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The Car as a Mechatronics System

The most popular mechatronics system is the car. It consists of a multitude of mechatronics
subsystems for engine & drive train management, communication, safety and comfort.

Engine / propulsion systems Communication

- Electronic ignition systems - Radio

- Fuel injection systems - Board computer ;\
- Electronic idle speed control - Car telephone 3

Control and information system S .
New display technology "1 Venhicle safety
Electronical voice output
Function control through language &1l - Headlamps adjustment and cleaning

Harness-multiplex-system i~ - Headlamps with gas discharge lamp
Internet in cars ‘ - Tyre pressure monitoring

Car 2x communication @ - Anti- lock braking system (ABS),
5 traction- control- system (ASR)
- System diagnosis
- Wipe-wash-control
- Load-dependent maintenance
interval report
- Monitoring system for operating

- Hybrid drive systems
- Battery systems
¥ ¥ Comfort material and wear parts
- Release system for airbag, belt

i - Speed control pretensioner, roll bar

- Air/fuel ratio (lambda) control

- Start / stop automatism

- Variable turbine geometry, boost pressure
control (for charged engines) [ e-supercharger]

- Variable valve control [ e-phaser ]

- Electronic engine cut-off (FUSI)

- Engine power control (electronic accelerator)

- Exhaust gas recirculation control

- Automated transmissions

- All-wheel drive

- Electric drive systems

- Heating and AC control - Anti-theft system

- Seat adjustment with position - Steering system for front and rear
memory axle

- Central lock - Adaptive cruise control (ACC)

- Chassis control | - Laneassist

- Automated driving functions - Brake assist

- - Automated driving functions
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The Car as a Mechatronics System

Average share of E/E of a car’s
production costs:

1985: 3%

2010: 22%

2020: > 30%

(Source: ZV Elektrotechnik- und Elektronikindustrie)

= ﬁ(‘_‘: I
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The Car as a Mechatronics System

Control unit linkage of a upper class vehicle (MB W221, 2005)

CAN-Bus: 8
Most-Bus: 1
LIN-Bus: 1

3 Control units: 61

LIN ... Local Interconnect Network
FlexRay ... Flexible Data Rate
Ethernet ... Automotive Ethernet

CAN ... Controller Area Network CAN
MOST ... Media Oriented Systems Transport

Source: Trautmann
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Bus Systems of a Modern Vehicle

High-speed CAN / FlexRay , e.g.
powertrain, dynamics control

ECU | ECU
e.g. engine e.g. ESP
ECU L ECU |
e.g. gear e.g. Steering
ECU [ ECU [

Low-speed CAN

e.g. comfort

ECU

e.g. AC

ECU ||

e.g. seat

ECU

LIN
e.g. door

ECU

e.g.door lock

ECU

e.g. window
lifter

ECU

— ECU

ECU M

ECU

MOST / Ethernet, e.g.
infotainment

ECU | ECU |

e.g. Radio dasﬁ.ti-)ard

ECU ECU

e.g.GPS Interfaces e.g.Head unit
USB

Ecu H M| ey [
GSM

Gateway / data backbone

On-board system

Off-board system

OBD (on-board diagnostics) - interface

Production Application
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Typical Application of Different Bus Systems

=REE

Radars
1
High resolution cameras

l

Transmitters | Hybrid Vehicle Charging Systems Trunk switches Electric windows
Transmissions——{  Audio/Sound systems Lights Door locks
Cruise control [ Suspension systems Power seat controllers

ABS — Power steering Airbags Rearview mir[ror adjustment

FlexRay

Mobile phones

Storage devices

Traction control systems

1

High performance transmissions

Network communications

Steering wheel controllers

Active suspension systems

I

In-vehicle infotainment system

Safety equipment

Various sensor components

Source: Amine Elibrahimi
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Controller System Levels

Bus Systems
Vehicle level Bus system level
— linked bus — linked control unit
system system
A 4|_G B,
-

ESP

L] -
- e
- -

R Tl [T o T
= [om
[]

T

= [ws

... CAN-Bus Infotainment
... CAN-Bus Drive

. CAN-Bus Comfort

.. Subordinate Bus system,
e.g. LIN

OO0 w>»

Exemplified indicated control for
CAN-Bus B

ESP - electronical stability program
GRS - yaw rate sensor

MOT - engine control

EPB - electronic parking brake
LWS - steering angle sensor

LWR - headlamp levelling

CAN ... Controller Area Network
LIN ... Local Interconnect Network

(serial bus systems)
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Block Diagram of a Simple Microcontroller

Oscillator
0 - 20MHz

Internal

A/D

Converter |

Serial

| Communication

CCP1, CCP2 !

CCP/PWM
modules

10 || T2

CPU

(35 instructions)

Interrupts WDT

PortD ! PortE |

Microcontroller PIC16F887

SPI ...
USART.
CPU ...
PWM ...
Program
M 8K
R Vref ...
A/D ...
EEPROM (256)
WDT ...
SFR ...
RESET CCP ...
Power Supply,
G} 2-55V e

block diagram with main components

bus interface

com interface
relatively low number
of functions (A to PC)
pulse width modulation
for fan control

input interface for
temperature sensor
converter for sensors,
actuators

CPU watchdog timer
Special function register
(addressable memory)
CPU control panel
(data communication)
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Typical Microcontroller (uC) Architecture

Is a small computer (SoC) on a single integrated circuit containing a processor
core, memory, and programmable input/output peripherals

» Microcontrollers are designed for
embedded applications
(microprocessors are used in personal
computers)

 e.g. automobile engine control systems,
implantable medical devices, remote
controls, office machines, appliances,
power tools, toys...

* Depending on the architecture: :
4 Bit-, 8 Bit-, 16 Bit- & 32 Bit- _ TS USART
microcontroller 3

Source: http://embedded-
lab.com/blog/xmega-external-interrupt/

Microcontroller block diagram showing the main
components

11




Example: Automotive Software Platform AUTOSAR

AUTOSAR Interface L AUTOSAR Interface i AUTOSAR Interface AUTOSAR Interface

_ i
AUTOSAR Runtime Environment (RTE)

Standardized Slarriérdized Standardized

Interface AUTOSAR Interface Interface AUTOSAR Interface AUTOSAR Interface

ECU Complex

Abstraction Device
Drivers

Standardized Standardized Standardized
Ints_rlace Interface Interface
: - 4
Standardized
Interface

20813
pozpIepuElS

Microcontroller
Abstraction

ECU-Hardware

Interfaces
ERsttice RTE t VFB & RTE BSW
! relevant ¥ relevant relevant

AUTomotive Open System Architecture

Source: https://automotivetechis.wordpress.com/autosar-concepts/autosar-interfaces/ 12
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Trend: Transition of Controller Architectures

... from distributed to cross-domain and central zonal architectures

In serial production of electric cars, e.qg.:

Tesla Model Y: 3 main controller (right, left & front), Central-Zonal
in total 26 ECUs " 1T

Ford Mach E: in total 51 ECUs
VW ID 4: in total 52 ECUs

Cross-Domain

Master Controller

MOTION

Distributed

3

Source: R. Mader et.al, Vitesco Technologies

13
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Example: Mechanical vs. Mechatronic throttle

Mechanical

Mechatronics

Mechanical | |
Throttle

Why this effort? = Exhaust emissions, U,

performance’ Stable operatlon, CO“Slder_ R e B g e P B e g

ation of changing air pressure / temp.
cold start, fail safe (redundant systems)

Mechatronics

J

Throttle

j Intake

Intake
portl Pedal
Linkage /
Bowden cable
Pedal angle « Linkage /
Pedal » Bowden
cable
Pedal Current Current
angle o U u .
Pedal 2 » Sensor Dl----p-() ..... s Micro
* controller

port
Soensorfet~ snnnn) Sonsor |
S Gear
Micro e Motor
controller
_ Throttle
Displacement s Throttle | angle @ -
valve
Current Displace Throttle
Um Motor / |ments | Throttle |2"9le ¢ <
Gear valve
Sensor

Source: Trautmann
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Components of Mechatronics Systems — Overview

Data communication HMI
Manual operator

A

Other controller

A

Information Measurement signal %)
KPR e et Bl R N o Ty SO
processing (ECU)

Control inputs

Electronics / information technology
———————————— Actuators T Y Sensors 1)
Mechanics / electrics
r'y r'y Iy
Energy supply §
! ©
- A e L i .E
Regulating variable onto Basic S Measured parameter 1) =
the basic system " a

External influences
e.g. forces, displacements, temperature

Flow of
information

Flow of energy

1) Feedback loop in case of closed-loop control
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Embedded Systems

» In embedded systems the control unit (“‘computer”) is an integral part

» This way, they include control unit, electrical parts (sensors, actuators) as
well as mechanical parts (e.g. gears)

 Embedded systems are special-purpose systems, designed to perform one
or a few dedicated functions (often in real-time computing and / or as part of
distributed systems)

« Can be optimized by reducing the size and costs of the product or
increasing the reliability and performance

Example: Electric throttle actuator incl.
ECU and mechanical linear transmission.

Source: Thomson Linear

17
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Examples of Automotive Mechatronics Systems:

Electronic Stability Program ESP

Housing Solenoid

valve

Solenoid

Driver

.....................

Control
device

Information flow

ESP unit with integrated sensor module

Control unit

Yaw rate and
acceleration sensor

[
1
Energy flow 1
]

m Hydraulic Valve H
]

Yaw rate, lateral
acceleration, speed

Wheel brake

Wiring system

Hydraulic pump cylinder

Architecture of ESP
as a mechatronical system

(,embedded system*)

Power amplifiers

Board with
processors

Source: Bosch

18
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Examples of Automotive Mechatronics Systems:

Electronic Stability Program ESP

without ESP | 1. driver is steering, side force rises
~ ¢ 2. threat of instability due to large sideslip angle
P 3. countersteering, car goes out of control
e\ /7 4. car is no longer under control
"*‘-\_\n N ‘ %

Mg ... yaw moment

Fr ... wheel forces

B ... direction deviation of the vehicle longitudinal
axis (sideslip angle)

1. driver is steering, side force rises

2. threat of instability, ESP intervention front right

3. car stays under control

4. threat of instability, ESP intervention, front left,
complete stabilization

Mg ... yaw moment

Fr ... wheel forces

B ... direction deviation of the vehicle longitudinal
axis (sideslip angle)

€ ... brake force activated

Source: Reif




FT

3. Development Processes
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Project start

Exemplary Complete Vehicle Development Process

REQENG |
[ Vehicle layout &
[ Modules specifications ] ‘%
[ Systems development on full-vehicle & module level ] D | '§
[ Modules design & simulation ] E‘
[ Components design & simulation ] ____________________________________________ E
( Component prototyping & testing (|
[ Modules integration & testing ]

[ Full-vehicle level integration & testing

Project duration g

Reduced project times lead to
increasingly overlapping of project phases

21
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Stage-Gate-Process

« Aim: to provide correct information with the appropriate level of detail to
support decisions and the development process.

 Main idea: to break the complex approach down to smaller tasks and
introduce gates for decision-making.

 [nitial focus (examples)
» Detection of possible challenges as early as possible.
» Stronger focus and setting of priorities in early phases.

« Simplifies parallel process execution in specific stages to reduce
development time.

Build Testing and
Scoping business case Development validation Launch

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

22
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Waterfall Model

 Initially, sequential (non-iterative) design process, used in software
development processes.

* Process is separated in phases.

« Each phase result forms the input of the next phase.

* Progress is seen as flowing steadily downwards (like a waterfall).

= The reguirements for the
Reguirement software in terms of both
Specifications designand functionality is
captured
*Once the requirements are
finalized, a blueprint of the
System Design systemis drawn to facilitate
the process of
implementation
: +The blue print of the design is verified
Design and the implementation of the system
Implementation begins according to the blueprint
«The implemented systemis now verified and
S tested by the team. Once the testing is
Vgrfﬁcatmn comple, ted reversing the systemto
ATt implement further changes in requirements
cannot be done

sSetting up of the system
s\gﬂem : or software after a pilot
Depioyment run and testing is done

ae Regular
umpqatmg:
R verification and
debugging of the
5 are 23
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Development Process according to the V-Model

The V-model as a macro cycle according to VDI 2206:
Methodology of development for mechatronics systems

| Anforderungen Produkt

Challenges:

=» Requirements
specification

Q9 => Requirements
“% management
) = Communication

=» Data management

=» Data availability

N

.. => Interfaces
\ Domanenspezifischer Entwurf

> Maschinenbau , = Documentation

Elektrotechnik . . .

},} |nfnmfaﬁr.:,un§fecr:1'nik f) / =>» Project target realization
!

\

& confirmation

Modellbildung und -analyse

24 |
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Mechatronics System Development
according to the V-Model

Full-vehicle
prototyping, test
& confirmation

2
or
(\) Full-vehicle
3, conception
e
S

Data and
information

Mechanics
exchange

Mechanics
Electrics / Electrics /[
Electronics Electronics

Ny =
Ny
Module
Module design infegration
& simulation & testing

2
3
%
3

Component Component
design & prototyping
simulation & testing
Cross-
—_

domain

implementation

25
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Challenge:
Integration of the V-Model into Stage-Gate-Processes

Build Testing and
Scoping business case Development validation Launch

Stage 2 Stage 3 Stage 4 Stage 5

Stage 1

26
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4. Automated / autonomous driving

Automated driving:

« Traffic safety

- Comfort

- Ecological motivations
* Mobility for all

« Economical motivations

Source: Eichberger, Bosch

27




FT Ty

Automated Driving

Development is driven by tech-companies and some car manufacturers

Expectations:
* Big business by increasing comfort, offering new services
and having access to customer data
* Increase of safety (very likely) and reduction of traffic (to be discussed)

Challenges:

+ Complex task, high technological effort

* Unclear legislative boundary conditions _ _ ' o
: - Vienna Convention: Driver’s responsibility
* Issues in terms of responsibility

and ethics questions

B ratified

Source: Bernsteiner signed

28
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Automotive Sensor Systems for
Advances Driver Assistance Systems (ADAS)

Automotive sensor market doubled within the past 10 years.

Automotive development trends require new sensor technologies, e.g.
for advanced propulsion technologies and automated driving.

No driver
intervention
Takeover if required
required
No request
) for takeover
Longitudinal Jrattic e et don required
supervision takeover
or lateral
P
SR Longitudinal
Driver Longitudinal @ & lateral st.
only or lateral st.
Driver Assisted Partially Highly Fully Auto-

automated automated automated nomguslv

SAE / VDA — Levels of Autonomous Driving

29
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Tech-Companies that Invest in Autonomous Driving, e.g.:

esla: “Autopilot”
in Series => ca. Level 3
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New Vehicle Concepts

Example: Zoox

Source: Zoox

... and some Youtube-links:

https://youtu.be/ksyilgf3HMU
https://youtu.be/B8R148hFxPw
https://youtu.be/g5SeVxYAZzk
https://youtu.be/3r7PEIOtMSk

31
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Autonomous Delivery & Logistics - New Services

Drones

Amazon warehouse logistics Production logistics Autonomous airport cargo
robots robots concept

Sources: amazon, KUKA, HET engineering, starship, forbes, wired, theverge, spiegel, dpdhl, amazon, diepresse, engadget, nuro

32
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Sensors for ADAS

Laserscanner

Night viev

* Vision systems Source: VW, T. Form

* Long Range- & Midrange-Radar, Laser scanner, 3D Video-Camera, Topview-
Cameras, Ultrasonic sensors, Infrared (Night view) ...

* On-Board Sensors

» e.g. ESP: Lateral acceleration sensors, Wheel speed, Yaw rate, Steering angle,
Brake system pressure sensor; ..., Ambient temperature, Air pressure, Rain
Sensor, ...

* Further sensors / Information sources
 Digital maps & GPS, Car2Car, CarZ2infrastructure, Car2Home, ...

33
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Waymo Driver Technology

. | ®
e f . &
a—e 8 ¢

Base vehicle

Custom-built HW and compute Waymo Driver application

Base Waymo Driver- The Final vehicle with
vehicle ready vehicle Waymo Driver the Waymo Driver
I-PACE (Model Year 2021) Waymo custom |-PACE Collections of custom Final configuration of
Manufactured and sold by configuration built and modules that collectively the custom vehicle with

Jaguar Land Rover (JLR) delivered by JLR make up the Waymo Driver the Waymo Driver

The Waymo Driver

W)

WAYMO ONE WAYMO VIA

Moving people Moving things

¥ b

> components

.

Source: Waymo
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Waymo Driver Technology

@ Llidar system
@ Vision system

") Radar system

360° Lidar: max. 300m range, day & night applicability

Perimeter Lidar: objects close to the vehicle

29 cameras: high resolution images, overlapping fields,
equipped with cleaning systems and heaters

360° long range cameras > 500m range

Perimeter cameras ... near field

Radar: high resolution radars at 6 spots around the car. Complements the
cameras and Lidars in bad weather conditions Source: Waymo

35




FT Ty

Waymo Driver Technology

Some detail views on the components

Roof unit:
360° Lidar
360° cameras
Long range
cameras

2 Radars

Both side units:
Radar, perimeter Lidar, cameras

Rear side
units:
Radar,

perimeter
Lidar, I

cameras [

Front unit: Perimeter Lidar, cameras Source: Waymo

36
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Ultrasonic Sensors

« Sound waves with frequencies higher than the upper audible
limit of human hearing (about 20 kHz).

» Ultrasonic Module sends out a cycle burst of ultrasound (e.g. at
40 kHz via Transmitter).

* Sound wave in medium with sonic velocity.

» Ultrasonic Module records echo (via Reciever) and measures
time between sending and receiving signal.

« The distance can be calculated with:

L=12xTxC
L...distance
T...time between the Start Pulse
emission and reception ol by =

C...the sonic speed, o ]
Echo Time Pulse

37




Ty

RAdio Detecting and Ranging (RADAR)

Radio frequency: 30 Hz — 300 GHz
Frequency Modulated Continuous Wave (FMCW).

Radio-frequency (rf) energy is transmitted to and
reflected from the reflecting object.

A small portion of the reflected energy returns to the
radar set. This returned energy is called an ECHO,
just as it is in sound terminology. Radar sets use the
echo to determine the direction and distance of the
reflecting object.

Applicable e.g. for collision avoidance.

In today’s vehicle safety systems, radars are used in
conjunction with cameras, ultrasound and other
sensors to obtain information about a vehicle's
surroundings.

Using high-level processing technology to facilitate
the fusion of this sensor data can lead to improved
object identification and decision-making.

Third-generation
long-range radar

Radar dome

Body with Fi
separate —m ——& |
connector A

~—— Radar
printed
circuit board

Printed circuit
board for
processing and
power supply

— Die-cast
backplane

38
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Sensors for ADAS

What does a RADAR sensor see?

Object
Object in lane
Object of interest
Reterence Mesurement: Ax =26.3m Ay =-02m

Radar
Object ID =56
Ax=26.0m, Ay =03 m
Avx =1.9nm/s, Av, = 0.0 m/s

bLnne

=22m, Probaburyomxlstm =6

Source: Bernsteiner
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Automotive Cameras

Cameras are the most precise mechanism e g
available to capture accurate data at high 4
resolution. — G

Collect the highest amount of information in
relation to e.qg. radar, lidar, or ultrasonic

Distance, colors, shape, ...

Many of ADAS (Advanced Driver Assistance @

Systems) applications can be implemented by

using a vision system with forward, rear, anduAngDEpARTURE CHINEN,
side mounted cameras for pedestrian detection,

traffic-sign recognition, blind spots, and lane-

detect systems.

40
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Sensors for ADAS

What does a camera — based sensor system see?

LEFT REARWARD VEHICLE CAMERA

ROAD FLOW IN-PATH ORJECTS ROAD LIGHTS ORJECTS ROAD SIGNS RIGHT REARWARD VEHICLE CAMERA

| —

.. here is another video (Tesla FSD Beta 10.4, status 11-2021): https://www.youtube.com/watch?v=65gvtEQqTCw Source: Tesla

41
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LIDAR

A LIDAR (Light Detection and Ranging)
system is based on the Time of Flight
(ToF) method.

ToF is used to determine the time that a
laser pulse needs to overcome a certain
distance in a particular medium.

In the automotive sector, laser pulses with
a length of 3 to 20 nanoseconds are used
for the ToF method

The shorter laser pulses provide a better
accuracy. LIDAR sensors in the
automotive industry can reliably detect
objects within ranges of up to 300 meters.

42
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Sensors for ADAS

What does a LIDAR") sensor see?

") Light Detection and Ranging (Laser — Sensor)

Source: Velodyne
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Exemplary Road Map for Different SAE-Levels

Functionalities

A~
ACC;Active Cruise Control Sensors=Lvl 5 nm
LDVVS: Lane Departure VWarning System -
LKA: Lane Keep Assist Ultrasonic 10
PA: Park Assist
AEB: Automatic Emergency Braking Radar LRR 2
DM: Driver Monitoring
AP:Automatic Pilot Radar SRR &
7 Long distance cam 4
Camera surround 5
Assisted Full Stereo camera 2
driving automation pbolo I
LIDAR |
Dead reckoning I
i TOTAL 32

Ultrasonic 10
Sensors-Lvi3 | # | Cost |

2022 2040 Radar LRR 2
2015 2028 Ultrasonic 10
Radar SRR 6
Radar LRR 2
Long distance cam 2
Sensors - Lvl 2 Hm Radar SRR &
Camera surround 5
Sensors - Lvl | Em - Long distance cam 2
Ultrasonic 8 Stereo camera I
Ultrasonic 4 Camera surround 5
— pbolo |
Radar LRR I Radar LRR ! Stereo camera |
LIDAR I
ST Radar SRR 4 ubolo !
I Dead reckoning I
surround LIDAR |
Camera for
4 TOTAL 29
TOTAL &6 surround Dead reckoning |
TOTAL 17 TOTAL 29

Source: MAGNA, Yole Développement, 2017
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New Challenges of Complex Safety Development

Source:Google

In general, the errors of the E/E components are the
same as in other applications (same behavior and
same critically).

Malfunctions of systems involved in autonomous
driving may have high damage impact, because the
driver (as corrective instance) is out of the loop.

=> Basic methods of functional safety development
(e.g. according to the ISO 26262 have to be enhanced
by new approaches.

- Role of the driver = is not or restricted able to apply
corrective measures (risk handling gets more difficult)

- In case of errors, the systems are not allowed to be
switched off = trend to fail-operational systems

- Correct working systems become more important in view
of safe operation - ,Safety of the intended function”

- New security approaches are required (communication)

Source: MAGNA Powertrain, A. Schnellbach 45 ‘
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New Challenges of Complex Safety Development

Fail-Safe behavior

Performance
Performance

Fail-Operational behavior

v
v

Time Time

» Fail-operational systems have to provide relevant functions for a certain
(required) duration - a safe state is not a passive state anymore.

» Approach: Combination of robust design and redundant systems

« Challenges:

- Previous automotive safety standards (e.g. ISO 26262) were intended and developed
for fail-safe (not safe operational) systems - modifications are necessary.

- New solutions are needed, that are able to scope with the boundary conditions of
automotive industry (costs, package, weight ...).

- New warning concepts and driver involvement strategies have to be developed.

Source: MAGNA Powertrain, A. Schnellbach 46




FT

Ty

New Challenges of Complex Safety Development

Examples

Exemplary weaknesses of sensor systems
and SW algorithms

» Misinterpretation of camera sensed pictures
e.g. in object recognition algorithms that are
in use in camera systems for autonomous
driving cars.

Unintended environmental conditions

S e\ T =

NN .
i | BlaE e

— : = —=
] F L e [ - e
. 1 v »- R A
. - — L4
- B= : o -
faero I

1

e.g. 5000 ducks are crossing a road

Challenge for automated driving, e.g. object
recognition by a camera based system to
activate brake. => consideration in sensor
system design, SW development and
validation (testing)

Source: MAGNA Powertrain, A. Schnellbach 47
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Thx for your

attention!

Contact:

Associate Prof. Dr. DI. Mario Hirz

Institute of Automotive Engineering
Graz University of Technology

Inffeldgasse 11/2, 8010 Graz

E-Mail: mario.hirz@tugraz.at
Web: http://www.ftg.tugraz.at
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