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Vehicle Dynamics and Vehicle Testing.

Vehicle Technology SS 21
Lecture 1



Kempten University of Applied Sciences2 / 09.06.20

Bild durch Klicken auf Symbol hinzufügenAgenda

Nr. Datum Inhalt

1 19.03. Introduction Vehicle dynamics 

2 26.03 Practical Training Vehicle Dynamics Simulation and Evaluation

3 09.04. Test and evaluation methods for vehicle attributes with practical simulation

4 16.04. Chassis components and functions with practical simulation

5 30.04. Basic vehicle dynamics calculation and vehicle models

6 18.06 Track Day

7 25.06. ESP–Functions & Application & Process

8 02.07. ESP–Application & Hands-On Workshop

9 09.07. Project Day
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Major issue for customer values are the global vehicle attributes

Integrated 
Functions

WeightQuality

Emission

Cost of Ownership

Safety

Ride Comfort

Styling

Ergonomic

Handling

Drivability

Availability
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“Driver – Vehicle – Environment” – a closed loop!

Driver

Vehicle

Environment
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“Driver – Vehicle – Environment” – a closed loop!

Primary

Course control

Speed control

• Navigation

• Route selection

• Route correction

Secondary

• Phone call

• Multimedia

• ....

Tertiary

Driver

Environment

Vehicle
Closed Loop

Predictability – Effortless – Safety Feeling – Fun to Drive 

Goal
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Open and Closed Loop Principle

DRIVER VEHICLE

Environment

CLOSED LOOP Principle

Driver Tasks Vehicle Response

1 VEHICLE

Environment

OPEN LOOP Principle

Vehicle ResponseSteering Input
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Transfer to everyday situations in closed loop

Vehicle Lateral control Vehicle Longitudinal control 

Typical 

maneuver

• Following driving.

• Free travel.

• Brake maneuver.

Control 

variable

Actuating 

variable

• Distance (Following driving, brake).

• Speed (free travel).

• Acc-/Deceleration.

• Corning driving.

• Lane change maneuver.

• Turn-off maneuver.

• curvature of the vehicle trajectory.

• Lateral deviation of the target curve

• Yaw error 

• Lateral distance
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Cognitive hierarchy model based on Rasmussen 

Control based behavior

Three-Level-Model of vehicle control
(Edmund Donges, 1976)

Course Control Level

^Area safe command variables 

.

Performance indicators, target tracking, target 

speed 

Knowledge base behavior

Skill based behavior

Target oriented behavior of the human
(Jens Rasmussen, 1983)

Minutes up to hours

(before drive or during driving 

interupts)

Smaller as 1s

(often assumed as continuously)

1s up to 10s

Discretization

Navigation Level
Possible routes

Selected routes

chronological sequence.

Stabilization Level

Dynamical vehicle reaction.

Actual track, actual speed.



Kempten University of Applied Sciences10 / 09.06.20

Bild durch Klicken auf Symbol hinzufügenIntroduction Vehicle dynamics

Vehicle dynamics behavior remains very important in all driving modes

and situations

Longitudinal Motion

Vertical Motion

Lateral Motion
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What is vehicle dynamics? It describes the full vehicle motion dynamics.

Longitudinal Dynamics
• Driving Resistance
• Acceleration behavior
• Braking behavior

Vertical Dynamics
• Body movement

• Primary Ride
• Secondary Ride

• Body acceleration
• Harshness
• Vibration

• Wheel Load Oscillation 

Lateral Dynamics
• Stationary behavior
• Transient behavior
• Steering behavior

Yaw

Roll

Pitch

6 DOF - Degree of Freedom
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Main vehicle dynamics behavior and attributes 

Lateral Dynamics: Handling and Agility Behavior

Descriptions of the way vehicles perform transverse to their direction of motion, particularly during 
cornering and swerving. It also includes their stability when moving in steady state as well as in transient 
conditions. Vehicle dynamics are one major component of a vehicle's "active" safety. 

Vertical Dynamics: Ride & Comfort Behavior

Descriptions annoying driver or passenger impact dynamic due to driver effort, road excitation and vehicle 
vibrations, which negative influence the work load, effort, comfort feeling and healthiness. 

Longitudinal Dynamics: Drivability Behavior

Descriptions the longitudinal vehicle behavior and performance which results due to driver control input of 
acceleration, speed and shifting. 
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The vehicle motion dynamics is a result of external forces & moments 
and leads to internal forces & moments!

Yaw

Roll

Pitch

Fx

Fz

Fy

Fz

Fy

F

F
F

F

Fy

Fx
Fz



Kempten University of Applied Sciences14 / 09.06.20

Bild durch Klicken auf Symbol hinzufügenIntroduction Vehicle dynamics

Tire lateral characteristics: side slip behavior

Source: Subaru
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Tire lateral characteristics: side slip behavior

Longitudinal velocity Vx

Lateral velocity Vy

Drift Angle β = -arctan Vy / Vx

Velocity 

V

VR,y

VF,x

VH

VR,x

VF,y

VF

𝛼𝐹 = −arctan
𝑉𝐹,𝑦

𝑉𝐹,𝑥

𝛼𝑅 = −arctan
𝑉𝑅,𝑦

𝑉𝑅,𝑥
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Combined tire characteristics: dynamic load distribution

Dynamic wheel load and side force 
demand at one axle.

→ Total side forces are reduced

Vehicle Dynamics Rule No. 1:

Avoid wheel load variation

𝐹𝑅 ≤ 𝜇 ∗ 𝐹𝑁 Coulombsche Friction Rule, but 𝜇 for
tire & road are strongly non-linear

CarMaker 3.0pre11

Model Check
Tire Characteristics Fcn(Slip,Alpha): Overview

T_TaMeTire

(front left)

 Thu, 18-06-2009, 22:15:29 WesteuropÃ¤ische Normalzeit, Page 1
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Tire lateral characteristics: side slip behavior

Description the change in the 3D wheel position which

occur due to suspension compression, rebound and by

steering movements.

Kinematics

Description the change in the 3D wheel position, which

occur due to the forces and torques on the wheel / tire

under targeted elastic interpretation of suspension

parts.

Compliance (elastokinematic)

e.g. compression sz

e.g. compliance under side forces

Bushing

Fy
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The suspension has the task of making the tire work.

Introduction Vehicle dynamics

18

0 ° 3 °

Vehicle Dynamics Rule No. 2:

Produce a harmonic foot print
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Vehicle dynamics behavior is impact by numerous components

Brake System

• Actuation
• Hydraulic
• Caliber
• Disk
• Valves
• …

Vehicle Dynamics

Vehicle Bodies

• Masses
• Dimension
• Inertia
• Stiffness
• …

Suspension, K&C

• Axle
• Spring
• Damper
• Stabilizer
• Bushing
• …

Steering System

• Rack
• Column
• Wheel
• Power Unit
• …

Tires & Wheels

• Tire
• Wheel
• TPMS

Powertrain System

• Engine
• Clutch
• Transmission
• Driveline
• …

Controls

• Brake Control (ESC)
• Steering Control
• Suspension Control
• Drivetrain Control
• Engine Control
• …

Aerodynamics

• Vehicle area
• Coefficients
• Wings, under-floor
• …
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What is a test?

Ein Test ist ein Versuch, mit dem Sicherheit darüber gewonnen werden soll, ob ein
technischer Apparat oder ein Vorgang innerhalb der geplanten Rahmenbedingungen
funktioniert beziehungsweise ob bestimmte Eigenschaften vorliegen.

Im Allgemeinen kein Beweis! Nicht absolut gültig sondern stellt „nur“ eine Näherung dar.

Nachbildung des realen Einsatzes im Fahrversuch, Prüfstand oder Simulation.

http://www.sptimes.com/News/webspecials/firestone/graphics/deadly-combosig-1.jpg
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Testing and evaluation methods

Driving Tests with subjective evaluation of vehicle behaviour → „Closed Loop“

Driving Tests with subjective evaluation of vehicle behaviour → „Open Loop“

1

Driving Tests with measurement & analysis of vehicle response→ „Closed Loop“

Driving Tests with measurement & analysis of vehicle response → „Open Loop“

2

Simulation and analysis of vehicle response → „Open Loop“ 

Simulation & analysis of vehicle response →„Closed Loop“

3
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Subjective and objective evaluation language

Subjective Language Objective Language

Subjective evaluation Objective 
measurement data

Subjective evaluation 
criteria in a rating system

Characteristic values for 
vehicle behavior

Correlation and linkage between both languages are important

Boxberg

100 km/h
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Phase angle

Gain

Vehicles:

dry

A - Astra
Version:Manoeuvre: Sine sweep test

Loading: unloaded + meas. equip.

03.08.2004 / 11:22:03

ESP on

Weather conditions:

B - Golf

C - Corolla Place:

RES_09A0A_R Angle.dat

Boxberg (Germany)

Date/ time

Record:

D - A3

E - 307

Project: Toyota XiL Phase 2

Assessment: Onroad driv. Dynamics

Result no.: Overall result

Date: 2012-04-22

Lenkverhalten

Steering behavior

5

6

7

8

9

10

Anlenkverhalten
Turn in ability

Lenkungsansprechen
Steering response on center

Lenkungsansprechen 
Steering response of f  center

Grabenef fekt
Ditch ef fect

Nachlenken
Yaw increase

Lenkgefühl im Mittelbereich
Steering impression centre range

Zielgenauigkeit
Precision

Überschwingen
Overshooting

Lenkungsrücklauf
Steering wheel return ability

Lenkkraf tverhalten unter Vortrieb
Steering forces, propulsion

Fahrbahnkontakt
Road surface contact

Toyota Yaris

VW Polo

Target

Center Point Feeling
Force Feedback
Road Surface Contact
Roll Behaviour
Spring / Damper Balance
Steering Effort
....

Yaw Gain
Understeer Gradient
Roll Stiffness
Frequency Response
Maximum Force
Linearity
....

Customer Wishes
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KPI and target matrix within a consistent development process 

Driving Maneuver

Steady Circular Driving

Power Off

Sine Steer

…

Objective Evaluation 
Criteria 

Ackermann Angle(SWA)

Understeer Gradient

ay,max

Yaw Gain Max

Roll Stiffness

SWT max

Ay rel at SWT 

Side Slip Max

…

4,2

28

2,6

8,5

13,5

Benchmark Result

4,6

25

0.8

8,9

14,5

..

..

..

..

..

Veh 1 Veh 2 …

4,5

70

1,8

…

5,2

85

2,1

…

..

..

..

..

Target

> 3,6 > 4,0

25

> 2 < 2,2

> 9

> 14,5

> 4,8 > 5,2

> 80 < 90

< 1,8

..

Brand specific
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Subjective Customer Level 

Objective Level
Linkage Subjective & Objective

Subjective Expert Level 
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Subjective Customer Level 

Objective Level
Linkage Subjective & Objective

Subjective Expert Level 

1

1
.1

1
.2

1
.3 1
.4

A

A1

A2

A3

3 9 3 ?

1 9 3

9 3 9



Kempten University of Applied Sciences27 / 09.06.20

Bild durch Klicken auf Symbol hinzufügenVehicle dynamics attributes and their target conflicts

Continuous attribute validation during the development 

ValidationTarget Definition

HIL test

Hardware-in-the-Loop

Vehicle test

Road Test

Results

Results

Test bed

System-in-the-Loop

Results

Component

Sub-system

Vehicle

Simulation Studies

Model-in-the-Loop

Software-in-the-Loop

Results

Results

Results
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What is the difference between verification and validation?

Verification = Have we done the things right?

Validation = Have we done the right things?

Fulfillment of specification without errors.

Is the customer happy with the driving behavior of the car?
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KPI’s as an enabler for simulation use, efficient development & comparison

Objective
Evaluation Criteria's

Expected Result
(passed/failed)

Objective
Evaluation Criteria's

Expected Result
(passed/failed)

Objective
Evaluation Criteria's

Expected Result
(passed/failed)

Objective
Evaluation Criteria's

Expected Result
(passed/failed)

Objective
Evaluation Criteria's

Expected Result
(passed/failed)
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Driver Track

Driving Maneuver

Virtual Vehicle with real systems

Vehicle dynamics attributes and their target conflicts

Continuous attribute validation during the development 

Subjective
Customer Wishes

Driving Maneuver

Real Vehicle

Vehicle Target Behavior
in realistic driving situation

Driving Maneuver

Virtual Vehicle

Vehicle Target Behavior
in realistic driving situation

Objective
Evaluation Criteria's
Expected Result
(passed/failed)

Objective
Evaluation Criteria's
Expected Result
(passed/failed)

Driver Track Driver Track

Objective
Evaluation Criteria's
Expected Result
(passed/failed)

Simulation Road Test
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Summery of testing and evaluation methods

Requirement

Subjective Evaluation

Open Loop
Maneuver

Closed Loop
Maneuver

1 2 n 3 4 n

Eval 1 Eval 2 Eval 3 Eval 1 Eval 2 Eval 3

1 Objective Evaluation

Open Loop
Maneuver

Closed Loop
Maneuver

5 6 n 7 8 n

Eval 1 Eval 2 Eval 3 Eval 1 Eval 2 Eval 3

Simulation Road Test3 2
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What will be the impact of any change in terms of agility, safety, comfort, emission

and costs? Which global vehicle attributes cab lead to a target conflicts?

Handling

C
o

m
fo

rt

Solution Space

Best “Trade-Off” Solution

Performance / Driveability

Em
is

si
o

n

Solution Space

Best “Trade-Off” Solution
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Lateral Dynamics: Handling and Agility Behavior

Straight Running Behavior

ax = 0 Vx = const.

Acceleration Behavior

ax > 0

Braking Behavior

ax < 0

IayI > 0

Cornering Behavior

IdHI > 0

ax ~ 0

Vx > 0

IωzI > 0  

ax ~ 0

Vx = const.

Steering Behavior

IddHI

𝑑𝑡
> 0

IdωzI

𝑑𝑡
> 0
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Lateral Dynamics: Stationary and transient behavior

Stationary Behavior

ax = 0 Vx = const.

ay = const.

ax ~ 0

ωz = const.Transient behavior

Stationary behavior dH = const.

IddHI

𝑑𝑡
> 0

IdayI

𝑑𝑡
> 0

IdωzI

𝑑𝑡
> 0

Vx = const.
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Acceleration Behavior

Acceleration Behavior

ax > 0

• Steering drift

• Start swing

• Start retracting

• Traction

• Wheel hopping

• Steering wheel reaction
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Straight Running Behavior

Straight Running Behavior

ax = 0 Vx = const.

• Stability even road

• Power-off reaction

• Steering swing

• Self-steering

• Cross wind behavior
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Braking Behavior

Braking Behavior

ax < 0

• Brake drift

• Braking stability straight

• Braking behavior cornering

• Braking swing

• Brake pitch

• Steering wheel reactions
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Steering Behavior

• On-Center Feeling

• Turn in ability

• Precision

• Over-shooting

• Steering wheel return ability

• Road surface contact
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Cornering Behavior

• Understeering behavior 

• Power-off reaction

• Tracking stability

• Controllability at the limit

• Absolute roll angle

• Rolling behavior

• Self steering during cornering
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Lateral Dynamics: Steering Comfort
dH = high effort

MH = high effort

dH = high effort

MH = high effort

dH = high effort MH = high effort

dMH

𝑑𝑡
≫ 0

𝑎𝐻, 𝑧 ≫ 0
(𝑆𝑡𝑒𝑒𝑟𝑖𝑛𝑔 𝑣𝑖𝑟𝑏𝑟𝑎𝑡𝑖𝑜𝑛)
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Vertical Dynamics: Ride & Comfort Behavior

az < 0

Sz (HA > 0
Sz (VA) < 0

IdθzI

𝑑𝑡
< 0

IdθzI

𝑑𝑡
> 0

az > 0

Body Movement (Primary & Secondary Ride)

Body acceleration (Harshness, Vibration)

daz

𝑑𝑡
≫ 0
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Open and Closed Loop Principle

1 2 4 8 16 32 64 128 256 512 Hz

Secondary Ride
Primary

Ride
Harshness Noise

Vibration

Freeway
Hop

Body
Movement / Oscillation

Shake

Axle
Osc.

Steering
Vibration

Bouncing

Brake
Jitter

Roaring

Jitter

Axle 
harshness

Tire roll noise

Powertrain noise

Power off reaction
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Different groups of ride & handling behavior

Vehicle Dynamics
Impact Harshness

Primary & Secondary Ride



Kempten University of Applied Sciences46 / 09.06.20

Bild durch Klicken auf Symbol hinzufügenTest and evaluation methods for vehicle attributes

Subjective (quasi-objective) evaluation methods

Vehicle Type Load km

7

7,5

9

8,5

8

6

8

9,5

9

5,5

7

8

Evaluation Sheet

VW Golf 7 GTI

BMW 325
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Subjective Identification of Weaknesses and Positioning
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The accomplishment of a given task measured against preset 
known standards of accuracy, completeness, costs, acceleration 
and speed.

Agility is the ability to change the direction of the vehicle based 
on drivers steering input. 

The vehicle ability of being enduring on the driver given path 
and free from non-desirable change or variation.

Descriptions annoying driver or passenger impact dynamic due 
to driver effort, road excitation and vehicle vibrations, which 
negative influence the work load, driver effort, comfort feeling 
and healthiness.

Safety is the condition of being protected against physical, 
social, spiritual, financial, political, emotional, occupational, 
psychological, educational or other types or consequences of 
failure, damage, error, accidents, harm or any other event which 
could be considered non-desirable.

Performance

Agility

Stability

Comfort

Safety
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Customer key requirements to vehicle dynamics

City Cross Country Autobahn

Normal Driving

Sporty Driving

Driving at the 
performance limit

Driving Comfort at uneven roads with low passenger movement and acceleration 

Steering Comfort

• Low steering forces

• Low steering angle

• Small turning cycles

Agility

Corner driving pleasure

Dynamics and agility

Low roll perception

Driving Stability /Safety

Safety feeling

Low driving work load

Straight driving precision

Lateral Dynamics Performance and Stability

Controllable driving behavior at the physical limit.

Longitudinal Performance and Stability
High acceleration and short brake distance –
controllable and predictable

Handling /Agility

C
o

m
fo

rt

Best possible isolation of any 

road & environment excitation

„Soft Suspension”

Sporty, agile and safe vehicle 

control at the limit

„Hard Suspension”
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Which target conflicts do you know?

Handling

C
o

m
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rt

Agility

St
ab
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ty

Performance

Sa
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ty

Steering Feeling

St
ee
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g 
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Performance
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xx
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Sport +

Sport

Comfort
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Test tracks for subjective and objective evaluation

A

B

C

Route Overview

A
Start in Karlsruhe

Best Western Queens Hotel

B Lunch near Trier

C

Ride session on Nürburgring 

Nordschleife

and overnight stay at Dorint Hotel 

„Am Nürburgring Hocheifel“

Ride session on different public 
road types

Nürburgring Nordschleife
Handling Performance

Proving Ground
e.g. Bosch Boxberg

▪ Handling Performance Evaluation

▪ Ride & Comfort Evaluation

▪ Acceleration Performance & Drivability Evaluation

▪ General Impression under Customer Usage 
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IDIADA China Proving Ground
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Typical test modules at a modern proving ground

High-speed oval Driving-dynamics area Brake-measurement tracks

Off-Road Off-Road 
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Typical test modules at a modern proving ground

Fording and splash water basin Handling course Multi-functional area

Rough road tracks Uphill tracks (5% up to 30%) ISO noise-measurement track
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Nuerburgring the “Green Hell”
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Objective Measurement is based on the drivers input and vehicle response

Yaw

Roll

Pitch

Most relevant

H

H

Steer Angle (SWA)
Steer Moment (SWT) M

d

Drivers Input

Brake Force BP
F

Gas & Clutch Position, Gear

Roll Angel φ 
(Vehicle Rotation x-Axle)

Pitch Angle θ 
(Vehicle Rotation y-Axle)

Yaw rate dψ / dt
(Vehicle Rotation z-Axle) 

Longitudinal acceleration ax

Lateral acceleration ay

Vertical acceleration az

Longitudinal velocity Vx

Lateral velocity Vy

Drift Angle β = -arctan Vy / Vx

Position x,y,z

Vehicle Response
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Vehicle test and objective evaluation: Working space vehicle

State observer

Full vehicle control

Operation of test device

• Data Acquisition Device

• Failure Insertion 

• Diagnostic

• Calibration Tools

• Steering & Braking Machine
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Objective evaluation methods with vehicle dynamics measurement

Wheel positioning sensor Data Acquisition Device

Steering Wheel 

Inertia Measurement Unit

Correvit
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Objective evaluation methods with vehicle dynamics measurement

Correvit

ABD Steering Robot ABD Brake Robot

Vehicle Data

Acquisition

IMU1 2

3

xCU

3

21

CoG - Center of Gravity

4

X-Offset

Y-Offset

Correvit speed must be 

corrected to the CoG!
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Speed Vx/Vy and calculation of drift and side slip angle

Correvit

Longitudinal velocity Vx

Lateral velocity Vy

Drift Angle β = -arctan Vy / Vx

Velocity V

V

Vy

Vx

Side Slip Angle α = -arctan Vy / Vx
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IMU – Inertia Measurement Unit: Genesys ADMA

Analytisch (Strapdown)

Basics of the gyro technology for the 

vehicle 3D motion measurement

• 3 gyro measurement axles

• 3 acceleration measurement axles

 
0

dt

v v
0

dta

s s
0

dtdta

Challenge Integration
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Principle of Inertial Measurment Units - Dead reckoning (Koppelnavigation) 
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Principle of Inertial Measurment Units - Dead reckoning (Koppelnavigation) 
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Genesys ADMA is based on the same principal as the inner ear.


