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e
PART_1: the FORCE equation
— PART_4: calc pos and vel in EARTH frame
@B
Fb - m.(Vh' + o= Vh)
& V. = (F/m) - (0 x V)
%
PART_2: the MOMENT (torque) equation
I.w =Mb- (@x (I.w))
w = inv(I) * (Mb - (w x (I.w)))
D
Euler_rates
—Ppqr
’ Multivariable control
o R §
Giancarlo Ferrari Trecate
g, — { Momerts :
Calculate omega_dot
< DECODE group, EPFL
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=PFL Simulink '
= «Simulink is a block diagram environment used to design systems with 3
multidomain models, simulate before moving to hardware, and deploy  :
without writing code»
How to start?
= Type simulink at the MATLAB >> prompt and press enter
« Select ‘Blank Model’ in the new ...
window _

uuuuuuuuu

* Note: the control systems toolbox . ag
needs to be installed - e - =

Folder to Project Project from Git Project from SVN Code Generation

B Introduction to Simulink
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00 untitled

FORMAT

MODELING

SIMULATION

=PFL  Create new model

3 Open ~ =] Stop Time -
s =[] ol bl 3 & AN
New e Library e Step Data M
> &Prnt ~ Browser Back v - Inspector

»l

PREPARE SIMULATE REVIEW RESULTS

= Click on ‘Library Browser’

® ["ajuntitled

Model Browser
Joydadsu| Auadoid

@ [ ) Simulink Library Browser

BUiIding .bIOCkS for P Enter search term Ry or =«
constructing models Simulink

OFE UQ®

-
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Commonly Used Blocks P{ ﬂ |V\

Continuous

Dashboard Additional Math  Commonl Continuous

D!scontlnumes & Discrete Used Bloclgs

Discrete

@ Logic and Bit Operations Py
" Lookup Tables T b
Math Operations —
N . I Messages & Events Dashboard  Discontinuities  Discrete
Seady Model Verification |

Model-Wide Utilities | S g

Ports & Subsystems 00 = - =X
o Signal Attributes
£ Signal Routing Logic and Bit Lookup Math
E Sinks Operations Tables Operations
2 Sources
‘E String 8 Misc ®
-% User-Defined Functions ;9
_§ Ad(':htlonal Math & Discrete Messages Model-Wide Model
= Quick Insert & Events Utilities Verification
£ NAarmnitar \ician Taallhav




cPFL  Create the model in Simulink

= For the dynamics: use the (discrete) state-space block
which can be found under ‘Continuous’ or ‘Discrete’ tabs

X = Ax+ Bu (J K} ) Xns1 = Axy+ Bu,
y=Cx+ Du yu= Cx, + Du,

State-Space Discrete State-Space

N

= Input signals can be found under ‘Sources’ tab

» Step

* Ramp j } / } —

* Pulse S e M} ob

» Sinusoidal Gluse | —

- From Workspace Sine Wave il }‘

From
. Workspace

B Introduction to Simulink
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cPFL  Create the model in Simulink

= Combine signals using blocks under ‘Math operations’ tab
* Sum

. P:)I2uct )l%> ;3

Product

= Display or export signals using blocks under ‘Sinks’ tab

» Scope =
« To Workspace 7 _
+ To File e
To Workspace ) untitled.mat

To File

B Introduction to Simulink
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B Introduction to Simulink

Example: double tank system

q

=

X —
_l%

= Input signal: sinusoidal + step functions

» Define their parameters in a Matlab script:

1

S hsE WN

7

%% Double tank system

% Sinusoidal
a=0.2;
omega = 5;

% Step

gbar = 1.5;
t_step = 0;

% [m~3/s]
% [rad/s]

% [m~3/s]

Dynamical system
]
T2 |

o 5|

|

Parameters
AT =1 [m2]

Z/ =

= Set the initial conditions: h1(0) = h(0) = 0.1 [m]
= Plot the output using a Scope block

Model

AThl =q— 3"

Arhy = 3hy — 5hy
y = dha

3 —

-3 0

]|

x1
X2

|

X2

||

0

Ju
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Introduction to Simulink

Create the model in Simulink

= To add blocks in the model, drag and drop them

[ XK )
<

Simulink/Sources

Enter search term n Ky oy @ =

Simulink Library Browser

SIMULATION

[ Open ~ gg

New E 2 @ Library
v = Pint - Browser
FILE LIBRARY

=l

PREPARE

tanks

from the library

Stop Time qg @ HD - ﬁ
~ |[(Normat dl Step Run Step Data e
@ Fast Restart Back v - Forward Inspector
SIMULATE REVIEW RESULTS

Continuous Interpolated Stair =
» Dashboard 5 2 « » * g
Discontinuities == 3 3
Discreto : Signal Builder SignalEdior_——__| @ <
Logic and Bit Operations 3z 5
3 . I
Lookup Table‘s 2 X= Ax + BM °
Math Operations 3 —» 3
Matrix Operations » = Cx+ Du )
Messages & Events. = y +
Model Verification =
Model-Wide Utilities
Ports & Subsystems Uniform Random (]
Signal Attributes Number
Signal Routing \\ O
Sinks L] }
Waveform
Generator 5}
« s
Ready 250% VariableStepAuto
[ XoX ] Simulink Library Browser e0e Simulink Library Browser 0@ Simulink Library Browser
<& Enter search tem | A v|BY v @ = <& Entersearchterm g B vy oy @ | = <& [enter search term | By v Py Oy @ = @
Simulink/Math Operations Simulink/Continuous Simulink/Sinks
» Dashboard v Simulink Ref Continuous
Discontinuities Commonly Used Blocks @ PID(s) » Dashboard @ @ @ oushs.sigeait
Discrete Discontinuities Display Floatin, Out Bus [Element
Logic and Bit Operations sart Squeeze » Dashboard PID Controller PID Controller (2005 Discrete Scopeg
Lookup Tables Discontin Logic and Bit Operations
Op D )Q I Crete Lookup Tables E @
Matrix Operations Subtract - Logic and Bit Operations Math Operations
Messages & Events Lookup Tables Transfer Fen Matrix Operations outt Record Scope
Model Verification , @ Math Operations Messages & Events 53 m
Model-Wide Utilities Matrix Operations IH p Model Verification
Ports & Subsystems Sum of Trigonometric Messages & Events - Model-Wide Utilities Stop Simulation Terminator To File
Signal Attributes Elements Function Model Verification Transport Variable Ports & Subsystems
Signal Routing E}’ Model-Wide Utilities Delay Time Delay Signal Attributes E
Sinks Ports & Subsystems \ rETy| Signal Routing To Workspace XY Graph
Sources Unary Minus Vector Signal Attributes s+ 1)
String Concatenate Signal Routing - Sources
Hinae Pabinad Finasinan Cintn Variable Zero-Pole Covimm
Transnort Nelav
d

-]
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B Introduction to Simulink

L
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State space block

= Double click on a block to access
and modify its properties/parameters

° Eg >X=Ax+Bu 3

y=Cx+ Du

State-Space

* Recall:

Dynamical system

j31 __—3 0 X1 1

o] = |3 =5 22| T 0| "
0 2

y=[0 5] o

« Initial conditions: h1(0) = h(0) = 0.1 [m]

\ 4

[ ] Block Parameters: State-Space

State Space
State-space model:

dx/dt = Ax + Bu

y=Cx+Du

‘Parameter tunabllity' controls the runtime tunabllity level for A, B, C, D.
‘Auto’: Allow Simulink to choose the most appropriate tunabliity level.
‘Optimized’: Tunabllity Is optimized for performance.
‘Unconstralned': Tunabllity Is unconstrained across the simulation targets.

Selecting the "Allow non-zero values for D matrix Initlally specified as zero® checkbox
requires the block to have direct feedthrough and may cause algebraic loops.

Parameters
A:

(-3 0; 3 -5)
B:

(1;0)

(05]

D:

(0]
Initlal conditions:
(0.1:01)
Parameter tunabllity: =~ Auto
Allow non-zero values for D matrix Initially specified as zero

9 e

Cancel Help

©
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B Introduction to Simulink

Source block . R

Sine wave

Output a sine wave:

> O(1) = Amp*Sin(Freq*t+Phase) + Blas
o E . g an Sine type determines the computational technique used. The parameters In the two types are

related through:

\4

SI ne Wave Samples per period = 2*pl / (Frequency * Sample time)
Number of offset samples = Phase * Samples per period / {2*pl)

Use the sample-based sine type If numerical problems due to running for large times (e.g.
overflow In absolute time) occur.

 Variables defined in the workspace
Can be Used for Setting the parameters Sine type: | Time based

Time (1):  Use simulation time

A
v

Phase (rad):

= Note: sample time can be set for 0

discrete and hybrid blocks

« Set it to 0 for continuous time

« Set it -1 to indicate it is inherited from
previous block or model 9 B o | (e | e

[y
(=]
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B Introduction to Simulink

L

Run the Simulink model

= Press on the ‘Run’ button to simulate the system
= Double click on the scope block to observe the results

[ YoN ) Scope
SIMULATION MODELING FORMAT APPS File Tools View Simulation Help
[ Open ~ ] Stop Time [ 10,0 - 3O0P® =-aa-[C- & &
el @ (@ b a2 e |
New Y T Lo ry ¥ |[LNormal ~ ) step Step Data = |
v & Prnt - Browser @ Fast Restart Back v Forwar Inspector 5 1 . ~ T
LIBRARY PREPARE < ’ 1 / 7 ’
‘ » ‘ tanks

[

TR
o
o2
-
S Z
v

A @@

Ready 250% auto(ode45) |

= Note: output can be refined by changing the ‘Refine factor’ in
Modelling = Model Settings - Data Import/Export >Additional parameters - Save options

-
[
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B Introduction to Simulink

Run the Simulink model from Matlab

= To do at home:
» Replace source and sink blocks with from/to workspace blocks

DEBU( MODELING FORMAT APPS ol
‘{'P [ Open ~ i ¥ T Stop Time 4& @ > =

New EXSE= =L ~ | [ Normal “) step R step Data
v &Pint - Browser o Fast Restart Backv v  Forward Inspector
z
®
8
e
| 2
HE <
13 |2 2
{ & P X=Ax+ Bu . 8|
simin »  out.simout g
i = y=Cx+Du
=
= |8 0@ Figure 1
Ready 200% auto(oded5) File Edit View Insert Tools Desktop Window Help

i ] ) ] Dade @ 0B K[E
 Define the input signal in the workspace: , T San P

& % sinin signat T ANNNNN

9 - simin.time = [0:0.1:10]1"'; T /J
10 - simin.signals.values = gbar + axsin(omegaxsimin.time); /

» Save the model as ‘tanks’ and run i, /
the system from the workspace |

08
11 % Simulate the system /
12 model = sim("tanks"); ol
13 plot(model.simout) > /
04 - .
o 2 3 4 5 6 7 8 9
Time (seconds)

[y
N
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B Introduction to Simulink

MIMO Simulink models

Consider the previous example with an additional input and output:

di1 _l

qi2
h
H \ X =]
QIzTIl

h =
2T A, ¢ q,=)>

= with the following inputs:
o (i1 = (i1 + asin(w1t)

* Qi2 = Gi2 + asin(wat)
e ;1 =15 [m?’/s] , Gio = 0.5 [mg/s}
e a=0.2[m"/s] , w =8[rad/s] , wy = 5[rad/s]

= and initial conditions: h1(0) = h2(0) = 0.1 [m)]

Model
Arhy = qi1 — 3
Arhy = gia + 3h1 — 5hy

y1 = 3hy
Y2 = dhy

Dynamical system

|

1
T2

y:

-

3

-3
3

5

I

I
)

[
S
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B Introduction to Simulink

MIMO Simulink models

= Using signals from Simulink:
* Use ‘mux’ and ‘demux’ blocks for combining signals pemx

(in ‘Signal routing’ tab, in the Library)

< Change the number of inputs/outputs in the
properties panel

|

|

= Using signals from workspace:
« Set simin to a multi-column matrix, e.g.:

+
; + >
x=Ax+ Bu [:]
y=Cx+ Du
@
N\

Ready

o -~

21
22
23

simin2.time = [0:0.1:10]"';

simin2.signals.values = horzcat(gbarl + axsin(omegalsimin2.time),...

gbar2 + aksin(omega2xsimin2.time));

0 > @

o v

Mux

Scope

File Tools View Simulation Help

a-[(C- & &

Sample based

T=10.000

[y
)
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©  |0juo) s|qeueAnNy

-

Non-linear systems

ulINWIS o} uononponu| |




=P

B Introduction to Simulink

r

L

Non-linear systems in Simulink

» |dea 1: Interconnect different non-linear blocks to create the desired
function

* E.g.: Pendulum
) =w

w=—bw —gsinf + u

-
~

Multivariable Control

= |dea 2: Define a non-linear function for characterizing the dynamics

%

s File: pendulum_func.m

function dx = pendulum_func(u,b,qg)

uin =
theta
omega
dx(1)
dx(2)
end

u(l);

u(2);

u(3);

omega;

-bxomega - gxsin(theta) + uin

In its properties, set
pendulum_func(u,b,qg)
as the Matlab function

Block in ‘User-defined functions’ tab
of the Simulink library

w

o L .
Interpreted - J
MATLAB Fcn 1
. > -

|
y
-

Don’t forget to define b and g in the workspace
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MATLAB live scripts

Clara Galimberti
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Live scripts

= «Live scripts are interactive documents that combine Matlab code with
formatted text, equations, and images in a single environment. In
addition, live scripts store and display output alongside the code that

creates it.» ,
® @

HOME PLOTS APPS
| [® | @ T3 [3Find Files

New New New Open [iz] Compare
Script | Live Script v v

How to start?

Y

= Live scripts are divided in sections

FILE

= Right-click on the document for:

* ‘Section break’, and thus create a new section
e ‘Convert between code and text’
 ‘Convert to (local) function’

= Run a section with ctrl+enter (cmd+enter, in Mac)
= Live scripts are saved as .mlx files

[y
©

Multivariable Control

An example of a livescript
containing today’s
examples and exercises
can be found under
intro_simulink.mlx
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Introduction to Simulink
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Live script example

Let define now the input signals. For that purpose, we add a step and sinusoidal block in the Simulink model and define
here their parameters.

% Sinusoidal

a=0.2; % [m~3/s]
omega = 5; % [rad/s]
% Step

gbar = 1.5; % [m~3/s]
t_step = 0;

We also define the input in an alternative way. We construct it in Matlab and pass the sequence to Simulink using the simin
block.

% Simin signal
simin.time = [0:0.1:10]';
simin.signals.values = gbar + akxsin(omegakxsimin.time);

By clicking on run, or running the following lines, we simulate the system. The output can be observed by double click on
the scope block. Alternatively, one can export the signals to Matlab and then plot them, as done in next section.

Note that the plot and displayed text appears in this live-script. In may appear in the right column on below the section of the
code tha generated it, depending on your settings.

% Simulate the system

model = sim("tanks");

plot(model.simout)

fprintf("The input signal consists of a step of " + ...
"amplitude %.1f, \nplus a sinusoidal of amplitude " + ...
"%.1f and frequency %.1f rad/s.", gbar, a, omega)

Time Series Plot:

0.4 L L L L L s L L

0 1 2 3 4 5 6 7 8
Time (seconds)

The input signal consists of a step of amplitude 1.5,
plus a sinusoidal of amplitude ©.2 and frequency 5.0 rad/s.

N
(=]
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=PFL  Exercise (optional)

Consider a third tank (T3) whose model is given by

Multivariable Control

* 3hs = bug — 2hs |~
*  y3=2h3 th
AT3
1. Consider the previous MIMO model of _'ly3="1=qﬂ
two tanks ”T ’“;MOM‘ﬁ_‘ -
* Add a third tank at the top modelled by T3 qul r

« Set u1 = y3, i.e. the output of the tank T3 is
the first input of the two-tanks system ’“T ~ 3

N

a. Plot the output of the system. Consider the inputs u3 and u2 given by a
pulse with an offset, i.e.

« uz = ;1 + pulse(a, 71)
= Uz = ;2 + pulse(az, T2) Gin = 15 [m?/s] , i = 0.5 [m®/s]
oy s a; = 0.25 [m*/s] , az = 0.4 [m?/s]
Set the initial conditions £;(0) = h2(0) = h3(0) = 0.1 [m)] =2 e
b. Add as an output the integral of the bottom tank’s flow ’

B Introduction to Simulink
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- ° Block Parameters: State-Space2
state Space
State-space model: ©
dxfdt = Ax + Bu =
=Cx+Du <
3
Param
Amplitude:
Py 2
Qo
0.25 23 ©
=
B o
Period (secs): =
53 %
e =

Pulse Width (% of period):

50

Phase delay (secs):

0

Same as before:
I %= Ax+ Bu Two-tanks MIMO system

y=Cx+Du

x= Ax+ Bu

j vy=Cx+ Du ’D

L | —

Integrator: look for it in

the ‘Continuous’ tab of
the Library Solution in file tanks3.s1x

B Introduction to Simulink




