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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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Discussion Exercise 7: Lateral response behavior 

Test Condition
• Speed: 100 kph
• ay: 4 m/s²

Visualize:
• Steer.WhlAng, Car.ay, Car.YawRate, Car.Roll, 

Car.v
2. Change & Analyze Tire Sensitivity:
1. Basic Tire
2. Press Tire
3. Performance Tire

3. Change & Analyze Stabi Sensitivity:
1. Base with Basic Tire
2. Stabi front 2,0, Rear 0,5
3. Stabi front 0,5, Rear 2,0

1. Change & Analyze Inertia Sensitivity:
1. Basic Tire
a. Inertia Izz * 4
b. Inertia Izz * 0.25
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Discussion Exercise 9: Frequency response behavior 

Test Condition
• Speed: 100 kph
• Steer Input: Sine 0.2 – 4 Hz
• ay: 4 m/s²

Visualize:
• Steer.WhlAng, Car.ay, Car.YawRate, Car.Roll, 

Car.v

1. Change & Analyze Tire Sensitivity:
1. Basic Tire
2. Press Tire
3. Performance Tire

3. Change & Analyze Stabi Sensitivity:
1. Base with Basic Tire
2. Stabi front 2,0, Rear 0,5
3. Stabi front 0,5, Rear 2,0

2. Change & Analyze Inertia Sensitivity:
1. Base with Basic Tire
a. Damper front and rear *3
b. Damper front and rear *0,3
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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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The vehicle motion dynamics is a result of external forces & moments 
and leads to internal forces & moments!
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The tire is the “BLACK MAGIC” for transmission of forces between vehicle and track
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Tires are the interface to the road environment

Fx y

z
x

My

Fz

Fy

Coordinate system

according DIN 70.000

Mx

Mz

The behavior of the tire can be subdivide into 3 directions:

• Longitudinal Dynamic:

− Fx = longitudinal force

− My = Acceleration / Brake torque

− referred as „longitudinal“.

• Lateral Dynamics:

− Fy = lateral force

− Mx = camber torque

− Mz = Back alignment /toe torque

− referred as “lateral”

• Vertical Dynamics:

− Fz = Wheel load

− referred as „vertical“.

The overall performance is determined by the interdependence of disciplines
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Tires, some fundamentals

Hysteresis:
The viscous-elastic
material returns from
a deformation first
after a while back to
the initial position
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Tire slip mechanisms – shear, slide and slip

The soft tread compound of winter tires is still flexible even at low temperatures, so that
winter tires remain slip-proof and optimally toothing with the road surface.
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Target conflicts (trade-off) for the development
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Tire longitudinal slip behavior
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Tire longitudinal characteristics: slip behavior
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Tire longitudinal characteristics: slip behavior
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The longitudinal force Fx causes

a shear deformation of the tire

tread. When transferring this

circumferential force between

tire and road a slip (S or κ)

occurs. The overall slip is put

together as a deformation

portion (deformation slip) and a

sliding portion (sliding slip).
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Tire longitudinal characteristics: slip behavior

• Transferable force are defined by the adhesion 

coefficient m.

• m is at rubber friction a function of the slip

• mh defines the maximum traction, defined al 

friction coefficient.

• The corresponding slip is defined as “critical slip” 

Sc and ~10%.

• At 100% slip the traction is decreased to the 

sliding frication mg.
Deflection

Pure
sliding

partially sliding

Critical slip

slip

traction

z

x

F

F
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Tire longitudinal characteristics: slip behavior
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0% Slide

1-50% Slide

51-75% Slide

75-99% Slide

cκ

Fx,max

ScFx = 

For small longitudinal

forces, there is a linear

relationship between S
and Fx.

cκ = slip stiffness

( )z
x Ff

dS

dF
c ==

Influences:
• Tire pressure
• Temperature
• Local friction

zhx FF = mmax,
The maximal longitudinal force is depended on 

the friction (e.g. μh ≈ 1,1)
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Tire longitudinal characteristics: slip behavior
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Tire Rolling Resistance (RR) - Sources

Bend - Sheer

Side wall and bead areaTire surface and environmental 

air

Air turbulence

Tread of the tire

Slip to the ground

Bend - Strain - Sheer

Energy loss dissipation based on deformation 

< 15 % 60 up to 70 % 20 up to 30 %
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Tire Rolling Resistance (RR) - Sources
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FR is often assumed to be constant and at a value of 0,01. 

for HR-tires: fR0  0,009

fR1  2,0·10-3

fR4  0,25·10-3

Roll resistance is depended of:

• wheel load

• tire pressure

• Tire temperature
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Tire lateral characteristics: side slip behavior
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Tire lateral characteristics: side slip behavior
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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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Tire lateral characteristics: side slip behavior

Direction of 
motion

V

Vy

Vx

𝐹﷮𝑦

Conicity Ply steer

𝛼 = −arctan
𝑉𝑦

𝑉𝑥

Tire side force generated by:

• Rolling diagonal to the direction of motion (side slip angle α).

• Inclination of the tire from its vertical position to the road (camber ).

• Tire conicity (geometrical)

• Ply steer (tread/belt construction)

Side slip 𝛼:

• Angle between direction of motion and direction of wheel plane.

Side force as result of side slip angle:

• Wind, centrifugal or gravity forces requested tire forces.

• The vehicle must apply side slip.
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Tire lateral characteristics: side slip behavior

• For side slip angle to approximately 4°, there 

is a linear relationship between α and Fy. 

• c is called side slip stiffness.

( )z

y
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

• The maximum transferable 

lateral forces are dependent on 

maximum adhesion in lateral 
direction.

 = cFy

zyy FF = max,max, mc
Fy,max
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• Influences to c:

− Tire pressure.

− Temperature.

− Local friction

− Wheel load
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Tire characteristics for understeer behavior (qualitative)

Tire Pressure high

Tire Pressure low

𝛼 [°]

e.g. Winter Tire

𝑐𝑉 , 𝑐𝐻 [°/N]
Race Tire

𝐹𝑦 [N]

𝐹𝑦,𝑚𝑎𝑥 [N]
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Tire lateral characteristics: side slip behavior

CarMaker 3.0pre11

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

1. Flat Belt Test Rig

2. Measurement Vehicle

3. Inner Drum Test Rig

4. Roller Drum Test Rig

1 2

3

4
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Correct inflation pressure for a good foot print

Influence to the brush, tooth and molecular adhesion effect is obvious.  
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Case 1: Understeer behavior with wheel load distribution

𝛿 =
𝑙

𝑟
+ ∆ 𝛼 → [𝛼𝐹𝐴 − 𝛼𝑅𝐴](19)

𝐹𝑦 [N]

with mv 

Front and Rear Tire

𝐹𝑦 [N]

∆ 𝛼 = 𝛼𝐹𝐴 − 𝛼𝑅𝐴

𝛼𝑉

𝛼 [°]

𝛼𝐻

𝐹𝑦 [N]

with mH

at ay = 4 m/s²

𝜶𝑭𝑨 − 𝜶𝑹𝑨 > 0 (understeer)
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Case 1: Understeer behavior with wheel load distribution

Non-LinearLinear Area

Front and Rear Tire
𝐹𝑦 [N]

𝛼𝑉
𝛼 [°]

𝛼𝐻

Reserve of 

Rear Axle

at ay = LIMIT

𝐹𝑦,𝐿𝑖𝑚𝑖𝑡 [N]

with mv 

𝐹𝑦,𝐿𝑖𝑚𝑖𝑡 [N]

with mH

∆ 𝛼 = 𝛼𝐹𝐴 − 𝛼𝑅𝐴

𝜶𝑭𝑨 − 𝜶𝑹𝑨 > 0 (understeer)
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Case 2: Oversteer behavior with tire pressure difference

∆ 𝛼 = 𝛼𝐹𝐴 − 𝛼𝑅𝐴

𝐹𝑦 [N]
at ay = 4 m/s² 

with mv = mh

Tire Pressure high

Tire Pressure low

𝐹𝑦 [N]

𝛼𝑉

𝛼 [°]

𝛼𝐻

𝜶𝑭𝑨 − 𝜶𝑹𝑨 < 0 (oversteer)
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Exercise 10: Steady State Circular Driving with modified Tires

Test Condition
• Constant Radius: 100 m
• Speed: 0 – max kph
• day: 0,2 m/s²/s
SWA, ay , Yaw, Radius: steady state condition

Visualize:
• Steer.WhlAng, Car.v, Car.ay, Car.Roll, 

Car.SideSlipAngle

1. Change & Analyze Tire Sensitivity:
1. Abstimmreifen (front/rear)
2. Performance front / Abstimm rear
3. Abstimm front / Performance rear 

2. Change & Analyze Tire Sensitivity:
1. Make Model Check
2. Basic Tire w/o change
3. Tire +50% front / Basic Tire rear
4. Basic Tire front / Tire +50% rear 

Build your own tire
• Fy peak friction + 50%
• Fy cornering stiff + 50%
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Tire lateral characteristics: side slip behavior
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A negative camber angle allows for the same side slip angle slightly greater lateral forces.

0 ° 3 °

Camber definition
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XY combined tire characteristics: Kam’sche Cycle

Fz

Fy

Fx Fxy

zhmaxxy FFF = μ

2

y

2

x

2

xy FFF +=

Fx

Fy

Fxy

Fmax,1 = µh ∙ FZ,1

The sum of these forces is at most as large as the maximum transferable

force between tire and road, which is the product of coefficient of adhesion

and wheel load.

So that the vehicle in the longitudinal and lateral direction can be performed

stably, i.e. the wheel moves without high sliding, the limit of adhesion

between the wheel and the road must not be exceeded.

(39)

(40)
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

µh ≈ 1,0

Kurvenmittelpunkt

Bremse

1
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

Kurvenmittelpunkt

µh ≈ 0,5

Bremse
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Exercise 11: Brake in Cornering at different lateral and longitudinal acc.

Test Condition
• Constant Radius: 100 m
• Speed: 0 – max kph
• ay: 4, 6, 8 m/s²
• ay: 4, 6, 8 m/s²
SWA, ay , Yaw, Radius: steady state condition

Visualize:
• Steer.WhlAng, Car.v, Car.ay, Car.ax, 

Car.YawRate, Car.SideSlipAngle, DM.Brake
all signals vs. time

• tx vs. ty for path visualization
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Tire vertical characteristics: dynamic wheel load

Fz(t)

t

Fz,stat
Fz,dyn

The acting vertical tire force (wheel load) shall be composed of: 

• Static wheel load Fz,stat = constant (Gravity and vehicle mass).

• Dynamical wheel load Fz,dyn = f(t) (Relative motion of the body related to the ground).

Due to the elasticity of the rubber and the air in the tire, it comes to vertical defection. This leads 

to the formation of a contact area A between the road and tread - the tire contact area (foot print). 

About this all forces must to be transferred.

Influences to the effective foot print:

• Wheel load.

• Tire inflation pressure

• Tire construction.

• Tire dimension.

• Profile.

Sample:
245/40 R18, 2,2 bar, Fz = 4.700 N

• Brutto foot print ≈ 230 cm²

• Netto foot print ≈ 150 cm² 

140 mm

1
9

0
 m

m
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Exercise 12: Uneven Road

Test Condition
• Golf_GTD_Kempenich
• Speed: 80 kph
• Closed Loop

Visualize:
• Car.v, Car.Roll, Car.FzFL, Car.FzFR, Car.FzRL, 

Car.FzRR

1. Change & Analyze Tire Sensitivity:
1. Basic
2. Damper + 100%
3. Roll Bar + 100 %
4. Analyze Wheel Load difference and 

roll difference with curser
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Virtual and real K&C test benches in a modern development 

Parametrization Parametrization

Validation

Look-up Tables Look-up Tables

K&C Variants

Virtual K&C Test Bench
MBS-Model

Real K&C Test Bench
Sample ABD SPMM 5000

Steer Test

Roll Test

Side Force Test

Bounce Test

Accel. & Brake Test

K&C Variants
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Suspension – Kinematics & Compliance 
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Suspension – Kinematics & Compliance 

Track Width Change Toe ChangeChamber Change
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Kinematics & Compliance – Stroke or Bounce Test

Translation

Rotation
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Kinematics & Compliance  - Roll Test

Translation

Rotation
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Suspension – Kinematics & Compliance 

xM

yF

z

z

w

M
yF

inclination

side slip

0 ° 3 °

Vehicle Dynamics Rule No. 2:

Produce a harmonic foot print
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Suspension – Kinematics & Compliance 
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Exercise 13: Brake in Cornering at different lateral and longitudinal acc.

Test Condition
• Constant Radius: 100 m
• Speed: 0 – max kph
• ay: 4, 6, 8 m/s²
• ay: 4, 6, 8 m/s²
SWA, ay , Yaw, Radius: steady state condition

Visualize:
• Steer.WhlAng, Car.v, Car.ay, Car.ax, 

Car.YawRate, Car.SideSlipAngle, DM.Brake
all signals vs. time

• tx vs. ty for path visualization

Test Condition
• Constant Radius: 100 m
• Speed: 0 – max kph
• day: 0,2 m/s²/s
SWA, ay , Yaw, Radius: steady state condition

Visualize:
• Steer.WhlAng, Car.v, Car.ay, Car.Roll, 

Car.SideSlipAngle

1. Change & Analyze Kin Sensitivity:
a. Base
b. Toe In rear axle
c. Toe Out rear axle
d. Camber positive rear axle
e. Camber negative rear axle

2. Change & Analyze Com Sensitivity:
a. Base
b. Toe In rear axle
c. Toe Out rear axle
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Linear 2DOF kinematic model (bounce &steer) parameter 

Toe In (stroke)

Static Toe of axle alignment

Camber In (stroke)

Static Camber of axle alignment
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Linear compliance model parameters

Side Force Steer
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Steering system – Electrical Power Steer (EPS) EPS apa (axle parallel) 
dH, MH

Steering wheel

Steering column

Cardanic joint

Pinion

Steering Rack

Power Assist Module

ECU

Ball joint Bellows

Track rod

Moment and Angle 
Sensor

12

2

Permanent AC Motor with 
positioning sensor

Motor gear disc

Gear belt

Bolt circular gear box

Steer rack

1
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Steering system – Electrical Power Steer (EPS)

EPS Column 

EPS Dual Pinion

Power Assist Motor

ECU – Electronic Control Unit

Torsion bar and angle sensor
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EPS Steering Model and related parameter



Kempten University of Applied Sciences205 / 15.03.21

Bild durch Klicken auf Symbol hinzufügenChassis components and functions – steering

EPS Basic Functions

Boost Curve

Inertia 
Compensation

Yaw- / Steering
Damping

Active Return

Road Disturbance

Rack End Stop

+ Limiter
Assist

Steering 
Torque

Steering 
Angle

Steering 
Torque

Steering 
Speed

Steering 
Speed

Steering 
Angle
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EPS functions and test maneuver for validation

Yaw Damping

Boost Curve

Inertia Compensation

Active Return

EPS

Basic

Enhanced Features

Torque Overlay Interface

Pull/Drift Compensation

Park Assistance

Road Disturbance

Rack End Stop

Active Nibble Compensation

Lane Assistance

EPS-Functions Test Maneuver (sample)

Slowly Increase Steer (20 – 160kph

Sine Sweep (0 – 120 kph)

Sine Sweep/Step Steer  (0 – 120 kph)

Bending Curve

Uneven Road /Single Events

Steer at Standstill

Weave Test (40 – 120, 2,5 – 40°)

Parking Tests

Road Shake Test (uneven/even)

Lane Keeping Tests

µ-Split Test



Kempten University of Applied Sciences207 / 15.03.21

Bild durch Klicken auf Symbol hinzufügenChassis components and functions – steering

On-Center Steering Behavior

COMFORT

• Subjective: Steering Effort Center Point 

• Objective: SWT / SWA Effort at YawRate = 0

SAFETY

• Subjective: Straight running behavior 

• Objective: YawRate Response at SWT = 0

PULL DRIFT

dsy

SWT = Steering wheel torque            SWA = Steering wheel angle
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On-Center Handling Test - Weave (ISO 13674-1)

V = 60 – 80 – 100 – 120 – 140 - 160 km/h

Steer Input: Sine 0.2 +/- 10%

ay:  < 0.2 g 
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Steering On-Center Evaluation: On-Center Handling Test (ISO 13674)

Criteria: Stiffness Criteria: Steering Effort 
at Center Point

Comfort Criteria

Criteria: Steering 
Precision

Safety Criteria

Criteria: Steering 
Torque Build-up & 
Turn-in Feeling

Criteria: Straight Running Behavior = Drift
Saftey Criteria

Criteria: Steering Effort On-Center = Pull
Comfort Criteria
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Steering On-Center Evaluation: On-Center Handling Test (ISO 13674)

Basic Tire

Performance Tire

Golf 7 GTD 
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Exercise 14: On-Center Handling Test - Weave (ISO 13674-1)

Test Condition
• Speed: 80, 100, 120 kph
• Steer Input: Sine 0.2 Hz
• ay: 2 m/s²

Visualize:
• Steer.WhlAng, Steer.WhlTrq Car.ay, 

Car.YawRate
• Steer.WhlAng vs. Steer.WhlTrq
• Steer.WhlTrq vs. Car.YawRate

1. Change & Analyze Tire Sensitivity:
1. Basic Tire
2. Press Tire
3. Performance Tire

3. Change & Analyze Stabi Sensitivity:
1. Base with Basic Tire
2. Stabi front 2,0, Rear 0,5
3. Stabi front 0,5, Rear 2,0

2. Change & Analyze Inertia Sensitivity:
1. Base with Basic Tire
a. Damper front and rear *3
b. Damper front and rear *0,3
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Sample Function and Test: Catch-up during virtual vehicle test → Slalom
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Sample Function and Test: Pull-Drift Compensation (PDC)

PULL DRIFT

dsy

SWT = Steering wheel torque            SWA = Steering wheel angle

• The driver has to pull steering torque to drive 
straight ahead

• This steering torque is measured and 
automatically supported to reduce the drivers
effort  

• The vehicle is drift off the center line.  The 
vehicle response with a yaw rate

• The yaw rate is measured and a steering angle 
support is applied to reduce the yaw rate to 
zero. 

Control Steer

MH, Initial

MH, Compensation

MH, Initial

MH, Compensation

Free Steer


