUCTEM?

2. Bunb! cun conpoTuBIeHNS B KOJEOATEIBHBIX CUCTEMAaX U OCOOCHHOCTH
cocTaByieHUs U PepeHINATbHBIX YPaBHEHUN ISl KaXKI0T0 BHUIA.

3. Kakum oOpa3om  3amuchIBaeTCi  BEKTOP-CTOJOEL  peIIeHus
U pepeHInanTbHOTO ypaBHEHUS ?

4, [Mopsimok BeImoHeHUs anuMaiuu B makete «MathCAD».

S. [lo xakomy 3aKOHY YOBIBAaIOT YCJOBHBIE AaMIUIUTYAbl CBOOOJHBIX

KoJIcOaHMI MasTHUKA IIpu I[GﬁCTBHPI JIMHEHHO-BSI3KOI'0 U Cyxoro TpCHI/ISI?



2.1 JlabopaTopHasi padore Ne2
KOMIIBIOTEPHOE MOJIEJIMPOBAHUE CBOBO/IHBIX KOJIEBAHUN
MATEMATHYECKOI'O MAATHUKA CPEJE MATLAB/Simulink

eab padoThI:

l.IToctponTh ~ MaTEeMaTHYECKYIO  MOJZEIb  CBOOOJHBIX  KoJeOaHWi
MaTEeMaTHYECKOTO MasTHHKAa ¢ TMOJYy4YUTh pelieHue aud@epeHuanbHoro
ypaBHEHHUs cpeacTBaMu nporpammuoro makera « MATLAB/Simulinky

2.11o [IOJIy4YE€HHBIM JIAHHBIM [IOCTPOUM rpaduKku  peleHus
U pepeHInanTbHOTO YpaBHEHUS

O0beKT HCCiIeJ0BaHMS: MATEMATUYECKUN MAasTHUK C TPEHHUEM B TOYKE
moJiBeca.

AnnapaTHble cpeAcCTBa: BUpTyaibHas jnabopatopuss Ha OBM IBM PC,

nporpamMMHbIi MaTematndeckuid makeT « MATLAB/Simulinky.
2. 1. IlocTpoenne Moae/ I MATEMATHYECKOT0 MASITHUKA
MareMatuyeckuii MasTHUK TPEJCTaBIseT co0OMl Trpy3 Maccod m,

MOJIBEIICHHBIA HAa HEBECOMOM CTepykHe IMHBI L. BepTukampHoe mosoxxeHue

CTCPIKHS COOTBECTCTBYCT ITOJIOKCHUTIO PABHOBCCHUA MAasATHHKA.

Puc. 2.1 PacueTHast cxema MaTeMaTHYECKOTO MasTHUKA MPY HAJTMYUH

BA3KOI'O TPCHHUA B TOYKC II0ABCCA



HavanpHble ycnoBus:

L = 0.3 (M) — qmHa CTEpI)KHSA MasTHUKA;

@o = 90° — HayaNbHBIN YTOJ OTKJIIOHEHUS I'Py3a OT MOJI0KEHHSI PABHOBECHS;

1 = 0.06 (H'm'C) — koahpUreHT BA3KOTO TPSHHUS B ITOABECE;

® = 0 (pan/C) — HavanbHasE YrJIOBas CKOPOCTh MasTHHKA.

CocraBum muddepeHmanbHOe ypaBHEHHE ISl JAaHHOW MEXaHHYECKOU
CUCTEMBIL:

[ = —uep —mglLsin @,

rae | = mL? - MOMEHT HHEPLIMHU COCPENOTOYEHHOM MacChl M MasATHUKA.

Torna

p=—-ue-— %sin Q.

3aTeM, 3aMeHsIs IPOU3BOAHBIE oneparopoM Jlamnaca, moydum:

p2e +u' -p-<p+%sin<p = 0.

B pesynbpraTe npeoOpa3zoBaHus NOIYUUM:

g

@ =§ ' —%(;sinco)

I[To momyueHHOMY BBIpaKEHHUIO cTpouM cxemy moaenu B Simulink/ MATLAB
(puc. 2.1):

1 a a
— <in O

Trigonometric Gain Integratort Integrator
Funition

Saind

>_ , ]
. 1 1 , 180ipi —
W s ; s Scope

GainZ Integratord Integrator3 Gainl

Gaind

Puc. 2.1 bnok-cxema Simulink-monenu kosme6anuii MasiTHUKA



PacyeTr nmocTosAsHHBIX HTHTETPATOPOB:

Zo = @(0) = pi/2;
21 - W po = Zo= 9(0) = 0;

2= —p' 2 =-066".

OJIOKOB

Nutepdeticbr

uHterpatopoB («lIntegratorly,

«Integrator»)

MoKa3aHbl Ha puc. 2.3 - puc.2.4. [{na uaterparopoB «Integratord», «Integrator3»

IIOCTOSAHHBIC COOTBCTCTBCHHO OAMHAKOBBIC.

Pe3ynbrat BRIBOAUTCS B BH/IE IpadrKa ¢ IOMOIIBIO 0J10Ka «SCope» (puc. 2.5).

Bleck Parameters: Integrator?

Integrator

Continuous-time integration of the input signal.
Parameters

External reset: none

Initial condition source: | internal

Initial condition:

|-0.66*pi/2 IE

[ Limit output

[ wrap state

[] show saturation port
[ Show state port

Absolute tolerance:

Block Parameters: Integrator

Integrator

Continuous-time integration of the input signal.
Parameters

External reset:  none

Initial condition source: | internal
Initial condition:

[ pir2

[ Limit output

] wrap state

[] show saturation port
] show state port

Absolute tolerance:

|auto

|autc |

[ 1gnore limit and reset when linearizing
Enable zero-crossing detection

State Name: (e.g., 'position’)

B |
9

Puc. 2.3 VnTtepdeiicel HacTpoiiku O6y10ka
«Integrator1»

Cancel Help Apply

[ 1gnore limit and reset when linearizing
Enable zero-crossing detection

State Name: (e.g., 'position”)

" Cancel Help Apply

Puc.2.4 Untepdeiics! HacTpoiiku O10ka
«Integrator2



-100 —
| | | | | |

| |
10 12 14 16

tc

Puc. 25 Fpa(bmcqn 3aTyxaw1;1Hx KOJI€6;.HI/II7I MATEMATHUECKOTO MasTHUKA, IOCTPOCHHbBIE

110 TOYHOMY U HpI/I6HI/I)KCHHOMy YpaBHCHUAM
3akJiIloueHue: 1ocie MOCTPOCHHS OJIOK-CXEeMbl U TPa(UKOB 3aTyXarolIUX
KOoJIeOaHWII MOMKHO CJieaTh BBIBOJ, YTO YCIOBHAs aMIUIATyAa KosieOaHui
YMEHBIIIATCS TI0 SKCIOHEHTe (M0 3aKOHY TeoMeTpuyeckod mporpeccun). o
Bpemenu 11=0,5¢ rpaduku kosebaHuii, paCCYNTAHHBIX 110 TOUHON U MPUOTNKEHHON
dbopmynam, mpakTAyecku —coBmagaroT. ['padux  komebaHuN = MasTHHKA,

pacCUMTaHHBIA O NPUOIMKEHHON (QopMyle, 3aTyxaeT [oJblle, 4eM Tpaduk,

pacCUUTaHHBIA O TOYHOM hopmyIe.
CITMCOK UCIIOJIb30BAHHOU JINTEPATYPbI

1. MATLAB 6/6.1/6.5 + Simulink 4/5 B MmaTemMaTike U MOJEIUPOBAHUH /
Hesikonos B.II. ITomHoe pykoBoacTBo noms3oBatens - M.: COJIOH-IIpecc. — 2003.
- 576c.

2. MonenupoBaHue ¥ BU3yaIH3alus JBMKCHUI MEXaHHYECKIX CUCTEM B
MATLAB: Yue6noe noco6ue / B.C.Illepbakos, M. C. KopriToB, A.A. Pynmens u
np.— Omck: CubAJIH, 2007. — 84c.

3. MonenupoBanue nponeccoB u cucteM B MATLAB. YueGuslit kypc /

Jlazapes IO. - CII6.: [Tutep, 2005, 512 c.



3. JlabopaTtopnast paGora Ne3
KOMIIBIOTEPHOE MOJIEJIMPOBAHUE CBOBO/IHBIX
KOJIEBAHUM MATEMATHUYECKOT'O MASITHUKA B CPEJIE
MATLAB/SimMechanics

eab padoThI:

1. [TocTpouTs MaTEeMaTUYECKyl0 MOJENIb CBOOOJHBIX  KoOJIeOaHUMH
MaTeMaTUYEeCKOr0  MasiTHUKAa C  BS3KUM  COINPOTUBIICHHEM  CpPEICTBAMU
nporpammuoro makera « MATLAB/SimMechanicsy;

2. [TocTtpouts rpadukn H3MEHEHHS CKOPOCTH W yIjla MasTHUKAa B
3aBUCUMOCTH OT BPEMEHH;

3. Boccosnate aHuManuio 3aTyXalolux KoJeOaHWW MaTeMaTU4ecKoro
MasiTHUKA C BSI3KUM TPEHHEM B TOUYKE IMOJIBECA CPEACTBAMH MIPOTPAMMHOTO MaKeTa
«MATLAB/SimMechanicsy;

OO0beKT ucciIeI0BaHUSA: MAaTEMAaTUYECKUNA MAsATHUK C BA3KUM TPEHUEM B
TOYKE T0JIBECA.

AnnapaTHble cpeAcCTBa: BUpTyalibHas Jabopatopus Ha OBM IBM PC,

nporpamMMHbIi MaTematuaeckuid maker « MATLAB/SimMechanicsy.

3.1 IlocTpoeHne Moe I MaTeMATHYECKOI0 MasiTHUKA
MaremMatuyeckuii MaATHHK MOpeACTaBiseT co0oil rpy3 Maccod m,

HOI[BeHIeHHI)II\;I Ha HCBCCOMOM CTCPIKHC OJIMHBI L.

Puc.1. MareMaTHuecKnii MasTHHUK C BI3KUM COIIPOTUBJICHHUEM B TOUKE ITOJABCCA



Hcxoaaplie mapoaMeTphbl MOICIIH:
I= 0.3 (M) - IMHA CTEP)KHSA MasSTHUKA;

pu = 0.03 (H*m™*C) - ko3 duImeHT BI3Koro CONpOTHBIICHHS B OCH MasTHUKA,

HavanpHble ycnoBus:

¢ =90°

- HayaJbHBIA yroa OTKJIOHEHHS MasTHUKAa OT IMOJOXKEHUs
paBHOBECHS;

o = 0 (c'!) — HauanpHas yriaoBas CKOPOCTH BPAIECHHUS MAsSTHUKA.

Ha pwuc.2 npencraBieHa Oi0K-cXxeMa MPOrpamMMbl, peaU3yIoIIeH

MaTeMaTI/I‘ICCKy}O MOICIb CBO6OI[HBIX BaTyxaIOHII/IX KOJIGGaHI/Iﬁ MasTHHKA B ITIAKCTC
«MATLAB/SimMechanics.

csiflgcsa

Env jo— §— A HH & cc Mpcs

Machinea [F
Bod
Envircnment Ground Veld Body1 3 ¥

]

Revaluta v

v

Jaint Sensor I:l

g ._

Gain

Scope

IC

Joint Initial Condition

Joint Actuator

Puc. 2. brok-cxema nporpaMMsl, peaau3yroliei MaTeMaTHYeCKy0 MOIETb CBOOOTHBIX
KoJIeOaHUH MaTeMaTHYeCKOr0 MasiTHUKA C BI3KUM COIIPOTHBIIEHUEM CPECTBAMU MPOTrPAMMHOTO

nakera «MATLAB/Simmechanics»
PaccmoTpuM cocTaB, Ha3HAYeHHWE M HACTPOWKY KaXIOr0 W3 OJIOKOB
IPOTaMMBI.
Bnox «Machine Environment» mo3soiisieT co31aBaTh aHUMAaLUIO KOJIeOaHUi
MaTeMaTHYeCKOTro MasTHUKA. [TapameTpbl 0J10Ka 3aaHbI 0 YMOJIYAHHIO.
Bbaok «Groundy (puc. 3) ABAsETCS OMOPOIA, K HEMY JKECTKO IMPUCOSIHMHEH MTPH
nomoinu 010ka «\Weldy (puc. 4) 6ok «Bodyly (puc. 5). COBOKYIMHOCTb 3THX TpeX

OJIOKOB peann3yeT CTOUKY.



Bleck Parameters: Weld x
Wweld ~

B|0Ck PﬂrﬂmeterS: GrUUﬂd X Represents zero degrees of freedom. Rigidly connects the base (B)
and follower (F) Bodies in initial relative configuration. Sensor
ports can be added. Weld joint cannot be actuated.

GrDUHd Connection parameters
i ] o Current base: GND@Ground
Grounds one side of a Joint to a fixed location in the World Current follower: CG@Bodyl
Cmrdmate S?Stem' Number of sensor [ actuator ports: |:| :
Parameters Parameters
Axes Advanced

. . Name Primitive Axis of Action [x y 2]
Location [x,y,z]: |[000] m v —— wou
Show Machine Environment port

£ > ’
OK Cancdl | Help Apply Gl | [ e | [N
Puc. 3 Unrepdeiic HacTpoiiku Ooka Puc.4 Untepdetic Hactpoiiku 6ioka «Weld»
«Ground»
Block Parameters: Body1 x
Body A

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: |]. | kg M

Inertia: |eye(3] | kg*m~2 -

Position Orientation Visualization

T T me QELEL

lef =~ CG [000] m | =
Right ~|cs1 [000] m

O Right ~|Cs2  [-0.018 0.024 0] m

O Right ~|CS3  [0.018 0.024 0] m

£ > W

Cancel Help Apply

Puc. 5 Unrepdeiic HacTpoiiku 610ka «Bodyly

bnok «Revolute» (puc. 6) peanusyer BpamaTeabHy0 KHHEMATHYCCKYIO TTapy
5 knacca. B mapameTpax 0s0Kka yCTaHOBJEHO 3HAUYCHHUE 3 BHEIIHUX BBIXOJOB IS
CEHCOpa U MPUBOJIA U HAYaIbHBIX ycioBuit. Ock Bpamienus — Z. K 6moky «Revolutey

npucoeaunsiercs 0ok «Bodyy (puc. 7), peanusyromiuii caMm MasiTHHUK.



Block Parameters: Revolute * Block Parameters: Body X

Revolute ~ Body .
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 |nertl|a tensor I, and coordinate origins and axes for center of

axis going through collocated Body coordinate system origins. T e

This dialog sets Body initial position and orientation, unless Body

Se d actuator ports be added. Base-foll
nsor and actuator ports can be addec. Base-Tolower sequence and/or connected Joints are actuated separately. This dialog also

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

hand rule. provides optional settings for customized body geometry and
color.
Connection parameters Mass properties
Current base: CS1@Body1 Mass: | 1 | kg -
Current follower: Cs1@Body
Inertia: [[0.0500;000.05,000.0075] | |kg*m~2 ~
Number of sensor / actuator ports: |3
% Position  Orientation  Visualization
Show Port Origin Position
Parameters bot sde  Mame Yo Ixyz] un
Axes  Advanced 0 Left v C6 [0-0.150] m =
Name Primitive Axis of Action [x y 2] Left v Cs1 [000] m
R1 revolute [001] Right ~ CS2 [0-0.30] m
v < > ¥
< > Cancel Help Apply
Cancel Help Apply
Puc. 6 UnTepdeiic HacTpoiiku 610Ka Puc. 7 NnTepdeiic HacTpoiiku Ooka
«Revolute» «Body»

B mapamerpax Omoka «Body» 3amaeM KoOpaWHATBI KOHIIOB MAasTHHUKA,
MaTpPUIly WHEPIIMH JJIsi MAasSTHUKA B COOTBETCTBHM C 3aJIaHHBIMH 3HAYCHHSIMH. B
KaueCcTBE IMapaMeTPOB 3TOTO 3BEHA HEOOXOIMMO yKazaTh Maccy Tena (Maccy
NpPUHUMaeM paBHOW | Kr), MOMEHTbl MHEPIMH OTHOCHTEIBHO TJIABHBIX
IIEHTPAJIBHBIX OCE CHMMETPHH, a TAK)Ke KOOPIMHATHI KOHIIOB 3BEHA M €T0 IISHTpa
macc. [Ipu 3TOM KOOpAMHATBI MOXKHO 3aJaBaTh Kak B IJIOOAJBbHOW CHCTeMe
koopauHat (World), Tak u B JJokaabHo# cucteme koopaunat (CS1, CS2) 3BeHa.
B cTonbiie Sow port mactpamBaercs 0ToOpa)k€eHHE COOTBETCTBYIOIIETO MOpTa Ha
omoke. B cronbie Port side — nactpoiika pacrnosoxenus: mopra. Cronber; Name
OTBEYaeT 3a HauMeHoBaHue Kaxxoro nopra: CS1, CS2 — mopThl, COOTBETCTBYIOITHE
KpaitHuMm Toukam 3BeHa, CG — meHTp Macc 3BeHa (T.K IEHTP Macc 3BEHa He
y4acTBYeT B COCIMHCHUH C IPYTUMHU 3BEHbSIMH, Ha CXeME OH He oToOpaxkaeTcs). B
CIICIYIOIINX CTOJIONAX 3adar0TCsl KOOPJAWHATHI TEPEUYHCICHHBIX BBINIE TOYCK U
OTIPEICIISIFOTCS SAMHHITBI M3MEPEHUS, a TAK)KE OMPECISICTCS CHCTeMa KOOPIMHAT, B

KOTOPOM MPOBOAUTCS 3aJaHUE MOJIOKEHUM TOYEK 3BCHA.



JIJist ompejenieHust yrila W yrioBOH CKOPOCTH MasiTHUKA HMCIIOJIb3yeM OJIOK
«Joint Sensor» (puc. 8). B mapamerpax 0yioka ycTaHaBimBaeM BBIBOJ «Angle» u

«Angle velocity», Bki1rouaeM BBIBOJI CUTHAJIA pa3/IeiIbHO.

Block Parameters: Joint Sensor b4

Measurements

Primitive Outputs

Connected to
primitive: R1 h
Angle Units: |rad -
Angular velocity Units: | rad/s A
[ Angular acceleration Units: |deg/s~2
O Computed torque Units: | N*m

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

[] output selected parameters as one signal.

Cancel Help Apply

Puc. 8 Uurepdeiic HacTpoiiku 610ka «Body1»

BriBoj moKa3aHuil Ha SKpaH B BUJE TPaPUKOB OCYIIECTBIISAECTCS C TTOMOIIBIO
o1oxoB «Scopey (puc. 9) u «Scopel» (puc.10).

CoBokymHOCTH OJIOKOB  «Joint  Sensor», «Gainy, «Joint Actuatory,
«Revolute». peanusyror BsA3koe TpeHHE B omope MasTHHKa. C momolisio 0J0Ka
«Joint  Sensor» wum3MepsieM YIVIOBYHO CKOPOCTh MAasiTHHKA, YMHOXaeM ¢e
K03 PHIUEHT TPEHUs ¢ TOMOIIIBIO 010Ka «Gainy. Muoxutens «Gain» mpuHuMaeMm
paBHbIM -0.03. 3ateM popMUpyeM MOMEHT CONTPOTUBIICHUS BPALIEHUIO C TOMOUIBIO

«Joint Actuator» (puc. 11), pe3yabTat mogaem Ha 0110k «Revolutey.



Block Parameters: Joint Actuator =

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
Connected to
I R1 A
primitive:
Actuate with: Generalized Forces -
Applied torque units: N*m hd

Cancel Help Apply
Puc. 11 Unatepdetic HacTpoiiku O10ka «Joint Actuator»

3aanue HavYaIbHBIX YCIOBHN peaymsyeTcs 0mokom «Joint Initial Conditiony

(puc. 12)

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 Untepodeiic nactpoiiku 61oka «Joint Initial Conditiony

bnokom «Joint Sensory kpoMe u3MepeHusi CKOPOCTH U3MEPSIETCS TAKKE YOI
NOBOpPOTa MasATHUKA. Pe3ynbTaThl M3MEpEeHUN BBIBOASTCS C HOMOIIbIO OJIOKOB

«Scopey (s @) u «Scopel» (s o).



0 1 2 3 4 5 & 7 8 9 L€ 10
Puc. 13. Pe3y.TIBTaT IMOCTPOCHHUA rpa(bI/IKa HU3MCHCHUA YIJIa II0OBOPOTA MasgTHHUKA C ITIOMOLIBIO

6moka «Scopex»

Puc. 14. Pe3ynbTar nocTpoeHus rpaguka U3MEHEHHs YTI0BOM CKOPOCTH MasiTHUKA C

noMoIIbIo 6110Ka «Scopel»

3akJ/0ueHue:

° MOCTPOCHA  MaTemMaThyeckass MoJelib  CBOOOJHBIX  KOJeOaHUM
MaTeMaTUYeCKOro  MasiTHUKAa C  BS3KUM  CONPOTUBICHHEM  CPEICTBAMU
nporpammuoro makera «MATLAB/SimMechanics»; moctpoeHsl  rpaduku
M3MEHEHUs] CKOPOCTH U yIjla TOBOPOTA MasiTHUKA B 3aBUCUMOCTH OT BPEMEHHU;

° BOCCO3/]aHA aHWUMAIIMS 3aTyXalIUX KOJICOaHW MaTeMaTHYECKOTO

MasATHHUKA C BA3KHUM TPCHHUCM B TOYKC IIOABCCA.



3.2 IlopsioK BbINOJHEHUSI Pa00ThI

1. Tlo momepy Bapuanta u3 Tabmuiel 3.1 BBIOpaTh IIMHY MasTHUKA,
KO3 PUIMEHT TpeHust (CONMPOTUBIICHMS) U BUJ CUJIIOBOTO CONPOTUBJICHUS B TOUYKE
MOJIBECA.

2. CocTaBUTh OJIOK-CXEMY IS YWCIEHHOTO MOJEIUPOBAHUS JBUXKCHUS
MaTeMaTUYECKOro MasTHuUka B mnakere SimMechanics/MATLAB ¢ 3amanHbIM
BUJIOM HEYIIPYTOTro CONPOTUBIEHUS (BA3KUM WU CYyXUM TPEHHUEM).

3. Ioctpouth Trpaduku MU3MEHEHHUs yTria MOBOPOTa U YIJIOBOM CKOPOCTH
MasTHHKA MPHU €ro HadaJbHOM OTKJIOHEHUs Ha 90° u 179° u HyneBoi HavdaIbHOU
YTJIOBOW CKOPOCTH.

4. HabGmrogaTh pe3yibTaThl MOJEIUPOBAHUS B BHJIE AHUMHUPOBAHHOTO
M300paKEHUS IOBEJICHUS CUCTEMBI

6. Pe3ynbTaThl BBINOJHEHUS PabOThI COXpaHUTH B ¢opmare .SIX, a Taxxe
oopmuts oTueT B pepaktope « Word» ¢ HeoOxoqumbIMu rpadukamu, GopMyiaM,
MOSICHEHUSIMU U BBIBOJAMHU.

Tabnuua 1 — UcxonHbie mapamMeTphbl CUCTEMBI

Ne BapuanTa 1 2 3 4 5 6 7 8 9 10
Jimuaa wuta £, | 40 45 50 |55 60 65 70 75 80 85

cM
Koa¢ppurmenr |05 |06 |07 (026 |035 |015 (046 |0,37 |046 |0,55

COIIPOTHUBJICHUS
Bun  cunosoro | Bsask | Bssk | Cyx | Cyxo | Bazk | Cyxo | B3k | Cyxo | Cyxo | Bsask
COIIPOTHUBIICHUS | O€ oe oe |e oe e oe e e o€

B TOYKC I1IOABECA

3.3 BOITPOCHI 1JIsI CAMOKOHTPOJIA

1. KakoB oOmuii mopsiIOK COCTaBICHUS OJOK-CXEMBI ISl MOJEIIMPOBAHMS
MEXaHUYECKOW CHCTEMbI Ha IPHUMEPE MAaTEMAaTHIECKOTO MasTHUKA B TIAKETe
SimMechanics/MATLAB?

2. Kak hopmupyeTcs MaTpuiia HHEPIMU TBEPAOTO Tela B Ooke «Body»?



3. C mOMOIIBIO KAKUX CPEJICTB MOJEIMUPOBAHUS 00ECIIEYMBAETCS MMOTYyYEHUE
rpaduKOB HM3MCHEHHS KHHEMATHYCCKHX H CHIJIOBBIX XapaKTEPHUCTHK
uccieayeMoi cucreMsl B makete SimMechanics/MATLAB?
4. Kakum o0Opa3om oOecrieuynBaeTcs BO3MOXKHOCTh aHUMAIIUW JIBHDKCHUS
uccieayeMoro oobekra B makere SimMechanics/MATLAB?
5. Kak 3amaercs mpy MOIEIMPOBAHUHU BS3KOE WM CyXO€ COIPOTHUBIIEHUE,

I[GﬁCTByIOH.[GG B KHMHEMATH4YCCKUX Inapax, B IHaKeTeC

SimMechanics/MATLAB?

CITMCOK MCITOJIb30BAHHOM JTUTEPATYPBI

1. MonenvupoBaHue U BU3yaIu3alusl IBMKCHUN MEXaHUUECKUX CUCTEM B
MATLAB: yuebnoe nocobue / B.C.lllep6ako, M. C. KopsiToB, A.A. Pynnens,
B.A. I'mymen;, C.A.Mumomenko. — Omck: U3n-Bo CubAIN, 2007. — 84c.

2. MonenupoBanue mexaTpoHHbIX cucteM B cperne MATLAB (Simulink /
SimMechanics): y4eOHOe mocoOWe i BBICHIMX Yy4eOHBIX 3aBeneHuit/ B.M.
Mycanumos, I'.b. 3amopyes, N.W. Kanansimnna, A.Jl. IlepeyecoBa, K.A. HyxnuH.
— CII6: HUY UTMO, 2013. - 114 c.



4.1 JIaGopaTopHoii padoTe Ned
KOMIIBIOTEPHOE MOJAEJIMPOBAHUE JIBU/KEHUSA
PBIYAKHOI'O MEXAHUX3MA B CPEJE MATLAB/SimMechanics

eab padoThI:

1. I[TocTpouTh MaTEMaTUYECKYIO MOJIENb ABUKEHUS PHIYA)KHOIO MEXaHU3Ma
cpencTBamu nporpammuoro nakera «MATLAB/SimMechanicsy;

2. [lo pe3ynabTaTaM KOMIBIOTEPHOTO MOJEIMPOBAHUS MOIYYUTh TpaduKu
KMHEMAaTUYECKUX M JUHAMUYECKUX XaPAKTEPUCTUK HCCIEAYEMOr0 PhIYaXKHOTO
MEXaHHU3Ma, MOJTYYUTh aHUMAIIMOHHYIO KapTHUHY €0 JIBHXKCHUS.

O0beKT HccIeq0BaAHNSA: PHIUYAKHBIA MEXaHU3M MEIIATENS ¢ IPUIIOAKEHHOU K
HEMY MOJIE3HOW HArpy3KOM.

AnnapaTHble cpeAcTBa: BUpTyalbHas Jabopatopus Ha OBM IBM PC,

porpaMMHBIH MaTematuueckuid makeT «SimMechanics/Simulink/ MATLAB».

4.1 Onucanue KOHCTPYKIHUHU, HCXOAHBIC NaHHbIC, peajin3alus MOIAECJIN

Ha puc. 4.1 mnpeacraBieHa pacueTHas CXe€Ma pPBIUYAKHOTO MEXaHU3Ma

MECIIAaTECIIA.

Puc. 4.1 PacueTHas cxema MexaHu3ma: | — KpuBOIIMI, 2 — IATyH, 3 —

MoJI3YyH, 4 —pabouuii opraH MEXaHn3Ma - MeIIaTelb



B ta6i. 4.1 npeacraBieHbl HCXOIHBIE JAHHBIE MEXaHU3MA.

Taobn. 4.1 - cxonuble JaHHBIE MEXAHU3MA

Ne 3Bena/ 1 2 3 4
BEJIMYMHA
|, m 0.5 1 - 1
m, ke 1 2.5 5 3
L, ke'm? 0.02 0.2 0.006 0.25
brok-cxema Mojenu MexaHiu3Ma MpeJCcTaBlieHa Ha puc. 4.2.
B ? F— & csiipes2 s CF F—H 0315222 : (F e .' I N _—

Croiika

JiRevoute o}

Kpueowwun

OA

Revolute A

WatyH
AB

Revolute B

Weld2

Prismatic

Hanpaenawwan

NMEPEHKA
nenayH

3afaHue JBMKEHWA
KpuMBOLUKMNAa

WaMepeHun
KpyBOLWKXN

|

LWatyn CD

[A—+H] CS2
[A—H] CS3

Harpyaka 1 namepeHne

Puc. 4.2 brok-cxema MOJCJIN PBIYA)KHOTO MEXaHU3Ma

PaccmoTpum cocTaB 1 HAaCTPONKY BCLIOMOTATENIbHBIX OJIOKOB U TTOJCUCTEM

4.2 BecnnoMorareJibHBIE IOJICHCTEMbI
Ha puc. 4.3 wu 4.4 npencraBineHsl cxeMbl moacucteM «CToWka» U

«Hanpaanomaﬂ» COOTBCTCTBCHHO.

3_

Ground

Env 5 HH & cc Mgcst

O—) B—1 > O >—a|csiy co

Hanpasnsiowas
NS nonayHa

Puc. 4.4 Illoncucrema «Hanpasinsiromias»

4E

Ground1

Iy T

Machine
Environment

Croika

Weld Weld1

Puc. 4.3 Tloncucrema «Crtolika»



[Toncucrema «3aganue ABUKEHUS KPUBOIIUIIA» MpeJicTaBieHa Ha puc. 4.5. C
€e TMOMOIIbI0 YCTAaHABJIMBAIOTCS KHHEMATHUYECKUE TapaMeTphl KPUBOIIMIA:
HaYyaJIbHBIN yToJ MOBOPOTA, YIII0Basi CKOPOCTh, YTIIOBOE YCKOPEHHE.

B 6moke «Joint Actuator» (puc. 4.6) B kauyecTBe MeTOJ1a 3aIaHUS JBHKCHUS
BbIOMpacM KUHeMaThdeckuii metox «Motiony, a Takke CIUHHIBI U3MEPCHHS
KMHEMaTHUYECKUX IMapaMeTpoB.

brox «Constanty onpenensier HadalbHOE MOJO0XKEHHE KPUBOIINIA, B JAHHOM

ciydyae HauyanbHoe mosioxkeHue 0 pan. binok «lntegrator» ompeznensier yrioByro

CKOPOCTb, a 6510k «Integratorly — yrmoBoe ycKOpeHUE KPUBOIIHIIA.

\.&@

Joint Actuator

A
(7N

Integrator1

0

Constant

Puc. 4.5 Iloacucrema «3agaHue ABUKEHUS KPUBOIITUTIAY»

Ha puc. 5.2 npencrasnen untepdeiic 61o0ka Integratorl.

Block Parameters: Joint Actuator * Block Parameters: Integrator] *

Joint Actuator Integrator Py

N . . n . Contil -t 1t i f thy t I
Actuates a Joint primitive with generalized force/torque or linsar/ AT D LTS L

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

e _ -

Actuate with: Motion -
Angular units: rad -
Angular velocity units: rad/s -

Angular acceleration units: | rad/s"2 -

Cancel Help Apply
Puc. 4.6 Unrtepdeiic 6moka «Joint Actuatory

Parameters
External reset: |none -
Initial condition source: |internal -

Initial condition:

[2

[ Limit output

[ wrap state

[ show saturation port
[ show state port

Absolute tolerance:

|autu

[ 1gnore limit and reset when linearizing
Enable zero-crossing detection

State Name: (e.qg., 'position”)

J Cancel Help Apply
Puc.4.7 Unrepodeiic 6moka «Integratorl»




3nauenue B mone «Initial condition» ompenenser yrioByl CKOPOCTh
KPHUBOIIINIIA, KOTOPas paBHA B JIAHHOM ciiydae 2 paJi/C.

[Toacucrema «M3mepeHunst KpUBOIIMID) MIPeICTaBIeHa Ha puc. 4.8.

Angle
Continuous Angle
P Rate

Gain1

Continuous Angle A
— nosopoT
ap ] CKOPOCT
AV s
i | % A yeKopeHme
Tr 1
Fr s

Product

)
MOMEHT CUMbI
B KpUBOLLMNE
OTH. ocn Z

peakumn XY Z

Joint Sensor MOLLHOCTb Integrator paGota

Puc. 4.8 Ilogcucrema «M3MepeHHst KPUBOILIHID)

Ha puc. 4.9 u 4.10 npeacraBieHsl rpaduKi MOITHOCTH M PaOOTHI.

, BT

Puc. 4.9 I'pauk n3MeHEeHHUs MOLITHOCTH

Puc. 4.10 I'paduk u3meneHus: paboTs



[Toacucrema «Harpyska/usmepeHue maryH» npejcraBieHa Ha puc. 4.11.

]
> TpaexTopwa T.D
le

: ﬁ Sqrt1 Gain2

u3mepeHue v
Body Sensor

|
b roporpad

ckopocti T.D

y
\-607 \-60/
koadp. conp. X koadp. conp. Y E|

’72 | Sart Moneswas CKOPOCTh NOM3yHa
» U Harpyaka noneanas Harpyaka
P \.ﬁ &
nonesHan Harpyaka

Constant Body Actuator

Puc. 4.11 IToncucrema «Harpyska — usmepeHue- maTyH»

Tak kak T™OJE3HOM Hany3K0ﬁ A MCIIATCIAd  ABJIICTCA  BA3KOC

COIIPOTHBIICHUE CPEIbI, B KOTOPOI paboTaeT pabounii OpraH MEmaTels, TO YCIOBHO

—

MOJKHO yTBep)KIaTh, dYro Ha KoHernp martyna CD geiictByer cuma P,
IPOTUBOIOJIOKHAS [0 HANPABIEHUIO BEKTOPA CKOPOCTH Up. Ilpu 3TOM
KO3((PUIIMEHTHl CONPOTUBIEHUS IO COOTBETCTBYIOIIMM OCAM IPUHHUMAIOTCS
paBueiMu 60. Ha puc. 4.12 npencrasiensl rpagMKu CKOPOCTH MOJI3YHA U MOJIE3HOM
Harpy3ku. /g ynobctBa BOCHPHUSTHS TpaUKOB CKOPOCTh IMOJd3yHa Oblia

yBenuueHa B 100 pas.

Puc. 4.12 I'paduku CKOPOCTH MOJI3YHA U MOJIE3HOM HAarpy3Ku

Tpaexropus u ronorpad ckopoct Touku D oToOpakens! Ha puc. 4.13 n 4.14.



4 4. Tpaekropua 1.0

XY Plot XY Plot
1 1
0.5
0.5
0
» n
Z 0 Z 05
- >
-
05
15

-1
2 45 4 05 0 0.5 1 15 -0.5 0 0.5 1 15

X Axis X Axis
Puc. 4.13 I'ogorpad ckopoctu Touku D Puc. 4.14 Tpaexropust Touku D

[Toacuctema «M3mepeHus - moa3yH» npejacTaBieHa Ha puc. 4.15.

MepemelleHne

L [=r] -

' =

YckopeHwe

A 4

nepemeLleHre
CKOpOCTb
ycKopeHve
Nx

>E|
el
| Lol

Nz Nx
Ny
Nz

Fr

Joint Sensor1

Puc. 4.15 Ioncucrema «M3mepeHust - MOI3yH»

[Toncucrema Mo3BOJSIET UBMEPSITH OCHOBHBIE KMHEMATHUYECKHUE MapaMeTphbl
MOJI3yHA, a TAKXKE peakiuu cBsizeil. ['paduku nepeMenieHus, CKOPOCTH, YCKOPEHUS

MOJI3yHA MpeCTaBICHBI Ha puc. 4.16.



Puc. 4.16 I'paduku nepemerienus, CKOPOCTH, yCKOPEHHUS TOI3yHa
3akioueHue
B xome maHHOW na0opaTOpHON pabOTBI CO37AaHAa MOJIEIb PBHIYAKHOTO
MeXaHH3Ma MeIraTesns CpeICTBaMHU IPOrPaMMHOTO nakera
«MATLAB/SimMechanicsy. 3areM ObLTM H3MEPEHbI W IPOAHAIN3UPOBAHBI
KAHEMATHYCCKUE W JUHAMHYCCKUE XapaKTEPUCTHKH MEXaHH3Ma IPU ITOMOIIH

CO3IaHHOU MOJIECIIN.

4.3 TIOPAOK BBITTOJIHEHUA PABOTHI
1. CoOpatb 6510K-CXEMY MOJIETH PHIYAKHOTO MEXaHU3Ma [IEPEMEILNBAIOIETO
YCTPOMCTBA, UCTIONB3Ys TpuMep (puc.4.2) U BCIOMOTaTelIbHbIE MOJCUCTEMBI (PHC.
4.4-4.5, 4.8. YucneHHble 3HAUYCHHUs MapaMeTPOB MEXaHW3Ma IMPEICTABICHBI B
COOTBETCTBHE C BAPUAHTOM B Ta0OII. 4.2.

Tab6mn. 4.2 — [TapameTpbl ppIUaKHOTO MEXaHU3MA

Ne Bapuanra

5

6

7

8

9

10

Jmaa
KpHUBOIIIHIIA
OA, |1 ,MMm

40

60

80

50

30

25

70

55

45

35

Hnuna
martyHa AB,
I, MM

100

120

180

150

130

120

190

140

160

125

Hnuna
matyHa CD,
l,» MM

70

90

120

100

120

95

150

100

120

90

IToronnas
macca
3BEHBEB, M)|?
Kr/Mm

50

90

60

70

40

100

55

65

75

45

Yacrora
BpAaIlleHUS
KpHUBOIIMIIA

o1, ¢t

25

5.5

6.5




2. ChopmMupoBaTh MOACUCTEMY 3aJaHUS TOJIE3HOM HATPY3KH, AEHCTBYIOIICH
Ha pabounii OpraH MEpPEeMENIMBAIONICTO YCTPOMCTBAa — B T.J| B BHAE BS3KOTO
CONPOTHUBJIEHUSI TIEPEMENINBAEMOMN CpEJbl, MPONOPLMOHAIBHON CKOPOCTH TOYKH
NPUIIOKEHUs 3TON cuiibl. KOaQPUIIMEHT BA3KOTO COMPOTUBICHUS CPEbl BEIOPATh
CaMOCTOATENbHO, UCXOJsl U3 YCIOBHUSA, YTOOBI CHJIa BSI3KOTO COMNPOTHUBIIEHUS IO
MOJyJII0 Haxoawnack B npeaenax 100-200 H.

3. CdopmupoBaTh MOACUCTEMY HU3MEPEHHUS KHHEMATHUYECKUX M CHIIOBBIX
XapaKTEePUCTUK HcciieyeMoro Mmexannusma (puc.4.11 u 4.15) u monyunts rpaduku
MoutHOCTH (puc. 4.9), paboTsl, coBepiiaeMoii MexaHu3mMoM (puc.4.10), mocTpoutsb
rogorpad ckopoctu (puc. 4.13) u tpaekroputo 1.D (4.14), a Takxke rpaduku
nepeMeIIeHHs], CKOPOCTH U YCKopeHus noysyHa B (puc.4.16).

4. [IlpoBepuTh aneKBaTHOCTb pabOTBI MPOrpaMMbl IYTEM aHAJIM3a
MOJIy4aeMbIX PE3yJIbTaTOB U CHOPMYIUPOBATH BHIBOIBI.

5. CoxpaHuTb nporpammy B popmare .SIX 1 MOArOTOBUTH OTYET B IPOrpamMMe
Word.

1.7 BOITPOCHI AJIs1 CAMOKOHTPOJISA

1. Kak cdopmupoBare Martpuily uHepHuH OJIokoB  «Bodyy,
MOJENHUPYIOIINX TBEPAbIC TE€JIA MEXaHU3Ma?

2. Yemy paBeH MakCUMaJbHBIM XOJ TOJ3yHAa B J€3aKCHATHLHOM
kpuBommMnHoOnom3yHHOM Mexanuszme? IIpoBeppTe 3TO B Baiei
pabore.

3. KakoBbl MOryT OBITh pa3Mepbl 4YaHa CIPOEKTUPOBAHHOIO BaMU
MEPEMENINBAIOIIETO YCTPOKCTBA?

4. Yto Takoe «pabounii X0 MEXaHN3Ma 1 KAaKOB OH B BallleM MeXaHU3Me?

5. Kak paccuutaTh NOTPEOJAEMYIO  PBIYAXKHBIM  MEXaHHU3MOM

MAaKCUMAJIbHYIO U CPCIAHIOIO MOIIIHOCTB?



CITMCOK UCITOJIb30BAHHOM JINTEPATYPBI

1. MonenvupoBaHue U BU3yaIu3alusl IBMKCHHN MEXaHHUECKIX CHUCTEM B
MATLAB: yuebnoe nocodue / B.C.Illep6akos, M. C. KopsiToB, A.A. Pynmnens,
B.A. I'mymen, C.A.Mumtomenko. — Omck: M3a-so Cu6AZl, 2007. — 84c.

2. MonenupoBanue mexaTpoHHbIx cucteM B cpene MATLAB (Simulink /
SimMechanics): y4eOHOe mocoOWe i BBICIIMX ydueOHBIX 3aBeacHuii/ B.M.
Mycanumos, I'.b. 3amopyes, N.U. Kanansimuna, A.Jl. I[lepeyecoBa, K.A. HyxauH.
— CII6: HUY UTMO, 2013. - 114 c.
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5. JlabopaTopuasi padora Neb
YUCJIEHHOE MOJAEJIUPOBAHUE BEPTUKAJBHOI'O
JIBUKEHUS LIAPA B BA3KOM CPEJIE, COYJAPSIIOIIETOCS C
YIIPYTUM OCHOBAHUEM

Ilenv pabdomwpi: OCBOWUTH 4YHUCIEHHBIE METOAbBl PELICHUsS HEJINHEMHOTO
mudpepeHnanbHOTO  YpaBHEHUST € Pa3pbIBHBIMU  XapaKTEPUCTUKAMU:
CKaYKO00Opa3HbIM H3MEHEHHEM MTapaMeTPOB TUHAMUYECKOTO MpOoIecca, HauaabHbIX
YCIIOBU MHTErPUPOBaHUS B cpelie OJOYHOIO0 MMUTAIMOHHOIO MaTEMaTUYeCKOIro
moaeaupoBanus Simulink/ MATLAB.

O0beKT HMccieI0BaHUsA: IIAp, NAJAOMIKMN B BA3KOM Cpele HAa ynpyroe
OCHOBAaHUE C Pa3INYHBIMU KO3((UIHMEHTAMH BOCCTAHOBJIEHHUS CKOPOCTU IPH
yaape.

AnmnapaTHble CpeACTBa: BUpTyalbHasd Jabopatopus Ha OBM IBM PC,
nporpaMMHBbIi MaTematuueckuid maket Simulink/ MATLABY.

5.1 OCHOBHBIE TEOPETUYECKMUE I[1OJIOXKEHUA

PacueTHas auHamuueckas cxema IBMKECHHs LIapa, NAJarollero B BS3KOM

cpezie ¢ HeKOTOPOW HAaYaJIbHOW BBICOTHI Ng ¥ ¢ HEKOTOPO# HAYaIbHOM CKOPOCTHIO

Vo Ha YIpyroe OCHOBaHWE C KOA(PQHUIIMEHTOM BOCCTAHOBIEHHs K, TIOKa3aHa Ha

puc.5.1.
A Fcomp
D
mg
v

S

Puc.5.1 PacueTHas tuHaMHU4YeCcKas CXeMa JIBMKECHUS 11apa



JuddepeHnraipbHoe ypaBHEHHE, OIUCHIBAIOIIECe JBW)KCHHE JTaHHOTO
00BbEKTa, IMEET BH]

mX + bx = —mg, (5.1)

r7ie § — YCKOpEeHHe CBOOOIHOTO MAJACHHS; X — TEKYIIas BhICOTA IIapyuKa HaJl
IUTATOM, D — KO3(GUIUEHT BSI3KOIO CONMPOTUBICHHUS CPEbl, B KOTOPOH JBHIKETCS
IIAPUK B TPOMEXKYTKAX BPEMEHH MEXY COYAapEHUSIMH C TUINTOM.

3ameHsist mpou3BoIHbIE oniepatopoM Jlamiaca p = d/dt, noinydaem

1

b 1
SN SRV yaupar 5.2
x =[x+ o(=g)] (5.2)
brok-cxema Simulink-mMomenu uwnciaeHHOro pemeHus ypaBHeHus (2.2)

npecTaBieHa Ha puc.5.2.

Integrator

981 >

Constant

»:

.
=

h 4

O]

T
gl Integratort Scope

Gain1

=

Puc. 5.2 brok-cxema Simulink-mMoesnu 4MCICHHOTO pEIICHUs] YPaBHEHUS

Ha Beixome Gmoka «Integrator» momy4aem 3Ha4deHHE TEKyIIeH CKOpPOCTU
JBUKEHUS IIapyKa, a Ha BBIXOJE BTOPOro OJioKa MHTerpupoBanus «lntegratorly —
3HaYeHHE KOOPMHATHI IIapUKa HaJl IJIUTOM.

J171s1 KoppeKTHOM pabOThl MOJIEH B OJIOKE TapaMeTPOB MEPBOTO UHTErpaTOpa
(6mox «Integrator») (puc.5.3) HEOOXOAUMO YCTaHOBUTH BHEIIIHEE YIpPaBJICHHUE
(anemenrt falling (npu ymenbmieHun) B criricke External reset) ot Beixoma BToporo
uHTEerpatopa. B cmmcke ycraHOBKM HavanbHbIX ycioswmid (Initial condition sours)
HEoOX0omMMO  BBIOpaTh  «externaly, a Takke aKTUBU3UPOBATh (YHKIIHMIO
OTIpE/ICTICHUS] HYJIEBOTO YPOBHS KOOPAWHATHI (CONMPHUKOCHOBEHHUS IIapUKa C
IUTUTOI ) IyTeM YCTAaHOBKH rajioyku B TpeOyemoM okHe. Kpome Toro, Heo0xoaumo

YCTaHOBHMTb METKY B OKHe «Show state port» (ITokasats mopT coctosiaus) (puc. 5.3).



" - Integratar

| | Continuous-time integration of the input signal.

- Parameters -

External reset: lfalling

Lef Lo

Initial condition source: Iextemeﬂ

[~ Limit output

[ Show saturation port

v Show state port

Absolute tolerance:

Iauto

v Enable zero crossing detection

oK | Cancel | Help ] ¥l l

Puc. 5.3 OkHo HacTpoliku 0;10ka uHTerpaTopa «lntegrator»

[Ipu >TOM paccuMTaHHOE 3HAUYEHHE Ha BBIXOJIE MEPBOTO HHTErpaTopa
HE0OXOJMMO TOJaTh HAa BXOJHOW MOPT OJIOKa BHEIIHErO0 HAaYaJlbHOTO YCIOBHS
WHTErpaTopa He HEMMOCPEICTBEHHO, a 005A3aTeNbHO Yepe3 OJI0K HAaYaIbHOTO YCIIOBUS
IC. B mocinegHeM MOXKHO YCTaHOBUTh M HEOOXOAMMOE HayajbHOE 3HAUYCHUE
CKOpOCTH 1apuka (Hampumep, 0).

B Goke mapameTpoB BTOporo muterparopa (0s0k «Integratorly) (puc.5.4)
HEOOXOJMMO YCTaHOBUTh HWKHIOI TpaHUIly (HYJIb) HU3MEHEHHUS KOOPIMHATHI,

HadaJbHOE YCIIOBHE - BHyTpeHHee «internal» (10 meTpos).



Intearator

Continuous-time integration of the input signal.

Parameters

External reset: ] hohe

Lef Lo

Initial condition source: lintemal

Initial condition:
110

Iv Limit output
Upper saturation limit:
linf

Lower saturation limit:
0

I Show saturation port
[” Show state port

Absolute tolerance:

|auto

v Enable zero crossing detection

oK | Cancel | Help | |

Puc. 5.4. OxHo HacTpoliku O010ka uHTerparopa «lntegratorl»

MonenpoBanue MNPOUCXOAUT cienyromuM o0pa3oM. HHTerpupoBaHue
HAYMHAETCS MPU YKA3aHHBIX HAYaJIbHBIX YCIOBUAX. B MOMEHT, KOrJila Ha BTOPOM
UHTErpaTope (UKCHUPYETCs IMEepeceueHUue MIApUKOM HYJEBOI'O YPOBHSI BBICOTHI,
OCYILIECTBIISIETCS TOYHOE (C MAIIMHHOM TOYHOCTHIO) BBIYMCIICHHE MOMEHTA
BPEMEHH, B KOTOPBIM INAPUK KAcCaeTcsl IUIUThI, NEPECUUTHIBAECTCS 3HAUEHUE
CKOPOCTH B IEPBOM HHTETpPaToOpe HAa MOMEHT IEPECEUYEHHs, U 3TOT MOMEHT
YCTaHABJIMBACTCS KaK HOBBIM Ha4YaJIbHBIMI MOMEHT BpeMeHU. HaliieHHOe 3HaueHue
CKOPOCTH Y€pe3 BBIXOIHOM MTOPT EPBOI0 MHTETPaTOpa (HAXOAUTCS B HUKHEN YacTH
OJI0Ka-MHTErpaTopa) U3MEHSIET CBOM 3HAK Ha MPOTUBOMOJIOKHBIN, YMEHBIIAETCS 10
BemmmumHe (Gainl) ¢ yuerom koddduimerta K BoccTaHOBIICHUS] CKOPOCTH TIPH yIape
U HCIOJB3YETCS KAk HOBOE HAYAJIbHOE YCIOBHE TI0 CKOPOCTH. 3aTeM

HHTCTPUPOBAHUC ITPOJOJIKACTCS IIPU HOBLIX HAYAJIBHBIX YCIIOBUAX.



Cnenyer  OTMETUTb, UTO  YNpaBICHHE  MPOIECCOM  IPEPBIBAHUS
UHTETPUPOBAHUS U TPOJODKEHUS €ro NpHU HOBBIX HAYaJbHBIX YCJIOBHSX
OCYIIECTBIISICTCS. BTOPHIM HHTETPATOPOM MPH IEPECEUCHUH BEIMYMHBI HA €r0
BBIXOJIC YCTAHOBJICHHOTO YpOBHs (HYJs) rpu yMeHbleHun (ycranoBka failing na
TIEPBOM HHTETPATOPE).

Ha 610k-cxeme Momenu odpatHas Hetis ¢ koddduipenrom ycuienus Gain
(puc.5.2), paBHOM b / m, CIyXUT JJIs1 y4€Ta BSI3KOTO CONMPOTHBJIEHUS CPEIbI, B
KOTOPO TBUKETCS IAPHK.

Ha puc. 5.5 npeacraBieHO OKHO 3aJlaHds MapaMeTPOB HHTETPUPOBAHHUS

i pepeHInanbHOTO YPaBHEHHS.

2 A 7 et

) 'Simulation Parameters: BallZ : E%

Solverl Workspacel/0| Diagnosticsl Advancedl Real-TimeWorkshopl

Simulation time

Start time: I 0.0 Stop time; | 10

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

Min step size: | auto Absolute tolerance: | auto
Initial step size: I auto

Output options

|ﬁefine output _v__l Refine factor; | 1

0K | Cancell Help |

100% ' ' o0de23

Puc. 5.5 OkHO BBOJIa mapamMeTPOB MOACIUPOBAHUS

[TomydyeHnsie B pe3yibTaTe YHUCICHHOTO MOJCIUPOBAaHUS TpaduKu

KOOPpAWHATLI IIapruKa U USMCHCHUA €TI0 CKOPOCTH BO BPpECMCHU ITOKAa3aHbI Ha pI/ICSG



PP ABE B

Puc. 5.6 I'padukn m3MeHEHHsS CKOPOCTH IMIApUKa U €r0 KOOPAWHATHI BO

BpPEMCHH



5.2 IIPOTPAMMA BBITTIOJIHEHU S PABOThI

1. [TocTpouTs MaTeMaTHYECKYyI0 MOJIECIh BEPTHUKAIBHBIX KOJIeOaHUI
CBOOO/JIHO TMAaJaloNIero B BS3KOW Cpele Iapa, COYAAPSIONIETOCS C YIpyrum
OCHOBAaHHEM TIPU PA3TUIHBIX KOIPDHUITHEHTAX BOCCTAHOBIICHUS CKOPOCTH.

2. [Tomyunts permenne audQepeHIInaTbHOTO YPaBHEHUS CPEICTBAMHU
nporpammuoro makera Simulink/ MATLAB.

3. [TocTpouts Tpadyiku U3MEHEHUST KOOPIUHATHI U CKOPOCTH JIBYKCHHS
rapa BO BPEMEHH MPH PA3IHYHBIX KOA(P(UIIMEHTaX COMPOTHBICHUS CPEAbl U
K02((PHUITMEHTOB BOCCTAHOBIICHUS CKOPOCTH TIPH y1ape.

4, BrITIOTHATh aHAJIM3 TOMYYEHHBIX TpadUKOB IBWKCHHS, IMPOBEPUTH
aJICKBaTHOCTD TOJIYYCHHBIX YUCIIEHHBIX PEIICHHI.

S. CdopmynupoBaTh BHIBOJIBI.

5.3 KOHTPOJIbHBIE BOITPOCHI
1. B uéMm 0COOEHHOCTM MaTeMaTHYECKOr0 MOJICTUPOBAHUS IMaICHUS
1IaprKa Ha yrpyroe ocHoBaHue?
2. KakumMu cpeactBamMy  [TOCTUTaeTCs YUCICHHOE MATEMAaTHYECKOE

MOJICIMPOBAHUE JIBIKEHUS IIapuKa MPH COYJAPEHUU C HEabCOJIIOTHO YHPYTHUM

OCHOBAaHUEM?
3. Kak yuuThIBaeTCsS BIMSHUE CONPOTUBIIEHHWE CpEIbl Ha JBUKEHUE
mapuka’?
4, Kak nmpoBepuTh a1eKBaTHOCTD MTOIYYEHHOW MATEMAaTUYECKOU MOJIEIn?
S. Yrto Takoe k0d(pHUIIMEHT BOCCTAHOBJIEHUS CKOPOCTH NP yAape U Kak

OIIPpCACINTL €TI0 3HAUYCHHUC B YHNCJICHHOM BKCHepHMCHTe?



CIICOK UCIIOJIb30BAHHOM JIUTEPATYPhI

4. MATLAB 6/6.1/6.5 + Simulink 4/5 B MaTeMaTHKe U MOJCIUPOBAHKH /
Hpsixonos B.II. TlomHoe pykoBoacTBo nomib3oBatens - M.: COJIOH-IIpecc. — 2003.
- 576 c.

5. M54 MoaenupoBaHue W BU3yIM3alUs JABWKCHUNM MEXaAaHHUYECKHUX
cucteM B MATLAB: Yue6noe nocobue / B.C.1llep6akos, M. C. KopeiTos, A.A.
Pynmiens u ap.— Omck: Cu6AJIU, 2007. — 84c.

6. MonenupoBanue mexaTpoHHbIX cucteM B cpene MATLAB (Simulink /
SimMechanics): yueOHOe mocobue st BBICIIMX y4eOHBIX 3aBeieHui / MycanumoB
B.M., I'.b. 3amopyes, .U. Kananeimmuna, u ap. — CI16: HUY UTMO, 2013. — 114
C.

7. MonenupoBanue nporneccoB u cucteM B MATLAB. YueGuslit kypc /

Jlazapes [Opuii - CII0.: [Tutep, 2005, 511c



6. JlabopaTopnas pabora Ne6
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6. JJabopatopHas padora Ne6
KOMIIBIOTEPHOE MOJAEJIUMPOBAHHUE «CTPAHHOI'O»
ATTPAKTOPA JIOPEHIIA

Ilenv padomwi: OCBOUTHL YHUCJICHHBIE METOAbl PEUICHUS CHUCTEMBI
HEIMHEHHBIX JudepeHInanbHbIX YpPaBHEHUM, OIUCHIBAIOIIUX BO3MOXKHOCTh
NOSIBJIEHUS. B IETEPMUHUPOBAHHBIX CUCTEMAX JHUHAMHYECKOIO Xa0ca Ha MpUMEpPE
«cTpaHHoro» artpakropa Jlopenua, B cpeae OJOYHOTO MMUTAIMOHHOTO
MaTteMatudeckoro moaenuposanus Simulink/MATLAB.

Oobvekm uccneooeanusn: — cucmema HeIUHEUHbIX OughpepenyuanbHulx
VPaeHeHUli nep8o2o NOPsAOKA, NPUBOOAUAs K NOAGIEHUI0 CMPAHHO20 ammpaKkmopa
Jlopenya.

Annapammnsie cpeocmea: supmyanvHas nabopamopus va IBM IBM PC,

npoepammusiii mamemamuyeckutl nakem «Simulink/ MATLAB».

6.1 TeopeTuueckue cBeeHUs!

Attpaktop (oT aHri. «to attract» — mnpuTArMBaThE) — reoMeTpHyYecKas
CTPYKTYypa, XapakTepusyrolasi MOBelIeHUEe CUCTEMBbl B ()a30BOM MPOCTPAHCTBE B
KOHIIE JUIUTEJIBHOTO BPEMEHH.

To ecTh aTTpakTOp — 3TO TO, K YEMY CTPEMUTCA NPUITH CUCTEMA, K YEMY
OHAa IPUTATUBACTCS.

[IpocTemuM THUIOM aTTpakTOpa SABISETCA TOYKa. TakoW arTpakTop
XapakTepeH s MasgTHUKA IPU HaIW4YuM TpeHus. He3zaBUCMMO OT HadalmbHOU
CKOPOCTH U MOJIOKEHUS, TAKON MASTHUK BCETA IPUIET B COCTOSHUE IIOKOs, T.€. B
TOYKY.

CrneayromyM TUIOM aTTPAKTOpa SIBISIETCS MPENEIbHBINA LUKII, UMEIOIIHNMA
BHJ] 3aMKHYTOM KpUBOU JIMHUU. [[puMepoM Takoro arrpakropa siBIsS€TCS MasTHUK,
Ha KOTOPBIM HE BIMSET cuiia TpeHus. Ele oIHUM NpUMEPOM MPENEIbHOrO UK
sBIsieTCs OueHue cepaua. Yactora GueHUst MOKET CHUKATHCS M BO3pacTaTh, OJHAKO

OHa BCET/1a CTPEMUTCS K CBOEMY aTTPAKTOPY, CBOEH 3aMKHYTON KPUBOM.



Ecnm  arrpakTtopamu  Ha3bIBalOT TOYKM WM 3aMKHYTBIE JIMHHM,
INPUTATUBAIOIINE K ceOe BCE BO3MOXKHBIE TPACKTOPUH MOBEICHUS CUCTEMBI, TO TPU
CTPAaHHOM  aTTPAKTOpPE HEKOTOopas OrpaHWYEHHass O00JacTh  3aIOJHSAETCS
HENpPEeICKa3yeMO JBIDKYIIEHCS TOYKOM, TPAGKTOPHs KOTOPOU MOPOXKIAET PUrypy
npoOHON pa3MepHOCTH. IIpu 3TOM TOUKa B CTpPaHHOM AaTTPAaKTOPE COBEPIIAET
BECHbMa CJIOXKHBIEC JIBM)KCHMS, XA0TUYECKU IEPEIPBITUBAsl BIIEPE] U Ha3ad MEXIY
JIBYMsI LIEHTpaMH-(poKycami.

PaccMOTpuM 3HAaMEHUTBIN TPUMEDP, BECbMA HAaIJIAIHO JEMOHCTPHUPYIOLIUH,
YTO CTOUT 3a TEPMHHOM «XAOTHYECKas AWHAMUKay. Oaapa JlopeHu wu3
MaccadyceTckoro TEXHOJOTMYECKOro HHCTUTYyTa B 1961 romy 3aHumancs
YUCJICHHBIMU HCCIIEIOBAHUSAMU METEOCUCTEM, B YACTHOCTH MOJACIMPOBAHUEM
KOHBEKIIMOHHBIX TOKOB B armocepe. OH Hamucan mporpammy JUisl perieHHs

clenyrone cuctTeMsl TudPpepeHImanbHbIX YpaBHEHUM:

X =o(y—x)
y=x(r—2z)—y. (6.1)
Z=xy—bz

B panpHeimmx pacyeTax mapameTpbl G, r U b MOCTOSHHBI U MPUHUMAIOT
3HayeHus 6 = 10, r =27 u b = 8§/3.

JlopeHni yaensut Bce OoJibllie M OOJIbIIIE BHUMAHUSI MAaT€MaTUKE CHUCTEM,
KOTOPbIE€ HUKOTJIa HE HAXOAWJIMCh B YCTOMYMBOM COCTOSIHUU, IIOYTH MTOBTOPSIS IPYT
Jpyra, HO HE JIOCTHTIas MOJHOW MIEHTHUYHOCTH. MI3BECTHO, 4TO MOroja Kak pas u
ABJIIETCS] TAKOW anepHOJUYHON CHUCTEMOW. MUp MOJIOH MOJOOHBIX CHCTEM, U HE
HY’KHO JAJIEKO XOJUTh 32 IPUMEPaMU: YHCIEHHOCTD MOITYJISIUI )KUBOTHBIX PACTET
Y MaJaeT MOYTU PEryJIIpHO, AMUAEMUN HAYMHAIOTCS U MPOJOJIKAIOTCS, BOIPEKU
JIOJICKMM HaJeXJaM, TOXe B omnpeneraeHHoM nopsake. W eciu Ovl morojga koraa-
HUOYZb MOBTOPWJIACH B TOYHOCTH, MPOJEMOHCTPUPOBAB MOJHOCTHIO UACHTUYHOE
NpeXHEMY OOJIaKO WM JOXIb, KAaK JBE KaIllJIM BOJbI MOXOXXKHUW Ha HEIaBHO
OpOLIENIINI, TOrAa, BEpOSTHO, OHa cTaja Obl BCErJa BOCIPOU3BOAUTHCA, U

po0semMa IpOrHO3UPOBAHMS MTOTEPsiia Obl CBOIO aKTYaIbHOCTb.



JlopeHy nmpeaBuaen, UYTO JOJDKHA  CYLIECTBOBaTh  CBSI3b  MEXKIY
HEMOBTOPSIEMOCTHI0O aTMOC(EPHBIX SBICHUN U HECMOCOOHOCTBIO METEOPOJIOTOB
npeacka3arb WX, HWHBIMU CIIOBaMH, CBSI3b MEXIY alepUuOJAHYHOCTHIO U
HEIpeacKazyeMocThi0. HaliTh mpocThie BhIpaXEHUsS Uil alepHOJUYHOCTH OBLIO
JIeJIOM HEJIErKuM, oJiHako JlopeHIl, mpeo10J1eB MHOKECTBO MEJIKUX MPENITCTBUM, B
YaCTHOCTU 3allMKJIMBAaHUE MPOTPAMMBI, BCE K€ JOCTHUT ycIexa. DTO MPOU3O0ILIO,
KOI/Ia OH BBEJ B MAallMHY YpaBHEHHE, OMMCHIBAIOUIEE KOJIMYECTBO COJHEYHOMN
HHEPTUH, KOTOpasi U3JIUBACTCS Ha 3€MHYIO TTOBEPXHOCTh MPHU JBUYKEHUN CBETHIIA C
BOoCTOKa Ha 3amnaj. [locie 3Toro gaHHble HA BBIXOAE MPULUIA B COOTBETCTBHUE C
U3MEHEHUSIMU, HaOMI0JaeMbIMU B PEATbHOCTH, KOTJAa COJHIIE HarpeBaer,
HanpuMep, BOCTOUHOe nodepexnse CeBepHON AMEpUKU U ATIaHTUYECKUH OKeaH. B
pe3yNbTaTe HUKINYHOCTh IPOrpaMMBbI HCYE3NIA.

ATttpaktop JlopeHna paccuuTaH Ha OCHOBE BCETO TPEX CTENEHEl CBOOOIbI
— TpU OOBIKHOBEHHBIX AU(GdEepeHIIMaTbHbIX YPABHEHUS, TPU KOHCTAHTHI U TpU
HavyaJlbHbIX ychoBusA. OgHAKoO, HECMOTPS Ha CBOKO MPOCTOTY, cuctema JlopeHna
BEJICT NICEBIOCTYYaHBIM (Xa0OTUUECKUM) 00pa3oM.

CMoaenrpoBaB CBOK CUCTEMY Ha KOMIbIOTepe, JIopeHIl BbIABIII IPUYUHY
€€ XAOTHUYECKOr0 TMOBEJICHHS — Pa3HHUIly B HAdaJbHBIX YycioBusax. J[laxke
MUKPOCKOIIMYECKOE OTKJIIOHEHUE JIBYX CHCTEM B CaMOM Hadajle B MpPOLECcCce
HBOJIIOLMU MPUBOJMIO K OKCIOHEHUMWAJbHOMY HAKOIUIEHHIO OLIMOOK W,
COOTBETCTBEHHO, UX CTOXACTUYECKOMY Pa3HOIJIACHUIO.

Bmecte ¢ Tem, q1000i aTTpakTOp MMEET TpaHUYHbIE Pa3MeEphl, TOITOMY
HKCIIOHEHIIMAJILHOE PACXOKJIEHUE JIBYX TPACKTOPUM pPA3HBIX CUCTEM HE MOMKET
MPOJI0JDKAThCA OeckoHeuHO. PaHo miH mo31HO OpOUTHI BHOBbH COMIYTCS U MMPOUIYT
PSAAOM IPYT € IPYTrOM WJIU Ja)ke COBNAAYT, XOTS MOCIEAHEE OUYEHb MAJIOBEPOSITHO.
Kcratu, coBmajgeHne TpPAaeKTOPHUl SBISETCS MPAaBWIOM MOBEICHUS IPOCTBIX
IIPEICKA3yEMBIX aTTPAKTOPOB.

CxoauMocTh-pacxoxaeHue (TOBOPSIT TaKkKe, COCTABICHUE U BBHITSTUBAHHE
COOTBETCTBEHHO)  XaOTHMYECKOTO  aTTpakTopa CHCTEMAaTHYECKH  YCTpaHseT

HavyaJIbHYI0 MH(GOPMALIMIO U 3aMeHsIeT ee HOBOM. IIpu BOCX0KIEHUHM TpaeKTOpPUHU



CONMMKAIOTCS, ¥ HAYMHACT TPOSBIATHCS AH(PEKT OMM30pYKOCTH — BO3pacTaeT
HEOIpEAENEeHHOCTh KpynmHoMaciuTabHoi uHpopmanuu. Ilpu pacxoxaeHuun
TpaeKkTOpHil HA0OOPOT, OHU PACXOATCS, U MPOSIBISAETCS dPPEKT NaTbHO30PKOCTH,
KOTI'/Ia BO3PACTAET HEONPEIEIEHHOCTh MEJIKOMACIITA0HON HH(POPMALIHH.

B pe3ynapTare NOCTOSIHHOM CXOAMMOCTHU-PACXOKICHHUS XaOTUYECKOTO
aTTpakTopa HEOIPEAEICHHOCTh CTPEMUTEIBHO HApacTaeT, 4YTO C KaXIbIM
MOMEHTOM BPEMEHHM JIMIIAET HAC BO3MOKHOCTH JEJIaTh TOYHbIE IPOrHO3bL. T0, yeM
TaK TOPJIUTCS HayKa — CIOCOOHOCTBIO YCTAHABIIUBATH CBSI3M MEXK]ly IPUUMHAMHU U
CJIEJICTBUSIMU — B XaOTHYECKHX CUCTEMAX HEBO3MOXKHO. [ [pUUMHHO-CIIEICTBEHHOI
CBSI3M MEXy IPOUUIBIM U OYyILIEM B Xa0CE HET.

31ech ke He00X0IUMO OTMETUTh, YTO CKOPOCTh CXOAUMOCTHU-PACXOKICHHUS
ABJIIETCSI MEPOM Xaoca, T.e. YACIECHHBIM BBIPAKEHHEM TOTO, HACKOJBKO CHUCTEMA
XaoTW4yHa. JIpyroil cTaTHCTUYECKOM MEpOM Xaoca CIYXHUT pPa3MEPHOCTh
aTTpaKTopa.

Takum o0Opa3oM, MOXHO OTMETUThb, YTO OCHOBHBIM CBONCTBOM
XA0TUYECKUX aTTPAKTOPOB SABIISIETCS CXOAMMOCTH-PACXOJUMOCTh TPACKTOPUN
pPa3HBIX CHCTEM, KOTOpBIE CIy4ailHBIM 00pa3oM TMOCTENEHHO U OECKOHEYHO
NIEPEMEIINBAOTCS.

DddexT 6aboukn ObLT HE CITYY4aHOCTBIO, HO HEOOXO0IUMOCTHIO. JlommycTrM,
HeOoJIbIIME MepTypOauu Tak UM OCTaHYTCs HEOOJbIIMMH, HE IMEepEeMEIasich B
CUCTEME, paccyxaan yueHbli. [Ipubnuxasick Kk paHee MPOMIEHHOMY COCTOSIHHMIO,
noroga  ymnogoOWUTCd M TOCIEAYIOIIMM  COCTOSHUAM. Llukiael  cTaHyT
NpeacKa3yeMbIMU M B KOHIIE KOHIIOB MOTEPSIIOT BCE CBOE O4apoBaHuEe. UTOObI
BOCIPOM3BECTU OOraThlii CHEKTP PEajbHOW MOTrOoJbl 3€MHOTO IIapa, €€ 4yAeCHOe
MHOT000pasue, Bps JIU MOXKHO KEJNaTh Yero-nm0o Jyduero, yeM 3phekT 6adouku.
Kak yxe roBopuioch, JaHHbINH ()EHOMEH UMEET U CTPOroe HayyHOe Ha3BaHUE —
«CHJIbHAs 3aBUCUMOCTbh OT HAYJIbHBIX YCJIOBHI». 3aBUCUMOCTh 3Ty IPEBOCXOIHO
WJUTIOCTPUPYET AETCKUN CTUIIOK:

He 6b110 TBO3111 — MOKOBA Mpomaia,

He Ob110 MOKOBBI — JIOMIAL 3aXpoMaa,



Jlomagp 3axpomarnia — KOMaHIUpP YOuT,
Konnura pazouta, apMust O€xKUT,

Bpar BcTymaer B ropoj, INICHHBIX HE s,
OTTOrO0 4TO B Ky3HHIIE HE OBLIO TBO3IS.

(ITepeBon C. 5. Mapmaka)

Kak nayka, Tak ¥ >KM3Hb YYUT, YTO I€Mb COOBITUA MOMXKET HUMETh
KPUTHUYECKYIO TOYKY, B KOTOPOW HEOOJBIINE M3MEHEHHs] MPUOOpETaloT 0coOyio
3HaunMocTh. CyTh Xxaoca B TOM, YTO TaKW€ TOYKU HAXOIATCA BE3JE,
pacrpocTpaHstoTcss MmoBcioay. B cucrtemMax, mMNOIOOHBIX TOTOJE, CHJIbHAs
3aBUCUMOCTH OT HAYaJIbHBIX YCJIOBHUI MpeECTaBIsieT cOO0N HEM30EKHOE CIEACTBUE
MEPECEUEHUS MAJIOTO C BEJIUKHUM.

Komnern JlopeHnia ObulM M3yMIIEHBI TEM, YTO OH COEJIMHHWI B CBOEH
MUHHATIOPHOM MOJIETM TOTOAbl aN€PUOJUYHOCTh M CHIJIBHYIO 3aBUCHMOCTH OT
HayaJbHbIX YCJIOBUM, YTO TMOJATBEpPXKIAdud €ro JBEHAAllaTh YypaBHEHUH,
MPOCYUTAHHBIX C MOPA3UTEIBLHON TPYJOCIOCOOHOCTHIO HE OJIMH JECATOK pa3. Kak
MOXET MOJ00HOE MHOTO00pa3ue, Takas HEMpPeACKa3yeMOCTh — B YHCTOM BHJIC
Xa0c! — BO3HUKHYTH W3 MPOCTON JETEPMUHUCTCKON CUCTEMbI?

JlopeHt1, OTIIOKHUB Ha BpEeMsl 3aHATHS MTOTOJI0M, CTall UCKaTh 0oJiee TPOCThIe
CrocoObl BOCIIPOU3BEEHHUS CIIOKHOTO TMOBEACHUSI 00beKTOB. OMUH U3 HUX ObLI
HalJIeH B BUAE CUCTEMBI U3 TPEX HEJIMHEHHBIX, T. €. BHIPAKAIOUIUX HE MPIMYIO
MPONMOPUMOHAIIBHYIO  3aBUCUMOCTh  ypaBHEHUW. JIMHEWHBIE COOTHOILIECHUA
M300paxkaroTcs MPSAMOM JIMHUEH Ha Tpaduke, 1 OHU JJOCTATOYHO MPOCTHI. JInHelHbIe
ypaBHEHUSI BCETJa pa3peliuMbl, 4TO JAeJaeT UX MOAXOASIIMMHU ISl y4eOHUKOB.
Jluneiinple  cucTeMbl  OOJIAAIOT  HEOCIOPUMBIM  JIOCTOMHCTBOM:  MOKHO
paccMaTpuBaTh OTAENIbHBIC YPABHEHUS KaK MOPO3Hb, TaK U BMECTE.

Henunelinpie cucrempl B 00meM BHJIE HE MOTYT OBITh pEIIICHBHI.
PaccmaTpuBasi KUIKOCTHBIE M MEXAHUYECKHE CHUCTEMbI, CHEIUAMCTHl OOBIYHO
CTaparoTCsl WCKIIOUUTh HEIMHEHHBbIE 3JEMEHThl, K mpuMepy, Tpenue. Ecmu

npeHeOpeyb MM, MOXKHO TMOJYYUTh MPOCTYIO JUHEHHYIO 3aBUCUMOCTH MEXKIY



YCKOpPEHUEM XOKKEHHOM M1aif0bl ¥ CUIION, TpHUaatoLel eif 3To yckopenue. [Ipunss
B pacueT TpeHHE, Mbl YCIOXKHUM (POpPMYIy, MOCKOJIbKY cuiia OyIeT MEHSATHCA B
3aBUCUMOCTH OT CKOPOCTH JIBUKEHHUS aiObl. M3-3a 3TOM CIOKHON M3MEHYMBOCTU
paccuuTarh HEJIMHEMHOCTh BECbMa HENPOCTO. BmecTte ¢ TeM OHa MOpOXKIaeT
MHOTO00pa3Hble BHUJBl TOBEJIECHUS OOBEKTOB, HE HaOJOlaeMble B JIMHEHHBIX
CUCTEMAX.

B nuHammke — KUOKOCTEM  BCE  CBOAWUTCSI K HEJIMHEMHOMY
muddepennranbaomy ypaBHeHHIO HaBbe—CTOKCa, YIUBUTETHBHO €MKOMY U
ONPENEIAIOIIEMY CBSI3b MEXKIY CKOPOCTBIO, JABJIIEHUEM, IIJIOTHOCTBIO U BA3KOCTHIO
xugakoctu. Ilpupomgy dTuUX CBs3el 3a4acTyl0 HEBO3MOXHO YJIOBUTh, HOO
WCCJIEIOBATh MOBEICHUE HEJIMHEWHOTO ypaBHEHHUS BCE PABHO UYTO OJYKIaTh I10
JaOMPUHTY, CTEHBI KOTOPOTO MEPECTPAUBAIOTCA C Ka)XKIbIM BamuMm maroM. Kak
ckazan ¢on HeiimaHn, «xapakTep ypaBHEHHs... MEHSETCS OJIHOBPEMEHHO BO BCEX
PETEBAHTHBIX OTHOIICHUSX; MEHSETCS KaK MOPSAOK, TaK U cTeneHb. OTClo/1a MOTYT
IIPOUCTEKATH OOJIBIINE MATEMATHYECKHUE CIOKHOCTHY. J[pyruMu cioBaMu, MUp ObLI
OBl COBCEM MHBIM M Xa0C HE Ka3aJics ObI CTOJIb HEOOXOIUMBIM, €CJTH Obl B ypaBHEHHUH
HaBpre—CrOKCa HE Tauics JEMOH HEIUHENHOCTH.

OcoObIii BUJI TBWKEHHUS >KUJIKOCTU TMOPOIWI Tpu ypaBHeHus JlopeHiia,
KOTOpBIE OINKCBHIBAIOT TEUCHHUE ra3a WM KUJIKOCTHU, N3BECTHOE KaK KOHBeKUUs. B
atMoc(epe KOHBEKIMS Kak Obl TMEepeMelIMBaeT BO3AYyX, HarpeTrbli Tpu
CONPUKOCHOBEHWHM C TEIUIOM MNOYBOM. MOXKHO 3aMETUTh, KaK MEPUAIOIINE
KOHBEKIIMOHHBIC BOJIHBI MIOIHUMAIOTCS, OJJOOHO MIPUBUACHUSIM, HAJ paCKaJIE€HHbBIM
acGagbTOM WM JAPYTMMH TOBEPXHOCTAMH, HU3IYYAIOIIMMH TEIoTy. JlopeHi
UCIIBITHIBAJI UCKPEHHIOIO PaJIOCTh, PacCKa3biBasg O KOHBEKIIMHM TOpsS4Yero kode B
yamike. [1o ero yrBepkJIeHuto, 3T0 OJMH U3 OECUHMCIIEHHBIX TMIPOJUHAMUYECKHUX
IIPOLIECCOB B Hallew BceneHHol, NoBeIeHne KOTOPBIX HaM, BEPOSATHO, 3aX0UYETCS
npenyranarb. Kak, Hampumep, BBIYUCIHTH, HACKOJIBKO OBICTPO OCTHIBACT 4YalllKa
kode? Ecaum HanmuTOK HE CIMIIKOM TOPSYUM, TEIUIOTa pacceercsi 0e3 BCIKOTO
THIPOIMHAMUYECKOTO IBMKCHHUS, M )KUJIKOCTh MEPEHET B CTAOUIILHOE COCTOSHUE.

Opnako ecnu kode ropsiunii, KOHBEKIMS TOBJEYET MEpPEeMEIIeHUEe KUIKOCTU C



OOJBLICH TeMIIepaTypor CO JHA YallKW HAa MOBEPXHOCTh, € TEMIIEpAaTypa HUXKE.
OtoT mporecc HaOIIOAaeTCI 0COOCHHO OTUYETIIMBO, €CJIHM B YaIlIKy ¢ KO(e KalHyTh
HEMHOTO CJIMBOK — TOTJa BUAUIIb, CKOJIb CJIOKHO KPYKEHHE KUAKOCTH. Bripouewm,
Oyayiiee COCTOSIHHME MOAOOHOM CHCTEMBI OYEBUAHO: JBH)KEHHE HEU30€KHO
MIPEKPATUTCS, MMOCKOJIbKY TEIUIOTA PACCEETCs, a NMEPEMEIICHUE YaCTHULl KUAKOCTU
Oyznet 3amensieHo TpeHueM. Kak nosicasiet JIopeHil, «y Hac MOTYT ObITh TPYJHOCTH
C OTpEJIeICHNEM TeMIlepaTypbl Kode depe3 MUHYTY, HO Tpe/IcKa3aTh e¢ 3HaueHue
yepe3 4ac HaMm yxe ropasno Jerde». Dopmylibl IBUKEHUS, OMPEACIISIONINE
U3MEHEHHUE TeMIlepaTypbl Kode B Yallike, JOJKHBI OTpakaTh OyAyIlee COCTOSHUE
TOM TUAPOJUHAMUYECKOM cucTteMbl. OHHM JIOJDKHBI  yYUTHIBaTh 3 PexT
pacceuBaHusl, IPU KOTOPOM TEMIIEPATYPA KUIKOCTU CTPEMUTCS K KOMHATHOM, a €€
CKOPOCTb — K HYIJIIO.

Paccmotpum mpocreimmi npuMep KOHBEKLMU. [l 3TOro mpeacraBuM
HEKOTOPBIA 3aMKHYTBIH OOBEM JKUIKOCTH B COCYJE C POBHBIM JTHOM, KOTOPBIH
MOYHO HarpeBaTh, U C TJIAJIKOM NMOBEPXHOCTBIO, IMOJBEPTAIOIICHCSA B XOJ€ OIBITA
oxnaxaeHuo. PasHuna Ttemmeparyp MeEXAYy TOpAYMM JHOM U IIPOXJIaJHOMN
MOBEPXHOCTBIO TIOPOXKIAET TOKH KUAKOCTH. Eciin pa3Huiia HeOosbIas, )KUJKOCTh
OCTaeTCsl HEMOJBMKHOM; TEIUIOTa MepeMellaeTcss K IOBEPXHOCTU Onaromaps
TEIUIOBOM MPOBOAMMOCTH, KAaK B METAJJIMYECKOM OpycKe, He MpeojoJieBas
€CTECTBEHHOE CTPEMJIEHUE KUIAKOCTH HAXOAUThCS B mokoe. K ToMy ke Takas
CHUCTEMA SIBIISIETCS YCTOMYMBOM: CIIyYalHbIE IBUKECHUS, IPOUCXOISIIIUE, HAIIPUMED,
KOorjia JIa0OpaHT HEYAassHHO 3aJ€HET COCYJl, OOBIYHO 3aMHUPAIOT, M KUIKOCTh
BO3BPALIAETCA B COCTOSIHUE TTOKOSI.

Ho crout yBeanuuts TeMneparypy, Kak noBezeHue cucremsl Mmensercs. [1o
Mepe HarpeBaHUsl )KUJIKOCTH OHA PACIIMPSAETCS CHU3Y, CTAHOBUTCS MEHEE TIOTHOU,
YTO, B CBOIO O4Yepeib, BJICUET YMEHBIIEHHWE €€ MAacChl, JOCTaTOYHOE, YTOOBI
IIPEOOJIETh TPEHUE; B PE3YJIbTATE BEUIECTBO YCTPEMIISIETCA K ITIOBEPXHOCTU. Ecin
KOHCTPYKIIMSL COCyAa XOpPOUIIO MPOAyMaHa, B HEM IMOSABISETCA LWIMHAPUYECKUN
3aBUTOK, B KOTOPOM ropsiyas XUIAKOCTb IOJHMMAETCS IO OJHOM M3 CTEHOK, a

OXJIQXJIEHHAsl CIYyCKaeTcsl MO MpoTHBOMOJoxHOU. I[loHabmomaB 3a cocynowm,



MO’KHO MPOCTEANTH HEMPEPBIBHBIN LIUKII TAKUX NepeMenieHuil. Bue mabopaTtopHbix
CTEH camMa Mpupoja co3JaeT o0jJacTu KoHBeKUuU. K mpumepy, Korjga COJHIIE
HarpeBacT IIECYaHYI0 ITOBEPXHOCTh ITyCTBIHH, IIEPEMEIIAOIINECS BO3LYyIIHbIE
Macchl MOTYT c(hOPMHUPOBATH MUPAKH BHICOKO B 00JIaKax MJIM BOJIM3H 3EMIIH.

C panpHENHIIMM pOCTOM TEMIIEPATyphl OBEIECHUE )KUJKOCTH €le Ooblie
YCIIOKHSETCA: B 3aBUTKAX 3apoKJaroTcs Koyiebanus. YpaBHeHus JlopeHua Obuin
CJIMIIIKOM ITPUMUTHUBHBIMU JUIsI UX MOJEIMPOBAHUs, ONMCHIBAS JIMIIb OJHY YEpTY,
XapaKkTEepHYIO JJIsi KOHBEKIMU B MPHUPOJE, — KpPyrooOpa3sHOe NepeMelieHNne
HarpeTou XKUAKOCTH. B ypaBHEHHMSAX yYMTBHIBAJaCh KaK CKOPOCTbh TaKOIoO
nepeMenieHus, Tak M Temonepenaya; W o00a (uU3MUEeCKUX Mpoluecca
B3auMoJielicTBoBau. [logo0HO M1000M UMPKYIUPYIOIMIEH dYacThlle Topsuei
KUJKOCTH, )KUJIKOE BELIECTBO B HAILIEM OIIBITE, B3aUMOJEHUCTBYS C MEHEE HAIPETOU
cyOcTaHumen, yrpaunBaeT TemioTy. OJHaKO, €clu JBHKEHUE >KUIKOCTH
IPOUCXOAUT JTIOCTATOUYHO OBICTPO, OHA HE MOTEPSET BCIO M30BITOUHYIO TEIIOBYIO
DHEPIUIO 33 OJUH LUK NEPEMENIEHNN «THO —> IIOBEPXHOCTb —> JTHO», U B 3TOM
cllydae B HEll MOTYT 00pa30BaThCsl 3aBUXPEHUSI.

[lepBas xaoTuueckas cucrema, oOHapyKeHHas DaBapAoM JIopeHiiemM, TOYHO
COOTBETCTBYET MEXaHUYECKOMY YCTPOMCTBY — BOJSHOMY KOJIECY, KOTOPOE MOXKET
BECTHU ce0sl yAUBUTEIILHO CIOXKHBIM 00pa3oM Bpararoiieecs: Kkojieco UMEET Te ke
CBOMCTBa, YTO W BpalAIOIIMECS B MPOLECCE KOHBEKIUU LUIUHAPBI KUIKOCTH,

KOJICCO ITOXOKC Ha UX ITOIICPCUYHBIC CCUCHMUA.
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Puc 6.1 Bonsnoe xoneco Jlopeniia



O6e cuctembl perynmupyroTcss (IIOTOKOM BOABI WM TEIJIOTHI), U 00e
paccenBaroT 3HEprur0. JKUIKOCTh yTpauWBaeT TEIIOTY; BOJAa BBUIMBAETCS U3
yeprakoB Kosoca. JloarocpouHoe moBeAeHUE OOEUX CHUCTEM 3aBUCUT OT TOTO,
HACKOJIbKO BEJIMKa YIMpaBJSIoOmass UMH SHeprusi Boja HamuBaeTcs CBEpXy C
MOCTOSIHHOM CKOpOCThI0. Ecin ckopocTh ee HebombIas, BEpXHUM Yeprak HUKOT1a
HE CTAHOBUTCA MOJIHBIM, TPEHHE HE MPEOJ0JIEBAETCA U KOJIECO HE MOBOPAYNBAETCS
(ITonmoGHoe siBneHMe HaOMIOAAETCSs M B KUAKOCTH €CJIM TEIUIOTHl HEIOCTAaTOYHO,
YTOOBI ITPEOJI0JIETh BA3KOCTD, JKUJIKOCTh OCTaHETCS HEeNMoABMXHOW) C yBeTnyeHuEM
CKOPOCTH BOJISTHOTO MOTOKA KOJIECO HAUMHAET JIBUTATHCS O] TSKECThIO BEPXHETO
yeprnaka (cjieBa) u Jake BpalaThbcs C MOCTOSIHHOM CKOPOCTHIO (B 1ieHTpe). OHaKo
Py YpPE3MEpPHOM CKOPOCTH BOJIBI (ClpaBa) BpallleHHE KoJjieca MOXET CTaTh
XaOTUYHBIM HM3-3a HEJIMHEWHBIX BO3JCUCTBUM, MMOABUBIINXCSA B cucTeME. Yepnaku,
MPOXOJs O BOASHBIM IOTOKOM, HAIOJHSAIOTCS B 3aBUCUMOCTHU OT TOTO, HACKOJIBKO
ObicTpo Bpamaercs Koseco. [Ipu ObICTpOM BpallleHWH KoJjieca UM HE XBarTaer
BpEMEHH, 4YTOObI HamoJHUTHCS (Tak ke M KUIKOCTH B OBICTPOBpPAIIAOLIUXCS
KOHBEKI[MOHHBIX 3aBUTKAX HEJIOCTACT BPEMEHU, YTOOBI OTJIOTUTH TEIUIOTY. ) Kpome
TOro, EMKOCTH MOTYT HadaTh JIBUTaThCi B OOpAaTHYIO CTOPOHY, 3alOJHHUBIIUCH
BOJIOW. B pe3ynbrare MmoJjiHbIe Yepriakd Ha JABWXKYIIEHCS BBEPX CTOPOHE Kojeca
CIIOCOOHBI 3aMEJIUTh BPAIllEHHE BCEM CHUCTEMBI, a 3aT€M BbI3BaTh €€ MOBOPOT B
oOpatHyto cropony. aktuuecku JIopeHil 0OHAPYKUII, YTO B TEUCHHUE JJTUTEIIHHBIX
MEpUOJ0B BPEMEHH BpAlIEHHWE MOYKET MEHSTHh CBOE HAIPABICHHE HECKOJBKO pas,
HUKOT/Ia HE JJOCTUTasl MOCTOSIHHOM CKOPOCTH U HUKOT/1a HE MOBTOPSSICh KAKUM -TTHOO
npeacKazyeMbIM 00pa3oMm.

Cnycts roasl ¢u3uku emie obcyxaanu myoOnukamuio JlopeHma - «oTy
3aMeydaTesbHyl0, HEOOBIKHOBEHHYIO CTaThlO!», - M B HUX TIJa3ax IMOsABIIACH
3ayM4uBOCTh. O ero paboTe TOBOPWIM TakK, CIIOBHO OHa MpejCTaBisia coOoi
JPEBHUN MAaHYCKPHIIT, XPAHUBIIUN CEKPETbl BEYHOCTU. M3 ThICSIY crarei,
COCTAaBUBILIUX CIIELUAIBHYIO JIUTEPATYpy O ImpobiemMe xaoca, Bps/ JId Kakasi-11u0o
HATUPOBajach 4ame, 4eM JlopeHuoB «/leTEpMUHUCTCKUNA HENEPUOINYECKUAN

MOTOK». B TeueHWe MHOTMX JIeT HU OJWH (PeHOMEH He H300pakajcs CTOJb



OeccueTHOE KOJIMYECTBO pa3, HU 00 OJHOM HE CHSUIA CTOJIBKO (UIBMOB, CKOJIBKO O
TaWHCTBEHHOW KpHUBOW — JBOWHOW CHUpPaIH, HW3BECTHOW KAK «ATTPAKTOP
Jlopenua». OHa Bomuiomaja B ce0e CJI0KHOCTh U 3allyTaHHOCTb, BCE MHOI000pasue
xaoca.

O0603HauuM (U3MUECKUN CMBICI NMEPEMEHHBIX U MAapaMeTPOB B CHUCTEME
YpaBHEHUI IPUMEHUTENIBHO K YIIOMSHYTHIM 33/1a4aM.

o KoHBek1us B MJIOCKOM CJIO€. 31€Ch X OTBEYAET 32 CKOPOCTh BpPAILICHUS
BOJSHBIX BAJIOB, Y U Z — 3@ PACHPEICIICHUE TEMIIEPATYpPhl IO TOPU3OHTAIN U
BEPTHUKAJIH, T — HOPMHPOBaAHHOE Yucio Panes, 6 — uucno [Ipanarns (oTHomeHue
ko3 urenTa KMHEMAaTHYECKON BSI3KOCTH K KO3 pumeHTy
TEMIEPATYPOIPOBOJAHOCTH), b  comepXUT HHPOpMAIMIO O TE€OMETpUHU
KOHBEKTUBHOU SYCHKH.

o KonBekus B 3aMKHYTOU meTie. 31eCh X — CKOPOCTb TE€YEHUS, Y —
OTKJIOHEHHE TEMIIEPATYPbl OT CPEJHEH B TOYKE, OTCTOSAIIECH OT HM)KHEW TOUYKH
netiu Ha 90°, z— To ke, HO B HIDKHEW Touke. [loBeieHne Teria nponu3BoInuTCS B
HIDKHEW TOYKE.

o Bpamenue BogsHOro Koiseca. PaccmartpuBaeTcs 3amada o Kojece, Ha
000/1e¢ KOTOPOT0 YKpEIUIeHbl KOP3UHBI C OTBEPCTHsIMHU B JHE. CBepXy Ha KOJIECO
CUMMETPUYHO OTHOCUTEJIBHO OCH BpAIECHHUS JBETCA CIUIOIIHOM ITOTOK BOJBI.
3agavya paBHO3HAYHA MPEABIAYIIEH, MEPEBEPHYTON «BBEPX HOraMu», C 3aMEHOMU

TEeMIIepaTypbl Ha INIOTHOCTh PACIpeIesIeHUs MacChl BOJIbl B KOP3UHAX MO 0001y .

6.2 TIOPAOK BBIIIOJIHEHU A PABOTBI
1. 3ameHHMB POU3BOIHBIE B cUCTeME MU depeHIMATBHBIX YpaBHeHUH (6.1)
onepatopamu Jlamnaca, mpuUBECTH CHUCTEMY K BHUAY, YIOOHOMY JUIs
MojaenupoBanust B mporpamme Simulink/MATLAB.
CoOpatb 6JI0K-CXeMy MOJICIIH pacCMaTpUBaeMOi cucTeMsl (puc.6.2).
3anath HavanbHBIC YCIOBHS HHTErpaTopaM Xo=10, Yo=10, zo=10.

Bpewms mogenupoBanus yctanoButs 50...80 c.

o & W

BriOpath moaxoasinre MacmTaObl SKpaHOB IPpaOrOCTPOUTEIICH.



6. [omyunts rpaduku mpoekiuu (azoBbIX TPACKTOPUN H300paXkarouieit
Toukn Ha twiockoctd XY, XZ u YZ, npoHaONIOmaB pean3aiiuio
YAUBUTEIBHOTO SIBIEHUSI — CTpaHHOro arrpaktopa Jlopenua (puc. 6.3-
6.5).

7. CdhopmynrpoBaTh BHIBOJIBI 110 paboOTE.
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1
O—>—| | "[O
Gain1 Integrator )
XY Graph
— 1
27 2 p X ’@ T
Constant Product Integratort
L X + > 1 >
—’ = s
Product1 Integrator2 XY Graph1
Gain - )
@
X GraphZ
Ready 100% lodeds A

Puc. 6.2 Simulink-moxens perrenus cuctembl AuddepeHInaNbHbIX YPaBHEHUN

Jlopenua



'-) XY Graph
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Puc. 6.3. IIpoekius TpaekToprun N300pakaroIIe TOYKH Ha TIOCKOCTh XY
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Puc. 6.4 [Ipoekius TpaekTopun U300pakarolieil TOYKH Ha TII0CKOCTh XZ



Puc. 6.5 [Ipoeknus Tpackropun n3o0paxkaroieil TOUku Ha MI0CKOCTh XY

6.3 KOHTPOJIbHBIE BOITPOCHI
Yro Takoe aTTpakTop?
Kakwue Buapl artpakTopoB Bel 3HaeTe?

JI71s1 4ero UCIoab3yOTCS ATTPAKTOPHI?

> W np e

[Ipu kakux OOCTOSITENLCTBAX OBUI MOJYYEH CTPAHHBIM aTTPAKTOP

Jlopenua?

o

Yem oTauvaeTcst «CTpaHHBIN aTTPAKTOP OT OOBIYHOTO?
6. Kakue cpemctBa Bbl  wucmonp3oBamyd IS MOJCTMPOBAHMS

paccMaTpruBaeMOM CUCTEMBI?

CITMCOK UCTIOJIb30BAHHOM JINTEPATYPHI

1. MATLAB 6/6.1/6.5 + Simulink 4/5 B MaremaTuke ¥ MOAECIUPOBAHUU /
Hpaxonos B.II. [TonHoe pykoBoacTBo nonb3osareis - M.: COJIOH-IIpecc. —
2003. - 576 c.

2. MonenupoBaHue W BU3yalIM3alMsl JBUKEHUM MEXaHMYECKHUX CHCTEM B
MATLAB: VYue6noe mocodue / B.C.IlllepbakoB, M. C. KopeitoB, A.A.
Pynmnens u n1p.— Omck: CubA /I, 2007. — 84c.

3. MopenupoBanue nporeccoB u cucteM B MATLAB. YueOHs1it kypc /
Jlazapes FO. - CI16.: ITutep, 2005, 512 c.



7. JlabopaTtopHast pabora Ne7
KOMIIBIOTEPHOE MOJIEJIMPOBAHUE JIBU/KXEHUSA

MOBUJIBHOTI'O POBOTA C BUBPAIIMOHHBIM
IMPUBOJAOM B ITAKETE PACIHUPEHUA SIMMECHANICS
CPEJAbI MATEMATHYECKOI'O UMUTALIMOHHOI'O
BJIOYHOI'O MOAEJIUPOBAHUSA SIMULINK/MATLAB

Heab padoTbi: O3HAKOMHUTHCS ¢ BO3MOXKHOCTSIMHE TakeTa SimMechanics s
KOMIIBIOTEPHOI'O MOJEIUPOBAHMSI JBUKEHHUSI MOOUIIBHOTO poboTa ¢ Ae0aTaHCHBIM
BUOponpuBooM. OCBOUTH OCHOBHBIE MPHUHIMMBI CO3JAaHUSI HMHUTAIIMOHHBIX
MaTEeMaTHYECKUX MOJIENIEH MOT0OHBIX MEXaHHUECKUX CHCTEM.

7.1 TEOPETUYECKUE I1OJIOXKEHUA

Ha pwuc.7.]1 mnpencraBieHa pacyeTHas CXema MCCIEIyeMOro OObeKTa -
MOOMJIBHOTO BHUOpaIlMOHHOTO poOoTa ¢ JAedanaHCHBIM npuBojoM. I[IpuBon
MOOHMIJIBHOTO poOOTa cocToWT U3 nedananca (3) maccod M, 3aKperieHHOTO Ha
crepkHe (2) mmmHOW |, KOTOpBIH KpEmUTCsl IMOCPEACTBOM BpallaTebHON

kuHemaTuueckoil mapel C k mon3yHy (1). 3a cuer BpaieHus aebdanaHca MOJ3YH

nepeMeInaeTcs.
HUcxonupie faHHBIC:
o Macca kopmyca podora M =1 kr;
° Macca aebananca m= 0.2 xr;

o panuyc nedananca | = 0.02 m,

o ko3 dunment cyxoro tpenus f=0.5.
y g@?{ )
— 7
%
M T
c A< lﬁb\ — ¥
L/
Fmp \ o
:/ ;
Mg

Puc.7.1 Cxema Mexanmu3ma: 1-mon3yH, 2-CTepKeHb, 3-I1e0aianc



7.2 ITOPAIOK BBIIIOJIHEHMA PABOTHI

1. B rmaBHOM MeHI0 BbiOepuTe koMaHay «Co3aath HOBYIO Simulink-mMomens.

2. IlpoexTupoBanue OONBIIMHCTBA MEXaHW3MOB HAYMHACTCS C HETIOJBUKHOTO
3BeHa - CTOWkW. s ero 3amaHmst wcmoiikdyem Ojok «Ground», KOTOpbIi
HaxomuTcsl B pasnene «Bodiesy makera SimMechanics. B mapamerpax 0Oiioka

ykaxkute koopauHatel [0, 0, 0], koTopble OyAyT COOTBETCTBOBATh KOOPAMHATAM

Ha4dajaa OoT4dcTa.

3. Janee mpucoemunsieM k Omoky «Groundy» omox «Joint Initial Conditiony,
KOTOPBI HAaXOAUTCA B pazene «Sensors & Actuators» makera SimMechanics. B
JAHHOM CIlydae 3TOT OJIOK 3a/JaeT HavyaJlbHOE OTHOCUTEIILHOE MOJIOKEeHHE P-Trma

(Prismatic) — moctynatenbHONM KWHEMaTH4eCcKOW mapel. B mapamerpax Oioka

yKaxxuTe mosuiio Position = 0 m (puc.73).

_ibraries

Instrument Control Toolbox

Neural Network Toolbox

OPC Toolbox

ReakTime Windows Target

Report Generator

Robust Control Toolbox

SimEvents

SimRF

Simscape

Foundation Library

SimDriveling

SimElectronics

SimHydraulics

SimMechanics

4 First Generation
Bodies
Constraints & Drivers
Force Elements
Interface Elements

> Joints

oY [o¥ [o¥ [o¥ [o¥ o [=¥ [ [=F [=¥ |

[N

Utilities.
» Second Generation

a) SimPowerSystems

Puc.7.2 Bnok Joint Initial Condition: a)-pacnionoxenue B 6ubnuoreke, 0)-napameTpbt

4. Tak KaK KOPITyC MOKET COBEPIIATH TOJIBKO MOCTYMATEILHOE JIBHKECHHUE BIIOJIb
OCH X, TO BO3bMEM B KauecTBe 0JIOKa compsbkeHus 0ok «Joint —Prismaticy. B
napamerpax Oinoka Heobxomumo ykazath [1 0 0], uro Oyner o3HauaTh
BO3MOXHOCTh JIBUKCHUS BIOJIb OCH X.

K onmHoMy #3 BBIXOJOB JaHHOTO Oj0Ka MoOAKIOUaiiTe 00k «Joint

Sensory,

OTHOCUTEJILHOTO JIBU’KEHUS YacTeil mpuMuTUBa. B 1aHHOM ciiyyae BeiOupaem P-

Wodel Predictive Control Toolbox

-

imMechanics/First Generation/Sensors & Actuators | 470

o Body Actuator

Body Sensor

Constraint &
Driver Senscr

Driver Actuator

\(::> b JointActustor

Jaint Initial
Candition

0- Jaint Sensor

L Joint Stiction
Actuator
\z' Varisble Mass &
s Inertia Actustor

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

KOTOPBIA TMO3BOJIIET M3MEPUTH  CIECAYIOIIME XapaKTEPUCTUKU



MPUMUTHUB (TTOCTYIATEILHBIN) ¥ BEIOUpAEM CICAYIONINE MapaMeTPhl H3MEPEHUS
(puc7.3):
-no3uniuio (Position) — mepemernieHde 4acTH MPUMUTHBA, COSIUHEHHOU C
tesioM Follower, OTHOCUTEILHO €ro Y4acTH, COeIMHESHHOM ¢ TejaoMm Base;
-ckopocTh (Velocity) — OTHOCHTEIBHAS CKOPOCTH;
-yckopenue (Acceleration) — OTHOCHUTENILHOE YCKOPEHUE,

-peakmus (Reaction force) — cuna peakiuu BIOIb OCH TPUMHUTHUBA.

Measurements

Primitive Outputs
vk -
Position Units: |m -
Velocity Units: |m/s - |
Acceleration Units: |m/s™2 -
["] Computed force Units: 1

Joint Reactions
[[] Reaction torque Units:  N*m
Reaction force Units: |N = o

Cancel Help Apply

Puc.7.3 Hacrpoiiku 610ka Joint Sensor

5. MonenupoBanue kopmyca (MOoJ3yHa) TaHHOTO MEXaHW3Ma peaau3yercs npu
oMo 61o0ka «Bodyy (puc.7.4).
B kadecTBe 3aaBaeMbIX MapaMeTPOB BHICTYIAIOT:
- Mmacca tena (Mass), KOoTopas MOXKET OBIThb BBIpa)KE€HAa B Ppa3IMYHBIX
CANHUIIAX;
- TEH30p HWHEPUUM TeJa OTHOCHUTENbHO ero 1eHTpa Macc (Inertia),

MPECTABIAIONUN cO00M MaTpUIly pazmepom 3x3:

rae Jix, Jiy, Jiz, — OceBble MOMEHTBI MHEPLMH TEJIa OTHOCUTEIBHO OCEH
COOCTBEHHOM JIOKAJIbHOM CUCTEMbI KOOPJIMHAT, CBSI3AHHOM C €r0 IIEHTPOM Macc.

- JIEKapTOBBI KOOPAMHATHI XapaKTEPHBIX TOYEK, CBA3aHHBIX ¢ TejaoM (Origin
position vector [x y z]). B uwactHOCTH, 00S3aTEIBHO MOJIKHBI OBITh YKa3aHbI
KoopauHAThl IieHTpa TsokecTH Tena CG u, mpu HE0OXOIUMOCTH, KOOPIMHATHI

MPOU3BOJILHOTO YKcia Apyrux xapakrtepHbix Touek CS1, CS2, CS3, ... CS;, Takux



KaK IEHTPHI MIAPHUPOB, CBSI3AHHBIX C JAHHBIM TEJIOM, WJIM TOYKHU TMPHUIOKEHUS
BHEIITHUX CHJI © MOMEHTOB.

Jlns Toro, uytoObl 100aBUTH WIM YOpaTh H300paKeHHE BXO0]1a/BbIXOJIa
ONpE/ICTICHHOW TOYKM Ha MNHKTOorpamMMe Osioka «Body» B okHe Mozenwy,
UCIIOJIb3YETCsl YCTaHOBKA WM cOpoc (iiaxkka B KoJoHKe Show port.

B xononke Translated from origin of yka3pIiBaeTcst UMs CHCTEMbI KOOPJIMHAT,
OT Haydaja KOTOPOW OTCUUTBHIBAIOTCS KOOPAWHATHI TEKYIIEW XapaKTEPHOU TOYKHU.
Kak MUHMMYM 0JTHa XapaKTepHas TOUKa JOJKHa OBbITH 3aJ]aHa B CUCTEME KOOPIMHAT
WORLD mu6o B cucreme koopamaatr ADJOINING. Dto HeoOxommmo, 9TOOBI
CBsI3aTh JIAHHOE TEJIO C COCEIHUMH HETOJBMKHBIMH WA TOJBM)XKHBIMHA TEJIaMHU.
Cucrema koopauHaT WORLD — 5T0 wuHepuanbHas HEMNOJBHKHAS CHUCTEMA,

CBsA3aHHas ¢ 3emuie, a cucteMa koopauHat ADJOINING cBsa3ana ¢ mapHupom.

~

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 -
N

Position | Orientation | Visualization |
Show Port Narme Origin Position Units Translated from Components in

Port Side Vector [x y z] Origin of Axes of -
v {Right ~|cc [oo0] [m = [world ~ | world -| =
v Left  v|csi [-0.100) [m  ~|world - |[wiorld -|

Right ~|cs2  [0.100] [m = [world ~ | world ~| o

Puc. 7.4 Hacrpoiika napameTpoB 01oka «Body»

6. st 3amanus BpaineHus aebaaHca HCmob3yercs 010k «Joint Actuatory,
KOTOPBII MOXKET HAXOUTHCS B IBYX PEKUMAX: PSKUM 3a1aHust aBwkeHus (Motion)
U pexXuM 3ananus cwiibl i MomeHTa (Generalized Forces). Beibupaercs pexum
Motion u ykaspIBalOTCS eIWHHUIBI u3MepeHus (puc.7.5). Jlnsa 3amaHus
BpAIllaTeIbHOTO JBHKCHHS HEOOXOJAMMO CGhOPMHUPOBATH BEKTOP M3 Tpex
U3MEPSEMbIX BO BPEMCHH BEJIMYHMH — YTJIOBOE YCKOPEHHE, YTII0Basi CKOPOCTh U YTOJI

noBoporta. /[ns BpalleHus ¢ MOCTOSIHHOM 4acTOTOM, YIJIOBOE YCKOPEHHE 3a7aeM



paBHOE HYIIO ¢ oMotk O61oka Constant. YTiaoByr0 CKOPOCTh B yroJl TOBOPOTA

3amaeTcss B Osokax Integrator wu

Integratorl (puc. 7.6, 6-B). Bce curnamb:

COEIUHSIOTCS C MoMoIIbio 010ka MUX u mogarotcs Ha Joint Actuator (puc. 7.6, a)

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

Co_nn_a_ctad to RL -

primitive:

Actuate with: Mation N

Angular units: rad -

Angular velocity units: radfs -

Angular acceleration units:  rad/s~2 -
Cancel Help Apply

Puc.7.5 Hacrpoiika napamerpoB Oitoka «Joint Actuator»

Integrator

Continuous

Farameters

egration of the input signal.

Integrator1

%

Joint Actuator

1
5

Integrator

External reset: ’none

Initial condition source: [internal

Initial condition:

3

[ 1 ienit A

J_[ oK H Cancel ” Help l

Constant
6) ] Integrator B) -
Continuous-time integration of the input signal.
= Parameters |
External reset: [none ']
'l Initial condition source: [internal v]
- l Initial condition:
0 |
[7] Limit output
Upper saturation limit:
i inf |
» | I = |
APPY | " [ oK ] ’ Cancel ] [ Help ] Apply
A o - —— ==

Puc. 7.6 brok-cxema 3a1aHus IBUKEHUS CTEPIKHS C 1c0aTaHCcoOM: a)-Crmocod CoeTMHEHNUS
650K0B, 0)-uHTEpdeiic O10ka Integrator (yriosas ckopocTs), B)-uHTepdetic O10ka Integratorl

(yron nmoBopoTa)

/. Tak Kak cTepK€Hb MOXET COBEPIIATH TOJBKO BpanieHue BOKpyr ocu OZ,

TO BO3bMEM B KauecTBe Ojioka conpspkeHus 0ok Joint — «Revolute» (puc.7.7). B



napaMmerpax Osoka HeoOxomumo ykazate [0, O,

BO3MOXHOCTh BpanieHus Bokpyr ocu OZ.

X
Revolute -~

Represents one rotational degree of freedom. The follower (F)
Body rotates relative to the base (B) Body about a single rotational
axis going through collocated Body coordinate system origins.
Sensor and actuator ports can be added. Base-follower sequence
and axis direction determine sign of forward motion by the right-
hand rule.

Connection parameters

Current base: CG@Body
Current follower: CS1@Bodyl
Number of sensor /[ actuator ports:
I Parameters
| ]
Axes | Advanced
Name Primitive Axis of Action [xy z]
R1 revolute [mo1]
¥
< 3
I Cancel Help Apply

Puc.7.7 Bnok Revolute

1], uro Oymer o3HaYaTh

K oOmoky Joint Revolute monxmowaercs Omox Bodyl (puc.7.8), 3mech

MOJICIIUPYETCS CTEPKEHD C 1€0aTaHCOM.

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: 5 kg

-

Inertia:  [0.05 0 0;0 0.05 0;0 0 0]

Position | Orientation | Visualization |

»

m

Show Port Name Origin Position Units Translat_e;:i from Components in
Port Side Vector [x y z] Origin of Axes of
T left  v|cc  [0-10] Im | world ~ | world v
7] left  ~|cs1  [000] im  ~|world ~ | world -
W cs2  [0-10] m v | world ~ | world - |
[ 0K ] l Cancel ] [ Help ] Apply

Puc. 7.8 Hacrpoiika mapametpoB 6s10ka «Body»

8. K Beixomy Osoka Joint Revolute moaxmrodaercs Giok «Joint Sensorly

(puc.7.9).




Primitive Outputs &

Co_nn_e_cted to R1 =
primitive:
Angle Units: |rad v
Angular velocity Units: | rad/s v
Angular acceleration Units: rad/s”2 v
[[] computed torque Units:  N*m

Joint Reactions
[[] Reaction torque Units:  N*m
[[] Reaction force Units: N
Reaction measured

Base v
on:
With respect to CS: | Absolute (World) v
[[] Output selected parameters as one signal. ¥
OK Cancel Help Apply

Puc.7.9 Uutpedeiic 6ioka «Joint Sensorly

Kpome OnokoB «Scope» emie npucyTcTByer Osok «Continuous Anglex»
(puc.7.10), xKOTOpBIN MO3BOJIAET MOJYYUTh (TIPU HUCIIOJIB30BAHUU COBMECTHO C
0JiokoM u3MepuTens Joint Sensor) MpaBUJIbHOE 3HAYEHUE YIJIa OTHOCUTEIIBHOTO
MOBOPOTA JIBYX YacTEH BpalllaTeIbHOTO MPUMHUTHBA IIIAPHUPA, €CIIN YTOJI TIOBOPOTA
MPEBBINIACT 3HAYCHHE £ pagnuaH. VIcmoap30BaHUe B 3TUX CIIydasX TOJIBKO OHOTO
0J10ka Joint Sensor BI3BIBAET PAa3pbIB UBMEPSEMOI0 3HAYEHUS YIJIa BETUYHMHON B 27
panuaHn. bimok Continuous Angle momkeH cienoBarh 3a 010koM Joint Sensor, U Ha
€ro BXOJ, KpoMe camoro yria Angle, Hy)KHO MOaBaTh CKOPOCTh U3MEHEHHUS yTia

Rate. Torna Ha BbIxoje 6J10Ka MOJIYYUTCS HEMPEPHIBHBIN CUTHAM yTJIa.



_ibraries st Generation/Utiities |  Found: ‘Continuous angle'

4| Instrument Control Toolbox ~ ‘simmpe 1

Model Predictive Control Toolbox
Continuous Angle (mask) (link ~ y Neural Network Toolbox e ] conti
gle ( ) (link) a) OPC Toolox pa ] Angle 6)
: P Real-Time Windows Target
Outputs a continuous, unbounded angle give eport Generatr
discontinuous, bounded angle and the angular Robust Control Toolbox
velocity. Choose units for the angle and the angular ) Gl Srtvents
velocity (rate). 4 [Ba] simscaps

» Foundation Library
> SimDriveling
Farameters > [l simElectronics
> SimHydraulics
4 SimMechanics
4 First Generation
Bodies
Constraints & Drivers

Rate measured in: |rad/s | | Force Elements

Cancel Help Apply

Angle measured in: | rad -

) Angle
Continwous Angle —p |:|
—J| Flat=
Scope2
ap Continuous Angle
_d<o® >
33 Scoped
Joint Sensor | |
Scoped

Puc. 7.10 V3smepenune mapaMeTpoB: a)-pacrioyiokeHre B OMOInoTeKe, 0)-HACTPOMKH
Continuous Angle, B)-cxema mOIKIFOUECHUS
[Tomy4yeHHbIE pe3yIbTATHI:
PesynbraTel MoaenupoBaHusi B Bujie rpad)KOB MEPEMEIICHHs], CKOPOCTU U

yckopenust (puc.7.11) mokazansl B 6510Kke «SCOPEe».




a)

6)

Puc. 7.11 I'paduku: a)-nepemenienus, 0)-CKOPOCTH, B)-yCKOPEHUS TOJI3YHA

I'paduk cun peakiuu (puc.7/.12), BOZHUKAIOMNX MPHU JBIKEHUU TOJI3YHA,

noJiy4eH B OJ10ke «Scope 4.

Puc. 7.12 I'paduk cun peakiiuy, BO3HUKAIOIIKX MTPU ABMXKEHUH MTOJI3yHA



Puc. 7.13 I'paduk yria noBopoTa cTep>kHs ¢ AebagaHcoM

Puc. 7.14 I'padux yriioBoit CKOPOCTH CTEPKHS J1eOaTaHCOM

Puc. 7.15 I'padux yrinoBoro yckopeHuUst CTEp>KHS C Jie0amaHCcOM

Teneps 100aBUM B HaIIly MOJIEIb BS3KOE TpeHUE. [lefcTBUS /IS BHITIOJTHEHUS

JTAHHOM 3a/1a4, CJIEAYIOLINE:



K curnany Reaction force Ha ocu y mpucoemunsiercs ook «Gainy. [anee

npucoeauHseTcs 6ok Joint Actuatorl, BEIX01 KOTOPOTO IMPUCOCTUHSICTCS KO BXOIY

omoxka «Prismaticy» (puc.7.16).

Conpstant

@ >

pgr’[l

E‘I—'

Fr I Scope

¥

¥ ¥

Prismatici

Joint Sensor

Puc.7.16 Cnioco6 coennHeHus: 6J0KOB /1715 3aaHUS BSI3KOT'O TPEHUS

Joint Actuatort Gain

@4—@4

Scopel

MMuTanmoHHas MOZIeIb paccMaTpuBaeMoro oobekTa B cpeae SimMechanics

npejacTaBieHa Ha puc. 7.17.

——E}E_- I -—m [1; sy -

Body2

Envirenment  Sround -
Y Revolute1
Frismaticl

IC

oint Initial Condition
1
5

Integrator

K%

Joint Actuator

Constant

Continuous Angle

Scope2

1

Ratz
ap Continuous Angle
oA >

Joint Actuatort

as
Joint SEnsaﬂ—l—. l:l

% 4—@4

Gain

Scoped

Scoped

ﬁ‘

Joint Sensor

¥ ¥y

Scope

Puc. 7.17 Cxema MoJienu MexaHu3Ma ¢ y4€TOM TPEHUS

[lony4yeHHBIE PE3YyIbTATHI:

Scopel

PesynbTaThl MonmenupoBaHus B BHUjE TpadUKOB NMEPEMEIICHUS, CKOPOCTH U

YCKOPEHHUS MOJTy4eHbI B 0JI0Ke «SCOPe» 1 nmokaszaHsl Ha puc. 7.18.



6)

Puc. 18 I'paduku: a)-nepemererusi, 06)-CKOPOCTH, B)-yCKOPESHHSI ITOI3yHA

I'padux cun peakiuu, BOSHUKAIOMIMX NpU JABUKEHUU MOJ3yHa (puc.19)

mokasaH B OJ10ke «Scope 4.

Puc. 7.19 I'padux cun peakiiuu, BOZHUKAIOIMIKX MTPU IBMKEHUH MTOJI3YHA

I'paduk yrina moBopota crepkHU ¢ AcdaancoMm (puc.20) moka3aH B OJoKe

Scope 3



Puc.7. 20 I'padux yrna moBopora aedananca

['paduk yrmoBoii ckopocTu cTepxHs ¢ AebamancoMm (puc.7/.21) mokaszaH B

0110K€e «SCope 2.

Puc. 21 I'padux yrmoBoii ckopocTu nedananca

['paduk yriaoBoro yckopeHHUs: cTepkHs ¢ aebanancoMm (puc.7/.22) mokasaH B

0s10ke «Scope 1».

Puc.7.22 I'pacuk yrioBoro yckopeHus aebanaHca



Tabmuma 7.1 - BapuanTsl 3amanust

Ne Bapuanra | 1 2 3 4 5 6 7 8 9 10
Macca 1 1,2 1,1 1 1,5 14 1,2 1,1 1 1,6
Koprmyca, KT

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

KT

JuHa 0,02 |005 (0,01 |0,015 0,03 |0,02 |0,04 |0,02 |0,001 |0,025
CTEPIKHS C

nebamancomM,

KT

7.3 KOHTPOJIBHBIE BOITPOCHI
1. O6bsicHUTE, TOYEMY MPOUCXOIUT HAMPABICHHOE ABUKEHUS MOOUILHOTO
BUOpaIMOHHOTO po0OOoTa C 1e0aTaHCHBIM MPUBOJOM?
2. Kak u3MeHUTh HanpaBJIeHUE JIBIKEHUSI MOOMIBHOTO poboTa’?
3. Kakue napameTpbl BIUSIOT HA CKOPOCTh JBUKEHUSI MOOMIIBHOTO poOoTa?
4. Kak 3ayaetcst MmaTpulla MHepLuu jedananca?
5. Moer 11 MOOWIIbHBIN BUOPAIIMOHHBIN POOOT MepeMenaThCsi BBEPX IO

HAKJIOHHOM ITIJIOCKOCTH?
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