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What is Simulink ?

Simulink (Simulation + Link) is a graphical
environment that allows to model, simulate and

analyze dynamical systems represented in block-
diagram form.

Differently from the Control System Toolbox
(CST), it allows to simulate generic dynamical
systems, including nonlinear, time-variant, multi-
rate and hybrid-time (sampled-data) systems.



What is Simulink ?

Simulink models (block diagrams) are created by

using a graphical user interface (GUI).

A rich library of built-in blocks is available;

additional blocks can be created by the user.
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What is Simulink ?

Simulink models are simulated by numerically
integrating the underlying ordinary differential
equations (ODE) describing their dynamics, using
the MATLAB ode solvers suite.
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What is Simulink ?
Simulink is tightly integrated with MATLAB.

MATLAB R2019b - academic use

s APPS SHORTCUTS B4 bR @IQSeav(h Documentation & Riccardo~
— —
r [] New Variable
A T3 C3Find Fles ¥ Ha =

7 Open variable v
w Open [{Z|Compare Import Save 2 Op CODE SIMULINK = E
. v

Data Workspace [Z7 Clear Workspace v . Va nables |mported from MODELING FORMAT APPS [=IRCN -}

v

ILE VARIABLE / Stop Time 5 } q& @ m> @
[ ] « 2019-2020 » LAB » NUMERICAL » LABA_LEC_1_Simulink_intro » matlab » = - | - -
® Ko d Wind Gl Work WO r S p a Ce noms o ik 2108 e
® ommand Window ® orks @@ Fast Restart L 2 Eroers Inspector
New to MATLAB? See resources for Getting Started. X é“;’:i A ‘éalue FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS
X >>Nwhos s o & " i Hk 8.3000 g | . sim_DC_mot | J
XC ame ize ytes ass ttrib| (1 0.0280 2 =
¥ g g
mix HH tout 61x1 double g 2 MSIM'DCJ“O‘
As 1x1 8 double Hts 1 5
T 1x1 8 double Htu 61x1 double 3| | &
k 1x1 8 double H ty 61x1 double = |
tout 61x1 488 double E u 1x1 struct
ts 1x1 8 double Hy 1x1 struct =
tu 61x1 488 double
ty 61x1 488 double ‘:i‘:“‘“) —>@|
u 1x1 2088 struct = Stop T n(s)F =
y 1x1 2088 struct = ransfer Fen
Jx >> - N
Command History ® y
- k1 To Workspace1 To Workspace2
=1
]
MATLAB work
PN ls.values(:,1);

R. Antonello Introduction to Simulink 5



Starting Simulink

Run simulink from the MATLAB command
window to open the Simulink Start Page.

[ NoN ) Simulink Start Page

New Examples

3 Open... Al v m

Recent

Py testsix

Py sim_DC_mot.six

> My Templates Learn More
v Simulink
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fi BallbotTbx_ExecTime_block.sIx DD
]
BallbotTbx_ExecP: block.sl
%4 BallbotTox_ExecPause_block.six Blank Model Blank Subsystem Blank Library
P, L6470_GoTo_test.six

P, L6470_GoTo_test.slx

Projects .

& From Source Control ~
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Starting Simulink

Shortcut: run slLibraryBrowser to directly

access the Simulink Library Browser.

[ XoX ) Simulink Library Browser
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Simulink Block Libraries
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Simulink Block Libraries

In the Simulink Block Library:

[ NoN | Simulink Library Browser
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Creation of a Simulink model

Example: consider the following simplified model
of a DC motor

Y(s)  k
U(s) Ts+1°

P(s) = k=83, T =0.028

with the armature voltage u [V] as input, and the
shaft speed y [rad/s] as output.

Evaluate the speed response on [0s,5s|to a 6V
step voltage input, applied at t = 1 s.
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Creation of a Simulink mode
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Creation of a Simulink model

<& Enter searchterm |v| A&y v
Simulink/Continuous
v Simulink
Commonly Used Blocks . . [ b
Continuous
Dashboard Integrator Integrator untitled *
Discontinuities Limited = T TR
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String g
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» Quick Insert N PIDGs) P PID(s) D
» Aerospace Blockset b
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» Computer Vision Toolbox )J\/ > NP 4 Transfer Fcn
» Control System Toolbox :
» Deep Learning Toolbox Transport Variable
» DSP System Toolbox Delay Time Delay
» DSP System Toolbox HDL Support N s
» Embedded Coder ){\/> >’9®Q D
Embedded Coder Support Package for ARM Corte :
» HDL Coder Variable Entity
Image Acquisition Toolbox Transport Delay Transport Delay
Instrument Control Toolbox L I
» Model Predictive Control Toolbox il ’ D ra g & d r Op b | OoC ks bleStepAuto
» Navigation Toolbox Fﬁ [T
Pamart Mamaca Ao Derivati FEirst Order Hold

from the Simulink Library Browser
to the Model Window.
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Creation of a Simulink model

[ NON untitled *
SIMULATION DEBUG MODELING FORMAT
9 Open ~ 1] Stop Time |10.0 _—~ =
of e B o d @ b %
New Y Library v | Normal il Step Run Step Data =
v = Print v  Browser o@ Fast Restart Back v - Forward Inspector
FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS a

-

© [*auntitled
Connect blocks

with connection lines.

-

Model Browser

I F+3 =5} (-

Transfer Fcn

O E E S

) outsimout

1
Place the mouse over the

output port of a block: the
pointer changes to a cross.

3

Ready \ J .
With left mouse button pressed, move
the pointer over the input terminal of
another block, and release the button.
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Creation of a Simulink model

[ NON untitled *
SIMULATION DEBUG MODELING FORMAT
9 Open ~ 1] Stop Time -10_0 _—~ =
of B sove B o d @ b %
New Y Library v | | Normal =] Step Run Step Data =
v = Print v  Browser o@ Fast Restart Back v - Forward Inspector
FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS a

-

© [*auntitled
Connect blocks

with connection lines.

-

Model Browser

I F+3 =5} |-

Transfer Fcn

O E E S

) outsimout

Alternative: select a block by

left clicking over it.
==

s /)

iz \ By left clicking over another block while

pressing the Ctrl button, a connection
between the two blocks is created.
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Creation of a Simulink model

00 untitled *
G B e g4 e s @
- BT Mouse gestures for blocks
§ [RS8 (Bl it « Left button: select a block.
3 |a
- » Drag & drop with the left button: move the block.
= 22 f] «  Click and Hold and Release with the left button:
O p Transfer F: §
S| select a group of blocks.
. * Right button over a block: open a pop-up menu
with different options available for the block.
Ry . " e Drag & drop with the right button: create a copy
of the selected block.
* Double click with the left button over a block:
open the Block Parameters window associated
with the block.
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Creation of a Simulink model

[ NON ) untitled *
S i e 1@ @+ @
New ) Library -
i L | Mouse gestures for connections
§ [RS8 (Bl it « Left button: select a line.
3 |a
=
- * Drag & drop with the left button: drag the connection
line (or one of its corners, if selected).
= T ( )
0 Step Transfer Fcn . . .
* Right button over a connection line: open a pop-up
menu with different options available for the connection
7] line.
«

* (lick & Hold and Release with the right button: create
a derivation point in a connection line.

Ready

 Double click with the left button over a connection line:
assign a label to the connection.
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Creation of a Simulink model

00 untitled *
o S N W
e e e Keyboard shortcuts
s KRN wied
; o it * To delete a block, select it and press the Canc button;
g é alternatively, use the Delete option in the context
_

menu of the block (right click to access it).

?
|~

= ws= [« To duplicate blocks, use cut & paste (i.e. Ctr1+C/V),

0O i

or drag it while holding Ctr1 button pressed.
o * To insert a block along a connection, drag the block
: :
over the connection and then release it.

Ready

e To disconnect a block from a connection, drag it while
holding Shift button pressed.

 To flip a block, use Ctr1+T.

* To rotate a block (clockwise of 90°), use Ctrl1+R.
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Creation of a Simulink model

SIMULATION MODELING FORMAT
1 Open ~ ]| Stop Time |10.0 )\
ST SR - TR ol S ) R O R RV
New o Y Library ~ | Normal - Step Run Step Data v
v = Print v  Browser og@ Fast Restart Back v - Forward Inspector
FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS a
s B dwied T
N e e | R
s . -
g © [aluntitled i ] Block Parameters: Transfer Fcn
g Q Transfer Fcn
g The numerator coefficlent can be a vector or matrix expression. The denominator coefficient
@ must be a vector. The output width equals the number of rows In the numerator coefficlent.
You should specify the coefficients in descending order of powers of s.
= [
Parameters
= 1 D Numerator coefficients:
B } s+1 - 3]
0 Step Transfer Fen. Scope
Denominator coefficients:
ftn |
; ; To Workspace
Double-click with Aosolt lerace:
auto
/ e ft l ’ ’ O us e b u tton State Name: (e.g., ‘position’)
«
Ready 100% VariableStepAut
4“

\)r - Cancel Help Apply

Set the relevant parameters

of each block by accessing
the Block Parameter Window.
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Creation of a Simulink model

untitled *

MODELING

FORMAT

Stop Time |10.0 —_— =
. im0 | @ @ B %
~ | Nomal  ~| Step Run Step Data d
it Restart Back v - Forward Inspector
| B sae %S SIMULATE REVIEW RESULTS a
> o
A 5 —————E
= v o
o
g S h del to fil
3| | ave the model to tile
- Save Viewmark .
Capture model's current view for future access (d efa u | t eXte n s | O n S - . S l X . md l )
. 1] .
EXPORT MODEL TO
: aum(s) & |
@ Web View... den(s) > D
Export model to browser-enabled read-only view insferEon Scope
- Protected Model...
Create an IP-protected copy of this model
To Workspace
& Template...
== (Create reusable template from this model
s, Previous Version...
V'ad)
= Export model to previous version of Simulink
«
Ready 100% VariableStepAuto

Once the model is ready, a simulation can be run.
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Numerical solution of ODEs

Transfer function

Y (s) k Model simulation =
P(s) = = 21y <ol _
U(s) Ts+1 |numerically solve the underlying
ODEs describing its dynamics.
dy(t
10y = ko

Ordinary Differential Equation (ODE)

> WO _ 1 i), uy
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Numerical solution of ODEs

Numerical solution (integration) of an ODE:
find the values y(t;) of the solution y(t) in
specific integration instants t; within the
integration interval [ty, tr], given the input u(t)
and the initial condition y(tg).

y(ts)

y(t)

to t1 to T3 ta 15 le ty tg Ly 10 t11 12
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Numerical solution of ODEs

The numerical solution at t;;4 can be computed
with the following iterative scheme:

WY _ (o). ue)

v

tit1

y(tir1) = y(ts) + fy(r),u(r)) dr

12

provided that the integral can be numerically
approximated with a certain integration method.
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Numerical solution of ODEs

Original ODE (integral form)

tit1

y(tiv1) = y(ts) + ) f (), u(r)) dr

v

Numerical approximation

y(tiv1) = y(ts) +Tig (y,u, T, f)

o T; = t;oq —t; : it" integration step size.

* g(---) : depends on the integration method.
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ODE solvers

L Fixed-step methods: the integration step size
is a fixed value, selected “a priori".

L Variable-step methods: at every integration
instant t;, the next integration step size T;,{ is
adjusted in order to keep the integration error

below a specified threshold.

The integration error is generally estimated by comparing
solutions obtained with different integration steps and/or

methods (orders).



ODE solvers

L Single-step methods: the solution y(t;;1) at
t;+1 is obtained by using only the solution y(t;)
and the input u(t;) of last time step t;.

—-e.g. Euler, Runge-Kutta, Adams methods.

L Multi-step methods: the solution y(t;;1) at
t;+1 is obtained by using the solutions y(t;) and
inputs u(t;) from multiple previous time steps
t; with j < 1.

—e.g. Predictor-corrector methods.



ODE solvers

Euler integration method:

tit1

y(tir1) = y(ts) + ) fy(r),u(r)) dr

~y(ts) + 15 f (y(ts), u(ts))

Fly(t), u(tl/))?/e/

t; tit1
T,
je >

= Simple single-step method, but not very accurate.

>
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ODE solvers

Runge-Kutta (R-K) methods: like Euler method,
use only the solution y(t;) from last step as initial
condition to determine y(t;,,) (single-step methods).

However, they employ multiple evaluations (stages)
of the function f(---) within the integration interval,

to improve accuracy.

Most MATLAB solvers for non-stiff problems are
based on these methods.



ODE solvers

General purpose variable-step solvers:

L odedb: compares 4™ and 5t orders R-K methods to get the
step size. Works well for most of the models. To be
preferred as first trial. Not appropriate for stiff models.

L ode23: compares 3@ and 4t orders R-K methods to get the
step size. Faster than ode4b, but less accurate.

L odell3: multi-step method for computational demanding
models. Very accurate, but not suited for hybrid-time
systems (continuous + discrete-time).

L discrete: to be used for purely discrete-time models.



ODE solvers

Variable-step solvers for “stiff models"(1):

L odelbs: very effective for stiff models. First method to
consider when ode4b does not work, or is very slow. Not
suited for hybrid-time systems.

L ode23s: faster than odelbs, but less accurate.

L ode23t, ode23tb: alternative methods based on the
trapezoidal integration rule.

(1) Stiff models are those described by set of equations that have large differences
in their time constants.

General purpose methods would take into account only the shortest time constant,
therefore they would advance very slowly (or they would not converge at all).



ODE solvers

Fixed-step solvers:

L odeb: 5t order R-K method (Dormand-Prince formula).
L oded: 4t order R-K method.

L ode3: 3 order R-K method (Bogacki-Shampine formula).
L ode2: Heun method.

L odel: Euler method.

L discrete: to be used for purely discrete-time models.



Simulation Parameters

[ JON ) sim_DC_mot
SIMULATION MODELING FORMAT
- Stop Time |10.0 Viuay
@ < = & |emm [0 ]| @
Model = ~ Model Data Insert Y| Update | Normal v [
Advisor v i ~ Editor Subsystem Model v @ Fast Restart -
EVALUATE & MANAGE DESIGN O Vodd Settings % LY@ 0@
5 sim_DC_mot Nk
2 Q
5 © [*alsim_DC_mot
& Ll
3 Model Properties Solver
:2:« Data Import/Export

Math and Data Types

» Diagnostics
Hardware Implementation
Model Referencing

l;“e:(l(s) ;‘ Simulation Target
Step Transfer Fon » Code Generation

OB E 4§ E S

= E

Ready 100% i

Configuration Parameters: sim_DC_mot/Configuration (Active)

Simulation time

Start time: 0.0 Stop time: (10.0

Solver selection

Type: |Variable-step v | Solver: |auto (Automatic solver selection)

v Solver details

Max step size: |auto Relative tolerance: 1e-3

Min step size: |auto Absolute tolerance: auto

Initial step size: |auto Auto scale absolute tolerance
Shape preservation: Disable All

Number of consecutive min steps: |1

Zero-crossing options
Zero-crossing control: |Use local settings v | Algorithm: Nonadaptive
Time tolerance: 10%128%eps Signal threshold: auto

Number of consecutive zero crossings: | 1000

Tasking and sample time options

Set the simulation parameters in the
Model Configuration Parameters window.

[] Automatically handle rate transition for data transfer

[] Higher priority value indicates higher task priority

OK Cancel Help

v

Apply
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Simulation Parameters

Main variable-step solvers parameters:

* Max step size: the integration step is adjusted
up to this value. Too large values could hide
some solution details. For periodic solutions, it
must be set to a fraction of the period.

* Min step size: the integration step is never
reduced below this value. Must be smaller than
the smallest time constant of the model.



Simulation Parameters

Main variable-step solvers parameters:

L Relative and absolute tolerances: define the
max relative and absolute integration errors.

At each step, if the integration error estimate
exceeds the threshold:

max (RelTol x |y(¢;)|, AbsTol)

the solution is dropped, and the integration is
repeated with a shorter step size.



Simulation Parameters

max (RelTol x |y(¢;)|, AbsTol)

RelTol: defines the number of significant digits
of the solution. The default value 1e-3
corresponds to a 0.1% precision.

AbsTol: defines a threshold value below which
the solution can be considered negligible
(default: 1e-6).



Simulation Parameters

Main variable-step solvers parameters (cont'd):
L Fixed-step size: set the integration step size.

For discrete-time models, it corresponds to the
fundamental sample time T of the model (or a
sub-multiple of it).

The auto value corresponds to 1/50 of the
integration interval.



Running Simulation
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Run the simulation by pressing the Run button
on the toolbar of the Model Window.
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Analyze simulation results

[ JoN ) MATLAB R2019b - academic use

B4 B @@@ @l QSearch Documentation

@ @ E'l}l ™ [ Find Files & E Uz, New Variable \2.;5{ |.& Analyze Code @

PLOTS APPS SHORTCUTS

> Open Variaplex Lo Bupand Time

Sr:ew . N:\CN New Open [iz] Compare IrSport = Szve @Cl o
ript Live Script v ata orkspace ear Wor M - - .
At the end of simulation, results exported with either
< = (5 @l & [ « Teaching » DEI-UNIPD » Laboratorio di Automati [
Current Folder 5 To Workspace blocks, or the Data Logging feature of
B Name 4 New to MATLAB? See resources for Getting Sta . .
> 0 s ' cope blocks, are available in the MATLAB
/% sim_DC_mot.slx >> whos 5 p !
% sim_DC_mot.slxc Name Size Bytes .
| Simulink_intro.mix workspace for further processing.
As 1x1 8
T 1x1 8 double @ tu 61x1 double
k 1x1 8 double Eth 61x1 double
tout 61x1 488 double u 1x1 struct
ts 1x1 8 double ® ® Figure
tu 61x1 488 double : — 9 :
ty 61x1 488 double File Edit View Insert Tools Desktop Window Help ~
u 1x1 2088 struct "_‘] S d e ﬁl) D E] [% E]
y 1x1 2088 struct
ﬁ5 >> 500
400 F
3
S 300 -
gzoo
]
100
% 05 1 15 > 25 2 a5 . a5 5
10 T T T T T T T T
al
sl
Simulink_intro.mix ... A oo 05 1 15 2 25 3 35 4 45 5
Time [s]

R. Antonello Introduction to Simulink 37



