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CPS Overview

CPS technologies are the way

engineered :
e Just as the Internet has transformed the way

e From the Internet of Information to the “Internet of Things”
The “CPS” view and CPS in general help drive innovation and
competitionin:

e aeronautics, building design, energy,

e celectrical power grids (‘smart grid’)

e healthcare, manufacturing, and transportation...
Advances in CPS will enable:

e capability, adaptability, scalability, resiliency,

e safety, security, and usability
to expand the horizons of these critical systems.

FUTURE OF ENERGY

How The Digital Grid Can Help
Save The Planet

Jun 5, 2017 by Juan M. de Bedout, GE Energy Connections & Debora
Frodl, Global Executive Director, GE Ecomagination

Digital grid:
Powering the future
of utilities



https://www.ge.com/reports/digital-grid-can-help-save-planet/
http://www.ey.com/gl/en/industries/power---utilities/ey-digital-grid-powering-the-future-of-utilities

CPS Areas

e Cyber-physical systems (CPS) are engineered systems that are built e A
from, and depend upon, the ———
. . & ” N i)
o Physical components / systems: f'o//aw the laws af' nature N N |
m  Mechanical, electrical, thermal/HVAC, etc. o ,
AN Y _ | | | | |
o  Cyber components/SYSTEMS: “follow the rules of —
algorithms” | -
m  Computation (e.g. computers, IT systems), communication =
protocols & networks ] m
- ot Aﬁ _\;me SR
Smart CPS drive innovation and competition in a range of application g S 8 Rty Compo)
e r A L : S (Comaion) Conplsly L S D)
domains including building design, \_
healthcare, , etc. / E)
é Validation
\—\ Veri:::(ion
CPS encompasses a broad spectrum of topics and fields, which would
be impossible to cover in a single undergraduate/graduate course % —
(see figure on the right).

((Transportation



CPS Challenges

Aerospace/Boeing

@_ BOFEING g ing, Operations & Technology
Phantom Works

-
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Cyber Physical Systems —
An Aerospace Industry Perspective

Don Winter
VP- Engineering & Information Technology
Boeing Phantom Works

Simulating

Success

How do modeling and simulation
activities, capabilities benefit Boeing?
Let us count the ways—9 of them

Multi-disciplined CPS Research Agenda Is Required

Engineering, Operations & Technology | Phantom Works Engineering & Information Technology

+ Advances in technologies such as model-based
development tools, methods, and validation
environments to build systems rapidly and affordably

* Product focused technologies including software
reuse, architectures, real-time theory, languages, and
product line architectures to achieve system
affordability by recouping investment across multiple
system developments.

@ﬂaf]ﬂa

Aerospace Cyber Physical Systems

— Challenges in Commercial Aviation

Dr. Susan X. Ying, Dr. Steven Venema, Dr. David Corman,
Dr. lan Angus, and Dr. Radhakrishna Sampigethaya

Boeing Research and Technology

Airplane in Operations Challenges

Communication and network: signal processing,
wireless performance, worldwide interoperability for
aeronautical networks, and aircraft interfaces to the Intemet

Onboard Software: efficient verification and validation,
secure distribution for end-to-end processes, life-cycle cyber-
physical scale

Airplane health, control, and prognostics: sensor networks/
fusion, data analytics, information management , systems-of-
systems for sharing critical real-time data, assured timely end-
to-end information exchange, distributed cooperation and
coordination for efficient and optimized decision making

an-in-the-loop

sk
e coupling of
tems

This course deals with general
purpose modeling languages and
tools for transdisciplinary, and
interoperable, modeling &
simulation required in
multi-domain CPS, directly aligned
with industry’s needs and research

\ challenges.




Software Engineer - Simulation Community Lead Promoted
Boeing

Industry Needs B

To succeed in this role you should have experience in modeling & simulation concepts, an understanding of discrete-

Ae rOS pa Ce/BOei n g e;;;:e‘&&ld !r:a:r.n:ﬂlltliff(i]‘vslfnilliavt‘lon:jrr‘:wf_i an ability to work in a ... job com

e Boeing’s relationship with Dassault & the3DS
Platform:

Boeing and Dassault Systémes
Announce Extended Partnership

SYSTEMES Boeing Extends Use of Dassault Systémes to Include
3DEXPERIENCE Platform for Manufacturing Operations Management
and Product Lifecycle Management

D7S DASSAULT

“Boeing will deploy the 3DEXPERIENCE platform in phases and rely
on Winning Program, Co-Design to Target, Ready for Rate, Build to
Operate and License to Fly industry solution experiences for
aerospace and defense to deepen its

Dynamic Systems Engineer

manufacturing
planning and shop floor execution capabilities throughout the
enterprise.”

Accelerate the development and understanding of complex
dunamic systems through modeling and simulation.

e Rapidly model and simulate the performance of complex
products and systems.

Accelerate understanding and validation of complex systems
through early virtual simulation.

e Boeing and similar companies will benefit from

Quickly find solutions to complex multi-physic system design

research and teaching that involves the problems.
R Uses Modelica compliant component models to ensure
development Of these Sk| | |S. Intellectual Property capture and re-use.

Size, tune and optimize system components and parameters
quickly, accurately and early in the system design process.




Industry Needs ;
Other o T el sl
Examples

Matlab/Simulink)

) . Experience with test automation and verification

Firmware Validation Engineer - Chassis firmware team A g 2 g
o Experience with version contr 1, SVN)

Modeling experie simulink or| Dy

plus.

', W Valid Experience

plus

. f i

About the Job: S discipl

Wolfram Technology hee hi AV sedinicater

simulation Enginesr Wolfram Technology Engineer eI Ane Bial Shai i atian

o5 Wolfram Research, Inc.

Hendrick Motorsports « Utilize Dymola and Model tware to develop Champalgn, IL, US
Charlotte, North Carolina A

The ideal candidate will h ’ ; ; <

Rl e L : ra Wolfram Language nming skills are a plus

% ck based dynamic simulation ) ; Mod oxpe C stem modeling skill

vehicle Is and validate models against lab and

g Dymola software

Research Scientist in Applied Mathematics for Design The Following Experience Is a Plus Research Scientist Al & Human-Computer Interacton

Optimizatio e R : ; parc PARC, a Xerox Company The Following Are Pluses
PARC, a Xerox Company o " % = O 1o Adt 4

arching for a n applied mathemati X ) 1 Computational Physics We are ching for g 5 gn of o Familia with Modelical Matlab Simulink

ifically with e = in alg e Computational Ge . an-comput arch m 0 e Exp

IS o Familiarity with Know Representation in

ce with Solid Modeling and CAD
o Familiarity with Modelica/Matlab Simulink.




Motivation: My Research Needs!

ﬁ# //ALSETLab.com, 518-496-0196, wm"«@@np.
Research Vision: &M&Cyﬂa’ @“gawaeSyAfenumfa%o«MDafa DW&W&IMW
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AI._S.E-II_ ) Luigi Vanfretti, Department of Electrical, Computer & Systems Engineering @ RPI
{ edu
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& r’ cyber-physical sy S with
p networked data & distributed
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(CHEETA): NASA ULI Center for Cryogenic
High-Efficiency Electrical Technologies for Aircraft
Online: https://cheeta.dev.engr.illinois.edu

ing-body configuration
t aerodynamic
formance and large energy

(OpTEN): Optimal Co-Design of Integrated Thermal-Electrical Networks and

Control Systems for Grid-interactive Efficient District (GED) Energy Systems
Funded by the Department of Energy, DE-FOA-0001980, Advanced Manufacturing Office FY19

Multi-topic Funding Opportunity

URB: \N()pt ! Integrated Multi-Domain
Models : @

Lumped Model
Synthesis

Joint Multi-
Domain Model _
Simulation

@
\
A -
1
)
PHB0IY

1
4

e P 4

LS

Integrated Model
Design Front End

(

-

Electrical Thermo-Fluid “HP ads
et Eaady | Joint De\lgn /)
Thermal-Electrical : Optimization ¢ X
Coupled Models

Nattery/
Ultracaps §

Iterative Design VN o . Y
Process eyt - Joint Optimal
= Control

- N Strategies
District Energy



https://cheeta.dev.engr.illinois.edu

M&S for CPS

Course Overview



Foundation 5, stresses the need for modeling of heterogeneous and
dynamic systems integrating control, computing, and communication

C PS CO urse SCO pe with an emphasis on uncertainty and heterogeneity. Such work is

especially challenging because physical and cyber modeling use

& M otivation different and often incompatible models. Focusing on the merging
and interactions of models across the physical and cyber aspects

of systems is necessary.

e A2016report (link) of the National Academies of
Sciences, Engineering and Medicine discusses the

needs for students to gain the knowledge and skills Foundation 5. Modeling of Heterogeneous and Dynamic
required to engineer cyber-physical systems, and Systems Integrating Control, Computing, and
provides guidance in curriculum development. S TN P
e The C_0urse has been.deSigned to address the needs CPS modeling requires a complete picture of control, communications, and
highlighted Foundation 5 of the report above. computing with emphasis on representing and accounts for modularity,
abstraction, uncertainty, and heterogeneity. Relevant techniques include linear
° The course makes emphasis on the merging and and nonlir?ear modfels, stochastic mpdels, and discrgtg-evgnt and hyb‘r.id models,
interactions across the physical and cyber aspects of and assocgted design methodologles based on opt|m|.zat|on, probab|I|tY th.eory,
. ion-based obiect-oriented modelin and dynamic programming are needed. Key concepts include the following:
SYSternS Vla.equatlon ased op) g Properties of the physical world, including uncertainty and risk;
and simulation. Properties of computational devices, including computational and
power limits;
e The specific areas covered in the Properties of communication systems, including limitations of wireless

communications;

Error detection and correction;

Merging physical and computational modeling; and

Commonalities between signals and systems and finite-state automata.

’



https://www.nap.edu/read/23686/chapter/1

Represented using

Encompassing Models OF Formalicms from

Course Ambition

Specification, Hybrid and
Modeling and - Heterogeneous
Analysis Systems

Models of the Continuous
Physical World and Discrete

That Enable : \ Time-Clocked
Synchronous

Models of

Computation Vime-Clocked

Synchronous
That Sr/ﬁpor/

Finite State
Machines

|
What? Thic covrse enablec!

. Numerical line Design & Analysis
Ee?“'re Methods for

S UIat] e Interaction and
Simulation

How? By focusing on understanding and applying the above.

Networked
and/or
Distributed

Feedback Systems

Real-Time




Session Topic

CO u rse ACt iV i t i eS 1 Course Introduction and Introduction to Dymola

Building Object-Oriented Graphical Models

Simulation and Post-Processing

All skills learned were then applied to projects focused on different
components in an aircraft power system

System Models and System-Wide Simulation Configuration

Developing Models using Equation-Based Modeling Languages

panizial'é Mogel Inketiwnce Understanding Equation-Based Modeling

mits; < Localabbreviation, Graphical Annotations, Interfaces and Documentation
g . ¢ g SIunits offull path
e Modelica supports inheritance using the
ds k d R 2 2 o o o
extants keywon : Building Models using Standard Libraries - Electrical, Mechanical, Thermal, ...
o Withinheritance it is possible to define otonan 77 o :::;zzl::ei::i:iéi“ed etc.
comimon properties ina separate model o , = ' Building Models using Standard Libraries - Multibody, Fluid, StateGraph, etc.

that can be reused for several
components St . . . . .
T e Lab. 1: Cyber-Physical Modeling and Model Verification using Measurements
e Suchmodels are often not complete and

g e ST i / L3 < Development, Debugging and Identifying Numerical Issues
partial keyword to other thr,

Reusable Modeling - Model Architectures, Templates and Interfaces
12 Model Variants and Data Management

13 Discontinuous and Hybrid System Modeling Principles and Specialized
Operators for Time and State Event Handling
14 Workflow Automation and Scripting

15 Integrating Dymola with Other Tools
16 The FMI Standard for Model-Exchange and Co-Simulation
17 Real-Time Simulation Principles and Applications

i tudents During Lab. 2 18 Introduction to Control Systems using Modelica Linear Systems 2

2 Lab. 2 Lab. 2: Real-Time Hardware-in-the-Loop Simulation




-
I_e C t u r e State Event Example  reseeier sosin- 51

Che simplest model for the bouncing ball s :

can be defined as Real a(start-ad), vistare-0), h(start-1}, £
o Themotionofthe ballisdefinedby ~ ““iorinr _ .
p e S the height above the ground and the Rastn = a1
vertical velocity.
The ball moves continuously between
bounces. end bouncingball_simplest;
Potential and FIOW Varia b|es Anideal ball would have a contact force ; ' Tem p|ateS
equal to the gravitational force. — ——
Electrical 1-D mechanical What is the solver doing? +  Now if we have interfaces for each subsystem, we can design a

What happens when °c” s changed? template with replaceable components:

/ the velocity is revers,

nt! ovi

o e
A4

“i2 13

Vi=V2=V3 | Potontsl: -1 squationsper —{ s1=52=53
d Flow: 1 equation per [
’I1+I2+I3=0’ _equset P fl+f2+f3=0

connect (R1.p, R2.p);

connect (ml.flang_a, m2.flange_a);

Hierarchical Data Management Why is real-time simulation

) needed?
e The record can contain one replaceable record for each 2 - : .
siibricdel e Certain applications requires real-time
performance
o Flight simulators Overruns
o Carsimulators o Special event handling for “infine infegration” in Dymola helps to avoid
SR o Grid simulators large overruns associated with event iterations
B e Model-based testing and development * Ehoovenunsare dloweds
J Beviiwess g g P o Average execution time << integrator step (much harder requirement)
asssData o Hardware in the loop T E—— — [
Gl Vehvaetits m Testreal control system against a model
EngineData
o Advantages
m Desktop testing
m Cost reduction, tests are expensive

TransmissionData

e Good numerical implementation decreases overruns significantly, in

Dymola, this s offered by “infine infegration”




Homeworks - Interfacing with other tools

Workshop 15

This workshop will cover running dymosim.exe as a standalone program, using external input to
dymosim.exe, implementation and use of an external C function, and simple usage of the
Dymola-Python interface.

Part | - Interacting with Dymosim.exe

First, a test model is needed.

1. Create a new package Workshop15 inside the course package.

2. Duplicate model Modeli nics. Tl i ion into your
package and call it Acceleration
When using the Translate button in Dymola the model is compiled into an executable
binary file called dymosim.exe. In the next couple of steps you will create the binary and
simulate the model manually.

3. Translate your model

4. Type cd in your commands window to see what your working directory is

5. Go to that location in your file explorer and identify what files were created when
translating the model. Try sorting by date modified for easy identification.

6. Start windows command prompt. This can be done by searching cmd in your start menu

7. Change the directory to that of the newly created files using the commands cd to change
the directory and dir to list the contents of the current directory

8. Once there, type dymosim.exe -h and press enter to show the syntax for executing
dymosim and all the available options.

Part Ill - Scripting using the Dymola-Python Interface

In this part of the workshop, you will learn to simulate examples of Modelica models using the
Python interface for Dymola. In particular, the examples will be run by Python scripts in Jupyter
Notebooks, an application that comes with Anaconda package. Please install Anaconda if you
have not done so already.

After setting the Python interface for Dymola as indi inthei ion il ions, we can
start testing the tools. First, launch Anaconda and you should get the following home page:

Then you can open Jupyter Notebook by clicking on the corresponding “Launch” button.
A browser web page should open with a list of accessible local folders:

9]: dymola.simulateE:

What do you get as output?
Now we can plot again the velocity of the inertia components:
In [10]: | dymola.plot(["31.w", "32.w", "33.u",
Path = "C:\\Users\\lab1\\Deskt
xportPlotasInage(plotPath)

Compare this plot with the one obtained at point 6 and with the results at the previous
point. What do you notice?

. Let's check another i of the “si " function that is
“simulateMultiExtendedModel”. The function handles a number of simulations. For each
simulation it is possible to set and start-val before sif ion and to get
the final values at end-point of simulation. This function is useful if, for example, we want
to study the best parameter setup or the robustness of a parameter setup for a static
simulation.

Use the following commands and check the output:

Multithreading

The Python interface supports multithreading.

Each Dymola instance needs to have a unique port number. To set the port, Dymolalnterface
must be instantiated with the port argument.

To automatically find a free port, Dymolalnterface can be instantiated either without the port
argument, or setting port to -1.

Two Dymola that are run simt cannot share the same working directory (to
set the working directory, the interface method cd is used).




Homeworks - Student Solution

Mod and Sim for Cyber-Physical Systems

Workshop 15

Jacob Montenieri

Scripting using the Dymola-Python Interface

After going through the installation instructions for the Python interface for
Dymola, we can open Anaconda and then open a Jupyter Notebook. Adding the

following code, we get the following result:

After doing this, we can use the following code instead of the previous cell to plot the

inertia components and get the following result:

Now if we want to plot the result in the Notebook we can also do this by using the

following cell in replacement of the previous one and get the following result:

(Opening the plot with Dymola):

As we can see, this is the same plot as above.




Sample Project F'18 - Christian Canham

Top Level Model
Design Process
Develop landing rocket only in the Z-axis
Develop landing rocket in the X-Z plane with
initial horizontal velocity and tilt

First stage modeled with cylindrical
multibody part
48 meter length, 3.7 meter diameter, 0.3 g/cm

Flight Computer \
Inputs: clock, velocity, position, and angle data Simulated Retrograde

Outputs: 3 grid fins angles, rocket engine

trust . Rocket Landing

Fuel Injector shows rocket propellant
needed for flight
Drag takes the effects of air resistance

M ‘ : SHssec-as Christian Canham
. . . n ECSE 6961
Simulation Flight Path Comparison to Real Data December 7, 2018

—— FirstStage fame_a.r_0(3] [m] toMeters.y

V =250 m/s

Upright

Altitude (meters)
Altitude (meters

Altitude (meters)

n (meters) Ground Po"su{u}:'n (meters) Ground pgg[ n‘(melers)

Flight Declared
Successful if
Rocket Lands on
the 150m Diameter e
Landing Pad hert

Time (seconds)




Sample Project Summer '19 - Jose llton (KAUST)

Library for modeling simultaneous lightwave energy and data
transmissions

Jose Ilton de Oliveira Filho!

'CEMSE, King Abdullah University of Science and Technology, Saudi Arabia

Components
i@ . SolarCell_CommModel
§ Switches
4";.. PropagationLoss
» b Laser
§ LaserOptics
» LensSystem
:Ii;"~‘- OpAmp
+ ¥ ControlledTIA
* ControlledComp
:>‘ Comparator
1@ GaussianAlignment
#Ji= SuperCapacitor

Figure 3. Components subfolder

Figure 1. Nasa Laser Communication Relay Demonstration
(LCRD) project

Figure 4. Solar cell model



Determining project topics:

Integrating Research Projects into the Course

e Evaluated the CHEETA framework and identified subsystems that could be modeled as a
simple model using available Modelica libraries and materials. Defined parameters and
details necessary for creating that model in the scope of the CHEETA aircraft.

e Students created their own project proposals from the materials we provided.

Project: LH2 Storage
ECSE 4961/6961

Background information and Objective:
e Design LH2 storage system
Use simple fuel cell model from the fuel cell libraries to develop an LH2 storage system
Should include a DC/DC converter for DC regulation and inverter as output of the
tem; should also study direct DC/AC connection from LH2 storage.

m  Use resistors as heat load if necessary
Focus on 100 gal system of LH2 maintaining a temperature of -423 deg F (source)

ested Libraries to Start With:
Modelica Standard Library
Modelon Liquid Cooling Library
Modelon Fuel Cell Library
Modelon Fuel Systems Library

ur assignmen

Approach/Methodology:

1. After designing your DC/DC to DC/AC system and DC/AC system. study the thermal losses in
the network.
a.  Study under different loading conditions
b. Derive the total efficiency of the system under normal operation
2. Begin analysis with 25% of the nominal rating of the LH2 storage and then increase up to 100%
in 10% intervals.
a. Derive the total efficiency under these conditions at each storage level.
b. Summarize the key design parameters influencing the operation of LH2 storage.

Subject and Background:
Subject Title: The Study of Liquid Hydrogen Fuel Cell Modeling

¢ of liquid hydrogen serving as a means (o power s
has become a popular pmdm.l

that are conditions that must eeping the temperature within the
to 20 Kelvins in a well-insulated tank and keeping the tank at a pressure of 50psi that way
hemical energy can be converted to rical energy.

1 and Objective:

Goal: To use the Modelica Library Packages to develop a thermal model of liquid hydrogen fucl
cell providing power to a system.

Objectives:

To leam how a liquid hydrogen fuel cell worl

To learn how to use the Modelica Fuel Cell libr: d other libraries to develop model.
To analyze different models and connection layouts for different fuel cell power supply
systems.

Approach and Methodology:

The fir is 1o research how the fuel cells work in regard 1o their thermal properties
and to use the , Hea cha 4 iqui voling Libr: as a to
develop !hL model. On top of that, to rescarch any modeling lu niques to help develop the model.
oxt, with the res gathered, create a simple fuel cell model with liquid hydrogen as
the proper equations to simulate the model correctly
ance the model to simulate it thermal properties assuming that the liquid
is in a 20 Kelvin atmosphere
With all enhancements, test the model to show its thermal properties where it is converting
Lhemu.al energy in the fuel cells to electr roviding power to the system.
simulating the model to show visualized data of the fuel s of its thermal
properties to improve the overall understandi f the thermal properties of the fuel cells.

dent proposal



CHEETA-Iinspired Project F'19: Jake Monteneri

Virtual reality-based design with visualization

A N

e Expose students to the Visualization )
library and integrating CAD models Environment
to allow for better visual .
representations

e Expose students to methods for

design interaction (e.g. keyboard,
joysticks)

Camera follows
Keyboard drone around
input environment

20



CHEETA-inspired Project F'19: Jordan Grey

‘ Multi-domain drone modeling and simulation using synchronous control

Goals:

Implement different drone models
using a previously established drone
model to provide a proof of concept
for reusable models in other aircraft
applications

Use Modelica Synchronous Library
to improve simulation performance
for control components

Outcomes:

Implemented a control system with
faster simulation time, which will be
helpful in modeling EMS

Added mechanical models for the
MavicAir and Phantom drone so
system identification studies can be
expanded to other drone models.

ransferFun
feedback

sample2 _fe b(z)

L »
i g a(Z)
b{(kp 'sam.
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M&S for CPS

Development and Roll-Out of Lab Activities\

Supported through Boeing’s Corporate Grant for Teaching



Development of Lab. Sessions _
Lab. O1: Digital Twins for the Arduino Starter Kit Projects O@

e Learning Objectives:

o  Challenge the students to apply the course skills, while at the same time,
comparing their models with an actual cyber-physical system.
Build a simple CPS system: Arduino (controller/software) + physical system
Model the physical system, and learn to integrate the software with the

model.
o Learntoidentify and explain differences of models (digital twins) vs. reality
(measurements)!
e Lab. Tasks:

o  Students build a HW prototype and take measurements.

o  Students create a complete CPS model from scratch, integrating software
(Arduino controller code) with the model of one of the projects.

o  Contrast the simulation with the model, identify differences, etc.




The lab is organized as follows:
o The students are asked to put together the
prototype for the “Spaceship Interface” project before
arriving to the lab, together with measurement points.

n An introduction on the use of the Modelica Arduino
library is given.
m  The“Spaceship Interface” project Tutorial is provided in
the following order:
n First the circuit portion
n Next the Arduino is coupled with the circuit,
and the Arduino software is integrated with the
model.
n Measurements are compared to the model, followed by
a discussion of the differences.
o The students are assigned a different project
from the Arduino Starter Kit and are asked to repeat the

process above for a different system.

Lab. O1: A Digital Twin for the Arduino Starter Kit Projects

Parameters

sketch “Project2.ino” |*

samplelnterval |

Sketch file

Sample interval




Lab. O1: A Digital Twin for the Arduino Starter Kit Projects

Lab Introduction

Arduino »:ro—é
Model o

wilbe . 3
placed [

here

g
H
§

resistor2

I g

=

Interfacing the Arduino code to the Model

he software part

o 'Once you have built the circuit, you need
toputthe “sketch” (.ino) fileinthe
right directory = “MySketch.ino”

To simulate the model with “MySketch. ino”

o Saveyour sketch as
J/Arduino/Resources/Sketches/My
Sketch.ino

o Addthe block
Arduino.Components.ArduinoUno
to your model

o Double-click the block an* et the
parameter sketch to "MySketch.ino"

o Click tore-translate the model when the
sketch has changed

Lab Guide - Showing how the
Arduino’s code is interfaced with
the model.

S

Lab Guide - Showing how to acquire
and compare measurements and the
model’s simulation

)

14. Now, open the Arduino IDE and open or copy the code for the Spaceship Interface
example in the Arduino IDE. To do this, go to File -> Examples -> 10.StarterKit_BasicKit

-> p02_Spaceshiplnterface

‘ _ =

st
Wt ekt

15. Save this file in the same folder as your Spaceship Interface model file
16. Your folder should now have both the sketch file from the Arduino IDE and your Diagram
model from Dymola as seen below.

-
& ArduinoProject?

B Project2

17. Now, double click on your ArduinoUno board to edit the sketch file.

W WaveForms (new workspace)
Workspace Settings Window Help

Welcome [ Help

[’\H Scope

29. Navigate to the scope and measure the Voltage of your LED over time as you hold down
the push button on your circuit. Do this by pressing the green arrow play button in
scope. Press the stop button once you have collected enough data.

P | wavegen 1 P | Scope 1

- Open Workspace

Recent:

30. Take a screenshot or use snipping tool to capture the image of the graph as seen above.

31. If you need to change the time interval of data collection. Go to the right side of the
screen in the time task bar and change the base to a greater time per division in the
drop down menu.
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Spaceship Interface

The spaceship interface is a simple Arduino project designed for beginners. It consists of
3 LEDs and a switch. Without pre g the switch, a single green LED (LED3) is lit. When the
switch is pressed, the other two LEDs (LEDI and LED?) flicker back and forth until the switch
is released, while LED3 is off. Because of the simplicity of this example, it was a good choice
for first time modelling of an Arduino project in dymola.

Following the Arduino starter kit handbook and using the Arduino components pack
dymola, a model of the spaceship interface was created.

This model was simulated, so that results could be compared to the real-world equivalent
nitially, I chose to compare results relating to the voltage drop across the push button. The
Dymola simulation results are shown below for the push button:

Test Run of Lab O1 Guide

Independent Study Course Re-Run S'19
Full Course Taught at KAUST Summer 2019

Comparing the results above, it is evident from the plots that they are very similar. The volta
drop across the dymola switch is slightly higher than that in the real-world one, but this is to be
expected, as the dymola switch is an ideal switch with no losses or resistance at all. This could b
accounted for in the dymola model by using a different switch model with more realistic
characteristics if desired

Next, and lastly, I chose to compare results for the 3 LEDs in the simulation and the real-world
model.

For the real-world results, the Analog Discovery 2 only supports two simultancous channels, so

LEDI is not included — however, it is just the opposite of LED2 when the pushbutton is pressed
sots results are not really needed

Comparing these resul stand out. The behavior of the LEDs in both results are the
same, but the voltage differentials are different. In the dymola results, the voltage drop acros:
each LED is about half of what it is in the real-world results. Also, in the real-world results, the
voltage drops are different for LED2 (channel 2) and LED3 (channel 1). This should not be the

case because their respective circuits are the same, with the same resistor in place and setup.

Regarding this voltage drop difference, it is most likely some small error with the Arduino
Analog Discovery, or most likely a small resistance difference between the green LED and red
LED. Regarding the difference in voltage drop between the real-world results and the Dymola
simulation however, I believe that there is a difference in resistance of the LED or the Arduino
with respect to the other type of model. Another possible reason is that the voltage on the
Dymola Arduino pins is different than that on the real Arduino pins. In order to alleviate these
es, delving deeper into the specifics of the modelica Arduino modelling package is

necessary
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Development of Lab. Sessions Led Dimming
Lab. 2: Real-Time Hardware-in-the-Loop Simulation XETCIse

trapezoid1

> OoM4
o  Apply knowledge on real-time simulation through a hands-on /—\_/ B E

hardware-in-the-loop example. period=1 s
o Learntointerface a model (control) to external hardware via serial
communications.
m Learntouse libraries for integrating HW with software.
m Learnto configure communications between the simulator
(computer) and the hardware.
o Learnabout issues with real-time simulation:
m  Solver selection, step size selection, noise, etc.

o  Build the HW prototype.

o Interface the model (of controls/logic), with the
external cyber-physical system.
Acquire data to analyze performance of the controls.
Extend the controls for additional actions.

: H
OFF state




Temperature
Lab. 2: Real-Time Monitor Exercise

Hardware-in-the-Loop Simulation
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The lab is organized as follows:

Vo
the Modelica Arduino library and configure the

o) The students are asked to install ;
: . ) BOTTOM VIEW g
Arduino software “Firmata” protocol for data (Not to Scale) g
exchange between the computer and the
hardware.

m Atutorial using three examples is given:
m DimmingaLED Example
m Temperature monitor/alarm
example.
m  Robotic Arm control
o  Simulation logs and results are analyzed.

o  Thestudents prepare alab report.



Lab. 2: Robotic Arm
Real-Time Hardware-in-the-Loop Simulation Exercise

ulse1
period=5 s
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Lab. 2: Robotic Arm Exercise
Real-Time Hardware-in-the-Loop Simulation

Table — Behavior of the arm by the input range.

Gripper Wrist Wrist Elbow Shoulder
(GR) Rotation Vertical (Elb) (S)
(WR) (WV)
0-10 Shaking Shaking Shaking NR/Shaking N/A NR/Shaking
Gripper (G) Elbow (E) Q 20-30 Responsive Shaking Responsive | NR/Shaking | NR/Shaking NR/Shaking
- - L 30-40 Responsive Responsive/ Responsive NR/Shaking | NR/Shaking NR/Shaking
Shaking
- 40-50 Responsive Responsive Responsive Responsive/ Responsive, NR/Shaking
Shaking Shaking
50-60 Responsive Responsive Responsive Responsive/ Responsive/ NR/Shaking
Shaking Shaking
: 60-70 Shaking Responsive Responsive Responsive/ Responsive, NR/Shaking
Wrist Rotation ( r( Shaking Shaking
70-80 Shaking Responsive N/A Responsive/ Responsive NR/Shaking

[ W @ ] - € Shaking Shaking
| | 80-90 N/A Responsive N/A Responsive/ NR/Shaking NR/Shaking

Shaking
90-100 / Responsive N/A Responsive/ NR/Shaking NR/Shaking
Shaking
110-120 Responsive N/A Responsive/ NR/Shaking NR/Shaking
Shaking
120-130 ! Responsive N/A Responsive/ | NR/Shaking NR/Shaking

d | Shaking

> W @ e 130-140 / Responsive N/A Shaking NR/Shaking NR/Shaking
140-150 / Responsive/ N/A Shaking NR/Shaking NR/Shaking
Shaking
150-160 / Responsive/ N/A NR/Shaking | NR/Shaking NR/Shaking
Shaking
160-170 N/A Shaking N/A NR/Shaking N/A NR/Shaking
170-180 N/A Shaking N/A NR/Shaking N/A NR/Shaking
NR = Not responsive; N/A = not applicable (more than the maximum permitted); Shaking = the arm looks that it is
trying to get in a position but comes back, and repeats this movement in a loop.

Wrist Vertical (
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Conclusions and Future Work \



Next Steps:

Ongoing and Future Course Dev. Activities

e VR-Based Early Design Interaction for UAV's
o  Student course project from Fall ‘19!
o  Need to provide access to Modelica Visualization
Library licenses to students (to be evaluated)

CRITIE]

e 3DS Experience
Ongoing discussions with Dassault to have access for the 3DS B
platform for use in the course

o Goal:

m  Expose the students to state-of-the-art collaborative
engineering tools and methods

Introduction to Model-Based System Engineering = s 0 ety | ket T 2 o2 1 Mo
. . . et the Environment < ‘» ‘
e.g. coupling of 3D/CAD Model coupling with system )
enginee ring Studies y » Systems Engineering Process
. Dual-rotor A=r~<nace Experim et A
1) Requlred effOFtSI S CATIASys P> wrommfntSetU

» RFLP Applied on the Quanser AERO

Arduino Robot | Learning Hub

m  Solve access to 3DS licenses
m Develop course lectures, HW'’s, etc.
m  Test Run before introducing to the course pope 1o

Learning Hub Experience | Arduino Robot




course has been offered in three occasions:

o F'18,F'19(RPI), Summer ‘19 at KAUST.

o  Student feedback is encouraging and good
reception.

Hands-on Labs

o Lab 1:student feedback is that they are surprised
on how difficult it is to develop models that match
reality, even for simple systems.

o Lab 2:first trial showed that the arm has to be
built before the lab, 2nd trial showed the students
really enjoy hands-on real time simulation.

o Introduction of lab activities was appreciated by
the students, easier to see the utility of models

Future work:

o  Engaging with industry to develop course projects
and provide guidance to students!

o  Please reach out if you want to help!

Conclusions and Future Work

@,

It is a very interesting and modern course. | really enjoyed my
learning about the topic. For being the first year of this course |
am satisfied with it and | hope it will be given in the next years.

It was a very fun course and | learned a lot since all of the
homeworks were very informative and brought us through
every aspect of the software. It should be continued to be
offered in the future :)

The course was generally well-defined in terms of the learning
objectives. The students were exposed to the (nearly) full range
of capabilities of Modelica as a modeling and simulation tool.
The biweekly workshops, although a hassle at first, turned out
to be essential for learning Modelica at an accelerated pace.
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Thank you!

Prof. Luigi Vanfretti

ALSETLab, ECSE, RPI

http://ALSETLab.com vanfri@rpi.edu
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