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Session Outline

= Simulink and Stateflow
= Numerical Simulation of ODEs

* |nitial Value Problem (Hands-on)
* ODEs with resets (Hands-on)

" Finite State Machines
* FSMs in Stateflow (Hands-on)

= Discrete Event Systems
* DESs in Stateflow (Hands-on)

= Hybrid Automata
* Hybrid Systems in Stateflow (Hands-on)
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Simulink and Stateflow
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Simulink

" Can be used to model and simulate dynamical
systems in a comprehensive and graphical way

= Models are described as block diagrams (boxes with
inputs/outputs)

o [m] 4]
File Edit View Simulation Format Tools Help
NsHE&| tBR|e 4 (9 r s f Nomal  ~]| M B2 wEBE®
Acquiring Live Data into Simulink -
Performing Spectral Analysis using Live Data
winsound 0 _""1, Perifdogiam 4B _""l Matri
SoundMAX Di.. ] . =E|—> SR L o - T
22050 samples/sec oo o)
Analog Input Perodogam. | —— Tem poae pechrog
Open the "Analog Input® block | IM
to change from the sound card req
(winsound) to other installed ort-
data acquisiton devices @ Specum

Ready [100% [FixedStepDiscrete 4
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Simulink (2)

= Models are composed hierarchically allowing:
* Modeling of complex systems in a modular and organized
way

* Different detail perspectives over the same model at
design and simulation time
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Simulink and Stateflow

= Simulink includes several built-in
block types (Model Library)

u Addr“ona”y) exten5|ons to thls wmu ____________ | r. ......
Iibra ry Can be Created by use rS h-l-l
and companies (toolboxes) = il o |

= Stateflow is one such toolbox o N\ P

—
4
P
=
-
=1
-

= Stateflow can be used to model ................... S S
the behaviour of FSMs - :
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Numerical Simulation of ODEs
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The Initial Value Problem

[nitial value problem (IVP) = = = f(x) r(0) = xg

Definition: A signal  : [0,7] — R” 1s a selution to the IVP 1f

x(t) :$U+A flaz(r))dr Vte [0, T]

Example:
= —X +1
X(0) =2
X(t)?

[Hespanha, J. P. 05]
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ODE Numerical Simulation - Euler method

|::::'::=_' I ﬁa
== Hi

Euler method (first order method):
Ist partition interval into NV subintervals of length /7 := T/N

[kh,(k+1)h] ke {0,1,...,N -1}

2nd assume derivative of x constant on each subinterval
(k4+1)h
z((k+1)h) = z(kh) + / [(z(r))dT
Jkh
~ z(kh) + hf(x(kh)) on each subinterval x

1s assumed linear

—
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x(1)

[Hespanha, J. P. 05]
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ODE Simulation - Range-Kutta method

Runge-Kutta methods (m-order method):
Ist partition interval into NV subintervals of length /2 := T/N

[kh, (k+1)h] k€ {0,1,...,N -1}

2nd assume derivative of x constant on each subinterval

i

x((k+ ])h.) ~ x(kh)+ h Z(!jf(.‘t[:’fh) + 53)

=1

—
4
P
=
-
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-

a,;, 0, computed assuming a m-
order polynonuial approximation
on each submterval
(truncated Taylor series)

x(7)

[Hespanha, J. P. 05]
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ODE Simulation — Variable-step methods

Variable-step methods (e.g., Euler):

Pick tolerance € and define 7, := 0
[N

x(tkﬂ):x(tkwjt £ (@(r)dr
~ x(tr) + (tryr — te) f (z(tr))

choose ¢, sufficiently close to 7, so that
1/ (z(tk) — Fe(tesr))|l < €

Simulation can be both fast and accurate:
1. when f1s “flat” one can advance time fast,
2. when f1s “steep” one advances time slowly (to retain accuracy)

[Hespanha, J. P. 05]
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Solving the IVP in Simulink

= Simulink has an inbuilt ODE solver (Integrator)

* Different integration methods (including variable step)

= Example:

ye= — X +1 X(0)=2

La R
Fcn |—b
2 — 0

Constant Integrator

m.é
A A
|

Scope

(Integrator toolbox accepts initial value)

[ leeem] T wm

=== = ok (|
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ODEs with resets

X, <0&x,<07?

—
4
P
=
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speed

acceleration

gravity force

ball elasticity constant

QQ X X
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Integrator Block in Simulink

" |ntegrator block accepts a reset port

= Whenever a reset is triggered, its new value will be
taken from the initial value (x,) port

= State port holds previous value of x

= State can be used to determine if the integrator
needs to be reset (x)
I—D state

I'EEEt _’Ji 1; e >
x0 Xo

Integrator

A 4

v
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ODEs with resets in Simulink

—{ L[] _
h. - P Integrator
-9.51 —
(Sravity } o
—{ (W[1]<=0)8& 2= 0) W F )L —Lp 0
Scope I’ »
—=» L[] [10:5] q
—a el 570[2] N\

-

O

N—
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D




FELJP FACULDADE DE ENGENHARIA e TR [T e
UNIVERSIDADE DO PORTO aEE | &= || B | 8

ODEs with resets in Simulink (3)

= Simulink ODE solver detects zero-crossing behaviour

= When a reset is detected, the solver goes “back in
time” to determine where the reset occurred
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Finite State Machines
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Finite State Machines (FSMs)

* Model of systems whose behavior can be modeled
as a set of states and transitions between states. This
systems are sometimes called reactive systems.

= Finite number of states
= Systems modeled by FSMs:

* Pattern recognition

* ATMs

* Computational processes
* Human intelligence?
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Mathematical Model of FSMs

= AFSMis a quintuple (Z,S,s,,0,F), where:

* Y is an input alphabet (finite set of symbols)

Sis a finite, non-empty, set of states

Sy is the initial state, where S, € S
* 0 is a state-transition function: 6:5Sx2 —> S
* Fis afinite, (possibly empty) set of final states

= [green, yellow, red]

S, = green

0 = [green/e — yellow, yellow/e — red, red/e — green]
F = [red]
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Simulation of FSMs - StateFlow

Simulink block (toolbox) for modeling Finite State
Machines

Stateflow charts receive inputs from Simulink and
provide outputs (signals, events)

Simulation advances with time

Hybrid state machine model that combines the
semantics of Mealy and Moore charts with the
extended Stateflow chart semantics.
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StateFlow —

) Stateflow (chart) sflib/Chart *
File Edit “iew Simulation Tools Add  Help

FEHE B =>4 ZE »r u e

g (B [ & il (]
\:"1”5“1‘ = \1_.1 S [

States

EBX

o

WEEEEES

[
[
(o)
E2

4

=

IHeadﬁ;

==H



FEUP FACULDADE DE ENGENHARIA '

StateFlow — Transitions

) |Stateflow (chart) sflib/Chart * M=
File  Edit Wiew Simulation Tools Add  Help ~
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StateFlow — Initial State

) Stateflow (chart) sflib/Chart * M=E
File Edit “iew Simulation Tools Add  Help ~

EEHES ‘2R a4 Q0 s EEH BRMAO =
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StateFlow — Transition Conditions

) Stateflow (chart) sflib/Chart * M=E
File Edit “iew Simulation Tools Add  Help ~
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StateFlow — State Actions

) Stateflow (chart) sflib/Chart * M=E
File Edit “iew Simulation Tools Add  Help ~

EEHES ‘2R a4 Q0 s EEH BRMAO =

-

= S1 x==11x>3] (5

ﬁ en:x=x/5 ex: X '=x-1
E durx =x+1

-

T
2

[x < 0]

) EEEEFC 8

[
[
(o)
E2

4

IHeadﬁ;

entry: Quando entra no estado, during: enquanto esta no estado, exit: quando sai do estado
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StateFlow — Transition Actions

) Stateflow (chart) sflib/Chart *
File Edit “iew Simulation Tools Add  Help

FEHE B =>4 ZE »r u e

EBX

S [x==1]|x=

T

en:x=x/5
duix=x+1

) BEEEM 8

[
[
(o)
E2

4

I
/% :=-

3l _[s2
ex:x:=x-1
3

IHeadﬁ;
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StateFlow — Final States
) Stateflow (chart) sflib/Chart * M=
File Edit Wew Simulation Tools Add Help N
EEHE 2R =24 9 r 0 s EaE BEBRHA0 =
s
)
B (S A== Al (G
car en: X =x/5 ex: X :=X-1
= [du; x :=x+ 1
:
[x < 0] [x:=-3 y
END
A 4
4 |*]

=
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Stateflow integration with Simulink

= User defines variables to be used inside Stateflow
chart

= Variable types are important!

= Variables may be: W y

* Inputs from Simulink v2

* Qutputs to Simulink Chart

* Local, Constant, ...
* To define variables use Model Explorer (Ctrl-R)
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Simulink/Stateflow Hands-on

= Create a stateflow chart that calculates the factorial
of a number (uint32), given as input

13 b‘}: 'EE resl .-l 1]
i_onstant (source) Display (sink)

e | ] [ B I e[|
UNIVERSIDADE DO PORTO I B | Sl | B3R ]
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Stateflow Debugger

= Use “step” to execute the FSM step-by-step

= Use “browse data” to monitor variable changes
ru Stateflow Debuggini hs_factoriall E‘&lﬂw

File Wiew o
A= Stopped: Eritry: Chart Chart #30 (0:0:00 X
o Executing: Chart #30 (0:0:0)
P Current Event: Simulink call event
: Simwlink Time: 1 200000 (Major Time Step) Coverage: 25%
()
b Breakpoints: Chart Entry || Event Broadcast || State Entry I || Disable all ¥
I = [ continue | [ Step | Break Stop Simulation -
FY
: Error checking options Animation Delay (sec) =
State Inconsistency Data Range (@ Enabled a -
Transition Conflict Detect Cycles (") Disahled '
=

Breakpoirts + Browse Data «  Active States Coverage ¥ Call Stack o
Browse information for all data in current chart:

Machine Mame: hs_factorial (#17)

Block Mame: hs_factorialiC”hart (#30 (0:0:0))

(#45 (0:0:0)) x = 7.000000
(#47 (0:0:0)) res = 5040

MATLAE Command:

[ Help ] [ Close ]
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Discrete Event Systems
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Discrete Event Systems

= Discrete and qualitative changes

= State transitions caused by occurrence of
asynchronous discrete events

= Parallel execution of multiple systems
= Synchronization by event-passing

HH:1‘ E ”.-1| ':alg;[ | ::-:-:ﬁ‘ |
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DES Example

evA?

= Synchronization through events
= Parallel execution
= receive? / broadcast!
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Machine composition in Stateflow

= Grouped: Inner states are visible
= Subcharted: Creates a sub-chart
= Default behavior: sub-chart is executed

Add Maoke
Cuk

Copy
Paste

Requirements

Fonk Size

k
k
Arrowhead Size »
]
]
]

Decomposition

Tvpe

Make Contents Grouped
Fit To Yiew Subcharted

Select all

Explore
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Parallel composition in Stateflow

« Ma i haz
Fiapna T S :
] DG T s = s + 1 E !
| Al , :
; cortxlgs ! ]
— Back, . . =
; add MNake E bl =yl
o Cut | '
= | i
- Copy ! !
e Paste .. <7 i
D. Requirernents k E
.-----  Fonk Size (W|-cccoocooooooosoonconcnoacacsnnconscacaccansa - 0
.'x Maguhal  ferobead Size 3 \~|
: Decomposition b Exclusive (OR) ' :
5 e Fit To View Parallel (AND) b
1 et 1 I-\.
0 Select Al 0 S
E Explore Toml patz - 0 58 di * 2 == 1k Resiol 1o
0 Dehug wlk = Ak iz =& b VALE = val2 g
E Fil'llj. o 7—L E
E Edit Library :
' FIl 2 vak] oG Mo :

E 1 iz . |
i == H|
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Composition: Graphical functions

function b = even(val)

{div := val/2}

[div'2 < val] {b:=0}

[div2 == val] {b:=1}

= [even(x)] and [~even(x)] are now valid conditions

= {actions} are called condition actions and are
evaluated even when destination (state) is not valid
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Event passing in Stateflow

Maqhaz
magas SIS
{ DGmoue: = wr+1 )
! S el !
; otk s g
Add MNote '
Requirements ¢
’ M al
Decomposition b Exclusive (OR)
= Parallel (AT ' :
it ' e
Select Al ' L
Explore stadod palz = 0 &8 el * 2 == 1Al Festd) ) E
Del:-ug | A ped {e b vald = wakz s '
Fil-ld. o 7—|L_
I 2= @l oG mal

~ - -

= Events used both as conditions and actions
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DES in Stateflow Hands-on

= Create a stateflow chart that receives 2 inputs
(uint32) and sums the number of 1 digits in their
binary representation

= Use event passing to count all the 1 digits

| bin 0000 0000 0110 1111 |
|_’ Display 1
111 ! e

Constant v2

111

Display
Constant 1

e | ] [ B I ] F: ]
UNIVERSIDADE DO PORTO I B | Sl | B3R ]
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Hybrid Automata
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Hybrid Automata

Q = set of discrete states
R™ = continuous state-space

f: Q9 xR— R = vector field
@ QxR — Q = discrete transition
0. QxR — R? = reset map

x>777
[Hespanha, J. P. 05]
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Bouncing Ball re-revisited

X, <0&x,<07?

Q = set of discrete states
R" = continuous state-space
f:QxR"— R = vector field

@: QxR"— Q = discrete transition

£ Q xR"— R = reset map

Q:{ql}
(9, %, %) =10, —> %=X, X = -0}
@(0, %, X;) ={0y, % <OA X, <0——>0y}

(9, %, %) ={0,, X, <0AX, <0——>X, =—Cx X, }
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Simulation of Hybrid Automata

Q = set of discrete states = pq.r) Kg.r)=¢q,°
R» = continuous state-space — T
f Q x R* — R* = vector field

QX R — Q = discrete transition
p : QO X R — R* = reset map

flq,x)

b |

e
pump off
q‘
‘o..___?'

A

[Hespanha, J. P. 05]
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Bouncing Ball in StateFlow

X <0&x,<07?

._

q
J ]
'
P —+
1
uf2] .
Multiport
x1'=x2 Switch
-9.81
*- o

[x[1]<=0&&x[2]<0] /
xreset[1]=x[1]; xreset[2]=-0.7*x[2];

function reset

N%ethreset}

flg.x-) = x

E Multiport Switch

disorete

R
[10.5] »
o
plot{x)
1< Integrator
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Bouncing Ball in Stateflow - SIMPLER

= Go to “File->Chart properties”...

= Select “Continuous” update method

Name:  Chart

Machine: (machine) untitied

CE=m e

State Machine Type: [CIassic

Update method: |Inherited
Inherited

Discrete
[T Enable C-bit jrzmmrems

-

Sample Time:

===

Apply to all charts in machine now

User spedified state ftransition execution arder

[ Export Chart Level Graphical Functions (Make Global)

Use Strong Data Typing with Simulink 1,0

[] Execute (enter) Chart At Initialization

[] 1nitialize Qutputs Every Time Chart Wakes Up

[ Enable Super Step Semantics

Description:

Debugger breakpoint: [ On chart entry [ Lodk Editor

Document Link:

][ Cancel H Help

Apply
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Bouncing Ball in Stateflow - SIMPLER

= |n Model Explorer you can now local variables of

type double as continuous variables (update
method)

s e — T

File Edit View Tools Add Help

D@ $2EX AHE«BRHZ 00 B@E LR FTa28
Search: by Name « MName: Search
|'“:|0dE| Hierarchy | Contents of:  sf_bouncdngball/Chart | Data x
E--@Simulink Root
5----“Base Workspace Mame Scope  Port Resolve Si General | Value Attributes Description
=) hs_factorial [%‘E‘E] £ Local Name: -
- i Model Workspac [] v Local Scope: Local -
----%Conﬁguraﬁon (A [] v_out Output 1 r Undate Method:(Cang
- §hCode for hs_facf [+] x_out ouput 2 : = hi
- Size: Discrete
- v ot o EEr—
- T Chart

- W sflib
EI--Esf_bouncingball
ﬁl\‘lodel Workspac
----%Conﬁguraﬁon (A
@Code for sf_bou
@ Advice for sf_bo
=- ‘Chart

- EFaling
- igfjuntitied™

LI T b

-

Contents | Search Results
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Bouncing Ball in Stateflow - SIIVIPLER
: E@ &8 |
= For each continuous local f‘*m* Ne 03 0m )i wsERBMAO B
variable “x” ~

= stateflow automatically
defines “x_dot”...

—
4
P
=
-
=1
-

= which is derivative of “x”
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Exercise 1: Thermostat Hybrid System

e | Il ]
HEE | 5 | B5E | B

Q set of discrete states
R™ continuous state-space

f: O xRr— R = vector field
p: QxR — Q = discrete transition
PO xR"— R = reset map

K?
X = mean temperature X < 71”'/\

/ room
heater
x>777
1. Define the HS formally [Hespanha, J. P. 05]

2. Simulate Hybrid System
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Exercise 2: Tank Hybrid System

pump goal = prevent the tank from
emptying or filling up

-0n 1 r=A=3
pump-on inflow = 2 d=.5 = delay between command

I Y 1s sent to pump and the
time 1t 1s executed

E constant outflow = =1
=
-
=l
-
y<1? =0
wait to on pump on
vi=0 @=2) (=3)
_ e >27
y=—1 y=3-—1 J=

F=1

_—
[Hespanha, J. P. 05]
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Exercise 3: Billiard Hybrid System

= Ball inside a 10x10 box

= Ball starts at unknown position (x,y) and with
unknown velocity vector (vX,vy) N —

= Ball bounces in any of the 4 walls
= Constant energy dissipation factor between 0 and 1

10

=R = IR Il == ;
UNIVERSIDADE DO PORTO aeTE R [ e T



FELJP FACULDADE DE ENGENHARIA T [T
UNIVERSIDADE DO PORTO AElfE S | R B

—
4
P
=
-
=1
-

END

References:
 http://www.ece.ucsb.edu/~hespanha/ece229/
 http://www.mathworks.com/access/helpdesk/help/pdf doc/stateflow/sf ug.pdf




