s and Control Theory
e Course in ELECTRONICS ENGINEERING

dil.unimore.it/~Ibiagiotti/SystemsControlTheory.html

Introduction to SIMULINK

Luigi Biagiotti
e-mail: luigi.biagiotti@unimore.it

http://www.dii.unimore.it/~Ibiagiotti



Simulink 1ntroduction

® Simulink (Simulation and Link) is an extension of MATLAB
that offers modeling, simulation, and analysis of dynamical
systems under a graphical user interface (GUI) environment.

® Simulink is based on block diagrams of Dynamic Systems

® The construction of a model is simplified with click-and-drag
mouse operations. Simulink includes a comprehensive block
library of toolboxes for both linear and nonlinear analyses.

® As Simulink is an integral part of MATLAB, it is easy to switch
back and forth during the analysis process and thus, the user
may take full advantage of features offered in both
environments.
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Starting Simulink

® From Matlab command window enter simul 1nk, or alternately,
click on the Simulink icon located on the toolbar

i\ MATLAB 7.10.0 (R20 -

File Edit Debug Parallel 1{\.‘.’mdow Help
DE| smm &) | @ | Current Folder| C:\Users\Biagic\Documents\MATLAB
N

Shortcuts 2] How to Add ew
Curren t Folder w O 2 x| CommandWindow
& B | e MATLAB » v O & >> simulink
Sz >
Name

lmsa 2015 Expunentialeskionbinea; a
W Simulink Library Browser ol e )
File Edit View Help

S (e I Simulink's library browser

Libraries Library: Simulnk | Search Resuts: (none) | Most Frequently Us « |} ;
el Simuink

Commanly Used _—
-Commonly Used Blocks d Bi Continuous
|~ Centinuous.
" 7
|~ Discontinuities il.g‘ Ohintnolies —
|~ Discrete o
|~ Logic and Bit Operations L
| cgicand B .
|~ Lookup Tables Openations E LLLLLLLL -
~Math Operations
| Math Modal
[ Moot estRction @ Operations @ Varification
. [~ MWodel\Wide Utiities
L I b ra r |~ Ports & Subsystems Model-Wide Pors &
o | § s o "‘ «~— Block set
» | i
|~ Signal Routing
|- Sinks E Signal Attributes @ Signal Reuting
[~ Sources
|-User-Defined Functians s 71 [—
+- Addtional Math & Discrete v
+ W Aerospace Blockset Usan-Dafined Ao
- Communications Blockset Functions & Discrete

I g Control System Tookox
+- 1§l Fuzzy Logic Toolox
— B image Acquisition Toolbex
E instrument Control Toolox
i~ N Model Predictive Control
- I Neural Network Toolbax
+- 0 RF Blockset
+- 9 Real-Time Workshop
+- gl ReakTime Workshop Em
n Report Generator
= W Robust Control Toolbox
+- Il Signal Processing Blockset
+- Bl SimEvents
+ [l SmPowerSystems
| - Simscape
| Showing: Simulink
\

4 stant]
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Simulink library

® The block library is organized into
functional groups. For instance

e Sources: Blocks for the
generation of input signals
(steps, sinusoids etc.)

e Sinks. Blocks for the graphical
visualization of signals

e Math.: Blocks for the
mathematical elaboration of
signals

e Continuous: Blocks for the
definition of (continuous)
transfer functions

Luigi Bragiotti Systems and Control Theory
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Commonly Used Blocks: simulink/Commaonly
Used Blocks

- B Sk 3
#-| Commonly Used Blocks
2| Continuous
- Discontinuities
2 Discrete
# Logic and Bit Operations
- Lookup Tables
2+ Math Operations
2| Model Verification
2 Model-Wide Utilities
2 Ports & Subsystems
> signal Attributes
- Signal Routing
2 Sinks
2 Sources
| User-Defined Functions
+ 2 Additional Math & Discrete
B Control System Toolbox
B Real-Time Windows Target
+ B Real-Time Workshop
+ B Signal Processing Blockset
+ B SimMechanics
+ B SimPowerSystems
+ B Simulink Control Design v
Ready

(#

Commonly Used A
Blocks

Continuous
Discontinuities

Discrete

Logic and Bit
Operations

Lookup Tables

Math
Operations

Model
Verification

Model-‘wide
Utilities

Ports &
Subsystems

Signal Attributes
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Simulink — Sources Library

llﬂillmmaamk

untitled.mat | From File

simin

From Workspace

Ground

In1

Pulse Generator

Ramp

Random Number

Repeating Sequence

Repeating Sequence Interpolated

Repeating Sequence Stair

E sipal 1 | Signal Builder

Signal Generator
Sine Wave
Step

Uniform Random Number
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" The most used blocks are:

Constant: for generating a constant
value

Step: for generating a step function

Ramp: for generating a ramp
function

Sine wave: for generating a
sinusoidal function

From workspace: the reference
signal, previously generated in the
MATLAB workspace, is passed as
[time, value], where time
and value are two column
vectors with the same length

Clock: it outputs the current
simulation time at each simulation
step

Read dats values specified in anay of structure format from MATLAB's workspace.
Artay [or mati) format:

1D signak.
(T DataVakses]

i
For 2.0 signal ure structune fomat
Foemat

wae time={Time' alues]

v signals. values={D ata alues|

was. signals dimensions=[Dimivslues]
Select intespolation to interpolate of extrapolste at time steps for which data does not
el

Parametess

[] Irtemolate data
[#] Enabie zero crossing detection

Form output after final data value by | Extiapolation

ok [ conce ][ Heb
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Simulink — Sinks Library

—

]
]
3

|unﬁﬂed4nat

simout

Display

Floating Scope

Outl

Scope

Stop Simulation

Terminator

ToFile

ToWorkspace

XY Graph
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® Set of tools for displaying the output of the
simulations

® The most used blocks are:

®* Scope: it displays the input signal as a
function of time (take care to the option
limit data points to...)

e XYGraph: it produce a graphics of the
signal y (on the second input) as a
function of the signal x (on the first input).

® To Workspace: it saves the samples of
the input signal in a MATLAB variable
(N.B.: save format array).
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Simulink — Transfer functions

® |n order to Insert a transfer function in a Simulink scheme the blocks of
the library Continuous can be used:

* Transfer Fcn: it allows to define a transfer function by specifying
the vectors containing the coefficient of numerator and
denominator.

® Zero-Pole: it defines a transfer function by specifying the vectors
containing polse and zeros of the transfer function.

®* The library Discrete contains the corresponding blocks for the
definition of discrete-time transfer functions.
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Simulink and the Control System Toolbox

® The Control system Toolbox
provides a Simulink block for
directly using a transfer
function defined in the
MATLAB workspace (see
command tf) or a state space
model

Gs

LTI System
Double click

L%} Function Block Parameters: LTI System
LTI Block (mask) (ink)

The LTI System block accepts both continuous and discrete LTI models as defined in
the Control System Toolbox. Transfer function, state-space, and zero-pole-gain
formats are all supported in this block.

Note: Initial states are only meaningful for state-space systems.
Parameters

LTI system variable

@s

Initial states (state-space only)
il

W Simulink Library Browser

A - 5!_E-E-;t;rsearcr-|lerm v 84 =

Libraries

=W Simulink

~Commonly Used Blocks
~ Continuous

— Discontinuities

~ Discrete

—Logic and Bit Operations
— Lookup Tables

—Math Operations

- Model Verification

~ Model-Wide Utilities
~Ports & Subsystems

- Signal Attributes

— Signal Routing

— Sinks

-~ Sources

- User-Defined Functions
+-Additional Math & Discrete

[+ lad isations.tl /! 4
-g Control System Toolbox l

- Data Acquisition Toolbox

~ W EDA Simulator Link DS

~ B8 EDA Simulator Link IN

~ ¥ EDA Simulator Link MQ

- W Embedded IDE Link CC
- W Embedded IDE Link MU
- Embedded IDE Link VS
=W Fuzzy Logic Toolbox

- B¥ Gauges Blockset

~ ¥ Image Acquisition Toolbox
— ¥ Instrument Control Toolbox
- W9 Model Predictive Control Toolbox
- B Neural Network Toolbox

~ W OPC Toolbox

+- W RF Blockset

— W Real-Time Windows Target
- B Real-Time Workshop
Block Description

Simulink Library Browser

Showing: Control System Toolbox

| <

| Library: Control System Toolbox | Search Results: (none)

: LTI System
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Simulink — Simulation parameters

® Simulink solves ordinary differential equations (e.g. defined by
means of transfer functions) by using techniques for
numerical integration

® Simulating a dynamic system means computing the evolution
of the state and output variables for a given time period

® The state and the output values are computed at given time-

Instants (called time steps) which are separeted by integration
Intervals (called step sizes)

Computation of x(t), y(t)

Step size /
XW\/_\

Time step

Luigi Bragiotti Systems and Control Theory Introduction to Simulink-- 9



Simulink — Methods for numerical i1ntegration

Several methods (the so-called solvers) for the numerical
Integration of differential equations exist:

® Integration methods with fixed step size (useful for the
simulation of discrete-time systems)

* The smaller the step size is, the more accurate the
simulation results. On the other hand, the duration of the
simulation grows.

® Integration methods with variable step size

* the solver determines the optimal step size during the
simulation (for instance if the system is characterized by fast
dynamics, the step size must be reduced accordingly)

® ODEA45 is the default solver
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Simulation parameters

Initial and final simulation time-instants ‘“ .
Solver type (e.g. variable step, ODE45) *mi g Y —
Max step size (maximum size of the ﬁ“m '::“;mﬁ %;‘; =
interval beetwen two successive Eﬂ::.i%“ i s
time-steps) = T

Must be chosen: B e =

e Smaller than the fastest time-constant e T

of the system
* Smaller than the period of the fastest - .

periodic signal acting on the system
(e.g. 1/10 smaller)

Min step size (minimum size of the interval beetwen two successive
time-steps)
Can be used to reduce the simulation time (at the expense of the accuracy)

Relative/absolute tollerance Accuracy of the simulation output (set
“auto” or values smaller enough, e.g. 1e-4)
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Steps for constructing a Simulink model

® Open a new model from the Matlab menu file

4\ MATLAB 7.10.0 (R2010a) \
File | Edit Debug Parallel Desktop Window Help /
New » Script Ctrl+N ,:itﬁls\
Open... Ctrl+O Function 7
Close Command Window  Ctrl+W Class ’, 7 C:\Us
Fi 7
Import Data... Vlgt.:rel s K
Save Workspace As... Ctrl+S ( ylab,e\ =i
hfd_e_l 7 clos=
Set Path... GUI cles
Preferences... Deployment Project clec
: 1 |
Page Setup... =l= T =
Print... Ctrl+P 6 — s= -
= w=
g
1 ...ter_ImpulseResponse.m El

or from the icon in the Simulink Library browser

4\ MATLAB 7.10.0 (R20106)

=& B

W Simulink Ub;-y{mr

==

O @ » Entersearchierm
"'ng/ [
=~ W Simuink

~ Commonly Used Blocks
i~ Continuous
—Dscontinuties
Discrete
~Logic and Bi Operations
Lockup Tables
{—Math Operatons
I~ Model Verification
= Model-Wide Utiites
-Ports & Subsystems
Signal Afirbutes
[ Signal Routing
i— Sinks.
|~ Sources
! ~User-Defined Functions
- Addtions| Mah & Discrete

+- ¥ Aerospace Blocksat

- i Communications Blockset
i~ Nl Control System Tookbox
«+- W Fuzzy Logic Toolbox

i~ mage Acquistion Toobox
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Systems and Control Theory

[ il

o L JBeBe -

ESET—==)}

RER®

B untitledl
;F.:e Edit View Simulstion Format Tooks Help
DzE& { == 1| -
| Search Resuts: _i_'b

| [Resey

Simulink workspace

100%

p O & X Workspace =T o [ S
E0)rx EmE WP - "

Name ~ Value
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Steps for constructing a Simulink model

® Import blocks in the Simulink workspace

4\ MATLAB 7.10.0 (R2010a)

rﬂ Simulink Library Browser lo/B@] R | g untited* (o E

File Edit View Help File Edit View Simulation Format Tools Help
D @ »  Entersearchterm v“ D SEH&S dBE | 4|22 > -I'IU‘U [Nomal ~ Be
Libraries Library: Simulink/Continuous Search Resu ¢
=l Simulink -
--Commonly Used Blocks I_. Nduidtp Derivative
-~ Continuous
- Discontinuities ) 1; L Integrator I ) A X
~Discrete s+1
--Logic and Bit Operations - Naagrais Step Transfer Fon
--Lookup Tables ’?f " Limited

xp  Integrator,

--Model : & ks
odel Verification Tab  Seccnaoie

-~ Model-Wide Utilities

|
|
|
|
- Math Operations ‘
x
|
|
|
|

-~ Ports & Subsystems K J*}  Integrator, Seco-
- Signal Attributes = Jup nd-Order Limit...
- Signal Routing A
- Sinks 2 o Bi0E) b PID Controller
—Sources
- User-Defined Functions | > Re;a’ ! PID Controller
= ™ " | b ' (2DOF)
[+~ Addttional Math & Discrete

- Aerspace Bciae [FT maons Drag block to workspace window
- 9 Communications Blockset y= Crenu
- 9l Control System Toolbox _ :
- 8 Fuzzy Logic Toolbox > ﬁ Transfer Fen Ready 100% | loded5 4
“ﬁ Image Acquisition Toolbox
=l. . A s v ow | | rarrfhAaarAd ehAarr~nre mnea Drafavranrae Fram rhara 1A ~an alen

® Connect blocks
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Steps for constructing a Simulink model

® Action on blocks

Drag the block to the model window with the left
Copying a block from a library button on the mouse OR use select the COPY and

PASTE from EDIT menu.

Hold down the CTRL key, select the block with the

Duplicating blocks in a model left mouse button and drag the block to a new
location.

Display block's parameters Double click on the block

Flip a block CTRL-I

Rotate a block (clockwise 90 deg @ each keystroke) CTRL-R

Click on block's label and position the cursor to

Changing blocks' names et s
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Steps for constructing a Simulink model

® Save and run the simulation from the workspace window

W SimulinkModel = B =
File Edit View Simulation Format Tools Help
-
DISES s[> T[22 P u>|m.u [Nomal ~| B e
e —
T
g | s+1
Step Transfer Fen Scope
Ready 100% oded5

or directly from MATLAB
>> sim(“SimulinkModel” ,EndTime)

® Display the results
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Guidelines for a good simulation

® Matlab-Simulink models are usually structured in two main files:

M-file Simulink Model
Pﬂvﬁndm\smmazunmm,__

’_File Edit Tet Go Cell Tools Debug Desktop Window Help

NEd $MB9C (LD - A (B-20RR[-]”

-0 |+ | +11 |x|X%%|0O

%% Numerical parameters and initial conditions definition.
R= ,..
x0 = .. —

.

%% Definition of input signals
t=0:0.001:10 —| [ B SimulinkMode! =8 =
u = sin(t) — :

File Edrt View Simulation Format Tools Help

DSE&| B[ ¢ 22| » = [0 [tom <l 8

E—

%% Simulation ﬂ ﬁ

sim('Systemmodel’,10)

%% Plot of the results
plot (time,y)

Ready 100% [ loded5

E ] »

' script i1 col 47 [OWR _:
= - -
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Simulation of a feedback system - problem

With reference to the scheme of figure

Ysp e u ) Y

1. Simulate the step response of the system with the continuous-
time transfer functions 50

s+0.5 _
R(s) = 1o ?0 ) Gls) = (s+100)(s+0.5)

In a unique figure plot the system's response Y(?)
superimposed to the reference signal ys,(¢) and the control
variable u(¢) (two distinct subplots)

Systems and Control Theory Introduction to Simulink-- 17

Luigi Bragiotti



Simulation of a feedback system - problem

2. Simulate the step response of the feedback system with the
discrete-time transfer functions 10— 971

R(z) = 1

|l —z~
and G(z)obtained from G(s) by discretization with sampling
time Ts = 0.1 s. Make the same plots of point 1.

3. Simulate the step response of the feedback system with the
discrete-time transfer functions R(z) and the continuous-time
plant G(s). Make the same plots of point 1.

4. Simulate the response of the system considered in the
previous point, by considering a reference signal computed
with the MATLAB function [q t] = TrjPoly3(g0,ql,T,dt),
with g0=0, qgql=1, T=2, dt = Ts.
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Simulation of a differential equation

®* A Simulink scheme allows the simulation of any differential
equation, even nonlinear or time-varying, if it is possible to
rewrite it an explicit form, I.e.

L ly dn—Zy

d"y(

t)

i

dy

?y?u?r>

dr" din=17 dm=2""""" dt
® The correpsonding block-scheme (to be designed in Simulink) Is
d”!‘y dn—ly dn—Zy d2y @
A [ 1 | de] drn =2 a2 [1 | at [ 1|7
> - > > 0 0 o > — > S— >
S S A
..(_
dn—ly dn—Zy dy ‘:
/ (dl‘”_] ’ dtn—Z""’E’y’u’l) D E—
€ u
< )
-
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Simulation of the simple pendulum

®* The dynamics of the system is described by
the nonlinear differential equation

M1?§(t) +Mglsin(q(t)) = ()

® In order to represent the equation with block-
schemes, it is convenient to rewrite it as

(1) = - (1) - Mglsin(q(1)) )

M2

M
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Simple pendulum — Simulink scheme

®* From the equation

1

i(t) =~ (<) —Mglsin(q(1))

the Simulink scheme descends

C

m 4
Constant q. q. q
1
L S W L > >
Integrator Integratorl To Workspace
0 J S aR

nlk

Gain \
Constantl \ \
\ \ L [ ]
\ \

\ \ Scope

Ci \ \

! I

To Workspacel ! I C‘—}—} t
* ry %] l q
M*g*| sin -
9 I < ! Clock To Workspace?2

Tfigonometric /

Gainl | Function !

1

Parameters and initial conditions on ¢ and ¢ must be defined in
a separate m-file
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Simple pendulum — Simulink scheme

®* From the equation

1

(1) =~ (%) = Mglsin(q (1))

the Simulink scheme descends

Cm

Constant
1 1
—> s > S > q
0 Manual Switth Integrator Integratorl To Workspace
in

Gai
Constantl |:|
Scope
Rt bl bbb 1
C - i :
1 1
To Workspacel : 1 C‘—}—} t
1
1
: Mg < 1 Clock To Workspace2
. 1
1
! Gaini Trigonomet| :
1
L 1

In order to define the function M glsin(q) it is possible to use other Simulink
blocks, in particular the blocks that allow the insertion of user-defined
functions
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Blocks for i1nserting user-defined functions

=1 Simulink Library Browser

File Edit VYiew Help
"D & + |Entersearchterm

Libraries

v 4

=Bl Simulink
- Commonly Used Blocks
-~ Continuous
- Discontinuities
- Discrete
- Logic and Bit Operations
- Lookup Tables
- Math Operations

|

i Library: Simulink/User-Defined Functions | Search Results: (nong

il | -

1

Embedded MA!

TLAB Functionl_ (u_J _»_Fc_n/l

o ——— — -~
. Level-2 Mfile | MATLAB
A mifile b S Function I S > MATLAB Fcn

\ ———————— -—

o i .

system b S-Function A wtem b Sfunctuon
Builder

" 53 Function Block Parameters: Fen1
Fen

General expression block. Use "u” as the input variable name.
Example: sin(u(1)}*exp(2.3*(-u(2))))

Parameters

Expression:

Mo

Sample time (-1 for inherited):
-1

Lo J[ comd J[ b ]

Apply

Function directly
defined in the Simulink
block

- Model Verification S-Function
- Model-Wide Utilities Examples 31 Function Block Parameters: MATLAB Fcn
- Ports & Subsystems pLeRED
: Pass the input values to a MATLAB function for evaluation. The function must
Signal Attributes rfxnam:um;mtmdm::hws‘:egbdbywerM'ﬂ
- Signal Routing ‘Collapse 2-D results to 1-D',
- Sinks Examples: sin, sin(u), foo(u(1), u(2))
- Sources Parameters
& User-Defined Functions , PRLAR I
@ Additinnal Math 2 Discrete vl Pendru
Block Description X Output dimensions:
Simulink Library Browser o : :
Output signal type: |auto |
Collapse 2-D results to 1-D
Showing: SimulinkfUser-Defined Functions Sample time (-1 for inherited):
|-1
Lok J[ concel J[ o ] soniy
External function
defined as m-function
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Simple pendulum — alternatives schemes

> w
Cm {
Constant
= 1 1

To Workspace3

T 1/(M*172) > < > < > g
0 Manual Switch Integrator Integratorl To Workspace
Gain
Constantl | ]
Scope
Ci <«
Fenl
To Workspacel ( :)—> t
Mrgrisin(u) < Clock To Workspace?2
P w
cm | To Workspace3
Constant
- in 1 1
T 1/(M*1"2) > < > < >
0 Manual Switth Integrator Integratorl To Workspace
Gain
Constantl ]
Scope
Ci va—
To Workspacel | _ . _ _ MATLAB Fcn ®—> t
--T" = > [WATLAB Clock
- - Function < To Workspace2
r_fl_m(:_t_ign _[Out] = PendFun(q) Global parameters in order to make them visible to
 global M g I; : » the function (the same statement is present in the
Out = M*g*I*sin(Q); m-file where the parameters are assigned)
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Simple pendulum - problem

® Design a Simulink system for solving the equation of a simple
pendulum with friction, I.e.

MIZ§(1) +bg(r) + M glsin(q(r)) = T(t)

® By assuming the parameters' values
M=025Kg,[=1.2m, g =9.81 m/secz, b = 0.25 Nm/rad sec
simulate

* the free response from initial conditions ¢(0) =m/2, g(0) =0
* the forced response to a constant input t(z) =2
* the complete response of the system

Plot in a unigue figure (3 distinct subplots) the evolution of
In the three cases.
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