The road to virtual vehicle
prototyping;

new CAE-models for accelerated

vehicle dynamics development

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de
Technische Universiteit Eindhoven, op gezag van de
Rector Magnificus, prof.dr. M. Rem, voor een
commissie aangewezen door het College voor
Promoties in het openbaar te verdedigen

op woensdag 15 november 2000 om 16.00 uur

- door

Pim van der Jagt

geboren te Rotterdam




i Contents

Acknowledgements

1 General Introduction

1.1 Product development processes for motor vehicles. . . . . . ... ..

1.2 CAE in the product design process . . . . . ... ... ... ..... 3

1.3 Future trends in automotive product development . ... ... ... 4

14 Researchprogram ... ......... .. ... . . ... ..., 6

1.5 References . . . . . . . . . . . e 7

2 Building a model 9
2.1 CAE-software for vehicle dynamics simulations . ... ... ... .. 9
2.2 Assembling a vehiclemodel . . ... ... ... ... ... 12
2.3 Component models and parameter measurements . . . . . ... ... 16
231 Springs . . ... e e e e 16

2.3.2 Shock absorber and McPherson strut . . . . . ... ...... 17

2.3.3 Bushings and elasticmounts . . ... ... ... ....... 19

2.3.4 Steering system . . . .. ... J S 22

235 Tires. . . . . . . e 23

2.3.6 Aerodynamic forces and moments . . ... ... ....... 44
2.3.7 Brake and drivelinemodel . . . . .. ... ... ... ..... 44
24 Conclusions . . . . . . ... L e e e 44
25 References . . . . . . . . . .. 45

3 CAE-model validation and optimization 49
3.1 Coordinate measuring machine . ... ... ... ... .. ...... 51
311 CMM machine overview . . . . . .. .. ... ... ...... 51

3.2 COG and Inertia measurement machines . .. ... ... ....... 53
3.2.1 Center of gravity measurement techniques . . . . . . ... .. 53

3.2.2 Moments of inertia measurements techniques . ... ... .. 59

3.3 Kinematics and compliance measurements . . . . . . ... .. .. ..




ey e

3.3.1 Kinematics and compliance measurement procedures . . . . .

3.3.2 Kinematic and compliance measurement results . . . . . ...

3.4 Model validation . . . . . . . . . . . . e e e

3.4.1 COG location and inertia properties . . . . ... .. ... ..
3.4.2 Geometry corrections based on CMM data . . ... ... ..
3.4.3 Geometry and main stiffness corrections based on kinematics
suspension testing . . . . . ... ... oL

3.4.4 Geometry corrections based on steering test results . . . . . .

3.4.5 Suspension compliance corrections . . . ... ... ... ...

35 Conclusions . . . . . . . .t it e e e

36 References . . . . . . . . . @ @ i i i i i e e e e

Steering and handling validation study

4.1 Vehicle dynamics test equipment . . ... ... ............

4.2 Standard test procedures . . . .. .. ... ...
4.2.1 Test procedure to determine signal offsets . . . .. ... ...
422 Constantradiustest . . ... ... ... ... .. ... ...
4.2.3 Low-G swept steer test procedure. . . . . ... .. ... ...
4.2.4 Frequency response test procedure . . . . ... .. ... ...
4.2.5 On-center steering test procedure . . . . .. .. .. ... ...
4.2.6 Parking effort test procedure . .. ... .. ... . ... ...

4.3 Dataanalysismethods . . . .. ... ... .. ... ... .......
4.3.1 Removingoutliers ... ... ... ... ... ...,
432 Numberofruns. ... ... ... .. ... ... ...,
4.3.3 Confidenceinterval . . . . . .. ... ... ... ... ... ..
434 Comparisonofresults . . ... ... ..............

44 Test Program . . . . . . . v v it e e e e
45 TestResults . . . . . . . . .. . i e e

451 Constantradiustest . ... .. .. .. ... ...
4.5.2 Frequency responsetest . . .. .. . .. ... ... ...
453 On-centertest . ... ... ...

454 Low-Gtest . ... .. .. ... ... e
4.5.5 Parkingefforttest . . ... ... .. ... ... ... ...
4.6 Conclusions . . . . . . . o i i it i e e e e
47 References . . . . . . v« o v i i it e e

Road surface correction of tire test data

5.1 Introduction. . . . . . . & . i i i i i i e e e e e e e e e e
5.2 Tire test results on different road surfaces . . . . . .. .. ... ...

5.3 Model correctior
5.4 The use of road
5.5 References . . .

6 New stationary tire
6.1 Introduction . .
6.2 Model theory .
6.3 Test program .

6.3.1 Results a1
6.3.2 Results ar
6.4 Simulations using
6.4.1 Influence (
6.4.2 Variation
6.5 Conclusions . . .
6.6 References . . . .

Conclusions

7.1 Vehicle Dynamics
7.2 Vehicle Dynamics
"7.3 Vehicle Dynamics
"7.4 Final conclusion

Magic Formula Tire
A.1 Lateral force equa
2 Longitudinal force
3 Self aligning torqu

esults from testing
1 Constant radius te
2  Frequency respons:
3 On-center test resy
Low-G test results
Steering effort test




5.3 Model correction based on measured vehicledata . . . . ... .. ..
5.4 'The use of road corrected F&M tiredata . .. ... .. ....... 124
5.5 References

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

New stationary tire model

6.1 Imtroduction . . .. .. ... .. .. ... ... 129
6.2 Modeltheory . .. ... .. . ... . . ... e 130
6.3 Testprogram . . . . .. . . . . . ... 135
6.3.1 Results and analysis of test procedure1 . .. .. ....... 136
6.3.2 Results and analysis of test procedure 2 . . . . ... ... .. 141
6.4 Simulations using the static tire model equations . . .. ... .. .. 147
6.4.1 Influence of tires on steeringefforts . . . . .. ... ... ... 149
6.4.2 Variation of rolling steering effort test results . . ... .. .. 151
6.5 Conclusions . . . ... ... ... . ... . e 153

6.6 References . . . . . . . . . . . . e

Conclusions

7.1 Vehicle Dynamics CAE process . . . . . . . ... .o vt 155
7.2 Vehicle Dynamics CAE capabilities . . . . ... ... ... ...... 157
7.3 Vehicle Dynamics Objective metrics . . . . .. ... ... .. .... 158

7.4 Final conclusion

Magic Formula Tire Model
A1l Lateral forceequations . . . . ... ... ... ... .. ... ..., 161
A2 Longitudinal force equations . . . . . .. .. ... ... ........ 162
A3 Self aligning torque equations . . . ... ........... e

Results from testing and simulations

B.1 Constant radiustestresults . . . . . .. ... . ... .. ... .... 164
B.2 Frequency responsetestresults . . ... ... ... .......... 165
B.3 On-centertestresults .. ... .. ... ... ... .u.ue... 166

Low-Gtestresults . ... ... .. ... ... ... ..o



