V. Fedak Modelovanie elektromechanickych systémov KEM FEI TU KoSice

Cv.9: Fyzikalne modelovanie systémov v Simscape

1. Simscape: uvod, zakladné pojmy, kniznice prvkov
2. Simulacia elektrického obvodu v Simscape

3. Simulacia mechanického translacného systému v Simscape
1. Simscape: avod, zakladné pojmy, kniZnice prvkov

1. Uvod do Simscape vieobecne a do Simscape Electrical

https://www.mathworks.com/products/simscape-clectrical.html
Watch video

Vlastnosti Simscape

e Ide o tzv. fyzikalne modelovanie
e Rozsiruje kniznice Simulinku pre modelovanie fyz. systémov roznej podstaty

e Obsahuje modely zakladnych prvkov roznych fyzikalnych domén:
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https://www.mathworks.com/products/simscape-electrical.html
https://www.mathworks.com/videos/simscape-electrical-overview-1536775075787.html
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Inou moznost’ou je zadat™: >> Simscape

Otvorime nasledovnu kniznicu blokov:
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Simscape Electrical - Simscape Electrical Block Libraries

S Simulink Library Browser

Simscape/Electrical
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https://www.mathworks.com/help/physmod/sps/ug/simscape-electrical-block-libraries.html
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https://www.mathworks.com/help/physmod/sps/ug/simscape-electrical-block-libraries.html
https://www.mathworks.com/help/physmod/sps/ug/simscape-electrical-block-libraries.html
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Simscape Mechanical
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Simscape Driveline
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2. Pravidla pri fyzikalnom modelovani vo viacerych doménach

o Kazdi doména vyzaduje najmenej jeden referenény blok!, t.j. v pripade

kombinacie elektrického a mechanického systému musi byt prislusny
referencny bod pripojeny pre kazdy podsystém: mechanicky translacny,
rotacny a elektricky.

e V obvode je povolenych viac pripojeni k referencii domény.

Priklady pripojenia referenc¢nych bodov
Vo fyzikalnej schéme v Simscape musi byt’ ku kazdému obvodu pripojeny
odpovedajuci referenény bod.

Napr. pre elektricky obvod a mechanicky rotacny je to:

Salver \olor

Inotsa J
¢ 3

!

Rotatonal =

Eloctromechancal bs 3:' "‘;:"”""

\ on Sersor

Convenar 2P

* v
. 5 [_ S — _.l |

RPM

V pripade galvanicky oddelenych obvodov pomocou transformatora musi byt’
elektricky referencény bod pripojeny ako ku primarnej strane transformatora, tak aj
ku sekundarnej strane.

Salvar
Configuration
1+ 2+

AC Vokags Source 1 g § 2- @ \loltage Sensce

>

Idesd Transdormer

|
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! Modeling Best Practices
https://nl.mathworks.com/help/physmod/simscape/ug/modeling-best-practices.html#btlki8u



https://nl.mathworks.com/help/physmod/simscape/ug/modeling-best-practices.html#brlki8u
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3. Simulacia elektrického obvodu v Simscape

Postup pri zostaveni modelu el. obvodu v Simscape:

1)

2)
3)

)

5)

0)
7)

V MATLABE zadat >> simscape

tym dostaneme zakladna kniznicu Simscape:

& [ @ @) [#f

Foundation Utilities Driveline Electrical Multibody
Library

Simscape 4.5
Copyright 2006-2018 The MathWarks, Inc.

Zvolime New model (plochu, kam budeme t’ahat’ bloky z kniZnice)

Z Foundation library t'ahame bloky:
z Electrical Elements — prvky R, L, C. Prepojime ich podl'a schémy obvodu
z Blectrical Sensors — snimace pradu a napitia

(Curent Sensor, Voltage Sensor)
Z kniznice Utilities tahame*
PS — Simulink Converter - to je prevodnik z vystupu zo Simscape (zo
snimacov) do Simulinku (napr. blok Scope, prip. To Workspace)

Simulink — PS Converter — prevodnik na vstupe — napr. zo Simulinkového
bloku Step (kde v nasom pripade zadavame vstupné napitie) do schémy
v Simscape

Solver Configuration — blok pre riesenie diferencialnych rovnic v Simscape.
Jednoducho ho pripojime ku hociktorému spoju v obvode

Doplnime schému zdrojom signalu (Step)

a vystupmi (Scope, To Workspace)

Nastavime parametre prvkov obvodu

Spustime riesenie ako v Simulinku a spracujeme vysledky

(napr. prechodovu charakteristiku) v MATLABe, prip. vhodne nastavime
vystupy v bloku Scope-
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Priklad: Sériovy RL.C obvod RLLC_PS.slx

L R

ufl)
Matematicky model:
dzq dC[ t
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iz TR+ Ca q(t) fol(r) T

Schéma v Simulinku:
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4. Simulacia mechanického translatného systému v Simscape

Priklad 1: Jednohmotnostny systém

V MATLABe:

® help simscape

e Simscape Documentaion

e Get Started with Simscape

e Hssential Steps for Constructing a Physical Model
Ctrl + L — otvori kniznicu blokov danej kategorie
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Priklad 2: dvojhmotnostny transla¢ny systém
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4 Simulacia mechanického rotacného systému v Simscape
Priklad

Namodelovat’ mechanicky rota¢ny systém obsahujuci zdroj momentu, prevodovku
(/ = 2), moment zotrvacnosti a rotacny tlmic. Merajte vstupna a vystupnu rychlost’.

Zakladné usporiadanie zotrvacnika s timenim (trenie v loziskach):

C oD

PS Constant
Ideal Torque Source

fx)=0 b I~
Solver Rotatonal Damper
Configurabion
Mechanical e
N Rotational Reference @ .
Schéma v Simscape
Mechanical 2N
Rotabonal Referencet
T 2 T
ideal Retabonal p Tarminator
Motion Sensor e DIPS S
M echancal N —p
Rotational Reference2 PS-Simulink e [:]I
Converter Cutout Spees
(% Scope
@‘ ’ >{PS S
>
A o3 PS-Simulink

r—] Ideal Rot2on3pg Terminatort  Convertert
|

1 $S PS b M
Sm ation Sensor!
Converter Ided Torgue Souwrce Gea Box

x)=0 Rotational Damper Q inertia
1 5
Sowver
Configuration M echanical
N Rotaonal Reference

https://nl.mathworks.com/videos/student-competition-physical-modeling-

training-part-2-simscape-fundamentals-107484.html
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5 Simulacia elektromechanického systému v Simscape

Priklad. Miesto zdroja momentu doplnit’ jednosmerny motor do predchadzajice;
schémy s prevodovkou (7 = 2), s momentom zotrvacnosti a s rotaénym tlmicom.

VlozZenie elektro-mechanického menica (prevodnika). Existuja dva typy
elektromechanickych menic¢ov:

1) Idealny bezstratovy elektromechanicky menic¢
2) Elektricky motor (stratovy menic)

1) Idealny bezstratovy elektromechanicky menic

{ $ | Electrical Torque | Mechanical | Faults
Rotational ~  [potorinertia:  [0.01 | [gFemn2
e “P Electromechanical
)
i |

Converter Rotor damping: [0 | [N*m/(rad/s)
Initial rotor speed: |0 | [rpm

v Simscape Op-Amp Open Circuit Resistor
v Foundation Library J = g, 5 )
v Electrical #J d‘%_\‘ SAMA

Electrical Elements

. Rotational Switch Thermal Resistor
Electrical Sensors

.| Electromechanical

Electrical Sources : Converter

> Gas T R
) of:.. ¥ =5 :

> Hydraulic +$ w.
» Isothermal Liquid ;
> Magnetic Translationa! Variable Resistor
2 Machanical Electcl'omecrlt1an|cal
> Moist Air bl

12
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2) Elektricky motor (meniC so stratami)

: a Settings
Electrical Torque | Mechanical = Faults
o DC Motor Field type: [Permanent magnet 7
Model parameterization:  |By equivalent circuit parameters  ~|
: ; | [ohm  ~]

Armature resistance: 139
Nastavenie parametrov (zvolit Armature Inductance:  [12e-6 | [H
suistavu Sl) Define back-emf or torque [Sp ecify back-emf constant "l
| Electrical Torque | Mechanical | Faults carsiant — —
4 Back-emf constant: 0.072¢-3 | [vipm V]
Rotor inertia: 0.01 *emA2
W g
Rotor damping: [0 | |N*m/(rad/s)
Initial rotor speed: |0 | [rom
Simscape/Electrical/Electromechanical/Brushed Motors
v Electrical s 2 R, s s
Connectors & Referenc ¢ e . -¢ é $
> Control ‘ vl ,,'_@ <, ul 7 ol
V' Hectromechanical DC Motor RC Servo Shunt Motor  Universal Motot
Asynchronous
Brushed Motors
Mechanical
Mechatronic Actuat
Permanent Magnet
Reluctance & Stepp
Synchronous

6 Simulacia systému vykonovy polovodi¢ovy meni¢ s PWM
modulaciou — motor

Priklad: schéma jednosmerného motora napajané¢ho z menica s PWM modulaciou

(L1 E—
et FIWM 9 @}._»_> ]
1
ref- F REF :- L Current
Controlled PWM REV |
PWM Vollage e + [v4
E3 e -
reference .
voltage H-Bridge DC Motor [D @
b)
) (&)

—

RPM

13
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7 Simulacia mechanickych systémov v Simscape Multibody

Simscape ™ Multibody ™ poskytuje prostredie pre simulaciu viacerych telies 3D
mechanickych systémov, ako st napr. roboty.

Vlastnosti prostredia:

e Simscape Multibody formuluje a riesi pohybové rovnice pre cely mechanicky
systém, takze nie je potrebné zostavovat’ matematicky model

e Umoznuje modelovat’ viachmotnostné systémy viazanych navzajom
pomocou blokov predstavujicich tela, kiby, obmedzenia, vikonové prvky a
snimace.

e Do modelu mozno importovat’ kompletné CAD zostavy vratane vsetkych
hmotnosti, zotrva¢nych hmotnosti, spojov, obmedzeni a 3D geometrie.

e Umoznuje automaticky generovat’ 30 animacii pre vizualizaciu dynamickych
pochodov.

° Dalej mozno do modelu integrovat’ hydraulické, elektrické, pneumatické a
d’alsie fyzikalne systémy pomocou komponentov z prvkov Simscape.

VyhlPadanie vlastnosti blokov
>> doc

Zvolit’ postupne: — Simscape Multibody
— Get Started with Simcsape Multibody

alebo do zadat’ nazov skupiny (napr. Belts and Cables)

prip. priamo nazov bloku

Priklady na modelovanie v Simscape Multibodyz,,
https://nl.mathworks.com/help/physmod/sm/examples.html?s cid=doc ftr&cat
egory=index&s tid=CRUX Iftnav_example index

14


https://nl.mathworks.com/help/physmod/sm/examples.html?s_cid=doc_ftr&category=index&s_tid=CRUX_lftnav_example_index
https://nl.mathworks.com/help/physmod/sm/examples.html?s_cid=doc_ftr&category=index&s_tid=CRUX_lftnav_example_index

V. Fedak

Modelovanie elektromechanickych systémov KEM FEI TU KoSice

Strucny popis skupin blokov v prostredi Simscape Multibody

Behs and Cabies

Frames and Gears and

Sody Bements Constraints ~ Curvesand Swfaces  Foreesand
Torgues Transforms Coupngs
Belts and Casti podsystému lano — kladka; navijacka
Cables
Body Rozne druhy telies, zadavaja sa geometrické rozmery, hustota a pod.
Elements
Constraints Obmedzenia pohybu telesa: obmedzenie vzdialenosti, uhla a pohyb po krivke

Cutrves and
Surfaces

Zadefinovanie splajnovej krivky

Forces and
Torques

Externa sila a moment, gravitacné pole, sila v pruzine a tlmici

Frames and
Transforms

Suradnicové systémy a ich transformacia

Gears and
Couplings

Rozne typy prevodoviek

Joints

Bloky typu Joints st tvorené jednym alebo zlicenim viacerych tzv. primitiv
(Joint Primitives), ktoré potom tvoria stupne vol'nosti. Klby spijaju bloky typu
body a pridavaju im stupne volnosti, tiez urcuji smer a druh pohybu.

Joints maji v bloku porty oznacené ako B-Base a F-Follower. Znamena to, Zze
follower vykonava pohyb vzhl'adom k Base.

Druhy primitiv:
e Prismatic- jeden translacny stupen volnosti
e Revolute- jeden rotacny stupen volnosti

e Spherical- tri stupne vol'nosti okolo stredného bodu

e Weld-zvar, bez stupna volnosti

Utilities

Blok Machine Environment

15
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Prehl’ad blokov Simscape Multibody

— | [

Belts and Cables Body Elements Constraints Curves and Surfaces

Forces and
Torgues
RI)”E@ (7 oo T 5 et
| ((®] =0p | @ @
Belt-Cable End B
Flexible Bodies Variable Mass Angle Infinite Plane External Force
E]R&Alb'l == =1} Constraint and Torque
'.:.[3 R‘B ER @ Gf= 1
Belt-Cable Spool 8|...|F BB @
Brick Solid Cyfindrical Solid Point
@F’#O | Distance - Gravitational
* cq 3 3 B .
Belt-Cable A e Constraint R:.‘..'G 3 Field
Properties ) EB
Ellipsoidal Solid Extruded Solid : gF
= b @BJ F Spline il
Emﬁe L ‘ |
e R‘E; Paint on Citfve Internal Force
Pulley _ Constraint '
File Solid Graphic BVF
&= ms% Inverse Square
Law Force
Inertia Inertiz Sensor
e’ 2t R
A4 3
—_— F Spatial
Revolved Sclid Spherical Solid Contact Force
b
(E31] FE
X R
Spring and

Damper Force

Variable Mass

B>
1@ 1@r

General Variable
Variable Mass  Brick Solid

Dn@ RE >©

Variable Variable
Cylindrical Solid Spherical Solid
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Revolute Joint

BgF

Telescoping
Joint

B\!! Fi

i)

Weld Joint

2]
o
,‘\ .
<X
n
|5]

Universal
Joint

Pt 2 P=—C
L= S
Frames and Gears and Utilities
Transforms .
Couplings
1 oA
RR B%F B$F &6 ) Fp ‘;kc
¥
Reference Bevel Gear 6-DOF Joint  Bearing Joint Mechanism
Frame Constraint E E Configuration
=8B B‘[gf”F
Her R !
« %* Bushing Joint  Cartesian
Rigid Common Gear Joint
Transform Constraint ¥ )
p BE=F Es E FIE
e’ @F B@gF &
onstant Velocity Cylindrical
Transform Rack and Pinion Joint Joint
Sensor Constraint e
B@F B\:’F
A T
bvm EBZiEFE =
- Gimbal Joint  Lead Screw
World Frame Worm and Gear Joint
Constraint B¢ CI,
Bl FE Bwd _rFA
ﬁ]\ L
Pin Slot Joint  Planar Joint
+ B ‘" FE B3 FE
Prismatic Rectangular
Joint Joint
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Priklad: simuldcia pohybu jednoduchého kyvadla v Simscape Multibody

Kinematicka schéma Matematicky model

d29+b 9 g .,
a2 "mdec 1o

mg

Potrebné bloky (znazornené pre dvojité kyvadlo)

Ground M

Gravity

Global coordnate system or Inertial reference system

Two bodies: Rigid
{ ™ J
*  Two joints: Revolute joint
@ © L

Odstartovanie Simscape Multibody

>> smnew
So—> F}lnkcia smnew otvara . Sablonu model.u
Simscape  Multibody.  Sabléna  obsahuje
| nickol’ko bezne pouzivanych blokov a
fle) =0 pr—» ] automaticky vyber riesic¢a s variabilnym krokom
) '| pre ¢o najvhodnejsie riesenie modelu:
Qz EB}2<F3 e  Simulink-PS Converter
e  Solver configuration
(|
& e World frame
o
#%C 5 e  Mechanism configuration

e  Brick Solid
e Rigid transform
e  PS-Simulink Converter

e Scope

18
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>> sm compound body

Creating a Simple Part Creating a Complex Part

f(x)=0

v

Compound Body

Creating a Complex Part

other end. The link is a composite of three simple solids.

Model parameters are defined in the model workspace.

This example shows a moderately complex mechanical link with a frame at each end
and a reference frame at the center. The link has a hole at one end and a peg at the

Otocny cap (Pivot)

f(x)=0p = . .‘n.
e O

Mechanism
Configuration

| " Solo Base
Dencription

E LW AL m T D

vix u serlie < = o ¥, AN Inerita wed Irees
- graphice companant. wed ogidiy attached frames into a
mimvghe LWt A solicd Ix thie common b ing Stock of riged
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AN ARNRITY, TIOM 19w QEOMwiry AN IToass. &4 fram an ineia
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W TR Sn DANAADIE NOes Lrnier YOOy Tuh, Sodet Thet Tppies Of
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>> sm _single pendulum sl

Parametre: [= 1 m, m;= 0,5 kg, b= 0,1 Ns/m

1 1 thetal
5 = q1_sl
theta1_0*pi/18Qyad , | = lpivot
-g/lL | sin [«
[aa]
!.'_ Revolute
Joint 1

L o
L Lofaiem

thetal SM

Link 1

thetat SL
e Joint Angle

DalSie informdcie — vid' MATLAB help:
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Priklad: Simulacia pohybu dvojitého kyvadla v Simscape Multibody
(Single Pendulum in Simulink and Simscape Multibody)

Model a Simple Pendulum

Tutorial Overview

Build Model

Specify Gravity

Set Pendulum Starting Position
Configure Solver

Assemble Model

Simulate Model

Save Model
Kinematicka Matematicky model: (aj s timi¢mi by, b, v kiboch)
schéma:
. 1 ; .
1 =— 5 [malily ¢ + by + (my +my)glip,]
(my+my) -1y
. 1 ; .
Y=~ [malil, @1 + by + mygo,]
myl,
Assembling Parts into a Double Pendulum Open Model

(Assembly)

Priklad zobrazuje zostavenie casti modularne navrhnutého modelu dvojitého
kyvadla. Upper and Lower Links su képie toho istého ¢lanku s réznymi parametrami
dizky, hustoty a farieb.

Dvojité kyvadlo zacina v pociatocnom stave (spoésobené vychylkou oboch uhlov) a
pohybuje sa pod vplyvom gravitacie.
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Upper Revolute

7

B" ‘/,{ F

Base Transform ‘
Base
'5:‘c: ¢
£k
Upper Link
f(x)=0 p
|
»' “=| Lower Revolute
Assembling Parts into a Double Pendulum ’ 7

This example shows how to assemble instances of a modularly designed
link into a double pendulum. The Upper and Lower Links are copies of the
same link, with different length, density and color parameters. The links are
reused from the sm_compound_body example. The double pendulum
starts at an initial state and moves under the influence of gravity.

Lower Link

Animation and Solution of Double Pendulum Motion

Open Live Script

Step 1: Define Displacement, Velocity, and Acceleration of Double Pendulum Masses
Step 2: Define Equations of Motion

Step 3: Evaluate Forces and Reduce System Equations

Step 4: Solve System Equations

Step 5: Create Animation of Oscillating Double Pendulum

Double Pendulum in Simulink and Simscape Multibody
>> sm_double_pendulum_sl

Parametre:
l1: 2 m, l2: 1 m, mq= 0,3 kg, my= 0,3 kg, b1: O,l Ns/rad, b2: 0,2 Ns/rad
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Simulink Model Simscape Multibody Mode!
theta2_d — *7\
2
—‘i sin }—D g'(m1+m2) - U((m1+m2)*L1)
» o’ | I Pivot

x - -
X b m2'2 - » b g

YAy

theta1_0"pi/180 rad

theta1_dd
X b m2r2 - - —
m2't =

» Revolute
Joint 1

xb oyl maet s Lnk 1
theta2_dd theta2+theta1
I— + a
X9 m2iLt + [ ] I 2 R
» » - IS | @%eus Revolute
— . z * Joint 2
(theta2_O+thetal_0)*pi/180 ‘T ’[’_

1/(m2°L2)

thetal_d
Link 2

Double Pendulum in Simulink and Simscape Multibody

1. Plot joint angles (see code)

2. Explore simulation results using sscexplore
3. Learn more about this example

4. Open model of single pendulum Scopes
5. Learn more about multibody modeling

@
/

thetal SM

thetal SL

O

Joint Angles

theta2 SM
theta2 SL

Tutorial 01: Simscape Multibody Basics and Double Pendulum Modeling | LUT University
https://www.youtube.com/watch?v=6pifanyE9f0

Dalsie priklady: (vy$e 50 prikladov) — pozri: Simscape Multibody — Examples
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