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We plan to introduce, how we are teaching mechatronics.

Agenda
ÅDefinition of mechatronics

ÅAim of out Mechatronic Tutorial Lab

ÅPlace in curriculum

ÅOur educational example

ÅContent and process of the course

ÅLessons learned

ÅOur next steps

Agenda



ÅαaŜŎƘŀǘǊƻƴƛŎǎ ƛǎ ǘƘŜ 
synergetic integration of 
mechanical engineering with 
electronic and intelligent 
computer control in the 
design and manufacturing of 
industrial products and 
ǇǊƻŎŜǎǎŜǎά

Definition in IEEE/ASME Trans. on 
Mechatronics (1996)

ÅSynergetic Integration

Better solutions as each single domain.

ÅMechanical Engineering

Χ ŘŜǎƛƎƴǎ ǘƘŜ ǘƘƛƴƎ ƛǘǎŜƭŦΦ

ÅElectronic

Χ ǘƻ ǎŜƴǎŜ ŀƴŘ ǘƻ ƳƻǾŜΦ

ÅIntelligent Computer Control

Makes the mechanical thing intelligent to perform 
complex tasks automatically.

ÅIndustrial Products and Processes

Intelligent products can transact complex processes.

Why do we need mechatronics?



Why do automotive engineers need 
mechatronics?
ÅA modern vehicle is a complex mechatronic system. 

ÅIt consist of a lot of mechatronic sub-systems. For example:
ÅAntilock brake System 

ÅElectronic Stability Control System

ÅEngine Control Unit

Å9ǘŎΦΣ ŜǘŎΦΣ ŜǘŎΦ Χ

ÅThe different subsystem must communicate with each other.
ÅCAN (Controller Area Network) - Bus

ÅInstitute of Automotive Engineering ĄWe must educate our 
students in mechatronics!



Example: Antilock-brake-sytem

https://www.bwigroup.com/product/antilock-brake-systems/

ÅWheel speed and steering 
angle Ąmeasured

ÅECU processes the data Ą
electronic needs software 
to work

ÅIf necsassary, brake 
pressure is controlled Ą
electric actuator influences 
the hydraulic system



Overview -9/¦Ψǎ ƛƴ ŀ ǾŜƘƛŎƭŜ

https://www.researchgate.net/publication/320198036_Security_Concerns_in_Co-operative_Intelligent_Transportation_Systems

ÁModern cars have a lot of 

ECUôs for different 

applications.

ÁThey must communicate 

with each other.

ÁA network to exchange 

data is necessary.

ÁCAN-Bus, FlexRay, LIN

https://www.researchgate.net/publication/320198036_Security_Concerns_in_Co-operative_Intelligent_Transportation_Systems


bǳƳōŜǊ ƻŦ 9/¦Ψǎ ƛƴ ŀ ǾŜƘƛŎƭŜΚ

https://www.heise.de/autos/artikel/Daten-unter-der-Haube-1012221.html?view=bildergalerie



Mechatronics = 
Mechanics+Elektronics+Computer
Sciences+AddedValue1)

1) http://www.mechatronik-plattform.at/Ziele/Definitionen/Viktorio-Malisa.pdf

mechanics

electronics computer
sciences

mechatronics

http://www.mechatronik-plattform.at/Ziele/Definitionen/Viktorio-Malisa.pdf


Mechatronics = 
Mechanics+Elektronics+Computer
Sciences+AddedValue1)

1) http://www.mechatronik-plattform.at/Ziele/Definitionen/Viktorio-Malisa.pdf

mechanics

electronics computer
sciences

Mechatronics at UAS, e.g:
Å Control Engineering
Å Mechatronic Lab Tutorial
Å Electrical Measuring and Data 

Acquisition

mechatronics at FH Joaneum

http://www.mechatronik-plattform.at/Ziele/Definitionen/Viktorio-Malisa.pdf


ÅUnderstanding how mechatronic systems work
Åwork with embedded systems 

linking mechanics, electrics and software

ÅCouple mathematical/physical knowledge with software technology

ÅUnderstand imperfections and limits 
A/D-, D/A converter, quantizing effects, cycle time influence

ÅEncoding of signals
Data types, fixed point arithmetic

ÅGet the real world into the PC
ÅHow to prepare a virtual prototype
Χ ǎƻƳŜǘƘƛƴƎ ȅƻǳ Ŏŀƴ Ǉƭŀȅ ǿƛǘƘΣ ǘƻ ƭŜŀǊƴ ǘƘŜ ǎȅǎǘŜƳΩǎ ōŜƘŀǾƛƻǳǊΣ

ǘƘŜ ǿŀȅΣ ǘƻ ƭŜŀǊƴ ǘƘŜ ŘŜǘŀƛƭǎ ƻŦ ǘƘŜ ǘŀǎƪ ŀƴŘ ƛǘΩǎ ŎƻƳǇƻƴŜƴǘǎ όǊŜǉǳƛǊŜƳŜƴǘǎύΣ

the tool to proof the feasibility.

Aim of the Lab  - General



ÅKnowing how to develop automotive software for embedded systems
ÅTo applicate the V-model to mechatronics.

ÅUsing requirements to define the product before design phase.

ÅTo understand Model-based software development methodology using 
Matlab/Simulink.

ÅAbility to develop embedded software: Step by Step Model in the Loop (MIL), 
Software in the Loop (SIL), Hardware

ÅUnderstanding automotive application processes 
for embedded systems
ÅSet up CAN communication

ÅAbility to parametrize and meter (=applicate) embedded systems using Can 
Calibration Protocol (CCP)

Aim of the Lab ςDevelopment Process



Prior Lectures

ÅBachelor's Program
ÅEngineering Mechanics (Statics, Kinetics), 

Mechanical Components

ÅIntroduction to Electrical Engineering, 
Electronic Systems, Electronic Lab Tutorials, 
Electrical Machines & Inverters, 

Å{ƻŦǘǿŀǊŜ 5ŜǾŜƭƻǇƳŜƴǘ ΰŎІΨΣ 
MatLab/Simulink

ÅControl Engineering

Lectures following

ÅBachelor's Program
ÅMeasuring electrical and non-electrical 

Signals

ÅaŀǎǘŜǊΨǎ 5ŜƎǊŜŜ tǊƻƎǊŀƳ 
ÅAutomotive Sensors/Actors, 

ÅSignal Processing, Digital Control 
Engineering,

ÅRace Car Data Analysis

ÅElectric Drive & Propulsion Systems, Energy 
Management & Storage Systems

Place in Curriculum



Our Object to grab the 
content

Our main goal: Control the torque-
distribution between front an rear 
axel for a 4-WD car.

https://www.audi-mediacenter.com/de/quattro-mit-ultra-technologie-der-permanent-verfuegbare-allradantrieb-5503



ÅElectromechanical control of an 
All Wheel Drive System,
ŦƻŎǳǎŜŘ ƻƴ ŎƻƳǇƻƴŜƴǘΨǎ ŎƻƴǘǊƻƭΦ
ÅAn electric motor can close a multi-plate clutch 

continuously to control the torque distribution 
between front and rear axle.

ÅInput (desired value)
ÅTarget torque to front.

ÅOutput
Åposition angle of the actuator.

ÅConcept
ÅModel based feed forward torque controller using 

a closed loop position controller.

ÅA state machine decides the steps to do 
(= control process).

Our Object to grab the 
content



Principe of varibale torque distribution
1.) Drivetrain :
http ://www.digitalmediatechnik.de/Portfolio_12_ENG.ht
ml
2.) Detail ball ramp:
http ://www.digitalmediatechnik.de/Portfolio_15_ENG.ht
ml

A pair of ball ramps

Ball ramp inner side

 

Quelle: Reisinger, Rühringer, Mathis: Modellgestützte Mechatronik-Systementwicklung für Allradanwendungen; TECHME, Sindelfingen 
Sept. 2007

Our Object to grab the 
content

http://www.digitalmediatechnik.de/Portfolio_12_ENG.html
http://www.digitalmediatechnik.de/Portfolio_15_ENG.html


Content 1
ÅIntroduction Lessons
ÅSystems concept

ÅModelling mechanics (Clutch, actuator mechanics incl. worm gear)

ÅControl concept
ÅState Machine to find initial position

ÅFeed forward torque controller using mechanical characteristics

ÅPosition control algorithm using speed cascade

ÅCAN
ÅCAN principles

ÅXCP, CCP protocol

ÅDevelopment Process: V-Model

Å5 Lab-Sessions in groups of max. 20 students
Å1 Lab-Session: 5 times 45 minutes



V-Modell

System 
Specification

h9aΩǎ
Solution

Software in the
Loop (SIL)

Controller
design

Functional
design

System Integration,
Calibration, Test

Target Code
SIL ςWhite

Box Test

Hardware in the
Loop (HIL)

Lab-Session:

1 & 2

(2), 3 & (4)

(4) & 5

We concentrate on the tasks of 

an system engineer.

https://www.google.com/imgres?imgurl=https://www.ttcontrol.com/wp-content/uploads/TTControl_HY-TTC-500-Family.png&imgrefurl=https://www.ttcontrol.com/products/electronic-control-units/safety-certified-controllers/hy-ttc-500-family/&docid=hmAm9o2VIWYNZM&tbnid=UvDMwhFMEGaeGM:&vet=10ahUKEwiBieHTidfhAhVRWxoKHfDeCawQMwhBKAAwAA..i&w=550&h=440&client=firefox-b-d&bih=909&biw=1280&q=hy ttc 510&ved=0ahUKEwiBieHTidfhAhVRWxoKHfDeCawQMwhBKAAwAA&iact=mrc&uact=8


ModelbasedDesign and V-
Model
FeasibilitySimulink Model 
of plant & controller + 
Word-Docu

Software Specification
Simple model of Controller, 
Requirements definition

Model In the Loop
Model of Simulink Software 
(ideal) against simulated 
improved plant model.

Software Design
Module split,
Ą re-usable, 
testable

Programming
Simulink Software Ą
(automatic) C-Code 
generation.

Software 
Engineer

System Engineer

Test Engineer

Responsibility



V-Model and Test

Software-In-The-Loop
Simulink-WS against 
simulated Plant

Hardware-In-the-Loop
ECU against electrically 
simulated world

Software-Module-Test,
Every single Simulink-WS-
model against simple test 
sequences defined in 
MATLAB

Tests on test bench

Tests in car

Software 
Engineer

System Engineer

Test Engineer

Responsibility



Content 2
ÅIntroduction Lessons

Å5 Lab-Sessions in groups of max. 20 students
ÅIdentification of plant model parameters (mechanical system + E-motor) 

on real hardware using vector/CANape.

ÅController model development and set up using 
Model In the Loop simulation (MIL).

ÅFeasibility and system requirements definition.

ÅSimulation of imperfections in hard- and software and 2nd controller set 
up.
Ą Software In the Loop simulation (SIL) using SIMULINK-Model for 
Software (fixed point arithmetic).

Å/ƻŘƛƴƎ Ψ/ΩΣ ŦƭŀǎƘƛƴƎΣ ǘŜǎǘƛƴƎΦ



The sun rises, when the students see the 
system moving the first time. J

ÅGenerates interest for this topic.

ÅThe students trust, that that functionality is 
true ςnot a theoretical one.

ÅThey learn how to applicate a mechatronic 
system. 

ÅEasy watching of different signals (CCP).

ÅComparison between real signals and 
representation in ECU.

ÅBase to understand a virtual prototype.

Start with real test bench

Important: It must be 
safe against missuses!



ÅVisualizes signals needed

ÅCause effect analysis

ÅEasy to check plant 
parameters influence.

ÅPlayground to develop and 
understand control 
algorithms step by step.

ÅFeasibility study

ÅDerive requirements for the 
ǎȅǎǘŜƳ ŀƴŘ ƛǘΨǎ ŎƻƳǇƻƴŜƴǘǎΦ

Model In The Loop
The virtual prototype on PC we can play with to 
understand mechatronics.

Quelle: Reisinger, Rühringer, Mathis: Modellgestützte Mechatronik-Systementwicklung für Allradanwendungen; TECHME, Sindelfingen 
Sept. 2007

AudiS3

Reisinger/EEE-F, 02-Jun-1999 16:21
vtlastw: MueD=1.0,eben, r= 50m, ab Lastw. fix, v0=36kmh->DKW:80° ->0° , T1=0.3s, 
V1.0: Haldex geregelt

15 16 17 18 19 20
-500

0

500

1000

1500

M
o

m
e

n
te

 [
N

m
]

4WD: Momente,Schupf auf Kardanniveau

mspezg
mgv

mgh

15 16 17 18 19 20
-100

-50

0

50

D
n
 [
U

/m
in

]

ZG
v
-ZG

h

ZG
v
-VA

e
ZG

h
-HA

e

15 16 17 18 19 20

0

0.5

1

1
0

0
%

H
A

<
--

->
1

0
0

%
V

A

Zeit [s]

Antriebsmomente
Radlast

Project ATC
Reisinger/ESA, 02-Feb-2004 16:21
Control Program V1.0

AudiS3

Reisinger/EEE-F, 02-Jun-1999 16:21
vtlastw: MueD=1.0,eben, r= 50m, ab Lastw. fix, v0=36kmh->DKW:80° ->0° , T1=0.3s, 
V1.0: Haldex geregelt

15 16 17 18 19 20
-500

0

500

1000

1500

M
o

m
e

n
te

 [
N

m
]

4WD: Momente,Schupf auf Kardanniveau

mspezg
mgv

mgh

15 16 17 18 19 20
-100

-50

0

50

D
n
 [
U

/m
in

]

ZG
v
-ZG

h

ZG
v
-VA

e
ZG

h
-HA

e

15 16 17 18 19 20

0

0.5

1

1
0

0
%

H
A

<
--

->
1

0
0

%
V

A

Zeit [s]

Antriebsmomente
Radlast

Project ATC
Reisinger/ESA, 02-Feb-2004 16:21
Control Program V1.0

Control Algorithm
Actuator-

Model

Voltage

Test Spec

Current, Position, ...

Any plant model can not 
be destroyed by missusesJ

Students get Simulink-Plant-

Model. They should 

understand it.



Torque Control ςModell in the Loop
Hardware Overview

4

2

31
1 ECU-Controller

2 Environment (plant model)

3 CAN to USB Interface

Vector VN 1630

4 Breakbox



Breakbox

Å Replacement for wiring harness

Å Connection between motor, sensors, ECU, 
External CAN-Interface and power supply.

Å {ǿƛǘŎƘŜǎ ŦƻǊ ŎŀǊΨǎ ǎǘŀǘŜ

Å Connectors to measure and test signal 
failure.

Power switch 

and indication

Ignition On

Thermo-Fuse

Terminals for 

Motor-Voltage

0.5 Ohm

Resistor to limit 

peak current

Signal access  / 
manipulation



Torque Control ςModell in the Loop
Modell Overview

1 ςECU

2 ςPlant-model (Environment)

3 ςData acquisition

4 ςStimulus (Simulink: Signal Generator )

1

4
3

2



Torque Control - Modell in the Loop
Environment Ą Plant Model

3

2

1

1 ςDC-Motor

2 ςWorm Gear Ą gear ratio is 56

3 ςSpring Ą simulate the feedback from the clutch via the worm gear



Torque Control - Modell in the Loop
Plant Model

4

4 ςThe H-Bridge is integrated at the ECU. The output is a PWM-modulated voltage. The 
mean-value of the voltage is proportional to the motor speed.



Torque Control - Modell in the Loop
Plant Model

4 ςH-Bridge Ą Power electronic (included at the ECU)

Input: PWM-Signal from controller. In our model PWM is a numeric 
valuesbetween -1 and +1

Output: PWM-modulated voltage for DC-Motor power supply.

The mean-value influences the motor speed. 

Simplification for the model:ό ό ɇ07-

ό DC-Motor input voltage

ό Supply voltage

Advantage because of the simplification: higher performance 
from the model. 



Torque Control - Modell in the Loop
Plant Model

Quadrant 1 -
accelerate forward 

Quadrant 3 -
accelerate backward 

https://de.wikipedia.org/wiki/Vierquadrantensteller

https://de.wikipedia.org/wiki/Vierquadrantensteller


4

3

1

2

Torque Control - Modell in the Loop
Plant Model



How to model a device with Simulink?
Example: Permanent-magnet DC motor

ÅDescribe the motor mathematically 
Å1.) electrical system

Kirchhoffsõs law:ό ό ό ό ό (1)

Voltage drops: ό ὭɇὙ (2)

ό ὒ (3)

ό Ὧɇ‫ (4)

ό ὪὭĄ Lookup Table

(2), (3) and (4) Ą (1) ό ὭɇὙ ό Ὧ ɇ‫ (6)



How to model a device with Simulink?
Example: Permanent-magnet DC motor

ÅDescribe the motor mathematically 

Torque is proportional to the current

ὓ ὯɇὭ (6)

The rotor is a rotatable mounted inertial mass ðprinciple of angular momentum 

ὐɇ ὓ ὓ ὓ ɇÓÉÇÎ‫ (7)

Á2.) coupling between electrical and 

mechanical system

Á3.) mechanical system

https://de.wikipedia.org/wiki/Anker_(Elektrotechnik)

https://de.wikipedia.org/wiki/Anker_(Elektrotechnik)


Model of a permanent-magnet DC 
motor

ÄὭ

Äὸ

ρ

ὒ
ό ὭɇὙ ό Ὧ ɇ‫

Ä‫

Äὸ

ρ

ὐ
ὓ ὓ ὓ ɇÓÉÇÎ‫

Scheme of model

i Mel

Ukl

electrical system mechanical systemInterface between 
electrical and mechanicl 

system

omega

Input
(voltage)

Output
(angular
speed)

Mload

uq



ÄὭ

Äὸ

ρ

ὒ
ό ὭɇὙ ό Ὧ ɇ‫

Ä‫

Äὸ

ρ

ὐ
ὓ ὓ ὓ ɇÓÉÇÎ‫

Model of a permanent-magnet DC 
motor
Simulink model



Validate the model Ą compare measured with simulated values

ÅUse the dc-motor model in 
a subsystem

ÅUse measured data for the 
input signal (u_kl ) 

ÅStart simulation

ÅCompare measured 
output signal 
n_mot_meas with
simulation result 
n_mot_sim

Model of a permanent-magnet DC 
motor



Permanent-magnet DC motor
Parameter identification

The measured voltage is 
the stimulus for our 
model.

Parameter are known 
from datasheets. Fine 
adjustment of 
parameters kT, RA for 
static behaviour, Land J 
for the dynamic 
performance.



Permanent-magnet DC motor
Parameter validation

The measured voltage is 
the stimulus for our 
model.

Measured and simulated 
results are correlating.  
Our motor model works 
and can be used for 
further tests!


