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Course Outline

¢+ Introduction

+ Review of Simulink basics
+ Building a model

+ Using Block Libraries

+* New Blocks

¢+ Running a Simulation
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What is Simulink?

Simulink is an interactive, block-diagram-based
tool for modeling and analyzing dynamic systems.

It is tightly coupled with MATLAB and supported by
Blocksets and Extensions.

Blocksets /
Toolboxes ‘ j Stateflow

MATLAB

Real-Time

Workshop Simulink




i .-+ Using the Latest Features of Simulink 2

What is Simulink?

A simulation tool in MATLAB'’s overall Technical
Computing Environment.

Among other things, this means:
+ Block diagram editing
+ Nonlinear simulation
¢ Continuous and discrete simulation
+ Hybrid simulation
+ Asynchronous (non-uniform sampling) simulation

+ |ntegration with MATLAB, Extensions, Blocksets
& Toolboxes
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Simulink?

Just about anything you can model mathematically
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and satellite Ship systems
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onetary
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Biological
systems




R .-~ Using the Latest Features of Stmulink 2

Simulink Basics

+ |t has its own special windows for block
diagrams

+ |t works by setting up a dialogue between the
system and the solver

+ |t shares MATLAB’s workspace
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Building a Model

¢ Starting Simulink
+ Editing models
¢+ Adding and connecting blocks
+ Annotations
¢ Signal labels
¢ Saving (MDL file format)
+ Undo
* Printing
* Browser
+ Help
¢ Tips for building models
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Starting Simulink

simulink [_ 3]

File Edit Simulation Format

n 4 8 Sinks O[]
-:—ET% %j\l/% L—'-LL‘—- V In Out Eile  Edt Simulation Faormat
A 1

I T
Linzar Monlinear  Connections 1 @

Sou o Sinks

Blockeate & SIMULINE B i P Scope 27 @r=ph
Teolbowes Copyright ) 19890-96 by The M
Display
untitied. mat simout
To Fike To Wotkspacs

Stop Simulstion

» simulink
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Open a new model window

Library: simulink

File  Edit Simulaton Fomat  Tools

2 B [ T [P F

Sources Sink= [riscrete Linear Manlinear Connections untitled !EE

File Edit Simulation Format  Tools

Blod=ets & Simulink Block Librany
Toolboxes Copyright () 1990-87 by The Mathioms, Inc.

Lremos

<) MATLAB Command Window

Typing simulink will
also open a new

model window if no
5 ol other model is open

» simulink



* Using the Latest Features of Simulink 2 12

Adding Blocks

xTA || ule ¥
e — ] In Ot
R D> ]

Sources Sink= [riscrate Linear Manlinear Connections

ets & Simulink Block Library

b
Copyright (21 1000-07 by The Mathiiotes, Ine. Emes

Pull the required blocks
into a new Simulink block
diagram window.

» twogain
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Connecting Blocks

untitled M=l E3 untitled [_ O]

File Edit Simulation Format  Tools File Edit Simulation Format  Tools

Left mouse
drag from = > & Fl> B
por‘t to add I;%Si!;lnatl Zain Scope I&Signatl 3ain Scope
a line.

untitled M=l E3

File Edit Simulation Faormat  Tools

oooo oooo oooo
o ,{1 [ il ,{1 [ oon] ,{1 =
Signal Zain Scope Signal Zain Scope Signal zain Scope
Fenerator Fenerator | Generator

Zain Scope r Zain Scoped ain Scoped

Right mouse drag to

i add a branch line.
» twogain
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Creating Subsystems

untitled _[O] untitled M= untitled M=l

File Edit Simulation Format  Tools File Edit Simulation Format  Tools File W=l Simulation Format  Tools
............................ Indo Add Line Chrl+£
[EanitFeda (St

ooon) »{ ; P-:l oooo ] E ]
e i S e S Cuit Crl+

igna ain cope igna cope Si ]
Generator Fenerator Ger EDF"I'I Ltrl+L
Paste Clrl+f

>[>——p— L1 L] Clear Delete ]

zain Scope Gain'i. Scope Szl Elikes 1

( Copy kadel

I:ZreRhEe Subzystemn  Chl+G
filasfs Subepstenm Bl

#ion  Format

File Edit Simulation Format  Tools File  Edit Toolz
File  Edit Simulation Format  Toolz
oooo
%0 — =
Out 1 ——f
Signal Ot 1 Scope oooo
Generatar Ini oo ——Ind Scope
Ot 2 |
] Signal Out2 >
Subsystem Generatar Scopet
Q Scope Tuwwo Gains

» twogain



% -~ Using the Latest Features of Simulink 2

Annotations

R untitled M=l B3 B8 untitied M= E
File Edit Simulation Faormat  Toolz File  Edit Simulation Format  Tools
O] ——f] :l Outl —— :l
oooo oooo
oo —Ind Scope oo —Ind Scope
Signal Cutd » Signal Qut2 »
Generator Scoped Generator Scopet
Twa Gains Two Gains
III This model demonstrates
a non-vectorized method for applying
Q multiple gains to asignal.lf

Double click on Type in the text
background

» twogain
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2
i

Signal Labels

untitled M=l E3

File  Edit Simulation Faormat  Tools

Signal 1

Gain 1 L}
oooo

o TI=|—> Inpit ho - L1
Signal [% Gain 2 Buth Signals
Generatar |:|

Twuwo Sains untitled [_ O]

Signal 2 File Edit Simulation Faormat  Tools

This model demonstrates

. : Signal 1
a non-wectorized method for applying

Tl -,l:l

Both Signals

F—————13 Input
o Original ne

Gain 2

multiple gains to 3 signal. |:|
Gain 1 L}

Twa ains

Signal 2

Thiz model demonstrates

H a non-vectorized method for applying
Slgnal |abe|S Work multiple gains to a signal.

just like annotations

» twogain
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Signal Label Propagation

twogain_grouped =] E3 Two Gains |_ O] x|
File Edt Simulation Format File Edit Simulation Format
Signal 1
- s
™ D M D
Gan 1 . e Input . Zain 1
oooo < 3ain
a0 — ] Input Moz 3 L]
Qrigingd i 2 < - <
Signal N3 L» 1 Both &ignake ! Hew Signd 2 .He-:?z)
e ne rEbor Twio Gaine Gain =i
Signal 2
This model demonstrates 8 untitled
g method for spplying Fil= W8 Sirnulation T Tools
multiple gaind T . .
dndo Add Line Chrl+2 Signal 1
[EanitEeda [t [
(B0t [yl ]
: oo Eopy ]+ E W I
o I
Signal labels can pass Paste Cley <
T " Sig [Elear [Velete L Baoth Signals
through "virtual” blocks e o 0 FD
Copy Model Signal 2

[Ereate Subsustern ik bdel demonstrates
task Subepster  Cilehd  [ed methed for applying
- B gainsto asignal.
[Eoaf Hmdern i ask Bl : !

oo e = T L I e
Breate [Litrar Lik:
[ leck Linan

» twoga-i n . ul:":iateﬁiagrarn Cirl+D
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untitled =] B3 Twu Gaing =] E3
File Edit Simulation Format  Tools FEile Edit Simulation Format  Tools
Signal 1
L1
. @ <0rig{nal ’{ ! Mew Signal 1
Gain 1 “Hew Signal 15 Input  Signd: & ain Fain 1
oooo Ml ]

ele)

Input
Original W Inp <New Signal > <Hew Zignal 1, Mew Signal 2>.F

- Signal Gain 2 T} i
Signal Both Signals
d g ’{ 1 Mew Signal 2

zenearator |:| Gain =
zain

Twa Gains

Signal 2

Thiz model demonstrates
a non-vectorized method for applying
multiple gainsto a signal.

» twogain
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Saving (MDL file format)

untitled [_ O] MOde 1 {
[H=W Edit Simulation Format  Tools BlOCkDe fau1 tS {
Hew... L4 Signal 1 }
Qpen... Crrl+01 | 1 o
Close I f’ AnnotationDefaults {
<Mew Signal 1x ™ }
Tl iz i i ).,_ |:|
. <Hew Signal 2> <Hew Signal 1, Mew Signal 2 Sys tem {
3 L Both Signal
Shaow Browser LD S mhanaE Block
. =
Erint... Chil+P T }
e S
it Thiz model demonstrated twugam Line {
Exit MATLAR  Chil+3 n-vectorized method for applyving | File Edit Simulation Format  Tools
— multiple gainsto a signal. Branch {
Gain 1 T }
oooo ot
Sl e o e }
Signal Signal Gain 2 =
Genarator ]-H }
Two ains —1
Signal 2

Thiz model demonstrates
a non-vectorized methad for applying
multiple gainsto a signal.

» twogain
» edit twogain.mdl
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Undo / Redo

¢ Select Undo or Redo from the Edit menu of the
affected system.

+ Up to 101 separate operations supported.
¢+ Supported operations:

+ Adding/deleting a block

+ Adding/deleting a line

+ Adding/deleting a model annotation

+ Editing a block name
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Printing

Allows you to
selectively print

systems within your

model.

[H=W Edit  Simulation Format  Toc

Hew... 4
Qpen... Chrl+0

Cloze Ctrl+iad ’E
Save Clrl+5 &
Save bz,

Show Browser

Printer gtup .

Fntrolk

Exit MATLAER  Chl+0Q

Print Model
Printer
Hame:

Status: Default printer; Ready
Type: HP Lazerlet 45 b
Where:  WWPRINTERS Mizzile
Comment: HP Lazer)et Bzi b=

Frint range

ol |

~

~

Optionz
' "

Current system

[ Include Print Log

Current system
and above

Propertiez

[ Pririt ta file

Copies

=

MHurmber of copies:

e

i ("
Current system All systems
and below
e le
r
r

k. | Cancel
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Simulink Model Browser

Current system

Blocks in the
selected system

and subsystems E1"114" Browser
. . File Optionz
It contains
- dlrcrait Dynamics Model
Aircraft Dynamics Model nhtroller
Controller Fryden Wind Gust Hodels
Dryden Wind Gust Models More Info
Hore Info [O0] Hore Infol
[2 ] Hore Infol Hz pilot calculation
Hz pilot calculation Actuator Model
Angle of Attack
Gain
zainl -
B 4] -
(A=W Edit Simulation Format 7 | ILI—I Ellosl e Syl
Hew... »
Open... Crrl+01 [ Look Under [M]azk Dialag Open System
Lsze Ll ’[ [~ Expand [L]ibrany Links [Eacfe [Rta S petent
Save Chrl+5 i
Save fs.. Help | Fririt... | Close
Erint... Crl+F b -
Frinter Setup... — ¢ Ena Ies you to-
EdtMATLAB  Ciled) - Navigate a model hierarchically

V * Open systems in a model directly

* Determine the blocks contained in a model
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Simulink Help

. Simulink Linear Online Documentation - Netscape
i untitled Mi=] E3 g

File Edit “iew Go Communicator Help

File Edit Simulation Format Tools T - - -
e 2 A DN a2 £ P &
£ Back Fomwad Reload  Home  Seach Guide Frint  Securty  Stop
u . .
Simulink Blocks
ﬁu % L :l Search
. u &
Sine Wave ain Scope r\Tﬁ \k‘éﬂ .
?J{X_'.) _ﬁ}*]"\(\_ ! o e.4., gain, switch
. Sources Sinks Discrate Linear Monlinear Connections
—Gain
Scalar or vectar gain. v = k.*u . 1=
S Gain
— Paramneters ? '
Gain: Gain Sum Purpose
L , a ultiply block input.
= =+1
- ITiegrEter - Transfer Fon Parameters and Dialog Box
a1 B ewert Cloze b
: W = fockBu (=1) i Gain
¥= Cxrbu )] Gain
State-Space Zero-Fole Scalar or vector gain. p = k."u
. :I] Parameters
Pressing the Help button i
takes you to the Simulink [} | | |
. . i atrizc Slider Apply Rievert Help Eise
Online Documentation
Gain
The gain, specified as a scalar, vector, variable
name, of expression. The default is 1. hd
4 F

@ [ | Document: Done
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Tips for Building Models

“You should be able to know what is going on in a
diagram by looking at the print out.”

* Minimize line crossings

* Hide block names when not needed

« Show dialog parameters in block name
« Use Goto/From block wisely

* Size blocks appropriately

« Use grouping appropriately
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Tips for Building Models

“You should be able to know what is going on in a
diagram by looking at the print out.”
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File Edit Simulstion Format File  Edit Simulation  Format  Tools
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Libraries

 Enables you to copy blocks into your models
from external libraries and automatically update
the copied blocks when the source library
changes.
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Libraries

 Terminology

¢ Library - A collection of library blocks. A library
must be explicitly created using ‘New Library'.

¢ Library block - A block in a library.
+ Reference block - A copy of a library block.

+ Link - The connection between the reference
block and its library block that allows Simulink to
update the reference block when the library block
changes.

+ Copy - The operation that creates a reference
block from either a library block or another
reference block.
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Libraries

! untitled M=l

File WX1¥ Simulation Format  Tools

Model Undo Add Chlz PID Controller
. [Eart Eeda [l
window o e / (Reference block)

EDF‘P Clil+C FID Cantrall
Easte iy antraller
Clear Delete o
v Library: simulink_extras.___ =
Select All okl |
Copy Model File Edit Simulation Format  Tools Changes made to

the Library block

[Ereate Subeysten, [EilHE 1 1
ek Sutepsten Bl 1 o+ 3
Look Under Mask  Chrl+ll Transfer Fen Transter Fen Wi I I affeCt al I
ith initial stat ith initial outputs

Go Ta Librar Link CisL (with inifialstates)  (uith Inffal outputs) Reference blocks.
Break Librany Link, (=11 i=1)
[ rleeke Citanamy = A1) EETE ]

Llnk Zero-Pale Zero-Pale

Update Diagram  Chrl+D

fwiith initial states) (with initial autputs)

= Ax+ Bu FID
w=Cx+ Du

FIC Contraller
State-Space

ith initial outputs)

Library = «o " e—=———_ Library

wWindow | oareinse block
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Example

 Library: temperature_i SIS Library references can have different
File Edit Simulation Format  Tools . .

decorations (i.e. colors, drop shadow,
etc.). The implemention is always

Fahrenheit Fahranheit
F to C F to K 1 1
Contirade amin retrieved from the library.
Fahref\heit
| i temperature_mdl [_ (O] x|
Centig{ade File Edit Simulation Format  Tools
Fahranheit
F to b 100
Bailing tigrade Drisplay
212 F High Temperature
Fahranheit
F oot cf——p [ 0]
- *ti rade
Freezing 4 Lisplay
32 F Low Temperature

>> temperature_lib
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Breaking a Library Link

i temperature_mdl M=l E3
File @18 Simulation Format  Tools
IIndo Block Mame Chl+2
[EantEeds [t heit
Ch—— 100
Cuk Chrl+ rade
Lispl
Copy Cukl isplay
Paste Chrl+4
Clear Delete
]
Select Al Chrl+y hait
Capy Made| cb— [ 9]
rade
Ereate Subsystern  CileE — Display1
arature
ask Subspstern  [Etlehd
—  Look Under kask  Chl+L

Go To Library Link. Chl+L

[t Cibrary t!

A library link can be broken, making
it independent of changes to the

Update Diaagrarm

Chrl+D

library source.
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Breaking a Libray Link

i Library: temperature_lib

File Edit Simulation Format  Tools

=] E3

F Fio

Fahrenheit
c F ta
Kelvin

K

Fahrenheit
to
Centigrade

i temperature_mdl

Eile Edit Simulation Format Tools

212

Bailing
212 F

Freezing
32F

F Fio C

IS [=] E3

100

High Temperature

Fahrenheit
F to [
Centigrade

Drisplay

[ 0

Low Temperature

Crisplay

The Fahrenheit to Centigrade
icon has been changed.

The Low Temperature
block does not inherit
the icon change made in
the library.
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Libraries

 All blocks have a LinkStatus property

+ Possible values of LinkStatus are:
* ‘none' - the block is not a reference block

e 'resolved' - the block is a reference block and it refers to a valid
library

* 'unresolved' - the block is a reference block and it does not
refer to a valid library



o~ Using the Latest Features of Simulink 2 2B

Libraries

* Model library information may be obtained using
the libinfo command.

¢ returns a data structure with fields

» Block - the block path

 Library - the library name

» ReferenceBlock - the reference block path
 LinkStatus - the link status of the block
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Libraries

* A library may be locked which means that no
further changes can be made until it is unlocked.

» Links to locked libraries are only B et
instantiated once.

« Links to unlocked libraries are e
re-instantiated each time you
‘Update Diagram’ or start a sobmdl  own |
simulation. ey Hadel
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New Blocks

P GOtOIFrom __I?Iljeulsﬁdlt Simulation  Format
+ Enable/Trigger DECIREC
* Integrator e
’ Scope Enable Trigger

1 ]
¢ Others es Inte:ratu:-r Scope
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New Blocks

MoreMewBlocks [_[O]
File  Edit Sirmulation Farmat  Tools
* Sources - Discrete Pulse Generator, o [Mb
Random Number, Uniform Random Disorete Fulse Random  unifom Random
Number
¢ Sinks - Display Dy

: u .
zin & flaar min

* Nonlinear - Trigonmetric Function, Math | L "I 1 1
FunCtion, Rounding FunCtion, MinMaX, Function Function Function

_|

Hit Crossing, Manual Switch, Multiport N e

Switch, Algebraic Constraint SR M
¢+ Connections - Data Store Read, Data e O

Store Memory, Data Store Write,

Ground, Terminator, Initial Condition, = 4

Selector, Width . '

¥

IC Selectar Miidth
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Goto / From Blocks

Local [ ] is only on the
current window

LocalGoto M[=] B3

File Edt Simulation Format  Tools

From varL Sine Wave Goto

>> LocalGoto



.-~ Using the Latest Features of Simulink 2 38

2

Goto / From Blocks

GlobalGoto M=
Fil=  Edit Simulation Faormat
- Tool
Global is all
systems i i
Glohal Glohal
Goto From

Global Goto Global From

File Edit Sirmulation Farmat  Tools File Edit Simulation  Farmat
Taoals
I:I "n"- varG *
Y/ : -
. varG
varG Sine Wave Goto

From varG

>> GlobalGoto
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Goto / From Blocks

ScopedGoto M=l E
Tag . File Edit Simulation Faormat  Tools
Visibility Scoped {} is all -
1 var
is here systems dotoTag
beneath the E— Visibility E"
Tag Visibility
Scoped
block Scoped From
Scoped Goto =] E3 Scoped From M=l E
File  Edit Simulation Format  Tools File Edit Simulation Format  Tools
From vars Sine Wave Goto From vars

» ScopedGoto




Enable / Trigger

¢+ An Enable block, when added to a subsystem, causes the
subsystem to be conditionally executed at each simulation
step for which the control signal to the subsystem’s enable
port is positive.

+ A Trigger block, when added to a subsystem, causes the
subsystem to execute whenever a trigger event occurs.
The execution is for one time step only.

+ Both Enable and Trigger blocks can be added to a
subsystem, combining the affects of both.

B8 Conditionally Executed Subsystems [_ O]
File  Edit Simulation Format  Tools

I + n #

Enabled Triggered Enabled & Triggerad
Subsystem Subsystemn Subsystem
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Integrator

+ External reset (rising, falling, either)
+ External initial condition
¢ Output limiting with saturation port

+ State port
¢ useful for passing states between conditionally executed
subsytems
+ useful for feedback without causing algebraic loops
File Edit Simulation Format  Tools
m 1 I:I_Lrt|:-}ut
= - A f
T‘" m}minn
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Scope

*

*

*

*

Zoom in on signal
Locate signal

Save signal to workspace or file

Print signal

Scope _[O]=]

File  Edit Simulation Farmat  Taools

Chirp Signal

i

Scope

é.. M) 3 I'|I|||1|1r|

E.II;'.'I Il |I f

'Flll

”|I|||||“ll

i

[~ Hide tick labels

Apply | Hevertl Help | Cloze |

Properties: Scope ==

Axes | Settings |

Drata history

[V Limit raws to last: I 5000

I~ Save data to workspace

Y ariatle mares I Scopelata

™ Floating scope

Apply | Hevertl Help | Cloze |
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Running a Simulation

+ No states

¢ Continuous
+ Discrete

+ Hybrid
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Running a Simulation

¢ Setting parameters

+ Getting data into models

¢ Continuous systems

+ Discrete systems

+ Discontinuities (zero crossing events)
+ Algebraic Loops (implicit equations)
¢+ From the command line

+ Improving performance and accuracy
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twugain
File  Edit EnEGE Format  Tools

Start Ctrl+T Signal

ignal 1:
%DODD_ Pl
C  Eaternal ianal 25
Signal S EELLES -
Generatar |_>|:|
Twa Fains
Signal 2

Thiz model demonstrates

<Mew Signal 1, Mew Signal 2>.'-

Both Sig Solver

a non-vectorized method for applying

multiple gains to a signal.

=] E3

Eﬁimulatiun parameters: twogain

» twogain

Wu:urkspau:elf[ll Diagnnsticsl HTWl R T E:-:ternall

Shop time: I 10.0

Sirnulation time

Start tirme: I 0.0

Solver options

Type: I"u-"arial:-le-step j

I aded5 [Darmand-Prince]

Relative tolerance: | 183

I8

b ax step size: I auka
Initial step zize: I auto

Abzolute tolerance: | 1e-6

Clutput options

|

Refine autput j Refine factar: | 1

Apply | Hevertl Help | Cloze
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Simulating

twugain M= E3
File Edit Simulation Format  Tools
Signal 1
] Buth Signals

1 2
|- L) N EEE
<Mew Signal 1*
1
S e R , “New Signal T, Hew Signal 277
<Mew Signal 2>

Signal Signal Gain 2 Both Signals
Genarator |:|

Twa Fains

oooo M

Signal 2

Thiz model demonstrates
a non-vectorized methad for applying
multiple gainsto a signal.

Use:
Variable-step discrete time solver
Max. Step Size = 0.1

» twogain
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Setting Parameters

Eimulatiun parameters: twogain

Solver Wnrkspacelf[ll Diagnnsticsl FIT'W'l RTw E:-:ternall

Simulation time
Ckart birre: I 0.0 Chap tirme: I 10.0

Solver options
Type: I"v"arial:ule-step j Ind345 [Darmand-Prince] j

Max step size: I 01 Relative tolerance: I 1e-3
Initial step size: I auta Abzolute talerance: I le-B
1

Clutput optionz

Refine autput j Refine factar: I

Apply | R evert | Help | Cloze
loror = Lorant N (T
__op star N Region in which rtol determines acceptable error
e =~ SN
ol N Region in which atal determines acceptable errar
N | atoly / /
Time 4

» twogain
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Available Solvers

¢ Variable-step solvers

+ Modify step size during simulation

+ Error control and zero crossing detection

* 0ode45, ode23, ode113, ode15s, ode23s, discrete
+ Fixed-step solvers

¢+ Same step size throughout simulation

* No error control or zero crossing detection

¢ oded, ode4, odel, ode2, ode1, discrete
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Available Solvers

¢+ Simulink selects a default solver

¢ ode45 solver used for models with continuous
states

+ Variable-step discrete-time solver used for
models with no continuous states

+ See supplied paper by Reichelt and Shampine
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Step Size Calculation (variable step)

Simulink calculates continuous states by
numerically integrating their derivatives.

Integration error is approximated
by the difference between two
/ integration orders.

t t+h

* |If the error is acceptable, the simulation proceeds. Otherwise,
step size is reduced and the integration is repeated.
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Discrete Update

* |If the error is acceptable, the simulation proceeds. Otherwise,
step size is reduced and the integration is repeated.

« Step size is adjusted to coincide with updates of discrete blocks.
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Step Size Calculation (variable step)

+ Purely discrete systems

* The step size is adjusted to coincide with the
sample times of the blocks.

dizcrete_varstep [_ O] Scope
File Edit Simulation Format Toals pl@l/@l ﬂ J @

oooo
e o "'J_Ll— e |_>

Signal dt:0.z

Generd tar "’
Scope
» L :

dt:0.2

» discrete_varstep
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Step Size Calculation (fixed step)

+ Purely discrete systems

+ The step size is determined by taking the greatest common
divisor (GCD) of the sample times of the blocks:

Ts1=0.2, Ts2=0.3
LCM =0.1

dizcrete_fixstep
File Edit Simulation Format  Tools

oooo

Th

Pl

Geneara tor

)]

L

dt0.2

Th

dt0.:2

» discrete_fixstep

Scope

202 2| @l - &l
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Step Size Calculation (fixed step)

+ Purely discrete systems

¢ The actual number of simulation steps may be
more than expected if the sample times do not
have a common multiple:

tout =
0
0.1000
Numbers in red are 0.2000
those times that do 0.3000
not correspond to a 0.4000
sample time. 0.5000
0.6000
0.7000
» discrete_fixstep 0.8000
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Error Tolerance

Integration step size is chosen to satisfy error constraint:

error; < max{ absolute_tol, relative_tol*abs(x;) }

State

rtal®]x|

" . -'_'_'_'_'_'_,_,_,—'—"'_'_F
"
]

. atEI|+

Region in which rtol determines acceptable error

Fegion in which atol determines acceptable error

/

Time

Relative tolerance scales the acceptable error with a states
magnitude, which is useful for systems with widely varying state

F

values. (e.g.. 100,000 RPM vs 1.0 ATM)

Absolute tolerance prevents the step size from becoming
infinitesimal when a state crosses zero. It is used to determine
tolerances around zero (i.e.. |x| < absolute_tol/relative_tol).

Simulink 2 allows different absolute tolerances for each state.
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Getting Data Into and Out of
Models

Datal0 [_[O]

Eile  Edit Simulation Format

3 B

: : Constant Soope
E Simulation parameters: DatalO M= 3
Snluerl Workzpace /0 Diagnnsticsl FIT'W'l RTw E:-:ternall untitied. mat untitid. mat

Load from workzpace Save to workspace From Fie To File

[ Input; I [t u] [T.4] cimout ] Properties: Scope
[ States: I wout From To Wokepace ,-'l‘-.:-:esl Settingsl

thepace

v Output: I_'r"I'Ut General

States @ @ Decimation j |'|

[ Load initial: I mlritial [T Save final | «Final Data histor
[+ Limnit rowes to last; I 5000

S ave optiahs
[ Limit rows to last: I 1000 [ Save data to workspace
D'ecimatiarn: | 1 AppIIeS tO |np0rt3 W arahle mame: | Scopellata
and Outports on _
[ Flaating scope
Apply | i esert | Help | Cloze top Ievel on |y

Apply | Hevertl Help | Cloze

» dataio
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Continuous models
Ordinary differential equations
x(1)
. K r->
F=mx+bx+kx 111 o— > Fi
x
£ u m b k]
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The linear block library

B8 simulink M=l B3
File  Edit Simulation Format
n 4+
&Ti —\1%4/%; In Qut
b:il:}i ﬁ‘rﬁ Linear [_ O]
Soumces Sinke Connections File  Edit Simulation  Format
Blochzets & i p X +
Toolbowes Copyright i) 199095 by — gl "
ain Sum
1 1
kS =+
Iriteg rator Transfer Fon
¥ = Sk Bu iz
w= Cwt Do s+
State-Spac= Zemnc-Pok
duidt

Derhusthie Dot Product

54 1
Matri Slider
3ain Zain

» simulink
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2 u
Spring-Mass-Damper
sp[ingmassdampe[ Hi= Actual Fos. ¥s. Command Pos.
Fie Edit Simulstion Fomat © 22 #élE
1 x [Steady State)

Digturbanca

Fom=

< (Steady State), x>
I:‘Ijl:lnl:ll:l F Force  Actua Position {ﬂ—p Ml s ]
Actual Pos.
wE,
SMD Command Pox.

Poeition S
a0 |
Time offzet: 0
FAuctual
P ition

» springmassdamper
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Modelling continuous systems

abcd =]

File Edit Simulation Format

oooo
oo + | wid "El xd @ x [
G:il::gr Sum k0 =t Solution 1
o0 ° 4 }4
¥=—4%—3-x+u
3 }.7
1
™ 2y ds+3 hl:l
£
Transfer Fon Solution 2
1
p ]
E+IE+1) :
ZarorPoke Salution 2
oo Sim-
State- Spacs Solution 4
= [4-31 0]
B[00
[0 1]
d: 0
Controls Toolbox o}
n n » ] ‘l'fl:1,[1 431,] x ._I:l
required for this solution —
LTI Syztam Solution 5

» abcd
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Exercise: Foxes and Bunnies

Lotka-Volterra predator-

prey model

Foxes:
==y

Bunnies:

y, =(=1+B-y)y,

Initial conditions:
y,(0)=20| |& = 0.02

y,(0)=20 |B =001

Build two different representations of the equations above and

simulate the models for 25 seconds
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a2

Solution: Foxes and Bunnies

lotkavolterral
File Edit Simulation Format

oL i .
= * Lutka-"-l"ultena Solution 1

ez [© 212 #lE <]

ol oy
M 2 [T
™ Lotk \alte rra
Solution 1
iz ¥2
Fiowzs . - -
IC: 20 Time offset: 0

» lotkavolterral
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? Additional Solutions: Foxes and
Bunnies

LotkaVolterra2 [_ 0] LotkaYolterra3 H=]
Fie Edt Simulation Format Fllz Eci Shmlstier [Formel
yid rAl| | uppooozeey P
Elurlunies Muse Loswl, v e wl, w2 |:|
Apha Ic: 20 “ ’ D ’
foz ] U E1H001UAD Fowes and ks viohe s
4 . ol s E';'?';E* Solution 3
M5 ¥ 3 L1 '
Lot Yolkera
Salution 2 Lotka-Volterra Solution 3 M=] E3

Lotka-Yolterra Solution 2

[© 212 s £

[° 212 AlE £

Time offset; O

Time aoffzet: O

» lotkavolterra?2
» lotkavolterra3
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Exercise: Lorenz Attractor

Lorenz attractor equations
Initial conditions:

X, =06(—x,+x,) =17] lo=10
Xy, ==X X; +pPX; — X, x, =12 B=8/3
VI _ p =24.06

1) Build two different representations of the equations above

and simulate the models for 25 seconds
2) Use different integrators to show what happens to the
solution x1, x2, x3. Remember...the Lorenz Attractor

equations represent a chaotic system.

Bonus: Send the output (x1,x2,x3) to the workspace and use
the comet3 command to view the trajectory.
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Solution: Lorenz Attraor

lorenzl

FEile  Edit Simulation  Format

— AT U+ T ) -
#*1dot function
S
| T UEHEACE U | ] Mux
™ —
w2dat function =8
(1.7 1.2 20]
— U uiE-EAE a3 —
#2dot function

use comet2040, 1,50 20,50,30

to wiew output

-_.; Il[l I|'| ‘|| |H i llt ||IIIJ|II |1 Ill |'| t|1|||||[||||I ]|‘ ||.

Time offget; O

» lorenzl
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Additional Solution: Lorenz
Attractor

lorenz2

File Edit Simulation Faormat

10 148

w1
(=3

Sigma

f |'I i
iy M

» s

Betz w3
o 20

uge comet3ei, 10,450,20,500,30
to wiew output

}. Ilhln f;m. |||'4"I | I |Lr ! 1'|l' [' A )

|J'

» lorenz2 I
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. dizcretedemo

ooono

File Edit Simulation Format l;_:}glgl ﬂl_@ E._I

Discrete models

[_T0O] E Unit Delay

= I
Mz | me (LT[ |
N - Ly o
Signal Y] Unk Delay wifr-1)
nit Le Unit Delzy S R e KL U ERSURL SU I
e ne rator o
L [l "™ o . » A SR
Ze o Order =t . S a7 ST
Hold : :
dt:0.1

EJzon
o210 #lE 2]

For discrete
models, use
a fixed-step
integrator

.................................................

......................................................

........................

discretedemo
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An interest rate example

Let's look at what happens if you gain 6%, 7%
and 8% interest on a $1000 investment over 50

years
M _=106M | [M,=1000
InterestRate _10] Return on investment =]

File  Edit Simulation Faormat

5 £l il -]

EO N 5 [ %10
ry |
Unit Crelsy Return on investment
':- 1|:|:|:| .................................................
Te: A1 : : : :
1242015 ;|| I T P e el
[1.051.07 1.0 28457032 sbo T T oo
45201 .61 . . . ;
ot Rabee b T ot e e IR

ROI

Time aoffzet; 0

» InterestRate

wow!!!

That's a
$28,000
difference!
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Exercise: Fibonacci

Generate the Fibonacci sequence with SIMULINK
using unit delay, summing junction, and to
workspace blocks, create a system that will
generate the first 20 numbers in this series.

A chambered nautilus is

— + really an example of the /
Xn xn-1 xn-2 golden rectangle which is [
the Fibonacci sequence. |

X, =1,x,=1 |

Display the results by sending the entire series to
the MATLAB workspace and by viewing the last
three data points in the series from within the

model.
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Solution: Fibonacci

|4 MATLAB Command Window [_ [O] <]
File Edit Windaow Help
Fihnnat:t:i M=] B3 Dlil i ||E| il Ell:_‘:'l El 1'
File Edit Simulation Fomat » yout ]
» yout =
HA T <xi), k-1, wip-F- > -m:”_It
Ll 2 1 1
3 2 1
5 3 2
| i) wf-1) ©f-) | i), win-10, wfp-2 8 L 2
Unit Cue =y Unit Delsn 13 8 >
dt: 1 dt: 1 | 28657 | 31 E 13
ic 1 i 1
—p| 17711} 55 3y 21
= | 10946 | 89 55 3y
144 89 55
233 144 89
377 233 144
618 377 233
o987 618 377
1507 087 618
2584 1597 o8y
4181 2584 1597
6765 4181 2584
18946 6765 4181 _|
17711 18946 6765
284657 17711 189446
1] | v

» Tibonacci
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Exercise (Bonus): Fibonacci

+ Copy all of the blocks in the previous solution so
that you have two of the same solution for the
series in one model.

+ Use a sample time of 1 for all of the blocks in the
first series and a sample time of 2 for all of the
blocks in the second series. Rerun the model
and look at what happens using different
integrators (i.e. fixed step and variable step).

+ Use a sample time of 1 for all of the blocks in the
first series and a sample time of 0.75 for all of the
blocks in the second series. Rerun the model
and look what happens using different
integrators.
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Exercise: MATLAB Markov marketI
model (MMMM)

« Every year 1% of the people who don't currently
use MATLAB see a marketing piece and then
start using MATLAB

 BUT every year 5% of the people who currently
use MATLAB win the lottery and no longer need
to use it

* There are 5 billion people in the world
 There are 400,000 current MATLAB users
 What happens in 20 years? 50 years?

M =095M ,+00IN |M,=04
N =005M_ +099N [N, =49996
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¥ Ssolution: MATLAB Markov market
model

File Edit Simulation Farmat

N —— R

z
MATLAB Uzers

EMATLAB & Non-MATLAB users M= E

ROO0

0as
—
IC: 04 M | l[ 1
TE: 1 >_F e
S L i+ 4000
- - MATLAB &
0.0
ay="=}

Non-MATLAB usars

1000

1
— . - >
z
Mon-MATLAB Users
IC: 42205
TS:1 :

Time offset: O

No matter what the initial number of MATLAB users is (assuming it's a
positive number), the steady state is always the same.

» Markov
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Controlling Model Diagnostics

E Simulation parameters: twogain [ [ ]

Sn:nl'-.ferl Wn:nrkspac:el;"[ll Diagnostics FIT'W'l AT E:-:ternall

Events: ;

Action

Min step size wiolation Marning € None h

Tnconnected block input  Warning % “wamming

MThcomtnected block output Warning 0

Tnconnected line Marning ¥ ContrOI WarnlngS and

errors

Debugging

Conzistency checking: I off - I

[~ Dizable zero crossing detection

Apply | Rewvert Help | Cloze
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From the Command Line

¢+ Why simulate from the command line?
+ Automate repeated simulations
¢ Parameter tuning
+ Any number of other reasons...
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How Simulink Works

Initialization
« Block parameters are passed to MATLAB for evaluation.

« The model hierarchy is flattened. (Conditionally executed
subsystems are seen as atomic units)

» Blocks are sorted in the order they need to be updated.
(Algebraic loops are detected)

* Block connectivity is checked to make sure that input and
output vector lengths match.

Simulation

* Numerical Integration
« State Events

« Implicit Equations

* and more...
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Zero Crossings

Hey! Hold up...
| had an
event happen

ﬁanks! Let me look
back to find out
when that occurred.

Solver System

No problem, I'll
let you know. [ Solver System

& F
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Zero Crossings

* Blocks with Zero Crossing Support:

Abs Backlash Dead Zone Hit Crossing
Integrator MinMax Relay Relational Operator
Saturation Sign Subsystem Switch

« Each block defines their own zero crossings

« Zero Crossings may be IS

+ Rising - signal rises to or _ R
through zero or signal leaves -
zero and becomes positive 0 __D—Eli

+ Falling - signal falls to or )4 F F
through zero or signal leaves e
zero and becomes negative

¢ Either - either the rising or AY

falling condition occurs Trager
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a2

Scope

Zero Crossings REETE

NO ZEr0 [ o s me v s s e s
zerocrossingdetection [_ (OO CrOSS| n g | . ------ S ------ ------ -----
File Edit Simulabion Format d ete Cti on ¥ : -'—;E'_; e, .. .....

[
B abe ()
W

Fon 1)1 SRR e B PR T TR L
L+ | Jemea .| | — o B R A T
+ s 12 13 14 15 "&

Abe
Time affset; O

E]Scope semilogy(tout(1:end-1) diffitout))
2 210 BIE 2 The zero crossing DR EEREE
Is detected
10°
I:I-1I:I_
1D-15 .
0 5 10

» zerocrossingdetection
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Zero Crossings

Bcoing MBIk
File Edit Simuation Fomat

[© 819 #lE

Zero-Crossing Detection in SIMULINK 2

" Mz |:|
FAbe
E_' Scope
Sine Wawe tx5 _:;\ ’_> Mz
—-
Snritch
|
Saturation

» zeroxing
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Zero Crossings (caveats)

« Although discrete blocks causes discontinuities, they do
not require event detection because the solver knows a-
priori where the events occur.

» |Itis possible to create models that chatter

* Usually these models are not physically realizable
— a massless spring
— a pneumatic system with zero time delay

« Chattering causes repeated detection of zero crossings
which means the step size becomes very small
* Use the Disable zero crossing detection check box on the
Parameters Dialog Diagnostics page to disable the zero
crossing detection
» The Hit Crossing block is unaffected by this
« Simulation results may be less accurate
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Enabled Subsystems

An enabled subsystem is conditionally executed at each
simulation step for which the control signal to the subsystem

is positive.

enabled

File Edit Simulation Format

Ak
Qutput Resat
-

Sine W=e

1

Fuke Generator

I[=]
+
N[
+
Soope

Feriod: 5
Loty Cycle: 50 %

= In Qut

Saturation betoween -0.75 and O.75
Qutput Held

States may be held
or reset
» enabled

» clutch

bz Output Reset

Eﬁcupe
[© 212 élE <

........................

=] E3

Fil Edit Sirmulation Format
Il
E.e r Outputs may be held
s o ) or reset
In b Qut
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Triggered Subsystems

A triggered subsystem executes each time a trigger event occurs. The
execution is for one time step only.

8 viggered Mi=] B |
File Edit Simulation Format Rising = E 0
= utputs
File  Edit Simulation  Format -
nooo
[n]u)
Squars Miswe
Freq: 1 Hz
gin Wave
Freq: 1.2 H=z
nooo
ao
Eithe
[ o ] A triggered event may

occur on rising, falling or
both rising and falling

» triggered edges of signal.
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Triggered and Enabled
Subsystems

A triggered subsystem executes each time a trigger event
occurs. The execution is for one time step only.

Trigger event

File  Edit
Simulation
Format

I 1
In Qut [
[

Subeyete

Don't execute the
subsystem

the enable
input signal

Yes

Execute the
subsystem
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Improving Performance and
Accuracy

+ |Inappropriate error tolerances (orbit)
+ |Inappropriate maximum step size
+ Systems with periodicity (periodic)
+ |Inappropriate integration algorithm
+ Stiff systems (stiffdemo,vdp with gain=1000)

+ Multirate systems (solution to bonus exercise with
discrete model)

+ Algebraic loops (algloop1, algloop2)
+ Bad numerical scaling (numerical_scaling)
+ Unstable systems



™ Using the Latest Features of Simulink 2

86

Making Models Run Fast

+ Avoid MATLAB Fcn blocks, since they invoke the
MATLAB parser.

¢ For the same reason, avoid M-File S-function
blocks if at all possible.

¢ Try simulating from the command line.

+ Close all scopes to avoid the computational
overhead associated with graphics.

+ Experiment to make sure you’re using the fastest
reasonable algorithm with the biggest reasonable
step size.

¢ Never send a random number block into an
integrator; always use the band-limited white
noise block instead.
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Recap

* Learn your way around the libraries provided
with Simulink

« Keep blocks you use frequently in the same
place — build your own library

« Gather all the blocks you think you need first,
then connect them: collect, then connect.

« Calibrate your simulation parameters and your
scopes.
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