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1. JIaGopaTopHas padora Nel
MOJIEJIMPOBAHUE JIBXXEHM A OJHO3BEHHOI'O 1 IBYX3BEHHOI'O
OUM3NYECKUX MASTHUKOB B BUBJIMOTEKE SIMMECHANICS ITAKETA
SIMULINK/MATLAB

Ilenv pabomor:

O3HakOMHUTBCS € TMakeToM pacmmpenust  SimMechanics nporpammbl
Simulink/MATLAB  nns  mopnenupoBaHus MexaHWMYeckuX cucteM. OCBOUTH
OCHOBHBIE TIPUHIIUITBI KOMITBIOTEPHOTO MOAETUPOBAHUS IBMKEHUS OJTHO3BEHHOTO U
IBYX3BEHHOTO (PU3NYECKUX MASTHUKOB.

1.1 TEOPETUYECKAS YACTb

MOI[GJ]I; OJHO3BCHHOI'O MajATHHUKA C BA3KHUM COIIPOTHUBJICHUCM IIPCACTABJICHA

Ha puc.l.l, a Mogenp AByX3BEHHOTO MasATHUKA — Ha puc. 1.2.

Puc. 1.1 Cxema 01HO3BEHHOT'O MasiTHUKA C BSI3KMM CONPOTHUBJIEHHUEM: | — cTOlKa; 2 — )KECTKUM
CTepKeHb; | — [UTMHA CTepIKHSI; (o — HAYAIbHBIN YTOJ OTKJIOHECHHS MasTHUKA; |l — KO3 duiment
BSA3KOT'O TPEHUS

YPaBHeHI/Ie, OIMMCBIBAOIIUC JUHAMHKY paCCMAaTPHUBACMOI'O MasATHUKA, UMCCT

BUI:
[p + pp +mglsing = 0,

re

I, = ml? — MOMeHT HHEepIMH Tea OTHOCUTENBHO OCH BPAIIEHUS;

i
2ml?

— KO3 QHIHEHT 3aTyXaHHS;
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P= |- - coOCTBeHHadA 4YacTOTa.

C yu€Tom 3aMeHBbI YpaBHEHUE TPUMET CIEAYIOUIUNA BU!
@ + 2n¢@ + p?sing = 0.

Puc. 1.2. Cxema n1ByX3BEHHOT0 MasiTHUKA: | — cTOMKa; 2 — )KECTKUM CTEpkeHb 1; 3 — KECTKUIA

CTepKeHb 2; | — minHa cTepiKHEH; (10, (20— HAYAIbHBIC YTJIbI OTKIIOHCHHS MasTHUKA

Jmsa mopenvpoBaHUsT MAasSiTHUKOB 6yz[yT HCIOJIb30BaHbl CIECAYIOIIUE BUIbBI
OJIOKOB:

1. Ground;

2. Revolute;

3. Joint Sensor;



4. Joint Initial Condition;
5. Joint Actuator;
6. Body;
7. Machine Environment;
8. Gain;
9. Scope;

10.Mux.

Taxke, Kak Bce oOcCTaJdbHBIC OMOMMOTEKM Iaketa Simulink, OmOmmoTeka
SimMechanics npencraBisier coboit Habop OIOKOB B BHAE TIpadUUECKUX
MMAKTOTPAaMM C OPUTHHAJBHBIMU Ha3BaHUSAMH Ha AaHTJIMHUCKOM s3bike. JImst ux
IPOCMOTpa, BbIOOpA M TEpeTaCKWBAaHHUS MBIIIbI0 B OKHO co3gaBaemoi Simulink-
MOJICJTH CITY’)KUT OKHO Opay3epa ouoimoTtek makera Simulink (puc. 1.3).

Kak BugHo Ha puc. 1.3, B Oubimoreke SimMechanics (B MATLAB2013b)
BCEr0 CEMb Pa3JIeyIoB:

1.1. Bodies;

1.2. Constraints & Drivers;

1.3. Force Elements;

1.4. Interface Elements;

1.5. Joints;

1.6. Sensors & Actuators;

1.7.  Utilities.

Kaxnpiii pazmen coaepX uT OJOKM OmpeAesneHHOM rpynmbl. Paccmorpum

noapoOHee Te OJI0KH, KOTOpbIe OyIyT UCHOIB30BaThCS B JaHHOU padoTe.
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Puc. 1.3. Okno Opayzepa 6ubnuorek Simulink, paznens! nakera

SimMechanics
1.1.1 Bnoku meepovix men («Bodiesy)
Haunplii  paszmen  Ombmuorekm  SimMechanics  MOXXHO — cuuTaTh
ocHoBomonarapomuM. C Hero HeoOXOAWMMO HAYMHATH TPU CO3JaHUH JTHOOOM
MEXaHUYECKON MOJIETIH, XOTS OH COZEPKUT YeThIpe OJIoKa!

Body;

Mosgo=zf  Body

Ground;

Eﬂ Ground

Machine Environment;

Machine

Env Envircnment




Shared Environment.

Shared
Envircnment

PaccmoTpum noapoOHee TpU U3 HUX.

brok «Body» mpencraBnsier co0oii TBepIoe KECTKoe TeNo (OTAEIbHOE 3BEHO
MEXaHM3Ma, JIBIDKEHHS  KOTOPOTO  MOJCTUPYIOTCA) C  OMpeleJICHHBIMU
MOJIH30BATEIEM MTapaMeTpaMH.
B kauecTBe 3a71aBaeMbIX MapaMeTPOB BHICTYAIOT:

- Macca Ttena (Mass), KOTOpas MOXXET OBIThb BBIpaXXEHa B Pa3JIMYHBIX
eMHULIAX (MMEEeTCs BBIMAJAIOLINI CIIUCOK, 10 YMOIYAHHUIO CTOSIT KMJIOTPaMMBbl);

- TEH30p WHEPLUHMH Tella OTHOCUTENBbHO ero ueHtpa wmacc (Inertia),

IPEICTaBIAIONINM cO00M MaTpuily pazmepoM 3x3:

H={0 J_
0o 0 J.|

rae Jix, Jiy, Jiz, — oceBble MOMEHTBHI MHEPIIMU TeJa OTHOCHUTEIHHO OCeH
COOCTBEHHOW JIOKaJbHON CHCTEMBI KOOPJMHAT, CBSI3aHHOM C €ro IIEHTPOM Macc.
Jlns  psga  Hambosiee  pacHpOCTPAaHEHHBIX CHMMETPHYHBIX TEI  MPOCTOM
reomeTpudeckor popmMbl HOPMYIIBI IJIsI BEIYUCICHUS SJIEMEHTOB TEH30pa UHEPIIUU
MPUBEICHBI B Ta0JI. 1;

- IeKapTOBBI KOOPAMHATHI XapaKTEPHBIX TOUYEK, CBs3aHHBIX ¢ Teaom (Origin
position vector [X y z]). B yactHoCcTH, 00s3aTeIbHO JODKHBI OBITh YKa3aHbI
KoopauHaThl IieHTpa TspKectn Tena CG u, mpu HEOOXOIUMOCTH, KOOPIWHATHI
MPOU3BOJIBHOTO YHucia Apyrux xapakrepHbix Touek CS1, CS2, CS3, ... CSN, takux
KaK IEHTPHI IIApPHUPOB, CBSI3aHHBIX C JIAHHBIM TEJIOM, WM TOYKH MPHUIOKCHUS

BHCIIHUX CUJI 1 MOMCHTOB.



Tabn.1 - DneMeHThl TEH30pa MHEPLHMH PsiAa TE MPOCTOi POpMBI

DOpPMYIE I8 BRYHCTIEHHA
Dopua Tena T

s J, Jie
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Jnst Toro, 4toObl A00aBUTh WM YyOpaTh H300paKEHHE BXOJa/BbIXOJIa
OTNPENICIICHHOW TOYKM Ha NHKTOorpamme Osoka «Body» B okHe Momeny,
HCIIOJIb3YETCsl YCTAaHOBKA WK cOpocC (piiaxka B KosoHKe Show port.

B kosonke Translated from origin of yka3biBaeTcsi ©UMsi CUCTEMbI KOOPIUHAT
(XapakTepHO# TOYKH), OT Havajla KOTOPOM OTCUMUTHIBAIOTCS KOOPJIWHATHI TEKYIIEH
XapakTepHoU Touku. Kak MUHUMYM OJlHa XapakTepHas Touka (J1ro0as, B TOM 4Hciie
9TO MOXKET OBbITh M LEHTp TsbkecTH Tena CQG) moimkHa OBITh 3ajlaHa B CHUCTEME
koopauanat WORLD nu6o B cucteme koopaunatr ADJOINING. Oro veobxonumo,
4TOOBI CBSI3aTh JIaHHOE TEJNO C COCEAHUMHU HEMOJBMXHBIMU WJIU TMOABUKHBIMH
TEJIaMH.

Cucrema koopaunat WORLD — 3To mHepuuanbHas HEMOJBHKHAS CUCTEMA,
cBsa3aHHas ¢ 3emuied, a cucrteMa koopauHat ADJOINING cBsizana ¢ mapHHpOM,
IPUCOEAMHEHHBIM K Tely (C TOH 4YacTbi0 IIAPHUPHOIO COUJICHEHMs, KOTOpas

’KECTKO CBSI3aHa C paCCMATPUBACMBIM TEJIOM).



[paBou

Body

customized body geometry and color.

Mass properties

Mass: |1|

Inertia: | eye(3)

Fosition Orientation Visualization

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

Show Port Origin Position Translated from

Components in

Port Side Nathe Vector [xy z] Units Origin of Axes of
] Left - CG [000] m | World ~ | world
& Left ~/cs1 [o00] m - CG ~|ce
& Right ~ CS2  [000] m v CG ~|ce

Cancel Help

1 ]

Apply

Puc. 1.4 Hacrpoiika napamerpoB 6sioka «Body»

Kaxxoil Touke, rae TeNo 4yepe3 IIAPHUP COEAMHSIETCS C JAPYTUM TEJIOM,

HaJIMYHH).

- BEKTOPHI YIJIOB TTOBOPOTa cUCTEeM KoopauHat (Ha Bkiaake Orientation). 1o

UX B OOJIBIIIMHCTBE CITy4acB HEe TpeOyeTcsl.

Koopnunataeie ocu 1m000W cuctembl KoopauHat B SimMechanics 1o

DitniepoBoit CUCTEME KOOpAWHAT

JOJDKHA OBITH TOCTaBJICHA B COOTBETCTBHUE CBOS OTAC/IbHAA CUCTCMA KOOPAHUHAT CS.

OTO K€ KacaeTcs U TOYCK IMPHIIOKCHHUA K TCIIy BHCINHHUX CUJI U MOMCHTOB (HpI/I nux

YMOIYAaHHUIO BCC YIJIbI IMOBOPOTA BCEX CHUCTEM IPHHATHI HYJICBBIMU. HN3meHenue

YMOIYAaHHUIO PACIIOJIOKCHBI TdAK, KaK II0OKa3aHO Ha pI/IC.l.S, 4TO COOTBCTCTBYCT

(Euler




»-

£ X
Puc. 1.5 Pacnionoxenue ocelt KOOpIUHAT

biaok «Ground» mpeacraBisger co0OHM HEMOABMKHYIO CTOHKY (OCHOBaHHE),
KECTKO CBSI3aHHYIO C aOCOJIOTHOM HMHEpPUUAIBbHON CHUCTEMOW KOOpIWHAT 3eMIIu.
Hanmnume xots Obl ogHOTO A3TOro OJIOKa OO0S3aTENBHO B JTIO00M MEXaHUYECKOU
MOJIENI OTHAENBHOTO MeXaHu3Ma (MHaye NpU 3alycke MOJETUPOBaHUS OyaeT
BblJlaHa OIKMOKa). B OKkHe HAcTpoilku 3TOro OJioKa 3a4aeTcs BEKTOp KOOPAUHAT
OJIHOM HEMOJBU)KHOM TOUKM MEXaHH3Ma OTHOCUTEIBHO I100abHON MHEPIIUATLHON
cucteMbl koopauHat WORLD. K mexanundeckomy Bxomy/Beixomy 6soka Ground,
COOTBETCTBYIOIIEMY 3aJJaHHOM HEMOJABUYKHON TOUKE, JIOJKEH ObITh MPUCOCANHEH B
OKHE MOJeNd OJIOK HMIAPHUPHOTO cowieHeHus (K3 paszzaena Joints), a 3aTem OJIOK
«Bodyy, ot 0510k 13 pazaena Joint, 610k «Body» u T.1., U1t TOTO, YTOOBI CTAIO
BO3MOXKHBIM JIBUKEHUE Mocheayronux Tea Body.

Block Parameters: Ground

Ground

Grounds one side of a Joint to a fixed location in the World
coordinate system.

Parameters
Location [x,y,z]: [0 0 0] m -

[[] Show Machine Environment port

Cancel Help Apply

Puc.1.6. Hactpoiika mapamerpos 6ioka Ground

biaok «Machine Environment» mnpencraBiseT co0oif HACTpOCUYHBINH OJIOK
mapaMeTPOB MEXAHMYECKOW Cpeabl MOAEIMPOBAHUS JUIS MAIIMHBI (MEXaHH3Ma).
biox «Machine Environmenty cBsizan ¢ MexaHnueckuM 010koM «Groundy.

[lpr ABOWHOM IIETYKE MBIIIBIO MO JAHHOMY OJIOKY OTKpPBIBACTCS OKHO

YCTaHOBKH IapaMeTPOB MEXaHUYECKOro MojaeaupoBanus (puc. 1.7).
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Cpenu 3amaBaeMbIX IMapaMeTpOB Ha YETHIPEX BKIAAKaX JaHHOrO OJoka
MUMEIOTCS: BEKTOp CUJI TsDKecTH BuJa [X Y Z], pa3MepHOCTh MexaHu3Ma (2-MepHas
6o 3-mepHas cxema), CIoco0 aHanmM3a, TUI PEIIAoNIEro YCTPOHWCTBA
OTpaHUYEHUS, JOMYCKM  JIMHEAapH3alluM, YyCTAHOBKA/CHATHE  BU3YaJIbHOTO
HaOIIOACHUS.

[lo ymomuyaHHIO BEKTOp CHJI TSOHKECTH YCTAHOBJIEH Kak JJis MeXaHH3Ma,
PAacCIIOJIOKEHHOTO Ha TOPU30HTAIBHOM OTMOPHOM MOBEPXHOCTU C HYJIEBBIMH yIIaMU

HAKJIOHa OTHOCHUTEIIEHO IPaBUTAIMOHHON BepTHKaH, U uMmeeT Buy [0 —9.81 0],

X
Description

Defines the mechanical simulation environment for the machine to which
the block is connected: gravity, dimensionality, analysis mode, constraint
solver type, tolerances, linearization, and visualization.

Parameters Constraints Linearization Visualization

Analysis mode: Type of solution for machine's motion.
Tolerances: Maximum permissible misalignment of machine's joints.

4

Gravity vector: [0-2.81 0] m/s"2
L] nput gravity as signal

Machine dimensionality: Auto-detect -
Analysis mode: Forward dynamics -
Linear assembly tolerance: |1e-3 m -

Angular assembly tolerance: |1e-3 rad -

Configuration Parameters...

Cancel Help Apply

Puc. 1.7 Hacrpoiika mapamerpos 61oka Machine Environment

[Mpenmnonaraercs, 4ro K KaxaoMy Osoky «Groundy», cBs3aHHOMY ¢
OTJEJBbHBIM MEXaHU3MOM MOJIENH, AOKEH OBITh MPUCOEAUHEH CBOM COOCTBEHHBIN
omok «Machine Environment». lns toro, uto0sr 0ok «Machine Environmenty
MOXXHO OBLIO MPHUCOEAMHHUTH K 00Ky Ground, B OKHE HACTPOWKH IOCJIEIHETrO

JOJDKEH CTosATh (yiaxok B nmoje Show Machine Environment port.

1.1.2 Broku wapuupusvix counenenuii (Joints)

11
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Pasnen Joints (puc. 1.8) budmuoreku SimMechaniCs— BTOpoii 10 3HAYMMOCTH
nociie paznena Bodies. OH cofepkuUT OJI0KH MIAPHUPHBIX COUWICHEHUH C pa3InyHbIM
YHUCJIOM CTEINEeHEeH CBOOOIbI, KOTOPHIE COCIUHSIOT MEXIY COO0M OTACIbHBIC OJIOKH
«Body» (a Takxe 6mokx «Ground» ¢ 6;10koM Body). binaromapst stomy, Tena (3BeHbs
MEXaHU3Ma) MOYJar0T BO3MOXXHOCTh OTHOCUTEIPHOTO JIBHKCHUS.

Paznen Joints comepXMT MSATHAALATH OCHOBHBIX OJIOKOB, MMHTHPYIOLIUX
BCEBO3MOJKHBIC BHJBI IMAPHUPHBIX couwileHeHnuid: 1. Prismatic; 2. Revolute; 3. In-
plane; 4. Universal; 5. Gimbal; 6. Spherical; 7. Planar; 8. Cylindrical; 9. Bearing;
10. Telescoping; 11. Bushing; 12. Six-DoF; 13. Screw; 14. Weld; 15. Custom Joint.
[TuxTorpammel Ha Oyiokax paszaena Joints galoT HarJAAHYIO WHOpManuio o0 HUX
Ha3HAYCHUHU Jaxke 0e3 OMMCaHus.

Kpome Toro, B paszgene Joints NOpHUCYTCTBYIOT JBa JIOMOJIHUTEIHHBIX
noapaszaena: Disassembled Joints (pa3oOpannbie cousneHeHus) U Massless

Connectors (60e3MHEPIIMOHHBIC COCTUHUTEIIHN ),

12
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File Edit View Help
E '3 | | ground W M
Libraries zhanice/First Generation/loints |4 7
> [Py Simulink )
» [Py| Aerospace Blockset "‘!a ?:i:f:!mble'j
> (P3| Communications System Toolbox
> [P4| Computer Vision System Toolbox & IMassless
#3| Control System Toolbox 470 Connedors
> Py| DSP System Toolbox
> |Py| Embedded Coder Bearing
> |Py| Fuzzy Logic Toolbox
> |Py| HDL Verifier
#1| Image Acquisition Toolbox Bushing
#1| Instrument Control Toolbox
#1| Model Predictive Control Teolbox
> |Pg| Neural Network Toolbox Custom Joint
*3| OPC Toolbox
*4| ReakTime Windows Target Cylingrical
*| Report Generator
4| Robust Control Toolbox
> |Py| SimEvents Gimbal
- [Pa| simRF
a4 Pl Simscape
> Foundation Library In-plane
5 SimDriveline
s SimElectronics
5 SimHydraulics Flanar
Fl SimiMechanics
a FlrstBGl;zli'ler.:'atlnn Frismatic
Constraints & Drivers
Force Elements Revolute
Interface Elements
o Joints
Sensors & Actuators
Utilities Saew
» Second Generation
» SimPowerSystems
'rties ¥ Six-DoF
> |Py| Simulink 30 Animation
> [Py| Simulink Coder Spherical
> [*y| Simulink Control Design
> [Py| Simulink Design Optimization
> [Pg| Simulink Design Verifier Telescoping
> [P4| Simulink Extras
*| Simulink Verification and Validation
Py Stateflow Universs|
| System identification Toolbox
> |Py| Vehicle Network Toolbox Weld
> |Py| xPC Target

Puc. 1.8 bioku mapHUpHBIX cowieHeHui Joints

T.k. B manHoi paboTre OyaeT MCHOJB30BAaThCA TONBKO OJok «Revolutey, To
PacCMOTPUM MOAPOOHEE TOTBKO ATOT OJIOK.

binok «Revolute» oOecrieunBaeT OHY BpallaTeIbHYI CTEICHb CBOOOIBI
TeNa, ciaeayroiero 3a 6okoM «Revolutey BOkpyr ocH, 3aJaHHON HA BKJIaaKke AXES
okHa HacTpoiiku Omoka (puc. 1.9) B Bume Bektopa [X Y Z], aHaqoru4Ho OJIOKY

«Prismaticy.

13
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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: GND@Ground

Current follower: CS1@Body
Number of sensor [ actuator ports:

Parameters

Axes | Advanced

Name Primitive Axis of Action [xy z] Reference CS
R1 revolute [001] World -

Cancel Help Apply

Puc. 1.9 Hactpoiika napameTpoB 611oka «Revolute

BekTop ocu BpallleHUs] TaKK€ MOXKET ObITh 3aJlaH B MHEPIUATILHON CUCTEME
koopauHat WORLD, B cucrteMe KOOpAWHAT, CBSI3aHHOW C MEpPBBIM TeaoMm Base
(pexomenayeTcs), MO0 B CUCTEME KOOPAMHAT, CBSI3aHHOW C MOCIEAYIOIIUM TEJIOM
Follower.

B ormmume ot Omoka «Prismatinc, y KOTOpPOro ocCh NPSMOJHHEHHOTO
JNBIKCHUS U CBSI3aHHAsi C HEW cTemeHb CBOOOJbI Ha3BaHa umeHeM Pl, B okHe
HACTpOIKK mapaMeTpoB Oyioka «Revolute» ochk BpalieHHs aBTOMAaTHYECKH Ha3BaHa
uMmeneMm R1, u 310 He cnmydaitno. B SimMechanics Bce mocTymnarenbHble CTENEHU
cBO0O/IbI JIIOOBIX 0JI0KOB pazneina Joints 0003Ha4YarOTCa CUMBOJIOM P ¢ OpSIIKOBBIM
HOMEPOM TIOCJIE HEro, a BCE BpalllaTeIbHBIE CTEMEHU CBOOOJBI — aHAJIOTHYHO
CUMBOJIOM R.

brioku cBsizu Mexanuueckux 070k0B SimMechanics ¢ oObIYHBIMU S-0s10KaMU
Simulink (BUpTyaJibHBIE PETUCTPATOPHI W BO30YIWUTENTH IBIDKCHUS Sensors &
Actuators).

Jli1st Toro, 9TOOBI MOXKHO OBLIIO U3MEPUTH OTHOCUTEIBHBIC IBMXKCHHUS TN TPU

MOACINPOBAHNN MAIIWH N MCXAHU3MOB, a4 TAKIKC COO6HII/ITI) 3BCHBIM MCXAdHHM3MOB
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OTHOCHTEJIbHBIC JIBM)KCHHS, HEJOCTATOYHO OJIOKOB Te M3 pasjena Bodies n 610koB
IapHUPOB M3 paszaena Joints. DT OJOKM ONHUCHIBAIOT TOJBKO CTPYKTYPY
MEXaHW3Ma, HO HE COoOOmaT eMy HUKakux JBWkKeHHH. CieaoBaTelbHO,
HEOOXOIMMO TIOJKIIFOUYCHHE K JIaHHBIM OJIOKaM APYTHX, MOJCIUPYIOIINX KaKHe-
00 BO3JEHCTBHS U CHUMAIOIINX MOKa3aHUs.

OpnHako TOAKIIOUCHHE MEXaHMYeCKHux 0J0koB SimMechanics U3 pasjaenon
Bodies u Joints k o0OblyHBIM S-0okam Simulink BO3MOXHO TOJIBKO Yepe3
CHEIUATbHBIC CBA3YIONHE OJIOKM MEXaHUYECKUX BUPTYAIbHBIX PETHCTPATOPOB TEIN

U IIapHUPOB (Sensors) U Bo30OyaAuTeNel Ten 1 mapHupoB (Actuators).

w - b4
Bl
File Edit View Help
[P, ] »| | ground v ﬁ &
Libraries neration/Sensors & Actuators (47 P
> ["a| Simulink
» i Aerospace Blockset o Body Actuator
> i Communications System Toolbox
> i Computer Vision System Toolbox =
i Control System Toolbox Bady Sensor
» i DSP System Toolbox
> [*a| Embedded Coder .ﬂ_ Constraint &
» i Fuzzy Logic Toolbox i) Driver Senscr
> [*a| HDL Verifier .
[*4| Image Acquisition Toolbox o Driver Actustor
[*4| Instrument Control Toolbox L
1| Model Predictive Control Toolbox
> E Neural Netwaork Toolbox ' Joint Actuater
[*4| OPC Toolbox
[*4| Reak-Time Windows Target Joint Initisl
i Report Generator . Cendition
[*4| Robust Control Toolbox
» i SimEvents Joint Sensor
> ["a| SImRF
4 i Slrnscape ; Joint Stiction
» Foundation Library " P Actustor
SimDriveline
; SimElectronics Variable Mass &
> SimHydraulics . Inertia Actuator
4 Simiechanics
4 First Generation
Bodies
Constraints & Drivers
Force Elements
Interface Elements
> Joints
Utilities
» Second Generation

Puc. 1.10 brioku BUPTyaJIbHBIX PErUCTPAaTOPOB U BO30yIUTENEH

nBmkeHud Sensors & Actuators
[Tpuamab! 1151 3TOTO Cieayromue. Bxoap! (M OHM ke OTHOBPEMEHHO BBIXOJIbI)
MEXaHMUYECKUX OJIOKOB TEJl W IIAPHUPOB CIYXKAT IJIsi JABYXCTOPOHHEW Mepenauu
CUJIOBBIX B3aUMOJCHUCTBUM MEKJY 3BEHBSIMU MEXAHHU3MA, KOTOPHIE UMEIOT MECTO
[IPU IIPOCTPAHCTBEHHBIX JBUKEHUAX TBEPABIX TEJ COTJIACHO 3aKOHAM KJIACCUUYECKOU

MexaHukd. OmHako oObIyHbIE S-00KkM Simulink sgBisgroTcs 100 MCTOYHHKAMU,
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b0 mosyyaTessiMu, Ju0o mnpeoOpa3oBaTeNsiMi OAHOHANPABIEHHBIX CUTHAJOB, U
O3TOMY HE MOTYT OBITh HEMOCPEJICTBEHHO IMOJCOEIUHEHb K BXOJaM/BBIXO/JaM
MexaHudeckux OnokoB. He cimydaitHo B Oiok-cxemax SimMechanics Ha JMHHASX
COCIMHEHUSI MEXaHUYECKUX OJOKOB HET H300pa)KEHUN CTPENOK, YKa3bIBAIOIIUX
HalpaBJICHUE BO3JAEUCTBUA, a Tpaduyueckue H300PaKEHUS «BXOJIO0B/BBIXOJOBY
MEXaHUYeCKUX OJIOKOB MMEIOT BUJI HE CTPEJIOK, a KBaJIPATOB C IMArOHAIISIMH.

Kak yxe Oblto oTMeueHo panee, Onoku Turna Body u Joint, a Takxke
omnucaHHble HUXKe O0oku u3 pasnena Constraints & Drivers MOTYT ObITh CHAOKEHBI
JOTIOJTHUTEIBHBIMU MTOPTaMU JJI MOJCOCTUHEHMS K HUM OJ0KOB Actuator u Sensor.
brnaronaps 3TOMy, CTaHOBUTCS BO3MOXKHBIM HCHOJb30BATh BCE OCTAJIbHbBIE
oubmmorexkn Simulink 11 opMuUpoBaHUS CUTHAJIOB M NEPEBOJAA IMOIYYaeMOM
uHdopmaiuu oopaTHO B pabouee mpoctpancTBo Simulink.

Bce Omoku paznena Sensors & Actuators MOXKHO pa3JeiauTh HA TPU TPYMIIbI
0 TUITY OJIOKOB, K KOTOPBHIM OHU TOJIKJIFOYAIOTCSI.

I'pynna 1. bnoku uameputeneid u Bo30yaurTesnen apwkenus tei: 1.1. Body
Actuator; 1.2. Body Sensor; 1.3. Variable Mass & Inertia Actuator.

I'pynna 2. bnoku wuzmeputeneid W BO30yIUTENCH NBIKCHHS IMAPHUPHBIX
counenenmii: 2.1. Joint Actuator; 2.2. Joint Sensor; 2.3. Joint Initial Condition; 2.4.
Joint Stiction Actuator.

I'pynna 3. binoku usmepureneit 1 BO30yIuTeNe ABMKEHUST OTPaHUYUTENCH U
HecTanumoHapHbIx csizeid: 3.1. Driver Actuator; 3.2. Constraint & Driver Sensor.

PaccmoTpum noapoOHee 610k «Joint Sensor» u «Joint Initial Conditiony.

16
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X
Joint Sensor

Measures linear/angular position, velocity, acceleration, computed
forceftorque and/or reaction force/torque of a Joint primitive.
Spherical measured by quaternion. Base-follower sequence and joint
axis determine sign of forward motion. Outputs are Simulink signals.
Multiple output signals can be bundled into one signal. Connect to
Joint block to see Connected to primitive list.

Measurements
Primitive Outputs

Connected to

P R1 =
primitive:
Angle Units: | deg -
Angular velocity Units: | deg/s -
Angular acceleration Units: |deg/s~2 -
[[] Computed torque Units:  1*m

Joint Reactions
[[] Reaction torque Units:  1*m
[[] Reaction force Units: I
Reaction measured
Base hd

on:
With respect to CS: Absolute (World) -

[[] output selected parameters as one signal.

Cancel Help Apply

Puc. 1.11 Hacrpoiika napamerpoB 6110ka Joint Sensor

brok «Joint Sensor» mo3BoisieT B 0OOMIEM CiIy4ae HM3MEPHUTH CIICAYIONIUC
XapaKTEPUCTUKU OTHOCUTEIHHOTO JBM)XCHHS YacTeld MPUMUTHBA, BHIOPAHHOTO W3
BBITIAIAIOIIETO CIUCKa B BepxHeM nojie Connected to primitive (puc. 11):

- yron (Angle) — yron moBopoTa 4acTd MPUMHTHBA, COSAMHEHHOM C TEJIOM
Follower, oTHOCHTENIBHO €ro YacTH, COeIMHEHHOM ¢ TeaoM Base;

- OTHOCUTEJIbHYIO YTJI0BYIO CKOpocTh (Angular velocity);

- OTHOCHTEIIbHOE yTriioBoe yckopeHue (Angular acceleration);

- BbluucieHHbd MoMeHT (Computed torque) — TOMHBIA MOMEHT CHII,
BBI3BIBAIOIINIA OTHOCHTEIILHOE YIIIOBOE YCKOPCHHCE,

- MoMeHT peakinu (Reaction tOrque) — MOMEHT peakilii OTHOCUTEIBLHO OCH
MIPUMUTHUBA;

- peaknus (Reaction force) — cua peakuuu BA0JIb OCH IPUMHTHBA.

Jlist BBIOOpa HEOOXOAMMBIX M3MEPSIEMBIX IMAPaMETPOB CIYKUT MPOCTAHOBKA

(1a)XKOB B COOTBETCTBYIOIIUX MOJIAX. [I0CKOIBKY MPUMUTHUB, BHIOpaHHBIA B TOJIE

17
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Connected to primitive, MOXeT ObITh OJHOI'O U3 TPEX THIOB (IIOCTyMaTeabHOrO P,
BpamarenpbHoro R wimm chepudeckoro S), He Bce MepeUHCIeHHBIC XapaKTePUCTUKH
MOTYT OBITh U3MEPEHBI JJISI KOHKPETHOTO MPUMHUTHBA.

brok Joint Initial Condition 3aHuMaeT oco0oe MOJIOKEHUE CPEeIU IPYruX
0iokoB pazmena Sensors & Actuators. OH 3amaeT HadadbHOE OTHOCHUTEIHLHOE
MOJIOKEHUE W HAdaJbHYI0 OTHOCUTEIIBHYIO CKOPOCTh JABYX YacCTEeH AJIEMEHTapHBIX
npuMuTUBOB R-Tuma (Revolute) mnu P-tuma (Prismatic) kakoro-nn6o miapHupa.
[Tpu momomm oxHoro 6soka Joint Initial Condition MoryT OBITh 3a/1aHBI HAYAJIEHBIC
YCIIOBHS TIOJIOKEHUSI M CKOPOCTH JIJIsL BCEX MPUMHUTHBOB IIAPHUPA, K KOTOPOMY OH
MOAKJIIOYEH, JTMOO TOJIBKO JJIS YacTH MPUMHUTHBOB IapHUpa. BRIOOp MpUMHUTHBOB
OCYILIECTBIISIETCS TPOCTAHOBKOM (pIakkOoB B moJiax KkoysioHku Enable okHa
HacTpoku 0sioka. To ecTh HayanbHBIE YCIOBHS 33/Ial0TCS IO OTJEIBHBIM CTETICHIM
cBOOO/ABI IMapHHupa. HawanpbHOe MOJOXKEHUWE — B MOJSIX KOJOHKU Position,
HayaibHasi CKOPOCTh — B MOJsIX KojoHkU Velocity. Cepuueckrie NpuMUTHUBBL S-
THUIA HE MOTYT OBbITh HMHHUIIMAIM3UPOBaHBI MpH oMoy Oyoka «Joint Initial

Conditiony.

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
vl R1 30 deg ~ 0 deg/s -

Cancel Help Apply

Puc. 1.12 Hacrpoiika mapamerpoB 6ioka «Joint Initial Conditiony

18
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1.2 TIOPAAOK BBIIIOJIHEHMA PABOTHI
B nannHoii paGoTe OyaeT paccMOTPEHO HECKOJBKO MOJIeJiel MasTHHKOB, a
MMEHHO:
e OaHO3BEHHBIN PU3MUECKHUIN MasTHUK ¢ AeMIbepoM;

e JIByX3BEHHBIN (PU3MICCKUN MASTHUK.

Hauném ¢ omHO3BeHHOTO (PU3MUECKOr0 MasTHHKa ¢ JaemmdepoM, OJIOK-cxema

UMUTAIIMOHHOM MOJIeJId KOTOPOTO TpecTaBiieHa Ha puc. 1.13.

o O -
Machine | CS1$
Environment ~ Ground1 .

Joint Initial Condition
o %f’ av

A 4

]

aa > Scope1

Joint Actuator

Revolute

Joint Sensor

-U_DD'*IIQ

Gain

Puc. 1.13. Moaens 01HO3BEHHOTO MasiTHUKA ¢ JieMIiepom

Crolika B MOJIETH TIpejcTaBisieTcss B Buae Onoka «Groundy». BpamarenbHas
mapa CToiKa-cTep)KeHb mnpenactaBieHa Ojokom «Revolutey. Cam ke crepikeHb
3anaéres Oioxkom «Bodyw. /s 3amaHus HaYadbHBIX YCIOBUH UCIOJIB3YETCS OJIOK
«Joint Initial Conditiony. Iyig moiaydeHus: aHUMaIMK KCTob3yeTcs 0ok «Machine
Environmenty. C momoripio 0s0ka «Joint Sensor» OyayT MOJdy4deHbI JdaHHBIE 00
yTJie TOBOPOTA, YIIIOBOM CKOPOCTH M YTIIOBOM yckopeHuH. OHU OyayT moaaBaThCs
Ha Onok «MuUX», a ¢ Hero curHaibl OyAyT nmoctynath Ha ociuuiorpad. Hactpoiiku

Bcex OJIOKOB TpecTaBieHsl Ha puc. 1.14 — 1.23.
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Ground

Grounds one side of a Joint to a fixed location in the World
coordinate system.

Parameters

Lacation [x,y,z]: |[£] 0 0]|

Show Machine Environment port

oK || Cancel || Help

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

9w w [ o [dws <)

| 0K || Cancel || Help | Apply

Puc. 1.15 Hacrpoiiku 6oka «Joint Initial Condition»

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: GND@Groundl
Current follower: CS1@Body
B

Number of sensor / actuator ports: =l
Parameters

Axes | Advanced

HName Primitive Axis of Action [x y z] Reference CS

RL revolute o1

| OK | ‘ Cancel ‘ | Help | Apply

Puc. 1.16 Hacrpoiiku 61oka «Revolutey
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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: 0.2 kg hd
Inertia: ([0 00;000;000.00392] kg*m~2 -
Fosition | Orientation | Visualization
Show Port Name Origin Position Units Translated from Components in
Port Side Vector [xy z] Origin of Axes of
Left  v|cc  [0-0.140] m = |world ~ | world - =
Left v | (CS1 [o00] m ~ | World * World -
Right ~|cs2  [000] m ~|c6 v |G -
Cancel Help Apply

Puc. 1.17. Hacrpoiiku 6ioka Body

CS1 u CS2 — xoopanHaThl KpallHUX MOJIOKEHUM 3BEHA.

X
Joint Sensor -~
Measures linear/angular position, velocity, acceleration, computed
force/torque and/or reaction force/torque of a Joint primitive.
Spherical measured by quaternion. Base-follower sequence and
joint axis determine sign of forward motion. Outputs are Simulink
signals. Multiple output signals can be bundled into one signal.
Connect to Joint block to see Connected to primitive list.
Measurements
Primitive Qutput:

anngcted to R1 -
primitive:
Angle Units: | deg b
Angular velocity Units: | rad/s b
Angular acceleration Units: |rad/s~2 hd
["] Computed torque Units:  N¥m -
Joint Reaction:

["] Reaction torque Units:  N¥m -
["] Reaction force Units: N -
Reaction measured

Base -
on:
With respect to CS: | Absolute (World) -
[7] Output selected parameters as one signal.

v
Cancel Help Apply

Puc. 1.18 Hacrpotiku 6510ka «Joint Sensory

21

B oxne Mass 3amaércsi macca o0bekTa, a B okHe Inertia 3amaércs TeH30p
WHEpUMUM MasTHUKA. T.K. B JIaHHOM CIlly4a€ pacCMaTpUBAETCS OJIHO3BEHHBIN
MEXaHU3M, TO TaJo4yKa JOJDKHA CTOSTh Tojibko y moptra CS1. B oknax Origin

Position Vector 3amaroTcst koopauHatel 3BeHbeB. CG — KOOPAMHATHI IIEHTPa Macc.
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Jlns monydeHus: rpaKoB HE TOJBKO yIjla, HO W YIJIOBOW CKOPOCTH M
YIJIOBOTO YCKOPEHHUS HY)KHO TIOCTaBUTh rajouku Bo3ie Angular velocity u Angular

acceleration.

*
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

anjepted to R1 -
primitive:

Actuate with: Generalized Forces A
Applied torgue units: N*m -

Cancel Help Apply

Puc. 1.19 Hacrpoiiku Goka Joint Actuator
x

Mux
Multiplex scalar or vector signals.
Parameters

Number of inputs:

El

Display option: | bar -

J. Cancel Help Apply

Puc. 1.20 Hactpoiiku 6110xka Mux
4

Gain

Element-wise gain (y = K.*u) or matrix gain (y = K*¥u or y = u™K).
Main Signal Attributes | Parameter Attributes
Gain:

-0.003

Multiplication: | Element-wise(K.*u) -

Sample time (-1 for inherited):

-1

5)- Cancel Help Apply

Puc. 1.21 Hactpoiiku 61oxa Mux
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:

Description Select: SimMechanics First Generation (1G) configuration parameters:
. . . . . . Solver Diagnostics
Defines the mechanical simulation environment for the machine to which Data Import/Export
the block is connected: gravity, dimensionality, analysis mode, constraint » Optimization [¥] warn if machine contains redundant constraints
solver type, tolerances, linearization, and visualization. » Diagnostics W P s e e
Hardvware Implementation
Parameters Constraints =T Visualization Model Referencing [ mark automatically cut joints
b Simulation Target
» Code Generation Visualization
) . ) o )
Analysis mode: T',rpe of solu.t|o.n for r.nac.hme s motion. o » HOL Code Generation
Tolerances: Maximum permissible misalignment of machine's joints. Simscape ] Display machines after updating diagram
SimMechanics 16
i Show animation during simulation
Gravity vector: [0 -9.81 0] m/s~2 v > SimMechanics 26 :

] Show only port coordinate systems
[[] Input gravity as signal
Default body color (RGB): |[100]

Machine dimensionality: aulogeiecy e Default body geometries: | Convex hull from body CS locations v
Analysis mode: Forward dynamics -
Linear assembly tolerance: | 1e-3 m -
Angular assembly tolerance: |1le-3 rad -

Configuration Parameters...

Cancel Help Apply

Puc. 1.22 Hacrtpoiiku 6ioka Machine Environment
Ha puc.1.23 npencraBiens! rpad@uKyu 3aBUCUMOCTEH yriia MOBOPOTa, YTIIOBOM
CKOPOCTH U YTJIOBOTO YCKOPEHHS MasTHHKA OT BpeMEHH, a Ha puc.1.24 — ¢hparmeHT

AHUMAal ABMXXCHUSA MasATHHUKA.

AN ~
Yavi SVAYS S S _
X _'.'\*‘\ % .:.\=\;j:-/i,:x-\:;7-‘ ?"\i;’f- AT OO

v

Puc. 1.23.T'paduku 3aBUCHMOCTEH yTiia IIOBOPOTA, YTIOBOH CKOPOCTH U YTIIOBOTO YCKOPEHHS

MasATHHKa OT BpEMCHU
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Puc. 1.24 ®parMeHT aHUMAaIUKA MasiTHUKA

1.3 MOAEJIMPOBAHUE IBYX3BEHHOI'O MASITHUKA

brok-cxema Momenu npencraBieHa Ha pucyHkel.25.

Env é

M_achine Ground “:Tm
Environment

IC Joint Initial Condition

g

b ’
Body & Joint Sensﬂ Scope
o
]
O

\—’E

Joint Sensor1 Scopef

Revolute 1 T [Joint initial Condition

m'
?
Body1 é

Puc.1.25 Monens IByX3BEHHOTO MasTHHKA
JI71st moCcTpoeHUs CXeMbl HEOOXOAMMO U3 MpeAbIAYyIIed cXxemMbl yOpaTh OJIOKU

«Joint Actuator», «Gain» u «Mux» u m100aBuTh O OonHOMY OiOKy «Revolutey,
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«Body» u «Joint Sensor». Ha puc.1.26-1.35 npeacraBieHbl OKHa HACTPOEK OJIOKOB,

MpUMeEp MOJTyYaeMbIX Ipa@UKOB U (parMeHT aHUMAIUU ABYX3BEHHOTO MasTHUKA.

x
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
45 deg <~ 0 deq/s v

Cancel Help Apply

Puc. 1.26 Okno HacTpoiiku 6soka «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
vl R1 45 deg ~ |0 deqa/s ~

Cancel Help Apply

Puc. 1.27 Okno Hactpoiiku 61oka “Joint Initial Condition»
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3
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 -

Inertia:  [1/12 0 0;0 1/12 0;0 0 0] kg*m~2 -

Fosition Orientation Visualization

Show Port Name Origin Position Units Translat_e:i from Components in
Port Side Vector [x y 7] Origin of Axes of
j Top v 6  [0-0.50] m > world ~ | world v 2
] Top v st [000] m ~ | World ~ | World -
] Bottom ¥ €S2 [0-10] m - | world ~ World -

Cancel Help Apply

Puc. 1.28 OkHo HacTpoiiku 610ka «Body»
x

Joint Sensor ~
Measures linear/angular position, velocity, acceleration, computed
forceftorque and/or reaction force/torque of a Joint primitive.
Spherical measured by quaternion. Base-follower sequence and

joint axis determine sign of forward motion. Outputs are Simulink
signals. Multiple output signals can be bundled into one signal.
Connect to Joint block to see Connected to primitive list.

Measurements

Primitive Outputs

Connected to

P R1 4
primitive:
Angle Units: | deg -
Angular velocity Units: | deg/s -
[[] Angular acceleration Units:  deg/s~2 -
[[] computed torque Units:  H*m 4

Joint Reactions
[[] Reaction torque Units:  H*m 4
[[] Reaction force Units: N v
Reaction measured
Base =

on:
With respect to CS: | Absolute (World) -

[[] Output selected parameters as one signal.

Cancel Help Apply

Puc. 1.29 Okno HacTpoiiku 6;1oka «Joint Sensor/Joint Sensorly
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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: Cs2@Body
Current follower: CS1@Bodyl

Number of sensor / actuator ports:
-

Parameters

Axes | Advanced

Name Primitive Axis of Action [x y z] Reference C5
R1 revolute [Do1] ‘World -

Cancel Help Apply

Puc. 1.30 Okno Hactpoiiku 610ka «Revolute/Revolutely

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 dialeg 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 -
Inertia: [1/12 0 0;0 1/12 0;0 0 0] kg*m~2 -
Position Orientation Visualization
Show Port Name Origin Position Units Translated from Components in
Port Side Vector [x y z] Origin of Axes of
a Top  +|CG  [0-1.50] m | World ~ | world - =
“ Top ~cs1 [0-10] m - | World - | World -
| Bottom ~ | CS2  [0-20] m - | World ~ | World -
Cancel Help Apply

Puc. 1.31 Okno HacTpoiiku 60ka «Bodyly

Gen eral| Histnryl Stylel
es

A
Number of axes: 2 ["] Floating Scope
Time range: auto [] Legends

Tick labels: | bottom axis anty

Sampling

Decimation | |1

OK Cancel Help Apphy

Puc. 1.32 Hacrpoiiku Gi1oka «Scope/Scopely
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Hactpoiiku 6mokoB «Machine Environmenty» u «Ground» w#IeHTHYHBI
HACTpoWKaM NP OJHO3BEHHOM MasiTHUKE M MOKa3aHbl Ha puc.1.14 u 1.22.

Ha pwuc.1.33-1.34 mpencraBiensl rpaduky 3aBUCUMOCTEH yIJia MOBOPOTA U
VTJIOBOM CKOPOCTH 3BEHBEB JIBYX3BEHHOTO MasiTHUKA OT BpeMeHH, a Ha puc.l.35 —

Cl)pal“MeHT dHUMAall ABUXXCHUA MasATHHUKA.

\ /e N o ‘\ ]
N R W R A o/ \

\\ -\ / \ // A / 4
\ / \ / \ / Vo A/ ]
\ / N \ / N/ i
~_/ . \\/ / N ]

AT /r\ /\ a \

A [\ -t /
. A M _— / / f N A
A /\\// \ /\ r /\ } \‘J \ N 4 j \\/ \ \ A /\ / \\ a
AV ATAW L A TAR AV T AV R
V] \/\f \/ /\/k |
i \ L/

[ I I I n | | I ! |

~ / A
’/...\.../\ : / \ i N e /\ I

f i

Puc. 1.34 Yron noBopoTa U CKOPOCTh BTOPOT'O 3B€HA MasiTHUKA
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4H—

Puc. 1.35 ®parmMeHT aHUMalUK MasiTHUKA

1.4 BAPUAHTBI NICXOIHBIX TAHHBIX

O0HO36eHHbIL MASAMHUK C conpomueienHuem

Koadduument
No Hauanpenslii yrou COIIPOTUBIICHUS
BapnanTa OTKJIOHEHMS, nemndepa,
rpagychl Hrc
pag
1 30 0,001
2 35 0,0012
3 40 0,0017
4 45 0,0023
5 50 0,0028
6 55 0,0031
7 60 0,0034
8 65 0,0036
9 70 0,004
10 75 0,0042
11 31 0,0045
12 36 0,0049
13 41 0,0053
14 46 0,0058
15 51 0,006
16 56 0,0064
17 61 0,0068
18 66 0,0075
19 71 0,0081
20 76 0,0086
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/Jleyx36ennviil MasmHuk

HauanbHblii yroa Hauanpenslii yroiu
Ne OTKJIOHEHHUS OTKJIOHEHHUS
BAapUaAHTa IIEPBOTO 3BEHA, BTOPOTO 3BEHA,
rpajyChl rpaJlyChl
1 30 75
2 35 70
3 40 65
4 45 -60
S) 50 95
6 55 50
7 60 -45
8 65 40
9 70 35
10 75 30
11 31 -76
12 36 71
13 41 -66
14 46 61
15 51 56
16 56 -51
17 61 46
18 66 41
19 71 -36
20 76 31

1.5 COJEPYKAHUE OTUYETA

B otuére 0 mpoaenanHol paboTe MOJDKHO COAEPKATHCSA CIEAYIOIIast

uHpopmarus.
o Ha3Banue nabopaTtopHoii paboThI U €€ 11eTb.
o Pacuetnas cxema 00BEKTa MOJACIUPOBAHUS — OJHO3BEHHOTO WIU

ABYX3BCHHOI'O MasATHHUKOB,
L I/IMI/ITaI_[I/IOHHaH MOJCJIb MCXaHHU3MOB, CXCMbI KOTOPBIX HPEACTABICHLI

Ha puc. 1.1 u 1.2,

o Nurtepdericbl 6J10KOB, UCIIOJIBb3YEMbIX B MOJIETIH;

o ['paduixu aBMAKEHUST 0OBEKTOB MOJEIUPOBAHNUS;

o @parMeHThl aHUMAIUU JIBUKEHUS UCCIIETyeMbIX 00bEKTOB;

o [IpoBepka anekBaTHOCTU pa3pabOTaHHOW MOJEIM IyTeM aHaiau3a

IMOJIy9aCMbIX pC3YyJIbTATOB, BBIBO/IBI 110 pa60Te;
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o CnHcoK UCTIOIb30BAHHOM JIUTEPATYPHI.

1.6 KOHTPOJIBHBIE BOITPOCHI
1. KaxkoB cocras oubanoreku nakera SimMechanics.

2. KaxoBBI 0cOOEHHOCTH HMMHUTAIMOHHOI'O MOJCJINPOBAHNA MCXaHN3MOB B

SimMechanics/MATLAB.

3. Yro Takoe T1OOaNbHBIE W  JIOKAJIbHBIE CHUCTEMBl KOOPJIWMHAT
MEXaHHU3MOB?

4. 3a/laHne 3aKOHOB JIB)KCHHS 3BEHBSIM MEXAHU3MOB U UX UCCIIEOBaHUE.

5. Kak npoBeputh aneKBAaTHOCTH IMOCTPOCHHOM MOJEIA Ha NPUMEPE

(bU3UIECKUX MasSTHUKOB?

CIIMCOK UCITOJIb30OBAHHOM JIUTEPATYPHI

1. MATLAB 6/6.1/6.5 + Simulink 4/5 B MaTemaTHKe ¥ MOJCITUPOBAHHH /
HesikonoB B.I1. [TonHoe pykoBoacTBo nonb3oBatens - M.: COJIOH-IIpecc. — 2003.
— 576 c.

2.  MopaenupoBaHue U BU3yalu3amusl ABMKCHUN MEXaHMYECKUX CHCTEM B
MATLAB: Yueonoe nocobue / B.C.Illep6akos, M. C. KopsiToB, A.A. Pynmnens u
ap.— Omck: Cu6AJIU, 2007. — 84c.

3. MonenupoBanue MmexaTpoHHbIX cucteM B cpene MATLAB (Simulink /
SimMechanics): yaeOHOe mocoOue Jiisi BBICHIMX yueOHbIX 3aBeaeHuit / MycamumoB
B.M.,, I'.b. 3amopyes, U.U. Kananeimuna u gap. — CI16: HUY UTMO, 2013. — 114
c.

4, MonenupoBanue nporieccoB u cucteM B MATLAB. Yuebnsiii kypc /
Jlazapes FO.II. - CII6.: ITutep, 2005, 511 c.
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2. JlabopaTtopHast paGoTa Ne2
MO/JEJIMPOBAHUE ITPOLUECCA YPABHOBEIIIMBAHMA OBPAIIIEHHOI'O

MAATHHUKA B BEPTUKAJIbHOM IIOJIOXKEHNU 3A CHET
YIIPABJIIEMOI'O ABWKEHHMA ITOJI3YHA

Ieab pa6oThi: O3HAKOMUTHCS ¢ BO3MOKHOCTIMHE TakeTa SimMechanics s
KOMITBIOTEPHOTO MOJICITMPOBAHUS TIPOIECCa YpPaBHOBCIIMBAHUS OOpAIICHHOTO
MasTHUKA B BEPTHKAIHHOM ITOJIOKCHHH 3a CUYET YIPABISIEMOTO JIBHKEHHS TOJI3YHA.
OcCBOUTHP OCHOBHBIC TIPHHIIMIIBI CO3JaHUS HMMUTAIMOHHBIX MaTeMaTHYCCKUX
MoJiesiel TOO0OHBIX MEXaTPOHHBIX CUCTEM.

2.1 BAJJAHUE HA TABOPATOPHVYIO PABOTY

Ha puc.2.1 mnpencraBicHa pacyeTHas cXema HCCIACAYEeMOIro OOBCKTa —
TOPU30HTAJILHBIA TOJBIKHBIA KOPIyC (MOJIBYH) C MPUKPECIUICHHBIM K HEMY
oOpalicHHBIM MasSTHUKOM. 3ajadva 3aKJIIouacTCs B CTAaOMIM3allid BEPTHKAIBHOTO
IOJIOKCHHUS OOpaméHHOro MasTHUKA, YCTAaHOBJICHHOIO Ha Ioi3yHe. Iloctponm
CXeMy MeXaHHM3Ma, 3aJavyeld KOTOporo OynaeT 3a CYéT IMepeMelleHHs I0JI3yHa
yJIep>KUBATh MAsTHUK B BEPTUKAIIBHOM ITOJIOKCHHUH.

HcxonHble TaHHEIE:

Macca MasgTHuka m= 0.2 xr;

mmHa MastHuka | = 0.02 M

HavyaJbHbIN Yo OTKJIOHEHUS MasiTHUKA OT MOJIOKEHUSI paBHOBECHS (Po=175".
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z |

Puc.2.1 Cxema uccnenyemMoro Mmexanusma: 1-1moiyizyH, 2-HeBECOMBIN CTEpP)KEHb, 3-TPYy3

NmeeTcsi HeBecoMblil cTepxkeHb (2) ¢ rpy3oM (3), KOTOPBIM KpenmuTcs u
BpaIlaeTcsi BOKPYT TOPU3OHTAIBHONW OCH, MPOXOJSIIEH 4Yepe3 CepelnHy BepxHel
rpanu noa3yHa (1), KOTOpbIif MOXET COBEPIATh MOCTYIATEIBHOE ABHKEHUE BIOJIb
ocu X. M3BecTHBI HaYaIBHBIN YTOJI MTOJIOKEHUSI MAsITHIKA, Macca rpy3a MasTHUKA U
JUTMHA MasiTHUKA.

2.2 TIOPAOOK BBITTOJIHEHW S PABOThI

1.  Cosnaiite HOBYIO Simulink-momes.

2. Jlns  3agaHMs  CTOMKHM HCHojib3yeMm Onok  «Groundy», KoTopbrit
HaxoauTcss B pasnene Bodies makera SimMechanics. B mapamerpax 610ka
ykasbiBatoTcs koopauHatel [0 0 0], koTopble OyayT COOTBETCTBOBATH KOOPIMHATAM
HayaJjia OT4eTa.

3. Jlanee mnpucoemmusiem k Onoky «Ground» 0ok «Joint Initial

Conditiony. B mapamerpax 0110ka ykakute mo3utuo Position = 0 m (puc. 2.2).
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_braries imMechanics/First Generation/Sensors & Actuators |47k
*#3| Instrument Contral Toolbox ~ Block Parameters: Joint Initial Condition
*2| Model Predictive Control Toolbox Body Actuator . . -
Joint Initial Condition
> [Py| Neural Network Toolbox
*i| OPC Toolbox Sets the initial linear/angular position and velocity of some ar
*| Real-Time Windows Target Body Sensor all of the primitives in a Joint. Connect to a Joint to see a list of
*2| Report Generator its primitives.
4| Robust Control Toolbox d .3_-‘ |  Constraint& i
- 7| simEvents ':l Driver Sensor Actuation
 |Py| SImAF A - ;
4 [Py simscape N Driver Actustor Enable Primitive Position Units
i@ A

Foundation Library
> SimDriveling
> SimElectronics
> SimHydraulics
4 SimMechanics
4 First Generation
Bodies
Constraints & Drivers

o)
. a )
Force Elements .. doint Senser \
Interface Elements < > 6
 Joints Joint Stiction

Joint Actustor

Joint Initial
Candition

Actustor a
Utiities.
Varisble Mass & Cancel Help Apply

> Second Generation
Inertia Actuator

> SimPowerSystems

Puc.2.2 baok «Joint Initial Condition»: a)-pacmonoxenue B 6ubaHoTEKE, 0)-IIapaMeTPh
HAaCTPOMKHU

4, Tak Kak KOpIyc MOXKET COBEPIIATh TOJbKO MOCTYyNaTEIbHOE BHKCHUE
0 OCH X, TO BO3bMEM B KauecTBe OJioka compsbkeHus Oyok «Prismaticy. B
napameTpax 0joka HeoOxoaumo ykazath [1 0 0], uto Oynet o3HayaTh BO3MOYKHOCTD
JIBYDKEHUS TI0 OCH X.

5. K omHoMy u3 BXOZOB JaHHOrO OJIOKa MOAKIIOYalWTe OJOK «Joint
Sensory», KOTOpBI TMO3BOJIIET HW3MEPHUTHh XaPAKTEPUCTHUKHA OTHOCHUTEIHHOTO
JBYDKEHUS dYacTell mnpuMuTuBa. B 1maHHOM ciydae BbIOMpaeM NPUMHTHB-
«IoCTyNaTeIbHbIN P» 1 BEIOMpaeM ciieayromye napaMmeTpbl uamepenus (puc.2.4):

-no3unuio (Position) — mepemMenieHue 4acTd MPUMHUTUBA, COECIUHEHHON C
tennoM Follower, oTHOCHTENILHO €r0 YacTH, COEAUHEHHOU ¢ TeaoM Base;

-ckopocTh (Velocity) — oTHOCUTENIbHAS CKOPOCTh;

-yckopenue (Acceleration) — OTHOCHTENIbEHOE YCKOPEHUE;

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

34



35

Measurements

Primitive Outputs
Cmededte -
Position Units:  'm ©
Velocity Units: | m/s -
Acceleration Units: | m/s~2 -
[[] Computed force Units: N

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

Cancel Help Apply

Puc.2.3 Hacrpoiiku 610ka «Joint Sensor»

6. MoaenupoBanue kopryca (MoJi3yHa) JaHHOTO MEXaHHW3Ma Pean3yeTcs
npu oMoty 0y1oka «Body» (puc.2.4), KOTOpeId MpeIcTaBIseT COO0H TBEPIOE TEIIO
(oTmenpHOE 3BEHO MEXaHHW3Ma, [IBIDKEHUS KOTOPOTO  MOJIEIHPYIOTCS) C
OTpe/elICHHbIMU TOJb30BaTeNIeM MapaMerpaMu. JlaHHBI OJOK HAxXOJIUTCA B
pazaene Bodies makera SimMechanics.

B kauecTBe 3a71aBaeMbIX [MapaMeTPOB BHICTYNAIOT:

- macca Tena (Mass), KOoTOopas MOXET OBbITh BbIpaX€Ha B Pa3IUUYHBIX
SAMHMIIAX;

- TEH30p WHEPLUMH Tella OTHOCUTENbHO ero IieHTpa Macc (Inertia),

MPEeJCTaBISIONIMNA cO00M MaTpuIly pazMmepom 3x3:

rae Jix, Jiy, Jiz, — oOceBble MOMEHTHI HWHEPIMU TeJla OTHOCUTEIHLHO OCel
COOCTBEHHOM JIOKAJIbHOW CUCTEMBI KOOPIUHAT, CBI3aHHOMU C €r0 IIEHTPOM Macc.

Jnst toro, 4toObl 100aBUTH WM yOpaTh H300pa)kKeHHWE BXO0J1a/BBIXOJA
ONpe/e/ICHHOW TOYKM Ha NHUKTOrpamMme Osoka «Body» B okHe Mojeinw,
HCIIOJIb3YETCsl YCTAaHOBKA MIIM cOpoc (praxka B KosioHKe Show port.

B kononke Translated from origin of yka3piBaeTcsi UMsi CUCTEMBI KOOPIUHAT,
OT Hayaja KOTOPOM OTCUMTBIBAIOTCA KOOPAMHATHI TEKYLIEW XapaKTEPHOW TOYKH.
Kak MuHHMYyM ojHa XapakTepHas TOYKa JOJDKHA OBbITh 3aJaHa B CHCTEME
koopauHaT WORLD nu6o B cucreme koopauHat ADJOINING. Dto Heobxoaumo,

yTOOBI CBSI3aTh JaHHOE TCJIO C COCCAHHMMMH HCIOABIKHBIMHW HWJINW I10JBHXXHBIMU
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tenamu.  Cucrema koopauHaT WORLD — 3T0 umHepuuanbHas HENOJABUXKHAS
cucteMa, cBsizaHHas ¢ 3emsieid, a cucrema koopaumHat ADJOINING cBszana ¢

IapHUPOM.

»

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]

Position | Orientation | Visualization |

Show Port Hame 0Origin Position Units Translated from Components in 4
Port Side Vector [x y z] Origin of Axes of

9] G [000] (m  ~]|world ~ | world -]

I Left  w|cst  [0.100] [m  ~|world ~ | world -]

& €52 [0.100] im  ~|world ~ | world -]

Puc. 2.4 Hacrpoiika mapamerpoB 610ka «Body»

7. Tak Kak CTEp:KEHb MOXET COBEpIIaTh TOJIBKO BpallleHHWE BOKPYT OCH
OZ, To BO3pbMEM B KadecTBe OJIoka compsbkeHus 0ok «Revolute» (puc. 12.5). B
napameTpax 610ka HeoOxoaumMo ykazath [0 0 1], yTo OyaeT o3HAYaTh BOZMOXKHOCTD

BpaleHus BOKpyr ocu OZ.

x

Jbraries hanics/First Generation/Joints Found: ‘Revolute’ Revolute
> DSP System Toolbox ¢l Represents one rotational degree of freedom. The follower (F)
y Embedded Coder Body rotates relative to the base (B) Body about a single rotational
. Fuzzy Logic Tooloox axis going through collocated Body coordinate system origins.

3 Sensor and actuator ports can be added. Base-follower sequence
4 HDL Verifier and axis direction determine sign of forward motion by the right-
Image Acquisition Toolbox

hand rule.
Instrument Control Toolbox

>

| Simscape

Revolute - Rota-
tional Interface

Disassembled

Revolute q

Model Predictive Control Toolbox Evaluis Connection parameters

4 22“;?[' N;}twurk Toolbox Revolute Current base: CG@Body
oolbox Revolute

Realk-Time Windows Target Current follower: CS1@Bodyl

Report Generator Revolute- -

Robust Control Toolbox Spherical Number of sensor / actuator ports: =
> SimEvents

SimRP ez Parameters

*1| Simscape

» Foundation Library

> [Pa| SimDriveline

3 SimElectronics Name Primitive Axis of Action [x y 2]

3 SimHydraulics R1 revalute [001]

4 SimMechanics

4 First Generation

Bodies
Constraints & Drivers v
Force Elements < >

Interface Elements
> Cancel Help Apply

N, s

Puc.2.5 baok Joint kevulute: a)-pacronoskenue B 6HOIHOTEKE,

Axes | Advanced
Reveolute Joint

0)-nmapaMeTpbl HACTPOUKHU
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8. Ha Bxoxn Onoka «Revolute» mnoaknrouaercs 0ok  «Joint Initial

Condition», rae yka3piBaeM HavaabHbINA yroy ¢ =175°.

Joint Initial Condition

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

Actuation

Enable Primitive Position

Cancel Help

Puc. 2.6 Hacrpoiiku 61oka «Joint Initial Condition»

Q. K oOnoky «Revolute» mnoxakmouaercs Onok «Bodyly, koTopblit
MOJIETTUPYET CTEepKEeHb C Tpy3oM. [lockombKy cujaa WHEPUUH 3a1aeTcs
OTHOCHUTEJILHO IIeHTpa macc Tena, B Oioke Bodyl nemaercst cooTBeTCTBYROIIas

puc.2.7 3anuch TeH30pa UHEPIIHH.

»

Body i

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: 5| kg -

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

Position | Orientation | Visualization |
Show Port Origin Position . Translated from Components in N
Port Side SIE Vector [x y z] =B 0Origin of Axes of
T left ~v|cc  [0-10] [m  ~|world - | wiorld v
El left  v|cs1 [000] [m  ~|world - | world v
W cs2  [0-10] m | world ~ | world - |
[ oK ] l Cancel ] [ Help ] Apply

Puc. 2.7 Hacrpoiika napameTtpos 6yoka «Body1»

10. K Beixogy Omoka «Revolute» moakmiouaercst Omok «Joint Sensorly
(puc.2.8).
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[TapameTpsl 111 U3MEpPEHUs, CIIEAYIOITHUE:

- yroix (Angle) — yron moBopoTa 4acTv IPUMHUTHBA, COSTUHEHHON C TEIIOM
Follower, oTHOCUTEJIFHO €ro YacTH, COeTMHEHHOM ¢ TeaoM Base;

- OTHOCHUTEJIbHYIO YTJIOBYIO CKOpocTh (Angular velocity);

- OTHOCHTEIIbHOE yTiIoBoe yckopeHue (Angular acceleration);

[Tommmo 3TOTO, BCTaBiIsIeM rajiouky Ha diaxkok «Output selected parameters

as onc signal» JJIA TOTO, YTOOBI MOKHO OBLIO HU3MCPUTD BCC 3 mapamMcTpa B OTHOM

X
L A
Primitive Outputs
Connected to a .
primitive:
Angle Units: | rad -
[ | Angular velocity Units: | rad/s =
Angular acceleration Units:  rad/s™2 -
] computed torque Units:  N*m
Joint Reactions
["] Reaction torgue Units: N*m
[ Reaction force Units: I
Reaction measured
Base ~
on:
With respect to CS: | Absolute (World) -
Output selected parameters as one signal. v
Cancel Help Apply

Puc. 2.8 Hacrpoiiku 610ka «Joint Sensor1»

11. UYepes asnemeHT «Demux» pa3zbuBaeM H3MEpPEHHBIC MapaMeTpbl Ha 3
yactu. Kpome 010koB «Scope» ermie npucyrctByeT 0ok «Continuous Angle» (puc.
2.9, B), KOTOPBII TO3BOJISIET MOJMYYUTh MPABUIIBHOE 3HAYEHUE OTHOCUTEIHHOTO YIJIa

MOBOPOTA.
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Jbraries. st Generation/Utilities Found: ‘Continuous angle’
6 Instrument Control Toolbox - |Simscape q
) Model Predictive Control Toolbox
a I Neural Network Toolbox [ v CONHINURLE
Continuous Angle (mask) (link A Pa| OPC Toolbex - Angle
g
Real-Time Windows Target
Outputs a continuous, unbounded angle given a Report Generator
discontinuous, bounded angle and the angular , [ Rabust Control oo
velocity. Choose units for the angle and the angular > (B simeF
velocity (rate). 4 (] Simscape
> Foundation Library
> [Pa] simbriveine
Parameters > P3| SimElectronics
b SimHydraulics
By 4 Simiechanics
Angle measured in: 'rad v < et Generation
Bodies
S Constraints & Drivers.
Rate measured in: rad/s Xl | ' Force Elements
Interface Elements.
] R b Holnds.”
[ OK | = Cancel Help Apply Sensors & Actustors
- Utities
Angle
B) Continuous Angle |— ‘:]
Rate
Scope3

Continuous Angle

(.

%

Joint Sensor1

[

Scopet

Puc. 2.9 M3mepenue napameTpoB: a)-pacroiioxkenue B oubimoreke, 0)-Hactporiku Continuous

Angle, B)-cxema MoAKIIOYEHUS

12. 3navyeHue W3MEpPEHHOTO Yyrja CpaBHHUBaeM C 3HadeHuem @=180°,
omubOka momaercss B PID-perymstop (puc.2.10), oTKyJa CHrHaj IMOCTyHaeT B
KauyecTBE YCKOPEHHs, CKOPOCTH W TIEpEMEIICHHs TOJI3yHa, 3a CYET JBIKEHUS

KOTOPOTO U yAEPKUBACTCS OOpaIiCHHBIN MasSTHUK B BEPTUKAJIIBHOM COCTOSTHUH.

FID(2) Controller (mask) (link)

Enter Proportional(F), Integral(I), and Derivative(D) and divisor (M)}
terms.
P+l/s+Ds/(1/Ns+1)

FParameters
Proportional:
300
Integral:
10
Derivative:
70
Derivative divisor(N):

[100]

Cancel Help Apply

Puc.2.10 Hacrpotika 6;1oka PID-perynstop
13.  YroOsI 3amath IBWKEHUE, ABA pa3a uHTErpupyercs curnai ¢ PID-
perymnsTopa. Jlanee curHaibl OOBEAUHSIOTCS B OJJUH C TIOMOIIBI0 610ka MUX 1
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nonarorcs Ha «Joint Actuatory. Curnan ot «Joint Actuator» nogaercs Ha

«Prismatic» (puc.2.11).

K%

Joint Actuator

Inte-grator

FD Controller
{with Approdimate
Derivative)

FID |———m«—

Puc. 2.11 bnok-cxema 3aanusi IBUKEHUS MOI3YHA

Koadbdummentst nactpoiiku [TUI-perynsaropa npeacraBieHsl Ha puc. 2.12.

Controller parameters

Source: internal =

Proportional (P): |300 |

Integral (I): |50 |

Derivative (D): 1100 |

Puc. 2.12 Koaddumuentsr [IU/]-perynaropa
Jlo6aBuM B Mojelnb Bsizkoe Tpenue (puc. 2.13). K curnany Reaction force na
ocu Y npucoeaunsiercs 6ok Gain. Jlanee npucoenunsercs 010k «Joint Actuatorly,

BBIXOJT KOTOPOTO MPHUCOEAUHSICTCS KO BXOAy O1oka «Prismaticy.

L\'@Q

Joint Actuator1 Gain

Puc.2.13 MonenupoBaH#e BSI3KOTO TPEHUS

HmutanmoHHas MOJENT pacCMaTprBaeMoro oobekra B cpene SimMechanics

npejcTaBieHa Ha puc 2.14.

40



Machine

Envircnment

Jeint Initial Condition

Integratort

41

Joint Actuator

FID Controller
{with Approximate
Derivative)

F'IDL

Revolute

Joint Actuator

1%

Angle
‘Continsous Angle |:|
B Ratz

Scopel

Continuous Angle

Joint Sensar

Joint Initial Condition1

a4

Scope2

[

,IE

Scoped

Puc. 2.14 Cxema Mozienu noji3yHa ¢ 0OpaleHHbIM MasiTHUKOM

HOJIy‘—ICHHBIC pe3vJiabTaThbl:

Pe?:y.]'IBTaTI)I B BHIAC l"pa(bI/IKOB IICPCMCIICHUA, CKOPOCTH H YCKOPCHUA

non3yHa (puc.2.15) B mpoliecce TPUBEACHUS OOpalieHHOTO MAasTHHKA B

BCPTHUKAJIBHOC ITOJIOKCHHUC ITIOKA3aHbI B OJ10Ke «SCOpe».

Puc. 2.15 I'paduku: a) -nepemenieHus, 0) -CKOPOCTH, B) -yCKOPEHHS MOJI3yHa
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I'padmk cun peakiuu, BO3HUKAMOIIMX MPH ABMXKEHHH Moj3yHa (puc.2.16)

MoKasaH B 0J10ke «SCOpe 5».

Puc. 2.16 I'paduk cun peakiuy, BOHUKAOMIKX MIPH JBMKEHUH MTOJI3YHA

I'paduk yrna moBopota mastHuKa (puc.2.17) mokazan B 010ke «Scopely.

Puc. 2.17 I'paduxk yria moBopota oOpaIieHHOro MasiTHUKA

I'padux yrmoBoro yckopenuss wmastHuka (puc.2.18) mokazan B OJioke

«Scope2y.
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Puc. 2.18 I'paduk yrioBoro ycKkOpeHus: MassTHUKA

I'paduk «ommbku» yria moBopoTa MasTHUKa (puc.2.19) mokazan B Omoxe

Scope 6.

Puc. 2.19 I'paduk «omubdkm» yria moBopoTa MasTHUKA

BoiBoa: [Ipu BeImomHeHUH JaHHON pabOTHI OBLTO MPOBEICHO KOMIIBIOTEPHOE
MOJIETTUPOBAaHUE TpoIecca MPUBEACHUS OOPAIIEHHOTO MasTHHKA B BEPTHKAIbHOE
IIOJIO)KEHHWE 33 CUeT YHpPaBIAEMOrO JABW)KEHHA TIOJ3yHA C B Cpele
MATLAB/Simulink/SimMechanics. Bbouin mony4densl rpaduku mepeMerieHus
CKOPOCTH M YCKOpPEHHUs IOJI3yHa M MasTHHMKA, a Takke IpaduKH CUJI peakluu,
BO3HUKAIOIIMX MPHU JBWKCHUH TMOI3yHA. Takke ObUI MOJydeH Irpaduk OmMOKH yria
OBOpOTa MasTHUKA. IIpencraBieHHble pe3ysbTaThl IOKA3bIBAIOT, YTO MpPHU
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cooTBeTCTBYROIIEN HacTtpouike I[IM][-perynsitopa mnpeacTraBisgeTcss BO3MOKHBIM

IMPUBCCTHU MAJATHHUK B BCPTUKAJIBHOC ITOJIOKCHHUC ITPUMCPHO 34 4 CCKYHIBI.

2.3 BAPUAHTDHI 3AJAHUA

Tabmuua 2.1 — BapuaHnTsl 3a1aHus

Ne Bapuanra

[N
N
w
S
(6]

6 7 8 9 10

Macca 6 7 3 55 6 5 4.5 7 6,5 4
oOpaIieHHOro

MasSTHHKA, KT

Jnna 1,2 1,1 |1 15 1,7 1,2 1,3 1 1,4 1,1

MasTHHKA, |, M

HavanbHbrii 170 165|140 |135 |17/5 |161 |130 |150 |155 |172

yroiu
MIOJIOKEHHUS

MasTHUKA, Do

2.4 KOHTPOJIBHBIE BOITPOCHI

1. 3a cu€r yero ynaeTcsi MPUBECTH OOPAIIECHHBIN MasTHUK B BEPTHUKAJILHOE
MOJIOKEHUE?

2. Kak dopmupyeTcs He00X0IuMOE MepeMeleHre Mo3yHa sl TPUBEACHUS
o0OpaInieHHOro MasiTHUKA B BEPTUKAIBHOE TTOJIOKEHUE?

3. Kakoli MakcMManbHBI HAaYaJIbHBIA YTrOJd MOXET HMETh OOpalleHHbIN
MasiTHUK, M3 KOTOPOTO €ro MOXHO ObUIO OBl MPUBECTH K BEPTUKAIBHOMY
MTOJI0KEHHIO?

4. Kak MOXXHO YyMEHBIIUTH BpeMsl Mpoliecca NPUBEICHUS MasATHUKA K
BEPTHUKAJILHOMY TIOJIOKEHHIO?

5. Kakyro pojib urpaer BS3KOE COIMNPOTUBIECHHE B OCH OOpAIEHHOTO
MasiTHUKa?

CIICOK UCTIOJIb30BAHHOM JIUTEPATYPHI

1. MATLAB 6/6.1/6.5 + Simulink 4/5 B MaTemaTHKe ¥ MOJCITUPOBAHHH /
HpsikonoB B.I1. [TomHnoe pykoBoacTBo monb3oBarens - M.: COJIOH-IIpecc. — 2003.
— 576 c.

2. M54 MopenupoBaHue W BH3yIM3alMs JBH)KCHUN MEXAHUYECKHUX
cucteM B MATLAB: Yue6noe mocobue / B.C.Illepbakos, M. C. KopsiTo, A.A.
Pynnens u np.— Omck: CuoA/IU, 2007. — 84c.

3. MonenupoBanue mexaTpoHHbIX cucteM B cpeae MATLAB (Simulink /
SimMechanics): ydyeOHoe mocobue i BhICIINX Y4eOHbIX 3aBefeHul / MycainuMoB
B.M., I'.b. 3amopyes, .. Kananeimuna, u ap. — CI16: HUY U'TMO, 2013. — 114
C.

4, MonenupoBanue nporeccoB u cucteM B MATLAB. YueOnsbrit kypc /
Jlazapes FO.I1. - CII6.: ITutep, 2005, 511 c.
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3. JIaGopatopHas padota Ne3
KOMITBIOTEPHOE MOJAEJIMPOBAHUE IBNKEHUA MEXAHU3MA C
3YBYATHIM 3ALEITVIEHMEM B I[TAKETE PACIHLIMPEHUA SIMMECHANICS
CPEJIbI MATEMATHUYECKOI'O UMUTAIITMOHHOI'O BJIOYHOI'O
MOJIEJIMPOBAHUMA SIMULINK/MATLAB

Ilens pabomur:

e O3HakOMHUTBCS C TaKeToM pacmupeHus SimMechanics cpemabt
MAaTeMaTUYeCKOr0  WUMHTAI[MOHHOTO  OJIOYHOTO  MOJICIMPOBAHUS
Simulink/Matlab #a mpumepe MoaenupoBaHHs IBHKCHHS 3y04aTOro
MeXaHU3Ma.

e [IpoBecTH KOMITBIOTEPHOE MOJCIMPOBAHKME [BMXKCHHS MEXaHHU3Ma C

BY6‘-IaTBIM 3alCIINICHHUCM. HpOBepI/ITB IMPpaBUJIBHOCTDb HOJIY“IGHHOI?I

MOACIIN.

3.1 KPATKHWE TEOPETUYECKHNE CBEJEHU A
B nmanHoil pabGoTe MpOBOAMUTCS MOICIMPOBAHUE JBUKCHHS MEXaHHU3Ma C
3y04aThIM 3allerICHUEM, & UMEHHO JIByXCTYIIEHYATOr0 PEayKTOpa.

Kunematnueckas cxema pacCMaTpuBacMoOro McCXaHH3Ma  YIIPOIICHHO

npencraBieHa Ha puc. 3.1.

g
=
Zz | Z
‘\\\H ; T,»*’ffff
——X = 4
| m [
— =

Puc. 3.1 Kunematnueckas cxema ABYXCTYIICHYATOI'O pCAYKTOPA
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Jns MmomenupoBaHus 3yOuaroro 3anerieHus B SimMechanics He00X01UMO
paccyuTaTh HEKOTOPBIC M3 OCHOBHBIX T'€OMETPHUYCCKHUX ITapaMETPOB 3yOUaThIX

KoJec. Mickombie mapaMeTpsl IpuBeieHbI B Ta01.3.1.

Tabmn. 3.1 OcHOBHBIE TapaMeTPhl, HEOOXOAUMBIE ISl TOCTPOCHHUSI 3y0UaTOTO
3alleTIeHUs B CTPYKTypHOU Mojenu SimMechanics

Uwncro 3yOneB 21,722,723, Z4
M — MOJyJIb PACYETHBIM CTaHaapTHBIE 3HAYEHHS MOTYJISI, MM
Pan 1: 0.3,0.4,0.5,0.6,0.8, 1.0, 1.25, 1.5, 2.0, 2.5
Pan 2: 0.35, 0.45, 0.55, 0.7, 0.9, 1.125, 1.375, 1.75, 2.25,
2.75
Unk — IIepeaaTouHOEe OTHOLIEHUE 2y Zienomoro
3y04aTou mapbl Unp = 7 = 7
n EEgVILEro
d-muameTp menuTENBHOM m-Z,
OKPY’KHOCTH 3y04aToro Koieca = W
5~ yron HakioHa 3y0beB It IpsAMO3y0oii TIepeiaun paBeH
HYJTIO
@,,— MEKOCEBOE PACCTOSHUE d,+d, m-Z,+m-2Z,
a, = =
2 2

Ha pwuc.3.2 npencraBieHa OJOK-cxeMa MOJEIH HCCIEIYeMOro OOBEKTa B

SimMechanics.

(T
H
—
0

*

4
F

Body
. Angie - Ry
. o Cont oS Angle waar i !
e

Conthuous Angia?

LTy

‘ Gound3

cs2fm z 'f = - —E
5 A T sl 4
CE16 [
Revolfel
wetl Baays
s semsart |6 a7 =
R - %
Gear Constrainti Y
2
4»'—..\1“ o
== I L
e o (.
| -
Comtinuus Angie Soo
=
e :
- T = mlcsllgess s
Gounaz
Revolte2 Body2
@, | . w.c.nns Anghe

Jolrt Semson Conthuous Anglel
P Soopal

Puc. 3.2 Biiok-cxema Mo/IeNTi TIOCTIEIOBATEIBHOTO 3y0UaTOr0 COSTUHEHUS
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Ha pucynke 3.2:

° omok «Machine Environment» 3amaeT rpaBHTallMOHHBIC CHIIBI JIIS
MOICIIH;

° omoku «Groundy, «Revolutey, «Bodyy, «Joint Sensor», «Scopey, «Joint
Initial Conditiony dopmupyrT reoMerpuio 3ydouaToro koseca Zj, 00eCHeUnBaIOT
BpalaTeIbHYyI0 CTEIEeHb CBOOOABI MEPBOr0 Baja, 3aJal0T HayalbHbIC YCIOBH,
(OpPMHPYIOT BBIXOJIHOM CUTHAT,

° omoku «Groundly, «Revolutely, «Bodyly, «Joint Sensorly, «Scopely
(bOpMHPYIOT TEOMETPUIO 3y0UaThIX Kojec Zp U Z3, 00€CIeunBaOT BpaliaTeIbHYIO
CTeIreHb CBOOO B BTOPOTO Basia, (JOPMHUPYIOT BHIXOIHOM CHUTHAIT,

o omoku «Ground2y», «Revolute2y, «Body2», «JointSensor2y, «Scope2x»
bopMUPYIOT TeOMETpUI0 3y04aToro kosieca Z4, OOECIEUMBAIOT BpaIATEIIbHYIO
CTeIreHb CBOOOIBI TPETHETO Bajia, (GOPMUPYIOT BHIXOIHOM CUTHAI,

J onoxu «Gear Constraint Z,/Z;» u «Gear Constraint Za/Zz»
MOJICIIMPYIOT 3allelIeHne 3yObeB B IMape KOJEC C IOMOIIBIO IEPEIaTOYHOIrO
OTHOIIICHHS;

o omoku «Joint Actuator», «Constanty, «Integrator» u «Integratorly

HMHUTHUPYIOT HI[G&J'IBHI)Iﬁ JABHUI'aTClIb.

3.2 ITIOPSJIOK BBIIIOJIHEHM S PABOTHI
B kauecTBe mpumepa pacCMOTPUM MEXaHH3M CO CIICAYIONUMH HCXOIHBIMH
JTaHHBIMHU (CM. Ta071.3.2)

Tabi. 3.2 - VicxoaHble JaHHBIE UCCIIEyEeMOT0 MEXaHU3Ma
Mopnynb pacueTHbIH,

Uwucno 3yoneB

MM
m 1 2 73 24
1 20 60 20 42

Cobepem cxemy, MPUBENCHHYIO Ha puC. 3.2. 3amuiieM mapaMeTpbl U
BBITIOJIHUM HAaCTPOMKY Kaxkaoro Oioka cornacHo [Ipunoxenuto 3.1.

Kak y»e 0110 CKa3aHO BBIIIE, JJISI IPOSKTUPOBAHUS 3y0UaTOro 3aleTICHHS B
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SimMechanics HE0OXOAUMO pacCYUTaTh HEKOTOPHIE U3 OCHOBHBIX F€OMETPHUYCCKUX
apaMmeTpoB 3y0UaThIX KOJIEC.

Jlns Toro, 4toObl HE BBIMOJHATH BCE BBIUMCICHHS BPYYHYIO, 3aIldIIeM
HeoOxoauMbIe hopMyiibl B komangHoe okHo (Command Window) MATLAB a:

% Yucno 3y06ve8

21=20;

22=60;

23=20;

z4=42;

% MO0y pacuemHulll

m=1;

% ouamempwvi OeUMENbHBIX OKDYHCHOCHEL
dl=m*z1;

d2=m*z2;

d3=m*z3;

d4=m*z4;

% Mmedicocesble paccmosiHus
a12=0.5*(d1+d2)/10"3;
a34=0.5*(d3+d4)/10"3;
al4=al2+a34;

% wupuna 3y04amozo 6eHya
b=3;

% naomnocms mamepuana Koneca(cmaino)
gm=7.8e-6;

% maccwl kKonec (niomuocms *oovem)
ml=gm*pi/4*b*d1"2;
m2=gm*pi/4*b*d2"2;
m3=gm*pi/4*b*d3"2;
m4=gm*pi/4*b*d4"2;

% MoMmeHmbl uHepyuUU
1=m1*d1"2/8*1e-6;
12=m2*d2/2/8*1e-6;
13=m3*d3"2/8*1e-6;
14=m4*d4"2/8*1e-6;

% mampuybl MOMEHMO8 UHEpYUU
J1=[000;000;0 0 I11];
J2=[000;000;0 0 12+13];
J3=[000;000;0 0 14];

ITocne BBOJId YKA3aHHBIX BbIIIC JAHHBIX 3aIllyCTHM CUMYIIALIUIO. PGSYJ'IBTaTBI

paboThl aHUMUPOBAHHOW MOJIENIM 3y04aTOro MeXaHn3Ma MpeJICTaBlIeHbl Ha puc.3.3.
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'

L.

Puc. 3.3 Pe3ynbTaThl paboThl aHUMHUPOBAHHOW MOJICTTH 3y09aTOro 3aleIICHHs B

SimMechanics

Ha puc. 3.4-3.6 mpuBeneHsl MNONy4YeHHbIE TpPadUKH YIIOBBIX CKOPOCTEH

(pan/c) BasioB pemyKTOpa.

Puc. 3.4 I'padux yrioBoii ckopoctu | Bana pemykropa
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Puc. 3.5 I'padux yrmosoii ckopoctu |l Bana pexykropa

Puc. 3.6 I'paduxk yriosoii ckopoctu Il Bana pexykropa

Ilposepka npasunvnocmu
Jis Toro 4yToObl YAOCTOBEPUTCS B NPAaBHIBHOCTH MOJIYYEHHOH MO,
HY>)KHO cJieJlaTh TPOBEPOYHBIA pacyeT, OIpPEAesiMB YIJIOBbIE CKOPOCTH BajoOB

pEeAYKTOpa C MOMOUIBIO NEPEAATOYHOTO OTHOIICHHUSI.
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HCpCI[&TO‘IHBIC OTHOIIICHMUA:

U.. — —Z, _ —60 __3.
12 = Z, ~ 50 ;
Zy 43
Uyp=—=—=-2.15;
UDEL‘L‘[ =U12'U34‘=_3' (_2.15)=6.4‘5,
y Gy
Up=—; Vg = —
1 Wy o Wyrp

CnenoBarensHo, pu w; = 1 paa/c yrnossie ckopoctu |l u |11 BaoB paBHBI:

Wy 1 pan
=—=—=—0.33—;

Wy 1 pan

= = = 0.15—;

Oy T 645 c

[TocuutanHbie PE3YIIbTAThl COBIIAAAIOT C PC3yjibTaTaMH, IIOJIYYCHHBIMH Ha

rpadukax (puc. 3.4-3.6). 3HaunUT, MOJIEITH BBHITIOJIHEHA TTPABUIIHHO.

3.3 COJEP)KAHUE OTUETA

OtueT nomKEeH COACPKATh CICAYIOMUEC Pa3aCJIbl:

o Ha3Banue nabopaTtopHoii paboThI U €€ 11e1Tb;

° HUcxonnble nanHbIC

. Kunematndeckas cxeMa MEXaHU3Ma,

o Cxema mozxenu MexaHu3Mma B makere SimMechanics ¢ Hactpoiikamu
OJIOKOB;

o Pe3ynbrarsl MOJenUpoBaHUs B BUJI€ aHUMUPOBAHHOW MOJIENH;

o ['paduixy yriaoBeIX CKOPOCTEN BAJIOB PEYKTOPA;

o [TpoBepka Moie Il Ha IPABUIILHOCTD;

° BriBon
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3.4 BAPMAHTBI 3AJIAHUN

Tab6:n. 3.3 — BapuanTsl 3a1aHuii

Bapuant Moz Yucno 3yoneB Bapuant Mozya. Uwucno 3yoneB
MM MM
Ne m 21 | 22 | Z3 | 4 Ne m Z1 | 22 | I3 Z4
1 0.3 25 | 60 | 40 | 70 11 0.3 30 | 66 | 20 | 44
2 0.4 20 | 60 | 30 | 72 12 0.4 40 | 60 | 25 | 50
3 0.5 30 | 90 | 20 | 42 13 0.5 25 | 55 | 40 | 56
4 0.6 40 | 80 | 25 | 90 14 0.6 20 | 78 | 30 | 66
5 0.8 25 | 50 | 40 | 70 15 0.8 30 | 54 | 20 | 54
6 1.0 20 | 50 | 30 | 60 16 1.0 40 | 84 | 25 | 50
7 1.25 30 | 60 | 20 | 56 17 1.25 25 | 15 | 40 | 88
8 1.5 40 | 70 | 25 | 75 18 1.5 20 | 36 | 30 | 66
9 2.0 25 | 30 | 40 | 64 19 2.0 30 | 72 | 20 | 42
10 2.5 20 | 45 | 30 | 48 20 2.5 40 | 56 | 25 | 70

3.5 KOHTPOJIbHBIE BOITPOCHI

1. Kakum O50k0M Mojenupyercs HUWIMHIPUYECKOE 3y0uaroe 3allerjieHHe B
nakere SimMechanikcs/MATLAB? KakoBbl HaCTpO#KH 3TOr0 0J10Ka?

2. Kak npoBepuTh aIeKBaTHOCTh MOJIENH 3y0UaTOro Mexanu3ma?

3. Kak »sKcnepuMEHTalbHO MNPOBEPUTH (HAKTUYECKOE MEepeIaTOuHOE
OTHOIIICHUE MOJICIMpyeMOi 3y0uaToit nepegadu?

4. Kak W3MEHUTh HalpaBJIEHUE BpALICHUS BAJIOB MOJEIUPYEMOIO
MexaHu3ma?

5. Kak  paccuuThIBarOTCA  paaMyChl  JCNHUTENBHBIX  OKPYKHOCTEH

ATUHAPUYECKHUX 3y0UaThIX KoJiec?
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CICOK UCTIOJIb30BAHHOM JIUTEPATYPHI

1. Teopus mexanuzmoB / Aprodonesckuit 1.U. - M.: Hayka, 1965. — 776

2. MATLAB 6/6.1/6.5 + Simulink 4/5 B MmaTemaTHKe ¥ MOACITUPOBAHUH /
HbsikonoB B.II. [TonHoe pykoBoactBo nosb3oBatens - M.: COJIOH-IIpecc. — 2003.
— 576 c.

3. MogenupoBaH#e U BU3yaTH3allis IBIKCHUH MEXaHUICCKUX CUCTEM B
MATLAB: Yuebnoe noco6ue / B.C.Illepb6akos, M. C. KopsiToB, A.A. Pynnens u
ap.— Omck: Cu6AJIU, 2007. — 84c.

4.  MopenupoBanue MexaTpoHHBIX cucteM B cpene MATLAB (Simulink /
SimMechanics): yueOHOe mocoOue /1S BHICIINX YUeOHBIX 3aBecHui / MycaiuMoB
B.M.,, I'.b. 3amopyes, 1.1. Kanansimuua, u ap. — CI16: HUY U'TMO, 2013. — 114
c.

S. MoaenupoBanue nporeccoB u cucteM B MATLAB. Yuebnsiii kypc /
Jlazapes lO. - CII6.: ITutep, 2005, 511c
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Ilpunoscenue 3.1. Hacmpoiika 610x06

Hactpoiiku 6;10ka MachineEnvironment

ew |- | Machine Environment
Machine | BEKTOp [0 -9.81 0] m/s"2
Emvironment | rpasaTAIHE
Hacrpoiiku 6110xk0B Body
Bodyl
MaccoBsie XapaKTepHCTHEH
Macca ml kg
Haepuma J1 kg*m”"2
ITonoxenne
xicsﬁmln Tlopt BexTop NpoHCcXoAICHHA MOSHIHH [x v Z]
— CG [0 0 0] m
CS1 [0 0 0] m
CS2 [0 0 0] m
Busyannsanma
eomeTpna Teaa Use machine default body geometry
Iloaxmouenue C51-CS2
Body2
Maccossie XapaKkTepHCTHEI
Macca m2+m3 ke
Huepuns J2 kg*m"2
Tlonosxenne
Tlopt BekTop npoHcXoxIcHHA NO3HOHH [X v z]
CG [a12 0 0] m
CS1 [a12 0 0] m
Cs2 [al2 0 0] 1m
CS3 [al2 0 0] m
Busyvaamzanua
[eoMeTpHA Teda Use machine default body geometry
TloarmroueHne CS1-CS3
Body3
Maccossie XApaKTCPHCTHEH
Macea m4 kg
Huepuns J3 kg*m"2
Tlomoxenne
s Mpesofm | TTopt Bexktop npoHcxosaeHna nosuunn [x v z]
Dody? CcG [ald 0 0] m
Cs1 [al4 0 0] m
CS2 [al4 0 0] m
Busyaansanma
[eomerpnd Teaa Use machine default body geometry
TloakroueHe CS1-CS2
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Hactpoiiku 6;10xkoB Ground

" Ground]
& _E [lono:xenue [[o 0 0] | m
Ground 1 Show Machine Environment port
f 3— Ground2
: ! [Noao:xenue [al2 0 0] m
Ground?

_ Ground3
; [Moaomenne [al4 0 0]
Ground3

m

Hactpoiiku 6;10x0B Joints

g Revolutel

o | Ocp aemmenna [0 0 1]

Revolute

Referens C51 World

Revolute?2

T3

Revolute2

Ocp gemxmenna | [0 0 1]

Referens CS1 World

Revolute3

Ocp gemxenna | [0 0 1]

Revolute 3

Referens CS1 World

Actuation

Hacrpoiika 6sioka Joint Actuator

Connected to [ R1

primitive:

Actuate with: [Motiun

Angular units: [rad

Angular velocity units: [radf’s

Angular acceleration units: [radfs“z
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Hactpoiiku 6;mokoB GearConstraint

o

Gear Constraint z2/z1

Pagnyc eIHTeIBHOMN OKPY:RHOCTH Beaymero koaeca | d1/2000 m

Gear Constraint z2/z1| Paguyc JeIHTEIbHOM OKPYEHOCTH BeadoMoro koaeca | d2/2000 m
Gear Constraint z4/z3

: %) i Pazmyc nemnTenpHON OKPYVKHOCTH BEIVINEIO KOIeca d3 /2000 m

Gear Constraint z4/z3 | PAIHyC TeTHTeTsHOH OKPYXHOCTH BeIoMOro xoneca | d4/2000 m

Hactpoiiku 6110x0B Joint Sensor

("] Angle Units: |deg
Angular velocity Units: lrad!s *]
("] Angular acceleration Units: |deg/s™2
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4. JTabopaTopHas padora Ned
KOMIIBIOTEPHOE MOJEJIMPOBAHUE POBOTA-MAHUIIYJIATOPA

C IMPOCTEUIIINM 3AXBATHBIM MEXAHU3MOM B ITAKETE
MATLAB/SIMULINK/SIMMECHANICS
Ilenv pabomur:
® O03HAKOMHTHCS C  MmakeTroM  pacmmpeHus — SimMechanics  cpensr
MaTEeMaTUIECKOTO UMHTAIMOHHOTO OJ109HOTO MO/ICITUPOBAHUS
Simulink/ MATLAB.
® IIPOBECTH KOMITBIOTEPHOE MOJCIMPOBAHUWE POOOTA-MAHUITYJATOPA  C
NPOCTCUIIIMM ~ 3aXBAaTHBIM  MEXaHM3MOM. [IpoBepHTh  MPaBHILHOCTH
HOJTYYESHHOW MOJICIH.
4.1 KPATKUE TEOPETUYECKUE CBEJJEHUA
B nanHO# pa®oTe MPOBOAUTCS MOJEIUPOBAaHUE POOOTA-MAHHITYISATOpPA C
MPOCTEHIINM 3aXBATHBIM MEXaHU3MOM.
Kunemarnyeckass cxemMa pacCMaTpHBaeMOTO MEXaHH3Ma  YIPOIICHHO

npejcraBiieHa Ha puc. 4.1.

[5

A

Puc. 4.1 KunemaTtuueckasi cxema poO0Ta-MaHUMIYJIATOPA C 3aXBaTOM:
1 — croiika; 2, 3, 4 — 3BeHBs poOOTa; 5 — OCHOBaHUE 3aXBaTa; 6 — r'yOKH 3axBarta.
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Ha pwuc.4.2 npencraBieHa Omok-cxema SimMechanics-mMonenu pobora-

MAaHUITYJIATOPA C 3aXBATOM.

0 O §— s 7 cs1ffges2 B g4 F csifges2 E
Fropeocms (FI » T : csiifesz

Environment Ground Weld S R
Cylindrical Revolute Riceg1
—’&_'@;
Gain Joint Actuator
Podjem
Integrator
(1] IBW tI @7
Gaint :
Joint Actustor \&%_
Vraschenie ‘m
Sine Wave 'L;/
/ Joint Actuator
Gain2 Vrashenie richaga 1
oy /-5@;51 F 1: - Cs2 T :
& C
CS1 B F Csfycst F
CSZGA . @
PALEC1
Revolute3 HVAT et Richag2 Revolute
Gear Constraint
&
s
K csffpest N Integrator3 3
1 6> s
PALEC2 :
Revduied Joint Actustor i n
povorcty palcev LIM
J Sine Wave1
"2 18
Gain2 Joint Actuator
Vfashenie richaga2

Puc. 4.2 brnok-cxema Mojien poO0Ta-MaHUITYJISITOPA C 3aXBaTOM

Ha puc.4.2:
. omokx «MachineEnvironment» 3agaet rpaBUTallMOHHBIC CUIIBI U CTOHKY;
o omoku «Columny, «Podjem»,» Rychag 1-3» — onpeaensitoT TeOMETPHIO

3BEHBEB POOOTA;

. omok «Weld» 3amaer Hepa3beMHOE COCAMHECHHE HAIMPaBJISIONICH CO
CTOMKOM;
o onok «Cylindricaly — moaenupyeT MUIMHAPUIESCKYIO KHHEMATHYECKYIO

napy 4-ro Kjacca ¢ moCTynaTeIbHbIM U BpalllaTeIbHbIM JBHKCHUEM;
. omoku «Revolutey, «Revolutel,2» — BpamaTtenbHble KHHEMAaTHYECKHUEC

napsl 5-ro Kjacca, COSAUHSIONINE 3BEHbs pOO0Ta MEXTy COOOI;

J onoku «Schvaty, «Palecl-2» monenupyroT 3BeHbsI 3aXBata;
° omoku «Revolute 4-5» — ompenensroT BoamaTeNlbHbIE IMAPHUPHI 5-TO
KJ1acca;
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° ook «Gear Constrainyt — gomonHUTENBHAS TIEpeaada MEKIy ryOKamu
3axBaTa;
o omoxku  «JointActuator», «Ramp», «Constanty, «Constanty»l

HUMUTUPYIOT I/II[eaJ'IBHI)II\/JI JABHUI'aTCIIb.

4.2 TIOPAJIOK BBITIOJIHEHWS PABOThBI
B kadecTBe mpuMepa pacCMOTPUM MEXaHU3M C HCXOJHBIMH JIaHHBIMH,
peACTaBIeHHBIMU B Ta011.4.2.

Tab6n.4. 2 VicxoiHbIe JAaHHBIE UCCIIETyEMOTI0 MEXaHU3Ma

O0o3HaueHne 3BeHA JlinHa 3BeHa, MM
L1 800
L2 300
L3 300
L4 200
L5 50
L6 80

Cobepem cxemy, MpUBEACHHYIO Ha puc. 4.2. BBIMOIHUM HaCTPOUKY KasKI0TO
osnoka coriacHo IIpunoxenuto 4.1. Ilocne 3amyctuM cumyssuuio. Pe3ynbTaTel

paboThl aHUMUPOBAHHOW MOJIENIA POOOTa-MaHUTTYJIATOPA MPECTaBICHBI HA puc.4.3.
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Puc. 4.3 Pe3ynbTarel paboThl aHUMHPOBAHHOM MOJIENI POOOTa-MaHUITYIIITOPA C 3aXBAaTOM

B SimMechanics

4.3 COJJEP)KAHUE OTYETA

OtueT nomKeH COACPKATh CICAYIOIMUE Pa3aCJIbl:

o HazBanue nabopaTtopHoii paboThI U €€ 11eb;
o Kunematndeckas cxeMa MEXaHHU3Ma,
° Cxema Mozenu MexanusMma B maxkere SimMechanics;

. Hactpoiiku 6110k0B SimMechanics;
o Pe3ynbTaTel MOnEIMpOBaHUS;
. I'paduky wu3MeHEeHUN KOOPAMHAT W TPOEKIMA CKOPOCTEH IIeHTpa

TSKECTH CXBaTa Ha KOOPAHUHATHBIC OCH,

o MPOEKIUU TPACKTOPUH IIEHTPA TSHKECTH cXBaTa Ha miiockoctu XY, XZ,
YZ:;
° BriBogpl.
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4.4 BAPUAHTBI 3AJJAHUI
Tab6n. 4.3 BapuaHTtsl 3a1aHuit
Howmep JUINHBI 3BEHBEB, MM
bapuata L1, MM Lo, MM Ls, MM L4, MM Ls, MM Ls, MM
1 900 350 250 200 50 80
2 800 400 400 150 60 90
3 850 450 350 250 70 100
4 700 250 300 200 40 70
5 900 350 300 150 50 80
6 800 450 450 250 60 90
7 850 300 250 200 70 100
8 700 250 350 150 40 70
9 900 350 400 250 50 80
10 800 450 450 200 60 90
11 850 400 300 150 70 100
12 700 250 300 250 40 70
13 900 350 450 200 50 80
14 850 300 400 150 60 90
15 800 400 300 250 70 100
16 700 250 400 200 40 70
17 900 350 450 150 50 80
18 800 450 300 250 60 90
19 850 400 250 200 70 100
20 600 300 250 250 40 70
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KOHTPOJIbHBIE BOITPOCHI

1. Ckonbko cTemneHedl cBOOOABI HMMEET MOJACIUPYEMbId MaHUIYJISATOP HU
CKOJIbKO IIPUBOJIOB AJI1 HETO HEOOXOUMO HCIOIb30BATH?

2. KakoBbI rabapuThl 30HbI OOCITYKUBAHUSI MOJCITUPYEMOTO MAaHUTTYJIATOpa?

3. Kakme xuHemaTHuecKHME Mapbl HCHOJB3YIOTCS B  MOJEIUPYEMOM
MaHUITyJIsTOpE?

4.Kak 3a7a10Tcs MaTpUIbl HHEPIIMU 3BEHBEB MAaHUITYJIsITOpa?

5. Kakue OnOKM HCHONB3YIOTCS ISl MOCTPOCHMSI TPaUKOB M MPOSKIUN

TpaeKTOpUu cxBara’?

CITMCOK UCIIOJIb30BAHHOM JINTEPATYPHI

1. MATLAB 6/6.1/6.5 + Simulink 4/5 B maTemaTnke U MOAECIUPOBAHUU /
HesikonoB B.I1. [Tomxnoe pykoBoactBo monbs3oBareis - M.: COJIOH-IIpecc. — 2003.
— 576 c.

2. MopnenupoBaHue U BU3yadu3alus JBUKEHUN MEXaHUYECKUX CHUCTEM B
MATLAB: Yueonoe nocobue / B.C.lllep6akos, M. C. KopeiToB, A.A. Pynnens u
ap.— Omck: CubA/IU, 2007. — 84c.

3. MonenupoBanue MexatpoHHbix cucteM B cpene MATLAB (Simulink /
SimMechanics): yaeOHOe mocoOue sl BRICIINX Y4eOHBIX 3aBejieHuit / MycamumoB
B.M.,, I'.b. 3amopyes, U.W. Kamaneimmua u gp. — CI16: HUY UTMO, 2013. — 114
C.

4.  Mopnenupoanue nporeccoB 1 cucteM B MATLAB. YueOnslit kypc /
Jlazapes FO.II. - CII6.: ITutep, 2005, 511 c.
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Ilpunoscenue 4.1 Hacmpoiika 010Kk06

Hactpotiku 6;10ka Machine Environment

gw }— | Machine Environment
Machine Bektop [0 0 -9.81] m/s"2
Environment TPABHTALHHA
Hactpoiiku 6110xa Column
Inertia: eye(3) kg*m~2 ~
Position | Orientation I Visualization |
Show Port Origin Position A Translated from Components in
Port Side bl Vector [x y z] L Origin of Axes of
(s left ~v|cc  [00.40] (m  ~|world ~ | world v @
V] cst [000] (m  ~|world v | world v | '
vl cs2  [00.80] lm | world ~ | world - |
Hactpoiiku 6;10xa Body
g csdges: [E
Podjem
Inertia:  eye(3) kg*m~2 ~
Position | Orientation | Visualization ‘
Show Port Origin Position = Translated from Components in
Port Side e Vector [x y z] JARLS Origin of Axes of
[l CG  [00.4-0.15] (m | world ~ | world - B
V] left  v|CS1  [00.40] lm  ~|world ~ | world x| -
Fl cs2  [00.4-0.3] (m | world ~ | world v
A csdges2 B
Rtnagt
Inertia: eyer(ré) kg*m~2 ~
Position I Orientation | Visualization |
Show Port Origin Position > Translated from Components in
Port Side W—c Vector [x y z] ki Origin of Axes of
&l G [0.150.4-0.3] (m  ~|world v | world v
v] left  v|CS1  [00.4-0.3] [m  ~ | world ~ | world v '
Fl cS2  [0.30.4-0.3] (m  ~|world ~ | world -]
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Mass: 1

Inertia: -éye(3)

Position | Orientation I Visualization l

kg v

Show Port Name Origin Position Units Translated from Components in
Port Side Vector [x y z] Origin of Axes of
P CG  [0.40.4-0.3] (m  ~|world ~ | world v
vl cs1  [0.30.4-0.3] (m  ~|world ~ | world v | %]
V] Cs2  [0.50.4-0.3] (m | world ~ | world >|| —
- cs2
- &63661 o
HVAT
Mass: 1 kg v
Inertia: eye(3)
Position | Orientation | Visualization |
Show Port Name Origin Position Units Translated from Components in
Port Side Vector [xy z] Origin of Axes of
] G [0.50.4-0.3] (m  ~|world ~ | world SIRE]
v cst [0.50.4-0.3] (m | world ~ | world Bl
Kl cs2  [0.50.4-0.34] Im | world v | world 5| —
v Left  v|CS3  [0.50.4-0.26] (m  ~ | world ~ | world % (B
& csoffpest -
PALEC1
Mass: 1 kg v
Inertia: eye(3) lkg*m"z &
Position | Orientation | Visualization |
Show Port Origin Position 2 Translated from Components in
Port Side o Vector [x y z] oo Origin of Axes of
Lal G [0.5250.4-0.34] (m ] world ~ | world - B
L4l Left  ~v|CS3  [0.550.4-0.34] [m  ~|world ~ | world 5| %
V] cS1  [0.50.4-0.34] (m | world ~ | world g | —
v] left  v|cs2  [0.50.4-0.34] (m  ~|world ~ | world x| (B
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A csolgest [B-

PALEC2
Mass: 1 kg v
Inertia: eye(3) kg*m~2 ~

Position i Orientation I Visualization ‘

Show Port s Origin Position Uniits Translated from Components in
Port Side Vector [x y z] Origin of Axes of
F CG  [0.525 0.4 -0.26] (m  ~|world ~ | world - | B
&l Left  v|CS3  [0.550.4-0.26] Im | world ~ | world v
i CS1  [0.50.4-0.26] (m  ~|world ~ | world v
vl left  v|CS2  [0.50.4-0.26] (m  ~|world ~ | world v
Hacrpoiiku 6;10xa Ground
_ Ground ]
3 §_ # | Honoxenne [[0 0 0] | m
Ground Show Machine Environment port
Hacrpoiiku 6;10x0B JOINts
Weld
8 =2 BB
Ocpb aBH:KEHHA [0 0 0] Referens CS | World
Weld
Weld1
DT
Ocpb aBIKEHAA [0 1 0] Referens CS | World
Weldl
5. ¢ Cylindrical
Tl Ocp IBHKCHHA 01 0] Referens CS | World
Cylindrical Ocp IBHKCHHA [0 1 0] Referens CS | World
§ lf Revolute
|
Ocp aBIKCHUA [0 0 1] Referens CS | World
Hevolute
' (17 5 Revolutel
Ocp aBHKCHUA ¢ o 1] Reemts G8 World
Rewolute1
- Revolute2|
f
3 ’
OcHu aBHKCHHA L R RelTeuses World
Rewolute2
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Revolute3

E
F :

(1: ;PN [0 1 0] Referens CS World
Revoluted

Hactpotiku 6;oka Gear Constraint

% Gear Constramnt 1
FZa\F

Pagnyc aeTHTEIBHON OKPYKHOCTH BEIYINETO H BEIOMOTO
KOJIeC

Gear Constraint1

0.0410.04

Hacrpoiika 6moxos Joint Actuator

. .'.\
-’E
Joht Actator

Podlem

Actuation

Connected to
primitive: [Pl v]

Actuate with: [Motion

Position units:

Velocity units: [cm/s ']

Acceleration units: [cm/s"z v]

. .’.\
G
Joht Actuator
pow DYy patev

Actuation

Connected to
primitive: [Rl ]

Actuate with: [Motion

Angular units: [rad

Angular velocity units: [rad/s

Angular acceleration units: [rad/s"z
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Hactpoiiku 6;10k08B Joint Sensor

("] Angle Units: |deq
Angular velocity Units: ’radj’s ']
("] Angular acceleration Units: |deg/s™2
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5. JlabopaTopHas padora Ne$

KOMIIBIOTEPHOE MO/JEJIMPOBAHUE TEJIA, bPOIIEHHOI'O I1O/]
YI'JIOM K T'OPU30HTY, C IIOMOILIBIO [TAKETA SIMMECHANICS CPE/IbI
MATEMATHUYECKOI'O UMHUTAILIMOHHOI'O BJIOYHOI'O
MOJEJIMPOBAHMA SIMULINK/MATLAB

Leap padoTsl: NOCTPOSHUE MOJETN JBUKEHUS Tesa, OPOLIEHHOTO MO/ yIIOM

K TOPU30HTY C YYETOM COIPOTHBIICHUS CpeIbl cpejacTBaMu makera SimMechanics

Cpeanbl MAaTEMATHYCCKOT'O HUMUTAIITMOHHOTO OJI0YHOTO MOJCIINPOBAHUA

Simulink/ MATLAB

5.1 BAJAHME HA JIABOPATOPHVYIO PABOTY

Ha PHC. 5.1 MNpCcaACTaBJICHA paCdCTHAA CXEMa ABUIKCHU:A TCJIIA, 6p0HI€HHOFO I1oq

YIJIOM K TOPU30HTY.

A
Y
_«a
vz v
mN A
29 47 hoLX T
- )J
'g _...-'"f. 6
< o/

N N

Puc.5.1 PacuerHas cxema IBMKEHUS Teja, OpPOIICHHOT'O MO/ YIJIOM K TOPU30HTY

HUcxonnbie jaHHBIC:
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e Macca tena m = 1(kr);
e Hauanpnas ckopocts Vo= 10 (Mm/c);
e VYroim MeEXIy BEKTOPOM HaydaJbHOH CKOPOCTH W TOPU30HTAIBHOM

IUIOCKOCTBIO o = 45°;

e VYros Mexay MI0CKOCThIO OpocaHus U ocbio X B = 60°;

H
o Koadduuuent conporusienus Bozayxa u = 0.5 —,

M-C
biok-cxema mporpaMMsl Ui MOJEIMPOBAHUS PACCMATPUBAEMOM CUCTEMBI
IpeCTaBIeHa Ha pUC.S.2.
x | To Workspace
S vy |To Workspace1
TuWurkEpaceZ

(]
T »
| XY XY
]
1
= ordinates - @l
© 3 g5 ) cs1lm -~ — >
Machine Tr8ce ﬁcsz XY ZY
Ervironment Ground — ﬁ Body Sensor velocity
Customn Joint ody
IC “u —[Cl
S Body Actuator >
Joint Initial Condition acceleration XY ZX

» <0 STOP

Compare  giop Simulation
To Zero

Puc. 5.2 brok-cxema nporpaMMsl, MOJEIUPYIOIIEH ABHKEHHE Tella, OPOIIEHHOT0 O/
YIJIOM K TOPU30HTY, C YIE€TOM COIPOTUBIIEHUS CPEbl

B 6moke «Custom Jointy, MoaenupyroliieM HacTpauBaeMyr KHHEMATHUECKYFO
napy, 3aJlaéM TPH IOCTYIATEIbHBIC CTEeeHU ¢cBOOObI (puc. 5.3). A B Omoke «Joint

Initial Condition» 3amaauM HaYalbHYIO CKOPOCTH Tela MO TPEM KOOPIAMHATHBIM

ocsim (puc.5.4).
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"4 Block Parameters: Custom Joint

=

Custom Joint

Represents general user-defined joint with multiple degrees of freedom. Connects two Bodies with
combination of prismatic, revolute, andfor spherical primitives. This Joint limited to maximum of six
DoFs: up to three rotational DoFs and up to three translational DoFs. First primitive attached to base
(B). Last primitive attached to follower (F). Listed order of primitives is order of motion during
simulation. Sensor and actuator ports can be added. Spherical primitive cannot be actuated. Base-
follower sequence and axes directions determine sign of forward motion.This joint becomes singular
if two prismatics or two revolutes align.

Connection parameters

Current base: GND@Ground
Current follower: CG@Body

5
Number of sensor [ actuator ports: 1] =

Parameters

Advanced

mn

Reference CS

Name - Primitive Axis of Action [x y z]

P1 - Prismatic *|[100]
P2 - Prismatic *|[010]

P3 - Prismatic > |[001]

(x)

¥

[ oK H Cancel H Help ]

Apply

Puc.5.3 Unrepdeiic 6moka «Custom Joint»

"k Block Parameters: Joint Initial Condition

L

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

il P1 0 10%(cos(pi/4))*(cos(pi/a))  |m/s -

Ell P2 0 10%(sin(pi/4)) m/s -

il F3 0 10%(cos(pi/4))*(sin(pi/3)) | m/s -
[ oK ] ’ Cancel ] ’ Help ] Apply

Puc.4 Murepdeiic 610ka «Joint Initial Condition»

C nmomoripio 6510k0B «Body Sensor» (puc. 5.5) u3mMepum MpOEKIUK CKOPOCTH,

KOTOpPBIC 3aT€M MCIIOJB3YEM MIJId pacucTta CHIIbI

COIIPOTHUBJICHUA BO3AyXa U

MOCTPOCHHUS NPOEKIKU TpaekTopun Ha miockoctd XY (puc.5.6), ZY (puc.5.7), ZX

(puc.5.8).
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"k Block Parameters: Body Sensor |

Body Sensor

Measures the motion of the Body coordinate system to which the Sensor is connected. Sensor measures any
combination of translational position, velocity, and acceleration; and rotational orientation, angular velocity, and
angular acceleration. Choosing the coordinate system determines the axes in which the motion components are
represented. Output is a Simulink signal. Multiple output signals can be bundled into one signal.

Measurements

With respect to CS: [Absolute (World) v]
Position [x;y;z] Units: [m ']
Velocity [x';y';z'] Units: [mfs ']
[T Angular velocity [Rx';Ry';Rz'] Units: |deg/s

["] Rotation matrix [3 x 3]:

Acceleration [x";y";z"] Units: ’mr’s"z -

[C] Angular acceleration [Rx";Ry";Rz"] Units: | deg/s"2

Dutput selected parameters as one signal.

[ OK ” Cancel ” Help Apply

Puc.5.5 Unrepdeiic 6moka «Body Sensor»

[ XY XY =l X
XY Plot
4
35
3
2.5
@
2 2
b
15
1
0.5
0
0 1 2 3 4
X Axis
Puc.5.6 ITpoexiust TpaeKTopuu ABUAKEHUS Ha MIOCKOCTh XY
4] Xy Zv = 1=
XY Plot
6
5
4
®
Z3
-
2
1
0
0 1 2 3 4 5 6
X Axis

Puc.5.7 [Tpoekius TpaeKTopuu ABUKEHHS Ha MIOCKOCTh ZY
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& Xy 7X E=REC X
XY Plot
6
5
4
o
Z3
>
2
1
0
0 1 2 3 4 5 6
X Axis

Puc.5.8 IIpoekuust TpaeKTOpUU ABUKEHUS HA TIIOCKOCTh XZ

Ha puc. 5.6 u 5.7 BUIHO, 4TO HU3-3a CONMPOTHUBJICHUS BO3yXa Mapadoyia uMeeT

HC CUMMCTPHUYHBIC BCTBH.

[Toctponm npoekruu koopauHaT Ha oc X, Y u Z (puc.5.9).

z' ccordinates

20|~ s %% O A% .

Puc.5.9 Ilpoexunu koopauHat Ha ocu X, Y u Z

[Toctponm mpoekiuu ckopocteii Ha ocu X, Y u Z (puc.5.10).
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4] velocity | O |

TIERFELIERE -

Puc.5.10 IIpoekuuu ckopocteit Ha ocu X, Y u Z

[Tpoekmmu ckopocteld Ha ocu X B Z UMEIOT yOBIBAIOIIYIO XapaKTEPUCTUKY H3-
3a conpoTuBiIeHHs Bo3ayxa. [1o ocu Y rpaduk Toxe yObIBaeT, HO ropas3no ObICTpee,
4eM I10 JIPYTHUM OCSM, TaK Kak B JAHHOM Cllydae yYMEHBIICHUIO CKOPOCTH KpOME
COITPOTHUBJICHUS BO3IyXa €IIe CITIOCOOCTBYET CHIIA TSDKECTH

C mnomompto OnokoB «To Workspace» (puc.5.11) BeBenem B pabouee

IIPOCTPAaHCTBO IPOTPAMMBI IICPEMCHHBIC X, Y U Z.

4 Sink Block Parameters: To Workspace X
To Workspace

‘Write input to specified timeseries, array, or structure in a workspace. For menu-based
simulation, data is written in the MATLAB base workspace. Data is not available until the
simulation is stopped or paused.

To log a bus signal, use "Timeseries" save format.

Parameters

Variable name:

X

Limit data points to last:
inf

Decimation:

1

Save format: [Array 'I

Save 2-D signals as: [3,0 array (| along third di 1) ']

Log fixed-point data as a fi object
Sample time (-1 for inherited):
-1

Q [ ok |l Cancel ” Help ] Apply

Puc.5.11 Nurepdeiic 610ka «To Workspace»

[TocTpouM TpexMepHYI0 TpPAaeKTOPUIO, TIPHCBOMB TMEPEMEHHBIM X, Y U Z B
paboueM TPOCTPAHCTBE MPOTpaMMbl 3HAYECHHUS COOTBETCTBYIOIIUX KOOPJIWHAT
MaTepuabHOM TOYKM U 3amaB B KomaHmHom okHe MATLAB komanmy
«plot3(z,x,y,'r-"),grid» (puc.5.12).
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|4 Figure 1 =R X
File Edit View Inset Tools Desktop Window Help k]

S I EEE PR EID )

25 -

1.5 o

0.5

0.5 ﬁ\v\'\r/ﬂ/'\
4
0 2 3

Puc.512 TpexmepHast TpaeKTOpHs MaTEPHATLHONW TOYKH

Takum oOpa3zoM, B xoje jJabopaTopHoil paboThl Oblia pa3paboTaHa MOJACIb
Tena, OpPOIIEHHOTO TMOA YIJOM K TOPU30HTY. Takke B MOJICIH YYUTHIBACTCS
COTIPOTUBIICHUE CPEIbI.
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