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Simulating Cyber-Physical Systems using SysML and Numerical Tools

= The tools and methods presented in this tutorial were developed as a joint project of IBM
Research - Tokyo and IBM Rational Rhapsody Development Lab in Israel

= Main contributors:
— Takashi Sakairi, IBM Research - Tokyo
— Chaim Cohen, IBM Rational
— Eldad Palachi, IBM Rational
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ACD: Activity Diagram

BDD: Block Definition Diagram

MBSE: Model-Based Systems
Engineering

CAS: Computer Algebra System

OMG: Object Management Group

CPS: Cyber Physical Systems

DSL: Domain Specific Language

PCE: Parametric Constraint
Evaluator

FMI: Functional Mockup Interface

PD: Parametric Diagram

IBD: Internal Block Diagram

INCOSE: International Council of
Systems Engineering

SysML: Systems Modeling
Language

UCD: Use Case Diagram

MBSE: Model-Based Systems
Engineering

UML.: Unified Modeling Language
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Simulating Cyber-Physical Systems using SysML and Numerical Tools

= What is a Cyber Physical System?

= A short overview of SysML

= Short overview of Simulink and Modelica

= How to model and simulate physical environments/plant?
= How to model and simulate CPS?

= Summary
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Cyber Physical Systems (CPS)

= The term cyber physical system refers to the integration of computation with physical
processes.
— “In CPS, embedded computers and networks monitor and control the physical processes,
usually with feedback loops where physical processes affect computations and vice
versa. The design of such systems, therefore, requires understanding the joint dynamics

of computers, software, networks, and physical processes.” (Edward A. Lee and Sanijit A. Seshia,
Introduction to Embedded Systems, A Cyber-Physical Systems Approach, http://LeeSeshia.org, ISBN 978-0-557-70857-
4, 2011)
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Platform 1 : Platform 2

-1 Computationl * * Computation3 I-
Sensorl * Actuatorl

AN v

Merge

\ Sensor?2 H Computation2 physical
| interface
> ol —y—
physical
interface network J
\_fabric

Physical
plant

Source: Edward A. Lee and Sanijit A. Seshia, Introduction to Embedded Systems, A Cyber-Physical Systems Approach, http://LeeSeshia.org, ISBN 978-0-557-70857-4, 2011
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Developing CPS (usually) means doing Systems Engineering

» CPS are commonly complex multi-disciplinary systems:
— Requires disciplined requirements analysis (functional analysis, trade-offs, etc.)
— Requires coordination between domain specific engineering teams (managing
engineering artifacts)
— High risk of failure, esp. during integration, non-trivial emergent behavior -> simulations!

Fole | Abbr. Name
1 RO | Requirements Owner
2 S0 | System Designer
3 SA | System Analyst
4 VV | Validation/NVenification Engr.
5 LO | Logistics/Ops Engineer
6 G Glue Among Subsystems
7 Cl Customer Interface
8 TM | Technical Manager
9 IM | Information Manager
10 FE | Process Engineer
11 CO | Coordinator
12 CA | Classified Ads SE

Table 1. The Twelve Roles

Source: Sheard, Sara, A.,Systems Engineering Roles Revisited,
Proceedings of the 10" Annual International Council of Systems
Engineering, 2000
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= What is a Cyber Physical System?

= A short overview of SysML

= Short overview of Simulink and Modelica
= How to model and simulate physical environments/plant?
= How to model and simulate CPS?

= Summary
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= SysML is a general purpose domain-specific language (DSL) for model-based systems
engineering (MBSE)

= Originated as an initiative of the International Council of Systems Engineering (INCOSE) in
January 2001

= Developed by Object Management Group (OMG)
= Current version: 1.3 ( ) — released in 2012
= Implemented as a UML profile
— Allows easier hand-off for software engineering
SysML
» Subsets and extends UML ”’Z
| R |
Behavior I Requirement Structure
Diagram : Diagram Diagram
i} A
[ [ |
[.:g;:.l:% s&gﬁ:ﬁ Smgeiag:ﬂ;ﬁ]ﬁl‘ne L;;g(;anfe Blccl:l-;a;g:‘::litim Imeg;a;aaock Package Diagram
b

[ ] sameasUM.2

Parametric

by SysML
(UML - UML4SysML)

[ Modified from UML 2

l---I New diagram type

Source: SysML 1.3 Spec.
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Introduced in SysML

— Along with the notion of Requirement

derived, etc.)

Describes a hierarchy of textual requirements
Allows tracing from design elements to requirements using various standard relationships (satisfy,

SysML also supports tabular notations for requirements
Requirements might be imported from requirements management tools

req [Package] Default[High level requirements] )

«Requirements
System Overview

ID =HL1.0

The cruise control is a sub
system intended to maintain
vehide speed as set by the driver

Q_

«Hequirement:

Setting desired speed

=Requirements

Speed Range

ID=HL11

ID=HL1.2

The driver should be able to easily set
the desired speed of the vehide

The cruise confrol shall
supportvehicle speeds
between 0 and 160 Km/H

10 Nov. 2012

D Name Specification
HL1.0 System Overview The cruise control is a sub system intended to maintain vehicle speed
as set by the driver
HL 1.1 Setting desired speed  The driver should be able to easily set the desired speed of the vehicle
HL12 Speed Range The cruise cortrol shall support vehicle speeds between 0 and 160
Km/H
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11

= Same as in UML

= Lists the capabilities of the systems (use cases) and how they relate to actors and to each

other

= Use Cases are commonly considered as the “chapters” of the SysML model

Nov. 2012

uc [Package] Default [High J

Vehicle

Switch cruise control on

/

.
v
' sextends

Maintain vehicle speed

Driver /:1|
2 apntends

Switch cruise control off

Road Conditions

HVC 2012
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Simulating Cyber-Physical Systems using SysML and Numerical Tools

Block Definition Diagram (BDD)

= Based on UML Class Diagram

= Describes the system Blocks and their features (structural and behavioral)

bdd [Padkage] CruiseControlDomainPkg [CruiseControlDomain]

+«Block, Structured Simaslink Blocks
Vehicla wBlock, Simadink Blocks Oé.
Drag
Values 1
itsVehice Ports
i
Ciparstions @acmaISpeed:KmH
-~
@mmst:hlewton
engineCaontrol cruiseContro spd
«Blocks "3 «Block, SructuredSimulinkBlocks «Blocks o
EngineControl CruiseControl Speedometer
Valuas Pords Valnas
E inpThrust:Newton=0 @achﬂ&:eedm-] E actualspeed:KmH=0
E outThrust:Mewton=0 @degedspeedm E rost:USDollar
@ thrust:Mewton E maxspeed:KmH
E precision :KmH
Operations E sampleRate:Hz
E‘ﬁ“mlinhrust[l E speed:KmH=0
Opearafions
e chActualspeed()
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Internal Block Diagram (IBD)

= Based on UML Internal Structure Diagram
= Describes the internal structure of Blocks

= Main concepts: Part, Connector, Port (various kinds)

ibd [Block] Vehicle [VehideStructure]
J

Next: CruiseControlStructure

desiredSpeed:KmH 1 cruiseControl:CruiseControl

Attribut
ues thrust:Newton
. [+
desiredSpeed:KmH i
_] Operatons
[ =]

L

actualSpeed:Km

speed:

il inpThrust:Newt
1 spdm:Speedometer e inp thrust:Rewton n
5 1 engineﬁontrﬂl:EngineControl Dé.
Attrbutes
actualSpeed:KmH v Attrbutes
B E actualSpeed:KmH=0 E . : outThrust:Newton
actualSpeed:KmH i E speed:KmH =0 InpifxmstNentor-4 [ thrust:Newton
Reed: E outThrust:Newton=0 [
Operatbns
tio
Fﬂ"chActualSpeedO opereions
E'ﬁ" chInpThrust()
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= Introduced in SysML
= Imposes mathematical constraints on properties of Blocks (in system’s context)

= Main concepts:
— Constraint Block: groups non causal mathematical expressions (equations/inequalities)
— Constraint Parameter: a variable of the math expressions that can be bounded to a
design property
— Constraint Property: a usage of a constraint block in a specific context
— Binding Connector: declared that the value of the design property must be equal to the
value of the constraint parameter

par [Package] ACCAnalysis [JerkCheck]

<Blocks «Block»
AdaptiveCruiseControl::Architecture::Observer PlantAndController
i =ConstraintProperty=
; o itsJeckCalculation:JeckCalculation
) = Attribute= . e N khTOMS wAttributss
vehicleSpeedX:kmph Constraints ——  kmPerHourToMperSec:RhpReal=3.6

b {{calclerk} jerk = der( der(v / khToMs))}

jerk
jerk
1 «ConstraintProperty:
itsJerkDetection:JerkDetection

Constizints

«Attributes maxJerk {1 {{mirderkCheck} -maxJerk < jerk}
JerkCheckContext.maxJerk:1erk=3.0  m—————— M {maxJerkCheck? jerk < maxJerk}
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= Same as in UML 2 with a few
extensions (mainly continuous flows)

= Token based semantics:

— Every action has input/output pins
through which control/object tokens
flow

— An action starts when all pins have
tokens

— As action offers its output tokens
after the its computation is done

= Commonly describes behavior of:
— Use Cases: system level processes
— Operations: block level procedures
(“flow charts”)

= Continuous semantics is not precise

= Not well-suited for describing dynamic
time-dependent processes

15 Nov. 2012

act [Use Case] DriveVehide [setting desired speed]

driver

!

set desired speed

display "speed not in
range”

N

HVC 2012

desiredSpeed

cruise control

W

fix desired speed

desiredSpeed

| [desiredSpeedInRange]

N

control thrust to maintain
speed close to desired

speed
rh
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= Same as in UML
= Describes reactive state based behavior

= Run-to-completion semantics:
— One event at a time
— A run-to-completion computation step takes
the state machine from one stable state to
another

» Stable state: a concrete state
configuration of the classifier after all
internal actions are completed

= Commonly used to describe behavior of Blocks

16 Nov. 2012 HVC 2012

stm [Block] Yehide [auto drive modes]

Off

Failedstart

—

Resolve

d

—

!

Vehide_Off

J/Start

Starting

J/ Started

Cperational

ErrarDetected

Degraded
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17

Same as in UML

Describes a specific interaction
scenarios between parts

Can be captured by model execution

Commonly used to describe test cases
in model-based testing (UML Testing
Profile)

Nov. 2012

sd [1 [Animated trace]

:Driver :CCContral :Speedometer :EngineContral :RhpPropFeedback :Drag
setDesiredSpeed(p_desitedSpeed = 0)

Manualsim

chDesiredSpeed()

\destedSpeed =80 | 5

D‘nn(mn) at ROOT. runniny "
Dqtrn[lDD) at ROOT.running g
doStep()

doStep()

inpThrust = 33333.4

chInpThrust()

rust = 33333.4
_________________________________________________ }
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Standardized language for model-based systems engineering
Subsets and extends UML

Consists of multiple diagram types to describe various aspects of the sysitem
— Requirements (requirement diagram, use case diagram)
— Structure (block definition diagram, internal block diagram)
— Constraints (parametric diagram)
— Behavior (activity diagram, state machine diagram)
— Interaction Traces (sequence diagrams)

Lacks precise execution semantics
— Not well suited for modeling plant and continuous control algorithms

» Parametric diagrams can be used to describe equations imposed on design attributes

Activity Sequence State Machine Use Case Block Definition

by SysML IPack D
(UML —UML4SysML) Diagram Diagram Diagram Diagram Diagram ackage Liagram

[ ] sameasum 2

[ modified from un 2

l---’ New diagram type
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= What is a Cyber Physical System?
= A short overview of SysML

= Short overview of Simulink and Modelica

= How to model and simulate physical environments/plant?
= How to model and simulate CPS?

= Summary
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= Designed to model and simulate time-dependent
transformational behavior

= Based on Block Diagrams
— Every block transforms input signals to output signals
— Signal: a time dependent function of a physical quantity
« E.g. Amplitude of a radio signal, Voltage of an AC
outlet, Car speed

= Simulink is widely used for control and signal processing
designs

» Developed by Mathworks for modeling “multi-domain
dynamic systems”

= Add-on to MATLAB

= For reactive behavior an add-on called Stateflow is used on
top of Simulink

= Other add-ons:
— Embedded coder: generate C and C++ code from
models for real-time targets
— HDL coder: generates VHDL
— Simulink Design Verifier
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| Simulink Library Browser o 5 P |

File Edit View Help

Liby

Ports & Subsystems.
Signal Attributes
Signal Routing

Sinks

Sources.
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WA Embedded Coder
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&
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= A standardized textual language for modeling
physical systems
— Annotations are also standardized now and
can be used to render diagrams

= Developed since 1996 by the Modelica $

0ZZ=2%

aL=1d

LO"a=2

0o l=2y

S
L'0="1

— Current version 3.3 (May 2012)
= Modelica is Object-Oriented (see right side)

Association _+_
G

model Circuit
= Has a large (~30) set of free and commercial Resistor R1 (R=10),

. . : . ) Capacitor C (C=0.01)
libraries for different domains (source: Inductor L (L=0.1);

) VsourceAC AC;
. . Ground G;
» Implemented by various free and commercial equation
tools: ( , , ) connect(AC.p, R1.p);
connect(Rl1.n, C.p);
= The profile extends cmmectg;ins ﬁg-n;?
. . connec P> P);
SysML to model I\./Iodellca.constructs in SysML connect(R2.n, L.p);
(IBD) and roundtrip Modelica models back to connect(L.n, C.n);
SysML connect(AC.n, G.p);

end Circuit;
Source:

21 Nov. 2012 HVC 2012

R2 (R=100);

// Capacitor circuit

// Inductor circuit
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Simulink

Transformational semantics of signals
— Language is well-suited for control algorithms
and signal processing

= Causal semantics (inputs -> outputs)

» Mature: more features, highly usable, a lot of add-
ons

= Well integrated into the “MATLAB universe”
= Widely used in industry (standard de-facto)
» Many existing tool integrations

= Code generation to C/C++/VHDL/Verilog

Modelica

= Object oriented approach for modeling physical
components (mechanical, electrical, etc.)
— Language is better suited for physical
modeling (plant)

Causal and A-Causal semantics (equations)

Open standard (of the textual language) with
collaboration in research and standard bodies
— SysML for Modelica profile

Multi tool support (although Dymola is dominant)
— Tools are less mature than Simulink

Few industry deployments but a lot of interest

No export regulation restrictions (relevant for
defense systems development)

Currently no production code generation (to the
best of our knowledge)
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= What is a Cyber Physical System?
= A short overview of SysML
= Short overview of Simulink and Modelica

= How to model and simulate physical environments/plant?

= How to model and simulate CPS?

= Summary
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= Plant is the physical environment in which the CPS operates

» Plants can be described using partial time-dependent differential equations
— These equations are a-causal: no notion of inputs and outputs

» “Hello, World” example — one dimensional spring and mass performing
harmonic oscillation

m*a=—k*x Analytic Solution: x = A*sin(w*t + @)
a=v=Xx @w=~k/m
x(t=0)=5

v(t=0)=0 For our initial conditions: A =5

m=10 p=rl2

k=3 w=+/3/10 =0.577
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Modeling spring and mass dynamics using Modelica

d OMEdit - OpenModelica Connection Editor
File Edit View Simulation FMI  Tools Help

d- 1 # 220 WeROEN
Exm‘

Modelica Files e @ E Bl | writeable | Model Diagram View C:/Users/eldadpal/Harm 1.mo

L@ Harml

2O wpow [ [¥

Components

i 'ﬂ/\/LD—FD*mzm

—
______'..

I
o& OMEdit - OpenModelica Connecticn Editor
Eile Edit View Simulation FMI Tools Help

d-THd # 220 WOeROEN
Exm‘

Modelica Files i A E Bl | writesble | Model | Modelica Text View | C:/Users/eldadpalHarm1.mo

L@ Harml

PN EO EE B e

Components

1 jiodel Harml
2 Modelica.Mechanics.Translational . Components.Fixed fixedl annotation (Placement (visible = true, transformation(c
3 Modelica.Mechanics.Tran=slational . Conponents.Mass massl(m = 10, v{=start = 0}, s(start = 5)) annotation{Placemern
4 annotation (experiment (StartTime = 0.0, StopTime = 60.0, Tolerance = 1e-006});
5 Modelica.Mechanics.Translational.Components.Spring springl(c = 3, s rel0 = 0) annotation(Placement(visible = t
& equation

connect (massl.flange a[-1],springl.flange b[-1]) annotation(Line(points = {{41.7482,9.33522},{14.71,9.33522},{
8 connect (springl.flange a[-1],fixedl.flange[-1]} annotation(Line(points = {{-19.89081,9.46638},{-57.7086,9.46638
3 connect (springl.flange a,fixedl.flange) annotation(Line (points = {{-20.1152,9.05233},{-57.7086,9.05233},{-57.7
10 connect (massl.flange a,springl.flange b) annotation(Line (points = {{41.7482,9.33522},{14.71,9.33522},{14.71,3.
11 end Harmil;
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Modeling spring and mass dynamics using Simulink

'
— C=r=
m*a:_k*x ¥ Harmonic u_‘g‘
File Edit View Sirmulation Format Tecols Help
a=v=y DS HS| % BR (<4 (22> npo [N =l
X(f — O) — 5 Harmonic oscillation

m*a = -k*x

m = 1() initial condition x=5
s L L | %
k — 3 /1."m viox B
|
7I s‘knpe
\

Gain
L|Head],r 100% | | |loded5

=
o=
£

S . /
Time integration / \
Mux

Scope
display
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Modeling spring and mass dynamics using SysML parametric diagram

bdd [Package] HarmonicOscdillation [Mass and Spring]

«Blocks
_ wBlocks
PointMass Spring
Values Valiias
I mass:Kilogram = springConstant:KgPerSecondsquared
E displacement:Meater
E velocity:MeterPerSecond

acceleration:MeterPerSecondSguared

par [Package] HarmonicOscillation [Harmonic Oscillation]

1 MR displacementteter
Consiraints
{0 {faccal} a=der(u)} x:Real
R S T kReal {0} {fharmonic) m=a=4k=x-0. 5%} [
| |0 ity w(0) =5} 5
{0 L4initx} x(0) =0} velocity:MeterPerSecond
il fvelodty} w=der ()} v:Real
K
w Aftributes
mass:Kilogram m:Kilogram = Aty tes
] el acceleration:MeterPersecondSquared
[
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Rhapsody Parametric Constraint Evaluator (PCE)

= |IBM Rational Rhapsody is a modeling tool capable of specifying and executing SysML
models

= PCE is an add-on to Rhapsody that allows solving sets of math expressions specified in
parametric diagrams and update the design model based on the results

aaaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaa

Parametric Diagrams

CAS (MAXIMA, MATLAB MSMT)
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= We have shown three simulations of a simple harmonic oscillator using three languages and
three tools:

— Modelica (Opem Modelica) S5 et BSR Dat

— MATLAB Simulink

— SysML Parametric Diagrams (Rhapsody PCE)

» PCE relies on having a symbolic solver (CAS)

[2] gnuplot graph = | B )

5

b
s b
> b
. b
0

b
2 r
3
5

5 10 15 20
time

0 2 30 09

15.7697, -2.23487

time
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= What is a Cyber Physical System?

= A short overview of SysML

= Short overview of Simulink and Modelica

= How to model and simulate physical environments/plant?

= How to model and simulate CPS?

= Summary
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Extending SysML: «SimulinkBlock»

» The stereotype «SimulinkBlock» means the block’s behavior is specified in a Simulink model
= Every input/output port in the Simulink model is represented as a SysML atomic flow port

= Type matching rules need to be applied

bdd [Packa ge] CruseContro DomanPkg

, )
W Drag [E=REER

File Edit View Simulation Fermat Tools Help

— e 3
vehicle Drag
Vabies 1 s Pors
itsVehicle 7
e Elacu alSpe ed :KmH thrust -
Onceti actualSpeed
]t rust:N vt mis to kmih

i Tags ~\

i Simulink P roje ctFile:RhpString= Simuln k' Drag.mdl

engineContral cruis=Control spd drag force, N
=Biocks 3 = Block Rruct redSmunkEiocks «Blocks 234
EngineControl CruiseControl Speedometer
Vabies Pors Valres
= inpThrus:Nevton=0 i | actuziSpeed KmH = scu slSpeed KmH =0
= cutThrustiNeviton =0 7] desredS pead:KmH = cost:UsDollar
I#]thustNewion 5 mae Speed:KmH -
= precision:KmH W PropFeedback E@ﬂ

Cipe rations E =mpleRateiHz " N " " "
B chinpThrust) = peed:Km=0 File Edit Wiew Simulation Format Tools Help
Ope rations
o — o — o>
) desired spedd dift

thrust

desiredS)

Bk SmuinkBlocks
PropFeedback

Values actuslSpeed

Values

= kizreal_T=0.100000
E desiredSpeed:KmH=0 = kp:real T=1500.0
E dSpeed:KmH=0

i
i
o
b
N/

Pors
5| ac 2lSpeed:KmH
Oyperatns 1] desredSpeedKmH
E‘P:'EhDESi[EdSDEEdO 15| thrug: Nevton
Tags
i Simuink ProjectFie:Rh pStr fink\Prop Fee dback
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Extending SysML: «StructuredSimulinkBlock»

» The stereotype «StructuredSimulinkBlock» means the block has Earts typed by Simulink blocks

— A block that owns a part typed by a «StructuredSimulinkBloc

= A «StructuredSimulinkBlock» can be exported to Simulink for simulation
— All non Simulink blocks are transformed to a single S-Function in Simulink

bdd [Packa ge] CruseContro DomanPkg

wlinkEiocks «Block SmunkBlocks =y
vehicle Drag
Vabies 1 Ports
itsVehicle El e
< Z acalspeed:
Operstions ] th rust:Newt
¢
Tags
i Simulink P roje ctFile:RhpString= Simuln k' Drag.mdl
engineControl auiseConirol spd
«Blocks 3 ik Elocks «Blocks
EngineControl CruiseControl ! — =
Valies Pors Valies
= ingThrus:Newton=0 ] actusiSpeed KmH — = scu slSpeed KmH =0
= outThrustNewton = ] desreds pesd:KmH = cost:US Dallar
I#]thustNewion 5 mae Speed:KmH
E precision:KmH
Cipe rations E =mpleRate:Hz
Ef“ch!inhrusﬂ'_} Es)aed:KmH=0
Ope rations
Ff“ch#.ctualSpeedD
b 4
cCh
e = Block SmufinkSiocks O&,
«Blocks ‘3 PropFeedback
CCControl
Values
Values
= Kizreal_T=0.100000
E desiredSpeed:KmH=0 = kowreal T=1500.0
E dSpeed:KmH=0 e
5| ac 2lSpeed:KmH
Cperations 1] desredSpeedKmH
E‘P:'EhDESi[EdSDEEdO 15| thrug: Nevton
Tags
= Jirtk Pro ject Fite: R pSt jink\Prop Fe=dback
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desredSpeed:KmH

actualSpeed:KmH

bd [«StructuredSmuinkBbck> Block] CruiseControl [CruiseControBtructure]

! ccCrkCCControl
desiedspeed:mH  arwbutes |

= dspeed:KmH=0

dSpeed:kmH

1 pfPropFeedback  “%,

[=] = Kereal T=0.100000
= Kpereal T=1500.0

Attributes

peratons

*
actualSpeed:KmH

J

» IS also a «StructuredSimulinkBlock»

W CruiseControl *

PmrEy )

D&

File Edit

View _Simulation Format Tools Help

(= F=) " o] >
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= MATLAB/Simulink S-Function is a user defined block implemented in C/C++ or other
programming language.
— The S-Function code must conform to the S-Function standard in order for Simulink to
understand its interfaces and to interact with it.

= Rhapsody can generate C/C++ code corresponding to blocks stereotyped «S-FunctionBlock>»
along with a mex option file to generate an S-Function simulink block
— The generated code conforms to the S-Function standard and transforms the
ports accordingly

= For more information on S-Function see

-
W CruiseContral O | B i
File Edit View Simulation Format JTools Help
E '
] RhapSFunc_SFunctionBlockCruiseControl.cpp - Notepad o[ S| Ded& = » 10.0 Nomal - 5 [EIfE: 2 BEEE®
s)
L.
#ifdef _OMINSTRUMENT
* in animation mode, block the simulink thread until Rhapsody threads
are working */
checkAndwaitForRhapsodyThreads();
#endif
T T 4 PropFeedback N
—— desire: dSpeed
desiredSpee_desiredSpeed [l
= tn
tnext = Xt + s
ssSetTNext (S, tnext);
ti actualSpeed
/* Function: mdloutputs rhap_s_function
* Abstract: b V.
= 1n this function, you compute the outputs of your s-function E thrust
“/ block. Generally outputs are placed in the output vector, ssGetY(s). 3 pf
?tat'\c void mdloutputs(simstruct *s, int_T tid)
sFunctionglockCruiseControl® p_sFunctionBlockcruisecontrol;
#ifdef _OMINSTRUMENT
* in animation mode, block the simulink thread until Rhapsody threads
Iare wurkw‘ﬂg E/ Gl e
checkandwaitrorrhapsodyThreads (); -
@ actus|Speed
Ln 370, Col 1 actualSpeed
Ready 106% oded5
L
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Our approach uses generated C/C++ code to generate behavior of blocks brought to the
simulator

«SimulinkBlock» may reference C/C++ code generated by MATLAB Embedded Coder
— This code is compiled with the rest of the code into an executable used by Rhapsody
simulation

«StructuredSimulinkBlock» is transformed to a Simulink model with an auto-generated S-
Function Block that encapsulates the behavior of the native SysML blocks

Modelica has adopted the Functional Mockup Interface (FMI) standard (see
) to exchange behavior using generated C code
— Unlike S-Function, FMI is non-proprietary

-
Import/Sync Simulink Meodel
100 [PIULA] SO0 [ U0 B U
Ao i tatlab Exe Path
ot S L:AMATLABYR 201 2aMbintwind2\MATLAR exe | |
1 ccCtri:CCControl 23 o - Copy i
desiredSpeed:kmH - 1 pERhpPropFeedbac Copy with Model . . q
esredsped Atirbutes . Simulink Maodel File
desiredSpeed:KmH=0 desiredSpeed:KmH Atéributes : : . -
e = dspeed:kmH=0 Remove from View Del Simulink\PropFeedback. | |
EEE AR u] Set Stereotype 3 —
Operations Changeto » R .
Hispeed:kmi e X Simulink Generated Source Code
5 o rrn 5 Simulink\PropF eedback_ert_w\PropFeedback. cpp | |
actualSpeed:KmH —
Create Unit . . . o q1p
o Simulink, kModel S ample Time [in milizeconds)
e Open Model in Simulink 100
Import/Sync Simulink Model )
Create Implicit Object !
Ports 13
oot Impork/Sync Cancel
Display Options...
Associate Image...
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Demo: Modeling a Cruise Control Vehicle

» We will demonstrate two simulations of a cruise control system of a vehicle:
— Exporting a hierarchy of IBDs to Simulink and running the simulation in Simulink
— Importing Simulink models + generated code to Rhapsody and building an executable
that can be simulated

= We will use the same two Simulink models in both simulations
— A model specifying a proportional feedback setting the thrust based on the difference
between the desired and actural speeds
— A model simulating the drag force exerted on the vehicle

= SysML will be used to describe the composition of the system
— The variant between the two SysML models is very small (will be explained)

35 Nov. 2012 HVC 2012 © 2012 IBM Corporation



Simulating Cyber-Physical Systems using SysML and Numerical Tools

Proportional Feedback in Simulink

— Vdesired _Vactual

Vag 3.6
147649 ‘

MaxThrust =
/3.6

actual

Th=Kp*V,, +Kr* [V, *di

MaxThrust Th > MaxThrust
Thrust =<Th MaxThrust > Th > —MaxThrust
— MaxThrust Th < —MaxThrust

- T
| PropFeedback [‘:' (=] é,l

File Edit View Simulation Format Toels Help

-] -] o
Ll
desired spegd diff
Kp
@ L 1 + P i | -
; /28 - Ju"_ ki + E y ——_ 13
desiredSpeed = - Lot L o | —
kmv'h to mv's Ki force limit
2} Joi1/2.6 +
U]
actualSpesd *
mis force, N
ol 1 147649
o lower

actusl speed max power, W
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Drag

inertia=1/mass {1705 kg) speed, mis mv's to kmvh

fluy

drag force, M

El Drag | ]|
File Edit View Simulation Format Teols Help
(Co—wfr 1 .
thrust + s J/_ j’c
actualSpeed
speed range

» Thrust is converted to speed in m/sec, and then converted to Km/h
= Drag force is proportional to the square of the velocity

Fp = 1 pv* CyA,

see derivation

where

F [ is the force of drag,

P is the density of the fluid [

v is the speed of the object relative to the fluid,

Gd is the drag coefficient (a dimensionless parameter, e.g. 0.25 to 0.45 for a car)
A is the reference area,

Source: http://en.wikipedia.org/wiki/Drag %28physics%29
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Demo 1: Vehicle Cruise Control, Simulation in Simulink

bd [«StructuredSmulinkBlock» Block] CruiseCtriSimDomain [Simulation]

driver:Driver

3

Attributes

1 vehicle:Vehicle

5 desiredSpeed:KmH
dest

:KmH=0

Operations

Next: VehicleStructure

thrust:Newton

B Drag

=i

File Edit View Simulation Format Tools Help

B [y .
e .

[t /1t

o=
inetisstimass (1705 kg)  SPesd.mis  SPERIIENGE | miio ki
fu)
e

ibd [StructuredSmuliikBlock> Block] Vehide [VehiceStructure]

desiredspeed:KmH 1

cruiseControkCruiseControl

Next: CruiseControlStructure

actuaispeed:nH

H actuispecdikmH=0
= cost:UsDolar
maxSpesdinH

actualspeed:KmH

Operstions
P chactualspeed()
ibd a trol [ ture]
1 ceCtrk:CCControl 3
desiredSpeed:KmH

Attributes

|
I dspe ek =0

desredSpeed:KmH

actualspeed:KmH

thrust:Newton

inpThrust:Newton

: engine

plant:Drag

=
Jasiresspeea
[Ep——

£ st
i s

o

o

Atritutes
H mpThrustienton=0
H outThrustnewton=0

outThrust:Newton

thrust:Newton

Ep chinpThrust)

38 Nov. 2012

thrust:Newton

el
15 fm_mmed
UD_fan sorfasgdes

v

S-Function

‘CruiseControl
(T W[oesrecsoess
desiredSpeed
desirzgpess
eruiseControl_thrust
th
(N=n|
[C57) rrust
RateT1
st
ctualSpess st
S— Fu nCtIOn acual ;@ _thrust auiseControl_sctusiSpesd [ Mmc;ulsm
< RateT2
l
rhap_s_fundtion
|:> S-Function [ E—
m desiredspesd
1) p1_desredSpesd
RateT1 thrust]
s
Geedtpesd /
s
Trap_stunaion
st
W Prpresanna T ef
e St FomeTov by

s

lualSpesd

HVC 2012

© 2012 IBM Corporation



Simulating Cyber-Physical Systems using SysML and Numerical Tools

Demo 1: Vehicle Cruise Control, Simulation in Simulink

W Do (o[ o

Fie Edi View Simulstion Formst Tools Help

+ ’\ 7
st . 3 f + )
acuaispees

inetis=Timass (1705 1g)  “Peed e e | ok
w
g e
S

bd [«StructuredSimulinkBlock» Block] CruiseCtriSimDomain [Simulation] /
1 e e =] 1 vehicle:Vehicle P 1 plant:Drag o — -
N ’——‘ammsw .
Attributes desiredSpeed:KmH ’L actualspeed:KmH ‘ venioe sesrssspess e ot e s ot smasmmes
= et ey > aen " L e

. B Figure 4 |-7':' B X | rn Figure 3 LI—M: = ]
© j| File Edit View Inset Tools Desktop Window Help “||| File Edit View Insert Tools Desktop Window Help a-
o | ! e - = T 1 1 —
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. 6000 - B
4000 _
80 1
2000 B
60| M 0+ i
ispess
-2000 - E
401 H
4000+ i
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Demo 2: Vehicle Cruise Control, Simulation in Rhapsody

ibd [Block] CruiseCtrlSimDomain [Simulation]

W 0y (=] E fotind
File Edit View Simulation Format Tools Help
- - i mass (1705 et s PESOENGE | it
1 vehicle:Vehicle inertia=timess (1702 13
fw
actualSpeed:KmH [l VJ‘|1 plant:Drag = g forem
actualSpeed:KmH
1 driver:Driver 2
thrust:Newton E thrust:Newton ﬂ
desredSpeed:KmH
VehicleStructure IBD

.cpp / .h J

ibd [Block] Vehicle [VehicleStructure]

Next: CruiseControlStructure

desiredSpeed:KmH 1 aiseControl:CruiseControl
) crbutes
- At thrust:Newton
[ b
X Operatins
[ I —
actulspecdiant]
speed:
e e inpThrust:Newton
actualspeed:kmb _ A0S

*engineControl:EngineControl
1 = actualspeed:kmt=0 Attrutes |

utThrust:Newton
Ispeed: = speed:kmH=0 S inpThrustNewton-0 ; thrust:Newton
actualSpeed:imH{ E outThrust:Newton=0
i L
aperatons
EP chActuelpeed) operatons

Ep chinpThrust()

W PropFecdback

=)
Fle Edt View Smulstion Format _Tools Help

ibd [Block] CruiseControl [CruiseControlStructure]

desiredspeed:nH

pre—
] desiredspecdiiinki=0
= dspeedsim=n

desiredSpeed:KnH
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Demo 2: Vehicle Cruise Control, Simulation in Rhapsody

ibd [Block] CruiseCtrlSimDomain [Simulation]

® oo P
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Demo summary: usage on the “V-Model”

Requirements Analysis
Functional Decomposition

Parametric Constraint
Evaluation (PCE)*

& Simulation in Simulink
% Design Synthesis
3@«\ Trade Study
> IComponent/Subsystem Spec.

Simulation in Rhapsody
(algorithmic integration)

g
Z
3
@
°

Implementation

* Doing trade studies with PCE
is not shown in this tutorial
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= What is a Cyber Physical System?

= A short overview of SysML

= Short overview of Simulink and Modelica

= How to model and simulate physical environments/plant?

= How to model and simulate CPS?

= Summary

43 Nov. 2012 HVC 2012 © 2012 IBM Corporation



Simulating Cyber-Physical Systems using SysML and Numerical Tools

= CPS are computerized systems the operate and interact with physical environment

= Complex CPS designs require systems engineering techniques involving modeling and
simulations

= SysML is a standardized modeling language defining multiple diagram types to describe
various aspects of systems

= SysML needs to be complemented by tools/languages such as Simulink/Modelica to specify
continuous algorithms and plant behavior

= We showed how to model physical environments using Simulink, Modelica and SysML
Parametric Diagrams

= We demonstrated three integration points between SysML and numerical tools:
— Evaluation of parametric diagrams using Rhapsody PCE
— Simulation of structured block by exporting it to Simulink for simulation
— Simulation of hybrid models in Rhapsody using code generated from Simulink models
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= Modelica Association, Modelica - A Unified Object-Oriented Language for Physical Systems Modeling, Language Specification Version 3.2, 2010
= Simulink: http://www.mathworks.com/products/simulink/

= Open Modelica: https://openmodelica.org/

= Rational Rhapsody: http://www-142.ibm.com/software/products/us/en/ratirhapfami/

= S-Function information: hitp://www.mathworks.com/help/simulink/s-function-basics.html|

Than « You!
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= FMI web site: hitps://www.fmi-standard.org
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