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Vehicle Dynamics and Vehicle Testing.

Vehicle Technology SS 21
Lecture 3
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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



Kempten University of Applied Sciences107 / 09.06.20

Bild durch Klicken auf Symbol hinzufügenVehicle Dynamics Attribute Evaluation

Exercise 3: Lateral Dynamics: Stationary 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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Evaluation structure and cause and effect chain

Vehicle Properties

Drivability

Handling

Ride Comfort

Emission

Safety

Ergonomic

Styling

Cost of Ownership

Weight

Environment

Acceleration

Straight Running

Braking

Steering

Cornering

Subjective Criteria 
Level 1

Understeering beh.

Power-off reaction

Tracking stability

Controllability at limit

Absolute roll angle

Subjective Criteria 
Level 2

Rolling behavior

Self steering during 
cornering

Quality

Steady Circular Driving

Power Off

Driving Maneuver

Sine Steer

-
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Most important maneuver: “ISO 4138 - Steady State Circular Driving”

In the present experiment is right- and handed

circle driving with the constant radius of 100 m.

The tests are run in low gear two and three, with a

step size of 1.0 m/s² lateral acceleration of 1 m/s²

are set to the lateral limit. During the steady state

test phase the steering wheel angle and gas pedal

position shall keep constant. In each lateral

acceleration stage, the stationary conditions must

be maintained over the measurement period of 3

seconds, three times are carried out to

demonstrate the repeatability and determination of

averages.

The measurement results (steering angle, sideslip angle, roll angle, toe angle, camber angle, ect.) are usually applied

versus the lateral acceleration. The tire temperature should be recorded for tire stress indication, particularly when at high

lateral accelerations should be applied over longer times. Otherwise, the tire must be cooled between test runs to ensure

comparable conditions. Alternatively, the test can be driven in quasi-stationary circle driving, there the lateral acceleration

will smoothly increased. The lateral acceleration change shall not exceed 0.2 m/s²/s.
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Two ways to conduct “ISO 4138 - Steady State Circular Driving”
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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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The progress of the steering wheel angle is an important criterion for the self-steering behavior of the vehicle. 

• Its increase with increasing lateral acceleration is an indicative of understeering behavior. For reasons of stability 

and safety feeling of the driver an understeering shall be aspired. 

• Achieving the limit zone with correspondingly large lateral acceleration shall signaled by sharply increasing steering 

angle. 

• Thus, also a large decrease in the steering wheel torque is usually associated. 

• The signals of drift and roll angle are parameters for comfort and safety. 

• Oversteer behavior is no longer practical for modern vehicles.

• Important is the tuning philosophy: How far the gradients of yaw rate and steering angle approaches the critical speed. 

This is the condition there the vehicle is most sensitive to steering inputs – from slow to agile.

Target quantities and characteristic values:

• Steer characteristics (Steer angle = f(Ay))

• Roll stiffness

• Maximum lateral acceleration

• Ackermann angle

• Maximum side slip angle on the front axle

• Understeer gradient in the linear range

• Steering torque/effort
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Exercise 3: Typical evaluation graph “Steady State Circular Driving”

Basic Tire

Press Tire

Performance Tire

Golf 7 GTD 
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Typical evaluation criteria for steering angle demand behavior

Ay max
Performance

Understeer Gradient - EG0,4g

Agility

Ackermann SWA
Comfort

EG75%

(20)

EG95%
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Understeer and oversteer definition

Ackermann

𝜶𝑭𝑨 − 𝜶𝑹𝑨 > 0

𝜶𝑭𝑨 − 𝜶𝑹𝑨 < 0

𝜶𝑭𝑨 − 𝜶𝑹𝑨 = 0

Self-Steering Behavior
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Understeer and oversteer behavior of sporty vehicle benchmarking
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Typical evaluation criteria steering torque effort behavior based on

sporty vehicle benchmarking

Boxberg
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Steady state circular driving 

Benchmark Data Sedan Vehicles 

SWT max
Comfort

Ay rel at SWT 
Safety

Safety Magin

VW Golf 5

Opel Astra

BMW 1er

Audi A3

Toyota Auris
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Typical evaluation criteria roll and drift behavior
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Typical evaluation criteria for yaw gain

Yaw Gain Max
Agility

𝑌𝑎𝑤 𝐺𝑎𝑖𝑛 =
ሶ𝜓

𝛿𝐻
[1/s]



Kempten University of Applied Sciences120 / 09.06.20

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

Exercise 6: Steady State Circular Driving

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 Load Sensitivity:
a. Base with 200 kg at CoG (basic tire)
b. 200 kg rear axle
c. 200 kg front axle
d. Vehicle roof mass 200 kg

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

4. Change & Analyze Camber Sensitivity:
1. Base with Basic Tire
2. Camber front STD, rear +3

Eval Car.CRL.rx_ext=0.0523, Eval Car.CRR.rx_ext=-0.0523

3. Camber front +3, rear STD
Eval Car.CFL.rx_ext=0.0523, Eval Car.CFR.rx_ext=-0.0523
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Exercise 6: KPI – Summery Steady State Circular Driving

Basic Tire Press Tire Performance Tire
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Model Parameter Check to check & compare component behavior 

CarMaker 3.0pre11

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

T_TaMeTire
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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)

Note: Tire load are neglectable  
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Understeer behavior with wheel load distribution of 100 kg

100 kg x=2000

100 kg x=4000

100 kg x=0

Golf 7 GTD
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Typical evaluation criteria for yaw gain

Basic Tire

Press Tire

Performance Tire

Golf 7 GTD
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Typical evaluation criteria for yaw gain

100 kg x=2000

100 kg x=4000

100 kg x=0

Golf 7 GTD
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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
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Option: Slowly increase steer test (SIS) and an identifying maneuver

V = 100 km/h Advantages:
• Smaller test track size
• Less time consumption 
• Less tire wear
• Better tire conditions

SWA at 4m/s² used for steering angle identification
• Step steer (4m/s²)

• Sine steer (4m/s²)

• Sine with Dwell (3m/s²)

• …

dH = >13,5°/s
.
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Option: Slowly increase steer test (SIS) and an identifying maneuver

Basic Tire

Press Tire

Performance Tire

Golf 7 GTD 
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Lateral forces front left & right and rear left & right 

Basic Tire

Press Tire

Performance Tire

Golf 7 GTD
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Lateral axle forces front & rear with side slip stiffness

Basic Tire

Press Tire

Performance Tire

Golf 7 GTD 
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KPI – Summery Slowly increase steer test
Basic Tire Press Tire Performance Tire



Kempten University of Applied Sciences134 / 09.06.20

Bild durch Klicken auf Symbol hinzufügenVehicle Dynamics Attribute Evaluation

Lateral Dynamics: 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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Lateral response tests to evaluate transient behavior

Frequency Domain:
- Step Steer
- Stochastic Steer Input
- Triangle Impulse
- Sine Steer (continuous cycles, sweep)

Time Domain:
- Step Steer
- Sinus Steer (one cycle)
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Lateral response tests to evaluate transient behavior with “Step Steer”

V = 100 km/h

ay:  0.4 g 

dH ~ 200°/s
.

t0
Advantages:
• Short test
• Test track space
Disadvantages:
• Reproducibility
• Test track inclination
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Slowly increase steer test (SIS) an option for steady state circular driving and 
identify maneuver parameter

SWA at 
4m/s² 

SWA at 
3m/s² 

V= 80/100 kph constant SWA Gradient < 13,5°/s

SWA at 4m/s² used for steering angle identification
• Step steer (4m/s²)

• Sine steer (4m/s²)

• Sine with Dwell (3m/s²)

• …
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Lateral response tests to evaluate transient behavior – ISO 7401

1. steering wheel input

2. vehicle response motion

3. steady state

4. 90 % steady state

5. 50 % level

A. Response time

B. Peak response time

Key
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Lateral response tests to evaluate transient behavior

Basic Tire

Press Tire

Performance Tire

Golf 7 GTD 
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Lateral response tests to evaluate transient behavior

Basic Tire

Press Tire

Performance Tire

Golf 7 GTD 
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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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Frequency response test (Sine Sweep) to evaluate transient behavior

V = 100 km/h

Steer Input: Sine 0.2 – 4 Hz

ay:  0.4 g 

Issues:
• Test track space
• Vehicle Drift
• Test track inclination
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Frequency response test to evaluate transient behavior
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Bode Diagram: Amplitude Gain

Project: TME Research Study

Vehicle: Auris_Suspension.car

Test: Sinus Sw eep 0.2-3Hz

Date: 2011/05/04
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Bode Diagram: Yaw Rate Phase

Project: TME Research Study

Vehicle: VW_Golf_Reference

Test: Sinus Sw eep

Date: 2011/05/03
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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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Bode Diagram: Amplitude Gain

Basic Tire

Performance Tire

Golf 7 GTD 
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Bode Diagram: Roll Gain

Basic Tire

Performance Tire

Golf 7 GTD 
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Create a test plan with realistic parameter ranges
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Variant 1 +

Variant 2 -

Variant 3 +

Variant 4 -
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Variant 6 -

Variant n +

Parameter Response Sensitivity

2. Identify the linear sensitivity 

of different parameters.

3. Define the unit of the 

sensitivities.

4. Define total equation by 

approximation.

5. Find a solution for the given 

target.
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Exercise 10: Vehicle Data Set Generator

von Reifenflanke 
abgelesen, der Luftdruck 

von VA und HA wurde 
nicht angepasst

Aus technischen Daten 
übernommen [2]

Fahrzeugklassenein-
stufung nach [4]

Aus technischen Daten 
übernommen [2]

Aus 
Pressemitteilung [5]

Im Fahrzeug 
abgeschätzt: ca. 3 

volle Umdrehungen 
von ganz Links nach 

ganz rechts -> 
1080°/2 = 540°


