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Chapter 1 

General Introduction 

Modern motor vehicles are considered to be the most optimized industrial products 

in the marketplace. Customers expect, even from vehicles in the low-end market 

segment, good performance in all vehicle attributes. In addition to customer de

mands, the automotive industry has to comply with a lot of legal requirements 

regarding safety, emissions, and recycling. The vehicles on the market fulfill all 

these requirements, but fierce competition and over-capacity in the automotive in

dustry mandate constant innovation. The areas of the vehicle development process 

identified for large improvement programs in the near future are: 

• Better performance trade-off between such vehicle aspects as ride, handling, 

noise, safety, aerodynamics, packaging etc. 

• Shorter and less expensive product development cycles. 

• Mass customization. Customer analyses show that there is a growing interest 

in niche and limited edition vehicles. The current production processes don't 

allow cost effective production of vehicles in series of less than 100,000. Mass 

customization will enable smaller series through the use of a modularly built 

vehicle. 

Computer Aided Engineering (CAE) will be the key enabling technology to achieve 

these improvements. 

1 
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1.1 Product development processes for motor ve

hicles 

Historically the product development process called for senior management and 

product planning to initiate a new product. Product planners created a program 

target book, which was then passed on to engineering. Based on the program target 

book, engineering designed and built the first prototype. A traditional vehicle devel

opment program would normally take five to six years and during this period there 

would be approximately six to seven separate phases of hardware prototype builds. 

The lead-time for building new prototypes was very long and often it was necessary 

to supply the specifications for the new prototypes even before the preceding series 

of prototypes had been thoroughly tested and analyzed. Consequently, the next 

phase of prototypes was built using components/systems with known deficiencies 

and often significant company resources were spent on conducting tests on these 

non-representative prototypes. Other issues with the classical vehicle development 

process are: 

• The first series of prototypes were essentially hand built costing hundreds of 

thousands of dollars each. 

• The development engineers were spending too much time on specifying and 

arranging parts for the new series of prototypes rather than optimizing the 

design. 

• Every vehicle specialism was working with its own prototypes to optimize the 

design. Very often this would result in design conflicts between the different 

specialisms, which would only become apparent two prototype stages later. It 

was possible that this trade-off between the design aspects had not been solved 

by the time the vehicle went into production, resulting in a non- preferred 

solution for one or more of these aspects and potential call-back problems. 

In short, the traditional hardware development process was a very expensive, ineffi

cient, and time-consuming process. An example of the last vehicle program carried 

out according to this outdated process at Ford Motor Company was the 1993 Mon

deo. The development of this vehicle took six years and cost over $6 billion. To 

reduce costs and shorten the development time more emphasis was put on CAE to 

reduce the number of prototype builds. 

1.2. CAE IN THE PRODUCT DESIGN PROCESS 3 

1.2 CAE in the product design process 

In the beginning CAE was viewed as supplemental to the vehicle development pro

cess. CAE was often seen as a means to augment test data, and in some cases used 

as a last resort to solve production problems. Lack of acceptance was partly due 

to cultural resistance and partly to capability limitations. CAE has always been 

dependent on enabling technologies. Both computer hardware and software con

straints determined the size of simulation models and types of analysis that could 

be run within a given time frame. If CAE could not deliver the required analy

sis within the time frame required by the vehicle development program, it was of 

limited value. CAE technology developers were challenged to develop tools and 

methods that could deliver accurate results on complex vehicle models within time 

frames that would enable the vehicle program team to use CAE in their decision 

making process. 

In ten years time significant improvements have been accomplished in the three 

main enabling technologies of CAE, a) computer processing b) CAE software and 

c) CAE quality [Visintainer, 1997]. The greatest improvements over the last ten 

years have come from the enhanced performance of the CAE hardware. Over ten 

years the maximum CPU performance has increased from about 1,000 Mflops to 

58,000 MFlops and the price performance from 17,000 $ /Mflop to 600 $ /MFlop. 

New computers are now equipped with significantly more memory and storage ca

pacity, which means that bigger and more sophisticated models can be run on these 

machines. 

Along with improvements in computer hardware, CAE software has also been en

hanced through reductions in analysis time and the capability to solve complex 

problems. MSC/NASTRAN, the largest Finite Element Analysis (FEA) code devel

oper, indicates that there have been comprehensive improvements in FEA software 

that account for over a 40% improvement in the past five years. These improve

ments result from enhancements in the methods used for numerical solvers as well 

as improved memory utilization 

Improvements in both hardware and software have not only reduced the turn around 

time for a given analysis, they have made it possible to use larger models and more 

sophisticated analysis methods. In all major vehicle attributes good modeling tech

niques are available to support the vehicle design process. Sophisticated FEA is 

used for Crash worthiness and Noise-Vibration-Harshness (NVH) studies. Compu

tational Flow dynamics (CFD) for aerodynamic studies, wind noise and climatic 

analysis. Boundary Element Models (BEM) are used for airborne noise studies and 

Multi-Body Analysis for vehicle dynamics and occupant studies. All these analy-
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sis methods have been developed and further refined by the CAE experts of the 

different vehicle attributes. 

The main driver for all the investments in CAE hard and software is the assumption 

that in the future CAE will significantly reduce the costs and the time to develop 

a new vehicle platform. The studies performed by these expert groups have shown 

that the CAE modeling techniques have matured to a level where their capabilities 

can be valuable for the vehicle design process and significantly reduce the amount 

of physical testing. For the vehicle development programs to make maximal use of 

the CAE capabilities it is necessary that CAE analysis becomes an integral part of 

the design process. To enable transformation from a mainly testing based design 

process to a CAE driven design process a number of additional improvements to 

the CAE process are necessary. 

1.3 Future trends in automotive product develop

ment 

A CAE based product development system that eliminates the need for prototypes 

completely is the long-term objective. When this goal is achieved, the whole vehicle 

will be designed using virtual prototypes and digital bucks (a computer generated 

full-vehicle prototype), and even the manufacturing process will be developed us

ing the virtual factory. The first step towards this completely CAE driven design 

process is to transfer the CAE methods and applications from the hands of the 

CAE analysts to the mainstream vehicle design process. To enforce this trans

fer the "Ford Product Development System" (FPDS) was completely re-written to 

fully integrate CAE into the process. The Ford Product Development System is a 

business process for product development. This process gives the exact timing for 

the different milestones in the vehicle development process. These milestones are, 

e.g. the moment when certain design parameters like body hard points get frozen .or 

when a new level of prototypes is built. The process was re-written so that certain 

decisions in the program must be supported by CAE results in addition to or as a 

substitute for physical test data. Besides entering all these CAE supported mile

stones to the program, the number of prototype builds is greatly reduced. Due to 

this reduction in prototype numbers some critical design decisions can now only be 

made based on analytical results. 

To enable the product development people to meet the CAE gateways as given in 

FPDS, it is necessary that all the CAE programs of the different vehicle aspects 

are user friendly and that all the necessary design information needed for these 

1.3. FUTURE TRENDS IN AUTOMOTIVE PRODUCT DEVELOPMENT 5 

programs can be obtained and updated with minimal effort. To ease access to CAE 

technologies Ford has initiated C3P, a five year development project costing $200 

million. [Ward's, 1996, 1998]. Called one of the world's largest and most com

prehensive product data management (PDM) implementations, Ford's C3P system 

manages engineering data, coordinates workflow, and helps widely dispersed divi

sions, facilities, groups of Ford, and supplier companies to be able to collaborate 

in designing and engineering vehicles. The acronym combines the three "Cs" of 

computer-aided design, computer-aided manufacturing and computer-aided engi

neering (CAD/CAM/CAE) with yet another acronym: product information man

agement (PIM). Designed to be a new, easy-to-use technology it is a single system 

for designing, simulating, testing, and optimizing vehicle manufacturing electron

ically, long before physical prototypes are constructed. The emphasis in the C3P 

program is not so much on the "C3" part as it is on the "P" the product information 

management. For this reason SDRC (Structural Dynamics Research Cooperation, 

Milford-Ohio) was selected as core software supplier for the C3P program. SDRC's 

sub-division Metaphase Technology delivers one of the most powerful data manage

ment systems of any of the CAD/CAM/CAE providers. Each new vehicle devel

oped, including the information needed to build it, involves 3 to 4 million gigabytes 

of data. So designing a typical car would be the equivalent of loading about 58 

million copies of Windows 95 or a stack A4 paper with text of 200.000 km. The 

C3P program was started in 1996 and at this moment 3600 Ford employees and 

100 automotive suppliers have been trained in using the new software. Currently 

about 16 vehicle programs are implementing this new technology and the first ve

hicle developed deploying this new technology will go to market in 2001. When 

the program is fully implemented the following gains are expected to be realized 

through C3P: 

• Engineering efficiency increase of 30 to 40%. Reasons include solid modeling 

and the ability to remodel quickly. This can translate into program savings 

on the order of $10-million to $100 million. 

• Prototype cost reduction of 40 to 50%. If the test can be done digitally you 

can save on the physical models. Several hundred of prototypes were build 

costing around $ 200.000 each. 

• Investment efficiency improvement of 20 to 30%. For every new vehicle al

most all production equipment is replaced. An objective is to reuse existing 

equipment, so by having the asset base on line, it will be easier to know what's 

available and to design for existing equipment. The tooling cost for an average 

program are in the order 1 to 2 billion dollars per new vehicle. 
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• Reduction in late changes by 50%. Catching things early means late, expensive 

changes are avoided. Estimated savings of hundreds of millions. 

• Program timing of 24 months or less. With the strong competition and over

capacity in the industry, the time to market for new models is critical for 

survival. 

It is clear that once this program is fully implemented it will supply the perfect 

framework for a complete integration of CAE into the vehicle development process. 

1.4 Etesearch program 

It is clear that C3P, once completed, supplies the framework for a CAE based 

product development process. The topic of this thesis is to investigate if the CAE 

process in the specialism of vehicle dynamics is ready to make the transition to 

this new CAE based product development process. If during this investigation 

some areas of the process are identified as being not ready to make this transition, 

they will be improved to ensure vehicle dynamics CAE does not delay the imple

mentation of a CAE driven vehicle development process. 

Vehicle dynamics is one of the core aspects of the vehicle and it determines the 

steering, handling and ride performance of a vehicle. The performance of a vehicle 

in these areas is very subjective and due to that very difficult to quantify with 

measurable parameters. Only recently were Ford engineers [Van Gorder, 1999] able 

to develop a set of objective test procedures, which give a good correlation with 

the subjective assessment of expert vehicle evaluators. 

To make an assessment of the current vehicle dynamics CAE capabilities the fol

lowing areas had to be investigated: 

• Assess the current CAE software used for vehicle dynamics simulation (Chap

ter 2). The software needs to provide an environment that allows building and 

analyzing full-vehicle simulation models with minimum effort. The simulation 

post-processing should deliver reports, which can be directly compared with 

reports from physical testing. 

• Investigate the complexity of the sub-system models and the procedures for 

obtaining data for these models (Chapter 2). It will be shown that the way in 

which the component and system parameters are obtained is critical for the 

quality of the CAE model. For this reason guidelines had to be established 
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for the test procedures to measure the data for the component models, which 

guarantee that the data from different sources (suppliers) is compatible. 

• Analyze the process and establish procedures for validating the computer sim

ulation models with existing prototype vehicles (Chapter 3). It is important 

to make guarantee that the models correspond the last level of physical pro

totypes. This enables the use of the model to guide the physical modifications 

for the next generation of prototypes. The validation is carried out based on 

laboratory testing of the vehicles mass, geometry and elasto- kinematics. 

• Investigate if the full vehicle simulation results give the same assessment of 

the vehicle's performance as the subjective testing results (Chapter 4). If 

deviations between the results is found the CAE models need to be improved 

until the models are able to eliminate or significantly reduce the amount of 

physical testing needed in a development program (Chapter 5 and 6). 

1. 5 Eteferences 
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and Simulation 1999, SP-1445 

[2] Visintainer, R.H., Watts, D.E., Dohadwala, S., Rohweder, D.S., Lee, P.J. 
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and Their Application to Vehicle Design, Proceedings of the 1997 International 

Truck and Bus Meeting and exposition, 17-19 November 1997, Cleveland, 

USA, SAE Special Publications v1310 

[3] Ward's Automotive International, Computer Systems Connect Ford Around 

the World, October 1996, v 11 n 20 p 7 

[4] Ward's Automotive International, Ford's C3P on Schedule, July 1998, v 34 n 

7 p 101 
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Chapter 2 

Building a model for vehicle 

dynamics simulations 

This chapter investigates the process of building a full vehicle model for vehicle 

dynamics simulations. In the first part of this chapter an analysis is made of the 

software used to assemble and execute a computer simulation model and to post

process the simulation results. In the second part of this chapter the component 

models and the procedures to measure the parameters for these component models 

are evaluated. It will be shown that the use of the correct component parameter 

measurement procedures is critical to build accurate vehicle dynamics simulation 

models. 

2.1 CAE-software for vehicle dynamics simula

tions 

The simulation software for vehicle dynamics studies is normally based on the Multi

Body analysis (MBA) principle. This means that the models are defined as a set 

of rigid bodies and constraints defined to restrict the relative motion between these 

bodies. A general-purpose three-dimensional program would need to include, at 

least the following: 

• A full set of predefined constraints or joints such as revolute, transitional, 

cylindrical, spherical, cardan, etc. 

• A full complement of force elements such as springs, dampers, bushings, con

tact forces, frictional forces, tire forces, etc. 

9 
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There are currently a number of commercial programs available that fulfill these 

needs. Ford has standardized worldwide on the simulation package ADAMS from 

Mechanical Dynamics Inc .. This software is used by 95% of the auto makers for 

their vehicle dynamics simulations. 

Body 

Figure 2.1: System level vehicle model 

For vehicle dynamics steering and handling simulations, the subject matter of this 

thesis, two types of models are used. 

1. The "System Level Vehicle Model": For the system-level or parametric 

approach to vehicle modeling there is no need to know all the detailed com

ponent information needed for the traditional CAE component based models. 

These system level vehicle models focus on the kinematics and compliant 

relationships between certain vehicle parts. For example, a vehicle's front tire 

will toe out or in during vertical wheel travel in a measurable way. Similar 

toe change effects will come from the forces acting on the tire. To get the 

total toe of the tire relative to the vehicle body, all the effects are added up. 

Figure 2.1 shows an illustration of how an idealized parametric model is built 

up. The different characteristics that describe the kinematics and compliance 

relationships can be measured from an existing vehicle using a kinematics 

and compliance test machine (see Chapter 3) or they can be chosen arbitrarily. 
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This type of model is only used for the initial target setting in a vehicle 

program and to study general trends. These models lack the desired accuracy 

due to the fact that all the kinematics and compliance effects are added only 

in a linear fashion. 

2. The "Component Level Vehicle Model": This model describes all the suspen

sion and steering system components in great detail, while the rest of the 

vehicle is normally modeled as two rigid bodies (one for the main body and 

one for the engine). Not all components are modeled as rigid bodies, many 

MBA software packages allow a representation of parts as flexible bodies. This 

option is often used to model sub-frames or the ladder-type frame of a truck. 

In the past building a component type model in Adams was the job of a handful 

of expert analysts. Experience is needed to make the connections between the 

different rigid bodies and also for selecting the correct parameters of the variable step 

integrator. To make the models accessible to a larger group of vehicle development 

engineers a Ford proprietary custom pre- and postprocessor called "ADAMS/Pre" 

[Mechanical Dynamics Inc., 1999] was developed. 

In the ADAMS/Pre environment one can construct a model by loading four tem

plate files, i.e. the body, the front suspension, rear suspension and steering system 

template. These template files are created by the CAE experts. Template files 

exist for all Ford suspension and steering system types (currently 8 front, 16 rear 

suspensions and 4 steering systems). A template file for a sub-system is divided 

into sub-sections that can be edited independently. For a front suspension template 

these sub-sections will normally be geometry points, mass and inertia properties, 

joints and bushings and springs and dampers. Clicking on one of the sub-sections 

will display a graphical input screen where certain parameters can be modified. 

In addition to entering and modifying the model information one can select the 

simulated test event to be executed. Examples of these events are Constant Ra

dius, Straight Line Braking, Lane-Change, etc. At this moment about twenty-five 

standard events are available. After entering the correct vehicle information and 

selecting an event one can execute a simulation or first create multiple events (like 

different maneuvers or different suspension settings), add them to a list and execute 

all selected events in a single run. 

In addition to creating multiple runs by hand the users can select to perform a 

Design of Experiment (DOE) study [Montgomery, 1991]. In these studies the user 

selects a set of parameters like mass, geometry or stiffness parameters that will be 

varied between an upper and lower bound. The software will perform a limited 
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number of sensitivity runs to check the sensitivity of the vehicle's response for the 

selected parameters. Based on these results the program will design an experiment 

that can involve as much as a thousand simulation runs. From the results of these 

simulations the program derives measurable engineering responses such as peak 

acceleration, response time, or average velocity. The responses that the analyst is 

usually most interested in are the ones included in the set of system and sub-system 

targets that the design must meet. The purpose of running a DOE is to develop 

an empirical model of the system using response surface methods. This response 

surface gives a mathematical relation between the vehicle response and the selected 

parameters. If the expected value of the system response R depends on the setting 

of factors !I, h, h, ... , f n, the generalized form of the response surface equation is: 

R=G(h,h,!J, ... ,fn) (2.1) 

Generally, the relationship between the factors and the response is assumed to be 

a polynomial form: 

(2.2) 

Figure 2.2 shows a visual representation of a response surface equation. These plots 

are effective tools to help engineers understand the vehicle sensitivity for parameter 

variations and the interaction between the parameters. 

In addition to the graphical representation the program will export the response 

surface equation in a Microsoft Excel format. This enables designers to take the re

sponse surface equation to design review meetings on a laptop computer and during 

the review comment on proposed design changes. To fit the response surface equa

tions is one of the post-processing features of ADAMS/Pre. Other post- processing 

options are a graphical representation of the results, an animation of the maneuver 

or a text based report. All these features make ADAMS/Pre a very sophisticated 

and easy-to-use software tool for vehicle dynamics simulations. 

2.2 Assembling a vehicle model for vehicle dynam

ics studies 

The vehicle used for this study is a 1996 Ford Mondeo 5-door hatchback. This vehi

cle has a McPherson type front suspension (Figure 2.3) and a Quadralink rear 

suspension (Figure 2.4). By loading the correct sub-system template files into 

ADAMS/Pre one can assemble a vehicle model. 
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Figure 2.2: Graphical representation of response surface equation 

The four templates contain the following rigid parts (see Figures 2.3 and 2.4): 
Body Front Suspension Rear Suspension Steering System 

Vehicle body Control arm Front control arm Tie rod 

Engine 

Passengers 

Cargo 

Spindle Rear control arm Gear housing 

Stabilizer bar Tie rod Rack 

Stabilizer bar link Spindle Pinion 

Tire and wheel 

Subframe 

Strut upper part 

Strut lower part 

Stabilizer bar Steering input shaft 

Stabilizer bar link Lower !-shaft 

Tire and wheel Upper !-shaft 

Cross member 

Strut upper part 

Strut lower part 

Steering column 

Steering wheel 
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The parts are connected together by means of different joint types. For every 

connection one of the following joint types can be selected: 
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1) Me Pherson Strut 
2) Cast Knuckle bolted to the Strut 
3) Pressed Steel Control Arm 
5) Stabiliser Bar 
6)Subframe 
7) Rubber Bushing- Front 
8) Rubber Bushing- Rear 

Figure 2.3: McPherson front suspension of Ford Mondeo 

• Fixed Joint 

• Spherical Joint 

• Revolute Joint 

• Free 

• Linear Bushing 

• Non-Linear bushing 

• Non-Linear bushing with hysteresis 

A fixed joint means that two parts get rigidly connected and effectively become one 

part. This type of joint can for example be used in the case that a vehicle does not 

have a subframe, then one can simply connect the subframe to the body with this 

fixed joint. In the steering system model most joints are pre-selected and cannot 

be changed by the user. The only connection that can be freely selected is the rack 

housing mount. In the vehicle used for this study the rack housing is attached to 

the vehicle body by two linear bushings. The other joints for the steering systems 

are: 
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1) Wleel Housing 
2) Top Spring Strut Mount 
3) Spring Strut 
4) Solenoid Valve for Adaptive Damping 
5) Rear Suspension Cross Member 
6) Eccentric Bo~ for Track Adjustment 
7) Stabiliser Bar 
8) Stabiliser Bar Connecting Rod 
9) Front Control Arm 
1 0) Rear Control Arm 
11) Knuckle 
12)ABS Wleel Sensor 
13)Tie Rod 
14) Brake Carrier Plate 
15) Bearing and Wheel Hub 
16) Wleel Hub Nut 
17) Gease Cap 
18) Brake Drum 
19) Mount for Tie Rod 

Figure 2.4: Quadralink rear suspension of Ford Mondeo 

• Steering Wheel to Column -

• Column to body -

• Column to Upper !-shaft -

• Upper to Lower !-shaft -

• Lower !-shaft to steering input shaft -

• Input shaft to pinion -

• Pinion to rack housing -

• Rack to pinion 

• Rack to rack housing -

• Rack to tie rods -

Fixed joint 

Revolute joint 

Universal joint 

Universal joint 

Universal joint 

Linear spring/ damper 

Revolute joint 

Rack&Pinion gear 

Translational joint 

Spherical joint 
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Using the four templates sub-system template files and the geometry and mass 

information from CAD data the users are able to assemble the complete model. The 
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only additional information needed are the parameters for the individual suspension 

components. 

2.3 Component models and parameter measure

ments 

In this paragraph the complexity of the different component models and the mea

surements needed to derive the parameters for these models will be investigated. 

The following component models will be discussed: 

• Springs 

• Shock absorbers and struts 

• Bushings and elastic mounts 

• Steering system 

• Tires 

• Brakes and drivetrain 

• Aerodynamic forces 

2.3.1 Springs 

The main coil springs in the model are modeled as a simple linear spring rate. 

Some manufacturers use progressive springs to increase the spring rate at higher 

loading conditions. If the spring is non-linear, a cubic spline interpolation between 

the points of a look-up table is used to describe its characteristics. In the vehicle 

used for this investigation a polyurethane (PU) assist spring (Figure 2.5) is used 

instead of a non- linear spring. This element adds the progressive effect to the main 

spring and also works as the bump stop at the end of the travel. A PU assist spring 

must be mounted on a strut or shock, because it needs the lateral support from the 

piston rod. The characteristic of this assist spring is very non-linear and a cubic

spline representation is used to enter its characteristic into the vehicle model. The 

third and last spring on a single wheel is the rebound stop. This is the mechanical 

stop that softens the force transition and the limit of extension travel of a shock or 

strut. This characteristic is entered either as a table or as a very stiff spring. In 

our vehicle model all springs are put in parallel instead of combining them into one 

characteristic. This makes it easier to perform single component optimization with 

the CAE models. 
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Figure 2.5: Polyurethane assist springs 

The main spring characteristic is determined by measuring the relation between 

displacement and force. For springs that are mounted on a strut or shock absorber 

it is advisable to test the spring removed from the assembly, especially in the case 

of a McPherson strut where the spring is normally mounted under an angle of 10 

to 15 degrees relative to the strut main axis to reduce the bending moment in the 

strut. The parameters needed in the model of the McPherson strut are the measured 

spring rate and the two points specifying the centerline of the spring. With these 

parameters the model will calculate the force along the strut axis as well as the 

bending moment on the strut. The characteristics of the assist spring and bump 

stop are normally measured by their respective suppliers. During testing of these 

components it is critical that there is a lateral support from the piston rod, to avoid 

bending in a lateral direction. 

2.3.2 Shock absorber and McPherson strut 

For shock absorbers two models with different complexity are available. The simple 

model uses a cubic spline to describe the force-velocity curve (Figure 2.6). In 

addition to the force velocity curves, the static forces for the coulomb friction and 

the gas pressure are added. This model is accurate enough for all steering and 

handling simulations below 5 Hz. For higher frequency simulations, as needed for 

ride & comfort assessment, a more complex model is used, which takes the fluid 

compression and valve flow characteristics into account. This physical model was 



18 CHAPTER 2. BUILDING A MODEL 

developed by Monroe in their European Technical Center in Belgium [Duym, 1997]. 

This model performs very well in ride simulations. 

To measure the shock absorber-velocity curves a standard 25kN Schenck Dy

namometer is used, which excites the shock absorber with a constant frequency 

sinusoidal displacement signal. The frequency of the sinusoidal displacement is in

creased in about ten steps to generate maximum velocities ranging from 0.04 to 

1.5 m/s. The amplitude is about half the maximum stroke of the shock absorber. 

The output of such a measurement is displayed in Figure 2.6. To derive the force 

velocity curve from these measurements the force level at zero displacement is used. 

At this point the acceleration equals zero and it is not necessary to compensate for 
the shock absorber's moving masses. 
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Figure 2.6: Example of shock absorber measurement 
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The Coulomb friction and gas pressure force are derived by applying a force to the 

shock absorber at a very slow rate [Dixon, 1999]. The static force both in rebound 

and compression for different shock absorber positions is measured and the Coulomb 

and gas pressure force are determined using the following equation: 

1 
2(Fsc + Fse) (2.3) 

1 
2(Fsc- Fse) (2.4) 

in which F9 denotes the gas pressure force, Ft is the coulomb friction force and F sc, 
Fs e are the compression and extension static forces. The Coulomb friction is mod-

eled as a constant and the gas pressure force as a linear function of the displacement. 
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During the shock absorber measurements the temperature of the housing is 

measured and a very tight specification is maintained for the temperature during 

the test. In addition to the temperature control there is a requirement that the 

shock absorber should not be brand new but must be properly run-in. Shock 

absorbers are pre-conditioned by putting them on vehicle and driving them for at 

least one thousand kilometers on public roads. This requirement comes from the 

knowledge that a new shock absorber has a significantly higher friction level then 

a used one. After a certain mileage the friction level will level off. 

Measuring the parameters for the complex shock absorber model is significantly 

more complicated then for the simple model. The geometric data is collected either 

by disassembling the shock absorber or extracting directly from the supplier's 

CAD drawings. The other parameters are obtained by measuring the valve 

characteristics on a flow bench. The coulomb friction and gas pressure force needed 

for this model, can only be measured using the complete shock absorber on a test 

bench. For this study the simple shock absorber model was used, because it gives 

accurate results in the low frequency range simulations performed. 

In the case of strut type shock absorbers it is necessary to model, in addition to 

the damping force equations, the bending characteristics of the strut. A normal 

shock absorber will only transmit a force in the direction of its main axis, while 

a strut type shock absorber will in addition transmit a moment in a direction 

perpendicular to this axis. A strut type shock absorber cannot be assumed to be 

stiff and its compliance has a significant contribution to the elasto-kinematics of the 

suspension. The strut bending characteristic is modeled as a bending stiffness that 

is a function of the length of the strut. 

2.3.3 Bushings and elastic mounts 

Probably the most complex elements to model are the elastic suspension compo

nents, like the control arm and sub-frame bushings and the top mounts of the struts. 

These elements normally have six degrees of freedom (three translational, three ro

tational), which are heavily interconnected and non-linear [Kuo 1997]. Additional 

characteristics of these elements that are difficult to model are the complicated 

dynamic behavior and the strong influence of the stress history and the tempera

ture. The typical dynamic behavior of one of these components under influence of 

a random dynamic excitation can be seen in Figure 2.7. 

The Ford Motor Company in cooperation with Prof. Wahle is currently developing 
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Figure 2. 7: Example of elastomeric dynamic behavior (Wahle, 1999) 

a model that is able to accurately describe these complex dynamic characteristics 

[Wahle 1999]. This model uses a combination of non- linear spring, damper and 

Coulomb friction elements with a superposition of pre-load depended static (so

called Massing elements) and visco-elastic (so-called Maxwell elements) elements 

(see Figure 2.8). To derive all the parameters for this model an extensive set of 

static and dynamic measurements is needed. A dedicated parameter identification 

program is used to generate the parameters from measurement data. The initial 

simulations with this model simulating a one-dimensional loading of the elastic 

component show very promising results. This model will be used to model the 

most critical elastic elements in ride simulations (i .e. strut top mount and engine 

mounts), but not in steering and handling simulations. The reason for this is the 

fact that in steering and handling simulations the multi-axis loading characteristics 

are far more important then the dynamic and hysteresis effects of the elastic 

components and the current version of the model is only able to handle one 

dimensional loading. 

For steering and handling simulations two models are used to describe the charac

teristics of the elastic components. A simple constant stiffness and damping value 

in all six directions is used for elastomeric components which will experience only 

relatively small deflections (sub-frame, anti-roll bar, and steering rack mounts). 

2.3. COMPONENT MODELS AND PARAMETER MEASUREMENTS 21 

l x(J), F(t) 

Figure 2.8: Principle of "Wahle" bushing model (Wahle, 1999) 

This model is also used for metal components which are modeled with a flexibility 

( tie rod ball-joint , stabilizer bar link and wheel bearing) . The most critical 

elastomeric components for handling simulations (lower control arm bushings and 

top-mount) are modeled using a complex non-linear characteristic, which is a 

function of the deflections in all directions. It is normally not necessary to model 

the full six degrees of freedom of the components. In suspension components all 

the deformations are neglected that are a factor ten smaller then the deformation 

in other directions. 

For a vertically mounted lower control arm bushing (Figure 2.9 left) only the 

influence of the X and Y translational and the X-axis rotational deformations are 

taken into account (Z translational stiffness -t oo and Y /Z rotational stiffness 

= O) , while, for a horizontally mounted a-arm bushing (Figure 2.9 right) only the 

X-y translational deformation influences are modeled (Z translational stiffness 

-t 
00 

and all rotational stiffnesses = 0). For the top mount the three translational 

deformations are modeled (rotational stiffnesses = 0). 

An investigation by the author showed that to properly measure the static charac

teristics of these elastic elements two things are critical: 1) the ambient temperature 

and 2) the correct pre-loading conditions. To have a consistent ambient temperature 

a constant temperature of the measurement laboratory is maintained. The second 

requirement is far more complicated to meet. To guarantee the correct pre-loading 

of the elements it is necessary to press the bushings into the actual suspension mem-
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Figure 2.9: Example of bushing orientation in a lower control arm 

bers (lower control arm, sub-frame) and apply the correct torque to the fasteners. 

The whole assembly needs to be mounted on the measurement device and excited 

through all the necessary displacements . This means that for almost every new ve

hicle it is necessary to make special adapters to be able to mount these components 

on the test stand. For a prototype vehicle it is very difficult to get accurate bushing 

information as the production type suspension members are normally not yet avail

able at the time the components get tested. In this case the linear characteristic 

of the unassembled bushing is measured and corrections to this stiffness are made 

at a later stage based on full vehicle compliance measurements from a Kinematic 

and Compliance machine (see Section 3.3) . The procedure to correct the stiffness 

based on the measured suspension compliance information is described in the next 
chapter. 

2.3.4 Steering system 

In Section 2.2 the different components of the steering system were discussed. 

There it was shown that the steering system is modeled in great detail. This level 

of complexity is necessary to predict the correct steering wheel torque non-linearity. 

This non-linearity is one of the most important subjective criteria when expert 

drivers evaluate a vehicle. If one is only interested in the dynamic response of the 

vehicle a steering system model can be used simpler than the one described here. 

For our steering system model the following parameters are needed in addition to 
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the mass and geometric information: 

• Rack gear ratio 

• Torsion bar diameter 

• Torsion bar length 

• Torsion bar stop angle 

• Piston area 

• Spline for boost pressure versus valve angle 

• Friction rack/ rack Housing 

• Steering column friction 

• Steering column compliance 

The steering system manufacturer normally supplies the parameters for the first 

seven items on the list. The typical boost characteristic of a hydraulic power 

steering is displayed in Figure 2.10. This measured characteristic is approximated 

by a cubic spline. In the case of a vehicle with a speed dependent power steering 

a three dimensional spline is used with valve angle and vehicle velocity as the two 

input variables. 

The last two items on the list can only be accurately measured with the steering 

systems mounted in the vehicle. This means that these two numbers can only be 

determined if a prototype vehicle is available. If a prototype vehicle is not available 

the values measured on an existing production vehicle are used instead. These 

estimates are accurate enough for most of the design optimization work. 

The column compliance is determined by turning the steering wheel a few degrees 

with the steering rack locked. During this test an instrumented steering wheel 

measures the steering torque and angle from which the column compliance can be 

derived. The friction is determined in a similar way, but now with the rack free 

and the tie- rods disconnected. Examples of the two measured characteristics are 

given in Figure 2.11. 

2.3.5 Tires 

The most important suspension component is without any doubt the tire. Any 

changes in the tire characteristics directly influence the steering and handling re

sponse of the vehicle. For this reason and the fact that it is possible to implement 

tire modifications shortly before or even during production of the vehicle, tires are 
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Figure 2.10: Hydraulic power steering assist characteristic 
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Figure 2.11: Steering column/rack compliance and friction characteristics 

often used as the component to solve any design flaws in a vehicle's suspension. An

other remarkable fact about the tires is that it is the only component in a vehicle 

that requires a different setting (inflation pressure) based on the driving condi

tions of the vehicle. For the Ford Mondeo used in the investigation the following 
combinations of inflation pressures are specified: 
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• normal loading, speed < 160 km/h, front pressure = 210 kPa, 

rear pressure = 210 kPa 

• normal loading, speed > 160 km/h, front pressure= 240 kPa, 

rear pressure = 260 kPa 

• heavy loading, speed < 160 kmjh, front pressure= 240 kPa, 

rear pressure = 280 kPa 

• heavy loading, speed > 160 km/h, front pressure = 260 kPa, 

rear pressure = 280 kPa 
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This variety of inflation pressures is multiplied by the other variables e.g., three 

vehicle body styles (four- , five door and wagon), five engines, three tire sizes and 

normally four different tire brands, to give a total amount of 360 different vehicle

tire combinations. Due to the strongly reduced number of prototypes in a new 

vehicle program not all combinations of engines and body styles will be available as 

prototype. Some of the combinations will only be available for testing shortly before 

the start of production. If a steering and handling problem manifests itself with 

some of the tire/vehicle combinations during these final tests, this becomes a major 

concern that can possibly delay the start of production resulting in a cost of millions 

of dollars. To avoid these concerns CAE techniques are used to screen all possible 

tire-vehicle configurations upfront. To be able to make accurate upfront steering 

and handling predictions, a tire model that correctly describes all tire construction, 

loading, and inflation influences is needed. 

Tire model 

The fact that the tire is the most important suspension component for steering 

and handling is also reflected in the number of tire models found in literature. The 

tire models can be divided into three main categories: a) Finite element models, b) 

Physical tire models and c) Empirical tire models. 

The finite element models of tires [Richards , 1986] are normally extremely detailed 

(400.000 or more elements) and require several hours of CPU time on a high end 

Unix computer to determine the tire forces and moments for one revolution of the 

tire. These long calculation times make the FEA models unsuitable for any NVH 

and vehicle dynamics simulations to be used in the vehicle development process. 

FEA models are mainly used by the tire manufacturers to get a better understand

ing about the internal stresses in the tire and the local deformation and forces in 

the tread elements. The tire manufacturers also try to use these FEA models to 

predict higher frequency vibrations, but this is as yet not very successful due to the 
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difficulties in describing and measuring the elastomeric material properties. Some 

attempts have been made to make more computational efficient FEA models using 

super elements like shell elements [Sturt, 1997]. These models still need signifi

cantly more computational time than the physical and empirical models, moreover 

the parameters for the super elements are determined by curve fitting of mea

sured data. The FEA models using super elements have never become very popular. 

Physical models range in complexity from almost FEA using super elements to 

very simple using e.g. a ring on elastic foundation. The most well known models 

were developed by Bohm [1991] , Sharp [1991] Gipser [1986], Zegelaar [1998] and 

Maurice [2000]. The physical models using a stiff or flexible ring element on an 

elastic foundation are the ones mostly used. For the frictional properties between 

the tire tread and the road these models use either brush elements or empirical slip 

models. These models are mainly used for ride and drivability simulations, as they 

give a good description of the dynamic tire behavior up to 50 Hz. The physical 

tire models are not used for steering and handling simulations, because the added 

complexity of the higher frequency tire modes is not essential for this type of 

simulations. The tire transient effects for steering and handling can be adequately 

described by a simple relaxation length approximation as discussed later in this 

section. 

The most widely used models for steering and handling simulations are the 

empirical tire models. These models use a mathematical equation to describe 

measured tire force and moment properties. The most well known models are 

the models developed by Pacejka [1996] , Gnadler [1987], Radt [1995] and Allen 

[1997]. Another commonly used approach is to use a cubic spline curve through the 

measured data points. The empirical models give a very accurate representation 

of the measured data and are very computational efficient. Most empirical tire 

models describe the lateral- (Fy), longitudinal (Fx) force and aligning torque (Mz) 

as a function of the input variables, slip angle, camber angle, slip ratio and the tire 

loaded radius (see Figure 2.12). The basic characteristics of the force and moment 

functions are given in Figure 2.13. 

Most of the empirical models use the vertical force as input instead of the loaded 

radius and the following relation between these two values is used. 

Fz = c(r- ro) (2.5) 

where Fz is the tire vertical force, c the tire vertical stiffness, r the loaded 
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Figure 2.12: SAE (Society of Automotive Engineers) tire coordinate system Stan

dard J670e 

radius and ro the tire's unloaded (free) radius. The influence of slip angle on 

the longitudinal force and the influence of slip ratio on the lateral force and 

aligning torque is not calculated by all empirical models. Several approaches to 

this problem are described in literature [Radt, 1995, Bakker, 1987], but the most 

accurate and computational efficient method was developed by Michelin in 1993 

[Bayle, 1993]. Pacejka implemented this approach in the 1996 release of his "Magic 

Formula". An accurate description of the tire combined effects is essential for 

steering and handling maneuvers which involve higher levels of longitudinal forces 

(Braking-in-a-Turn , ABS). 

For steering and handling simulations at Ford two empirical models are used 1) 

Pacejka's Magic Formula and 2) the Ford in-house developed B-spline method [van 

der Jagt, 1998]. Pacejka's "Magic Formula" has become the world standard in tire 

modeling for vehicle dynamics studies. The principle of the formula is a simple 

trigonometric function: 

F(x) = Dsin(Carctan(Bx)) (2.6) 

where F is the output value (i.e. Fy, Fx or Mz), xis the input value (i.e. slip angle 
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Figure 2.13: Example of tire force and moment characteristics 

or slip ratio) and B, C, D are the model parameters. 

The principle of this formula is very simple. The basic curve shapes for Fy, Fx and 

Mz are given in Figure 2.14. The arctangent function of Bx will have a maximum 

of ~1r. The "B" value controls how quick this value of half 1r will be reached, which 

determines the initial slope of the curve. The C variable multiplies the output 

of the arctangent function before it is entered in the sinusoid function. Looking 

at Figure 2.14 one can see that the "C" value determines what curve shape is 

used. The lateral force ( Fy) will use a value for "C" slightly larger than 1.0, the 

longitudinal force (Fx) will use a value between 1.4 and 1.8 while the aligning 

torque (Mz) needs a value of "C" larger than 2.0. The "D" value of the formula 

determines the amplitude of the sinusoidal part. In the final formula Pacejka added 

an additional factor "E" (see Appendix A) which controls the curve shape between 

the initial stiffness to the maximum value. The four parameters (B,C,D and E) are 

a function of vertical load and camber. 

The final formula is able to describe any passenger car tire almost perfectly, but 
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B*x-

Figure 2.14: Principle of Pacejka's "Magic Formula" 

sometimes lacks a bit of accuracy in the case of truck and racecar tires. For this 

reason another tire model was developed by the author that uses Cubic B-splines to 

describe the tire forces and moments. The spline formulation will exactly describe 

any measured data set. A problem with the splines is that while the Pacejka 

formula extrapolates smoothly outside the measured range, special precautions 

have to be taken to guarantee that the splines extrapolate smoothly. In the Ford 

tire model correct extrapolation is guaranteed by creating additional data points 

outside the measured range that ensure that the B-splines will maintain the last 

measured value when extrapolating and a smooth transition to this value. 

The Pacejka formula and the B-spline give almost identical results in the measured 

range for normal passenger car tires, the difference lies in the way they extrapolate 

(Figure 2.15). For most simulations the B-spline model is used. The Pacejka model 

is used if it is required to scale and vary the tire characteristics, which is needed to 

describe the tire behavior on different road surfaces (see Chapter 5) . In the Pacejka 

formula some of the parameters represent physical properties of the tire (maximum 

friction, cornering stiffness) and these parameters can be modified independently. 

In addition to the descriptions of lateral-, longitudinal force and aligning torque, 

the Ford tire model uses a description of the characteristics of the vertical load (Fz) 

and overturning moment (Mx) as a function of the loaded radius, slip angle, and 

camber angle. 
Most empirical models do not describe these two force components of the tire. 

Figure 2.16 shows the basic form of these characteristics. The overturning moment 

and reduced loaded radius are generated by the lateral deflection of the tire contact 
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Figure 2.16: Example of overturning moment and loaded radius characteristics 

patch under influence of lateral force (Figure 2.17). The tire forces and moments 

are always described relative to a virtual contact center [SAE, 1976] This point 

is defined as the point on the intercept line from the wheel plane and the road 

surface with the shortest distance to the wheel center (see Figure 2.12). In a 

lateral deflected state the vertical force will have a moment arm around the x-axis 

of the virtual contact center and the lateral deflection will also cause the tire to 

generate a lower vertical load for a given loaded radius. Most other empirical 

formulas neglect these effects, but the simulation results of the J-turn maneuver 

(Figure 2.18) show that these characteristics have a significant influence on the 

load transfer of the vehicle in high lateral acceleration maneuvers. In the Ford 

tire model both characteristics are derived from spline equations with slip angle, 

camber angle and loaded radius as input parameters. 
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Figure 2.18: Influence of Mx and Fz characteristics on J-turn simulation result 
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In addition to the steady state characteristics of a tire, it is necessary to have a 

formula for the lag effects in the tire for transient simulations. Studies show that 

the tire behaves like a first order transfer function under the influence of slip angle 

and slip ratio variations (Takahashi, 1987, Laermann 1986]. Figure 2.19 shows the 

response of the tire under the influence of a stepwise change in slip angle. 

dFy 
T.dt + Fy = Fyss (2.7) 

where T is the time constant. Fy the lateral force and Fyss the steady-state lateral 
force. 

The studies show that the time constant of the first order lag effect can be described 

as a constant distance traveled divided by the rolling velocity of the tire . This 

constant distance is called the tire relaxation length (X rel). 

Xrel 
T=--

W.r 

where w is the tire rotational velocity and r the tire rolling radius. 
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Figure 2.19: Tire lateral force response under influence stepwise change in slip angle 
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This relaxation length turns out to be a function of vertical load and slip angle. 

Figure 2.20 gives an example of this influence of load and slip angle. The author 

performed an extensive investigation into the influence of tire relaxation length 

on the response of the vehicle in transient maneuvers (van der Jagt , 1993] . For 

this investigation the relaxation length characteristics for a wide range of tires 

from small passenger car to the largest light truck tires were measured. The 

measurement results give a good indication of the range of variation in relaxation 

length that will be experienced during simulations. 

To investigate the influence of the relaxation length variations on the results of 

transient maneuvers, simulations were performed on a frequency response and a 

lane-change maneuver using a steady-state tire model with five different settings 

for the relaxation length model. Table 2.1 gives the five setups and Figure 2.21 

shows the relaxation characteristics. The results from this investigation are given 

in Figure 2.22. 

The results of this investigation show that it is important to include the complex 

relaxation length description, but the tire-to-tire variation of this characteristic 

does not have a significant influence on the simulation results. These findings could 
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Condition Description 

1 No relaxation effect 

2 Constant relaxation length 

3 Measured relaxation length for the tire 

used for the vehicle in the study 

4 Shortest relaxation length measured in the study 

5 Longest relaxation length measured in the study 

Table 2.1: Conditions for relaxation length sensitivity investigation 
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Figure 2.21: Five tire relaxation length characteristics 

not be confirmed with instrumented vehicle results, as in practice it is impossible 

to build tires having only a changed relaxation length without influencing the tire's 

steady-state characteristics. 

The amount of testing needed to derive the relaxation length equations could be 

significantly reduced as a result of this study. Based on the results , the following 

approximation formula for the influence of the vertical load on the relaxation 

length was developed: 
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Figure 2.22: Influence of tire relaxation length on vehicle simulation results 

Cta(Fz) 
Xrel(Fz) = C (F ) Xret@Fzn orn 

fa znom 
(2.9) 

where Xrel is the relaxation length, c,OI is the cornering stiffness and Fznom is the 

nominal vertical load. 

The parameter that needs to be measured for this equation is the relaxation length 

at the nominal vertical load (Xret@F,no,). The cornering stiffness versus vertical 

load can be used from the measured steady- state force and moment characteristics 

of the tire. 
If no testing capabilities for the relaxation length are available, the relaxation length 

at the nominal vertical load can be estimated using the following formula [Pacejka, 

1988]: 
Cta(Fznom) 

Xret@Fznorn = c - a 
y 

(2.10) 

where Cy is the lateral stiffness of the tire and a is half the tire-road contact length. 

All the tire suppliers have fixtures to measure the lateral stiffness of a tire. The 

contact length can be measured when the tire is mounted on this machine and 
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Figure 2.23: Estimation technique for half the tire footprint length (a) 

loaded to the correct nominal load. The value for half the contact length can also 

be estimated using the tire loaded radius versus vertical load characteristic: 

(2.11) 

This equation assumes the tire to be a rigid cylinder that penetrates the surface 
(see Figure 2.23). 

For the influence of the slip angle the following equation is used for all tires. 

Xrez(a, Fz) = Xrel(Fz) cos(arctan(0.92a)) (2.12) 

where a is the tire slip angle in degrees. The constant of 0.92 was experimentally 

found using a least squares fit through the results from the relaxation length study. 

The result of the lane-change and frequency response simulations using the esti

mation technique for relaxation length as described by Equations 2.9 and 2.12 can 

be seen in Figure 2.24. It shows that estimation of the relaxation length gives a 

description accurate enough for steering and handling simulations. 

Tire testing 

The characteristics needed to generate the parameters for the empirical tire models 

can be measured in the laboratory (Figure 2.25) or on the actual road surface using 

a tire testing truck (Figure 2.26). It seems logical to assume that testing on the 

actual road surface gives better data for steering and handling simulations then 

laboratory measurements. This is only partially true, as it is impossible to have a 

tight control of all the environmental conditions, like ambient and track temperature 
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Figure 2.24: Differences in simulation result using the measured and estimated tire 

relaxation length characterisicts 

and the surface texture , during road testing. Repeated testing of the tire over a 

period of several weeks on a road surface showed significant variations in cornering 

stiffness and maximum lateral forces levels for the same tire (Figure 2.27) . 

A study showed that there is a significant increase in the maximum lateral force 

level especially after a period of rain: when the track surface has dried after the 

rain and the road surface is clean. Road surface measurements have shown that 

there is a texture change resulting in a significantly higher maximum lateral force 

[van der Jagt , 1990] . The same study performed on the Ford Flat-Trac laboratory 

machine showed that the laboratory testing gives very repeatable (> 98%) results 

for both maximum lateral force and cornering stiffness (Figure 2.28). Based on 

the results of this study and the fact that normally three to four different tire 

suppliers are used for a certain size of tire, the decision was made in the Ford 

Motor Company to specify that data for vehicle dynamics simulations must be 

measured on a MTS Flat-Trac II tire testing machine. With four suppliers it is not 

feasible to have all of them show up on the same day at the test track to measure 

their tires. Consistent tire data from all suppliers is essential to investigate the 

behavior of all combinations of vehicle configuration, loading, and tire make. 
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Figure 2.25: MTS Flat-Trac II laboratory tire testing machine 

To get consistent results as shown in Figure 2.28 in the laboratory is not as simple 

as it may seem. A tire is even more sensitive to the testing conditions then are the 

elastomeric components that were discussed in Subsection 2.3.3. A study of several 

testing devices performed by the VDA (Verein Deutsche Automobilhersteller) 

(Zamow, 1995] showed very large differences between the various test devices 

(only two of the devices are road testing machines). The results of this study are 

shown in Figure 2.29. These results were one of the reasons for almost all major 

tire suppliers , several automobile manufacturers, and universities to initiate the 

"TIME" project funded by the European commission [van Oosten, 1999, Klaas , 

1999]. The goal of this project was to develop a testing procedure that gives 

consistent results if measurements are repeated and find a correction method for 

the different test devices to transfer the data to one set of standardized results . 

The project was successful in achieving the first result , but was unable to correlate 

the different machines. The project was concluded in 1999 and the results will only 

be published in 2001. 
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Figure 2.26: Over-the-road tire testing device of Delft University of Technology 
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Figure 2.27: Variation in road tire test results 
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Figure 2.29 : Variation in tire test results using different test devices (Zamow, 1995) 

The author performed a similar study in 1995. Based on this study, standard test 

procedures for tire force and moment testing were developed. These procedures 

are very detailed and specify the tire and surface pre·· conditioning, the testing 

conditions , and tight limits for tire, ambient and belt surface temperature. The 

results of the study are summarized in the following points : 

• The two most important factors , influencing the tire test results , are tire 
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wear and the tire temperature. Any change in either of these factors has a 

significant effect on both the maximum force level and the cornering stiffness. 

It is desirable that the temperature remains constant during a test. The 

desired behavior of the tire tread temperature is displayed in Figure 2.30. 

The measurement of the tread temperature in this figure shows a very fast 
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Figure 2.30: Tread surface temperature variations during testing 

temperature increase and decrease when the tire runs under large slip angles. 

This increase occurs just in a very thin outer layer of the tread and the 

temperature returns very quickly to its constant level when the slip angle is 

reduced. This short increase in temperature of the thin outer layer does not 

influence the results. An example of an undesired temperature profile during 

a test is also given in this figure. To get this desired temperature profile, 

a special tire warm-up procedure was developed that takes the tire to this 

stable condition. The warm-up procedure is the most critical part of the test 

procedure. The wear and the temperature during the test are controlled by 

the right selection of speed and slip angle sweep rates. The wear is checked 

after the test by weighing the tire. If the measured weight loss exceeds a 

certain limit the test is discarded. 

• The next parameter that was investigated was the influence of speed on the 

measured tire characteristics. An example of the outcome of this investigation 

is given in Figure 2.31. To minimize wear and control the tire heating, it 

would have been desirable to select a speed as low as possible. The data 

showed however that there were significant variations in the measured tire 

characteristics for speeds up to 50 km/h. For this reason 60 km/h was chosen 

as the desired test speed. 
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Figure 2.31: Influence of the forward velocity on tire test results 

• After the test speed was selected the desired slip angle sweep rate was deter

mined. To minimize wear and heating it would have been desirable to select a 

rate as high as possible. The disadvantage of the high slip angle rates is that 

due to the lag effect in the tire, wide hysteresis loops be visible in the force 

versus slip angle plots. These hysteresis loops will affect the fitted result of 

the steady state tire model. As an optimum trade off for the sweep rate four 

degrees per second was selected as the desired sweep rate. 

• When investigating different testing machines it was found that there are very 

great differences between different types of testing machines. The greatest 

differences were found in the aligning torque (Mz) characteristics between 

machines using a curved road surface (in- and external drum machines) and 

machines using a flat belt. Analyzing the data measured on the different 

machines it was noticed that it would be virtually impossible to develop a 

correlation equation for the different machines. For this reason the decision 

was made to specify that all tires must be tested on a MTS Flat-Trac II 

testing machine. This machine (Figure 2.25) is the world standard for tire 

testing machines and all major tire- and vehicle manufacturers own this type 

of machine. 
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• The next step was to investigate the type of surface that should be used for 

the Flat-Trac tire tester. The Flat-Trac machines use a steel flat belt , which 

normally is coated with glue-on sandpaper. The standard in the industry is to 

use products from the 3M corporation to coat the belt surface. The frictional 

characteristics of 3M- Mite and 3M-Polycoat Safety··walk with Grid level 80, 

120 and 240 were analyzed. The difference between the two types of safety

walk is that the 3M-polycoat is more wear resistant than the 3M-Mite. This 

investigation performed in cooperation with a tire supplier showed that 3M

Mite has the most realistic frictional behavior of the tested surfaces. Problem 

with the 3M-mite are that it wears relatively fast and that newly applied 

safety-walk has a too high friction level and needs to be pre-conditioned. A 

procedure to pre-condition the belt was developed and it is mandatory to 

replace the belt surface after eight standard tire tests have been completed. 

The results of the investigation led to a standard tire test procedure that gives 

very consistent results (Figure 2.28) . The standard test procedure also enables a 

direct comparison of data coming from the different suppliers. 

Figure 2.32: "Flat-Plank" tire testing device of Delft University of Technology 
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The tire relaxation length is measured on a different machine than the steady state 

forces . The relaxation length is measured on a so-called "Flat Plank" machine 

(Figure 2.32) . The tire is put under a one degree angle relative to the center line 

of the flat-plank and then loaded to the desired nominal load. After the desired 

vertical load is reached the plank is moved forward slowly (0 .04 m/s) until a constant 

force level is reached. An exponential fit of the curve of lateral force versus traveled 

distance is performed to get the relaxation length at the nominal load of the tire 

(Figure 2.19). 

2.3.6 Aerodynamic forces and moments 

The aerodynamic forces and moments are entered as measurement tables. The input 

variable for this table is the angle between the air velocity vector and longitudinal 

vehicle axis , the output is the aerodynamic drag coefficient for each direction. The 

angle is normally only varied between minus twenty and plus twenty degrees, which 

is sufficient for all vehicle dynamics simulation work. Normally the coefficients for 

drag, side force front and rear, lift front and rear and for the roll moment are used. 

Instead of the front/rear split for lift and side force sometimes splines for pitch and 

yaw moment are used. Which method is used depends on how the measured data is 

supplied. With the measured data, information on the position of the load cells that 

measured the forces and moments in the wind tunnel is supplied. These locations 

are added as force reaction markers to the vehicle body part. 

2.3. 7 Brake and driveline model 

In our vehicle dynamics models very simple models for the brake system and drive

line are used. In vehicle dynamics simulations it is only important to know the cor

rect torque applied to each individual wheel. A speed follower control algorithm that 

will make the vehicle follow a preset speed profile determines the amount of torque 

applied . This torque is distributed over the wheels based on the front/rear torque 

split during braking and knowledge of which wheels are driven (frontjrear/4WD) 

during acceleration. In the case of ride & comfort simulations the complete engine 

and driveline system is modeled, since these isolated masses will have a significant 

influence on the vibration modes of the vehicle. 

2.4 Conclusions 

In the first part of this chapter an overview of the MBA simulation software 

ADAMS/Pre was given. It is shown that this software enables the construction, 
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simulation and post-processing of vehicle dynamics models with minimal effort. 

The data needed to assemble the model is derived from CAD (mass and geome

try data) and component measurements. In Section 2.3 it was discussed that the 

component measurements must be tightly controlled to get reliable and consistent 

results. This is especially true for the elastomeric and rubber components like 

suspension mounts, bushings and tires. 
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Chapter 3 

CAE-model validation and 

optimization using static 

vehicle measurements 

In the preceding chapter the steps involved in building a vehicle model for steering 

and handling simulations were described. A model was built using geometry and 

data from CAD information and the characteristics of all the components were 

measured on dedicated testing machines. 

A model assembled in this way can be used directly for steering and handling 

simulation and optimization. In this study it was decided, however, to first validate 

the model using sub-system measurements, to investigate possible parameter and 

modeling errors. In vehicle development programs this validation is performed 

every time a new series of prototypes is build. The model validation based on 

sub-system measurements will guarantee that the model is at same level of devel

opment as the latest prototypes and can be used for evaluation and optimization 

of the modifications for the next series of prototypes. 

Building a model as described in Chapter 2 does not automatically guarantee that 

this model will give a good prediction of the handling performance of a vehicle. 

Some possible model deficiencies are: 

1. The CAD geometry does not correspond to the actual vehicle geometry. This 

is most likely to happen in the case of prototype vehicles. On production 

vehicles the CAD data is normally correct, but even in this case it is not 
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always obvious how different parts connect together specially when rubber 

elements are involved. 

2. Not all the mass and inertia data of the components is known. Using the CAD 

data one is never able to determine the exact mass of a vehicle; moreover, in 

current practice not all this information is available at the same time. There 

can also be significant mass differences between production vehicles due to 

the variability of the accessories installed. 

3. Mistakes are made defining the model. This happens very often with new 

prototype models. From the design data decisions are made which parts can 

be modeled as completely rigid and which are to have finite compliances. 

When the model is completed and compared with test data it can turn out 

that, e.g. a sub-frame or the steering mounts are flexible after all, which then 

has a significant influence on the results. 

4. The component characteristics are incorrect. This is most likely to happen 

with the rubber components (bushes, top mounts etc.), where pre-loading has 

a very significant influence on the measured stiffness and damping. 

Because of these possible sources for error it is necessary to perform a set of static 

full vehicle laboratory measurements to validate and optimize the model. To try to 

validate the model using full vehicle simulations and vehicle road measurements is 

virtually impossible. For validation of the full vehicle model the following laboratory 

measurements are performed: 

1. Full vehicle geometry measurements. With the aid of a Coordinate Measuring 

Machine ( CMM) one can measure points on a vehicle with an accuracy of 0.025 

millimeter. This will confirm that the CAD data is correct and give additional 

information on the position of components relative to one another. 

2. Vehicle mass and moment of inertia measurements. This information is mea

sured on a vehicle inertia rig. This test machine determines the total mass, 

center-of-gravity (COG) location, the three main moments of inertia and the 

yaw /roll product of inertia. 

3. Suspension kinematics and compliance (K&C) measurements. Laboratory 

K&C machines measure all the main characteristics of the suspension like 

roll rates, roll steer/ camber, compliance steer etc. 

This chapter will discuss the working principles of these laboratory machines and 

the modifications that were made to the Mondeo simulation model, used for this 
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study, based on the data measured. In the case where more machines of the same 

type are available, which was the case with the K&C and Inertia machines, an 

investigation was made into the test procedures and measurement reproducibility. 

3.1 Coordinate measuring machine 

Coordinate measuring machine ( CMM) data is used to determine the location of 

important geometry points of a vehicle [Bosch, 1995]. This data is used to validate 

or build a multi-body dynamics model of a particular test vehicle, including all 

relevant manufacturing tolerances. 
If no CMM facility is available it is possible to use the kinematics and compliance 

data to check the position of some critical geometry points (see Section 3.3). 

Figure 3.1: Coordinate Measuring Machine 

3.1.1 CMM machine overview 

The CMM machine can be understood as a three dimensional digitizer for input 

into a CAD system. Using the machine probe (Figure 3.1) the operator can locate 

the important geometry points in the 3D- space. To measure points that are not 

directly accessible with the machine probe geometric constructions can be used. 
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An example of such a construction is locating the center of a circular hole by 

measuring three points on circumference and letting the machine calculate the 

center. Sequenced geometry constructions such as using the center of two circles 

to define a line are often required . For example, the location of the McPherson 

strut topmount is determined ,e.g., by first constructing the center line of the strut 

by measuring several points on the lower tubular section of the strut and then by 

finding the intersection of this line with a plane which is determined by measuring 

three points on the fiat section of the strut dome. 

The following is a typical list of points to collect when measuring the vehicle's 

geometry. Depending on the type of suspensions, not all points will be measured. 

• Upper and lower control arm bushing centers 

• Upper and lower ball joints 

• All tie-rod ball joints 

• All stabilizer bar pivot/attachment points 

• All wheel centers 

• Upper and lower shock absorber attachments 

• Spindle alignment points 

• Tire patches (point at ground directly below the wheel center) 

• Steering gear and pinion rotational axes 

• Body reference points 

• Frame master control holes (used in production to position the vehicle) 

• Front and rear spring bushing centers 

Because CMM is such a powerful tool for gathering geometric data, it is easy to 

collect too much. Generally, the theoretical geometry points are at the bushing and 

ball joint centers. Except for a few special cases , measuring only these points will 

provide sufficient geometric data on the suspension for correlation. Only if there 

are any doubts about the manufacturing accuracy, potential deflection, orientation, 

material thickness , more detailed information is requested. 

In addition to the important geometry points, the following important locations are 
measured too: 

• The instrumented measurement equipment locations. These positions are 

measured to enable the correct comparison of measured and simulated vehicle 

data. Typically the coordinates of string potentiometers, accelerometers , and 

velocity sensors are desired. 

• Vehicle reference points. Reference points are extremely convenient for deter-
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mining vehicle attitude during many of the correlation tests. Reference points 

can be marked (painted and center punched) on each corner of the vehicle 

in a manner that allows use of a tape measure to determine the height from 

ground (Z). 

Most points in the data set will not coincide exactly with the CAD data; however, 

they should be fairly close (± 3mm) to design intent. Errors of several millimeters 

can arise from the tolerances of normal vehicle build due to variations in stamping 

parts, welding, etc. 

The CMM machines are capable of achieving tolerances in the hundredths of a 

millimeter range in an ideal measuring environment. The actual error over the 

length of the vehicle , given access , flexibility, settling, and machine error issues, is 

often significantly less than 2mm. Considering the tolerances of a normal vehicle 

build, the measurement tolerance numbers are acceptable. 

3.2 Center of gravity and inertia measurement 

machines 

The vehicle's mass and inertia properties have a very significant influence on the 

results of model simulations. Currently it is virtually impossible to get the correct 

mass and inertia properties directly from CAD information, although such pro

grams allow to make such calculation. The reason is that in a prototype stage not 

all the information on interior panels and seats is available and production vehicles 

can have variations of up to 100 kg due to specification changes and differences in 

installed accessories. 

The present section will give a description of the measurements performed to val

idate the estimated inertia properties. This first part of this section will discuss 

the measurement techniques for the Center of Gravity (COG) location and in the 

second part for the moments of inertia of the vehicle. For the measurement of COG 

locations and vehicle moments of inertia no standard test devices are available, as 

is the case for CMM and K&C measurements. Most rigs are developed in-house 

and use their own measurement technique. 

3.2.1 Center of gravity measurement techniques 

The measurement of the COG location in the horizontal plane is very straightfor

ward. The vehicle is driven on weighing scales and the weight at each wheel position 

is determined. Attention must be paid to the following details: 
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1. The top surfaces of the four scales must be in one horizontal plane. 

2. The fluid reservoirs of the vehicle must be completely filled and the tires 

should have the correct pressure. 

In this condition the height of the vehicle is determined, by measuring the vertical 

distance between four body fixed points (preferably the reference points marked for 

the CMM measurement) and the ground. The height measurements are needed as 

a reference when the suspension is blocked for the COG height and inertia measure

ments. Blocking the suspension travel during these measurements will significantly 

improve the results. The standard solution for this is to replace the shock absorbers 

by steel bars. After the steel bars are in place the vehicle height should be checked. 

Table 3.1 shows the ride height changes for the test vehicle used in this study with 

and without the bars in place. 

Height (mm) Height (mm) 

Suspension free Suspension blocked 

Left Front 677 678 

Right Front 679 678 

Left Rear 632 635 

Right Rear 636 635 

Table 3.1: Height of wheel arch to ground 

The weight differences between the original shocks and the bars can be corrected 

in two ways: 

1. A mathematical correction of the results is made to correct the weight differ

ence. 

2. Mass is added to the bars until they have the same weight as the shock ab

sorbers. This mass should be distributed along the length of the bar. 

The second solution is the preferred one and it enables direct comparison of the new 

weights at the four wheel positions with the weights of the original measurement. 

The limit for the weight difference at each individual wheel position is set at 10 N. 

After the horizontal COG location is measured and the suspension travel is locked, 

the COG height measurement can be performed. For this measurement there are 

four techniques currently in use [Shapiro, 1995]: 
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1. Modified reaction method 

2. Null point method 

3. Weight balance method 

4. Pendulum method 

The first three of these methods are static measurements while the fourth one is a 

dynamic measurement. All four methods will be discussed. 

HOIST 

Figure 3.2: Modified reaction method 

Modified reaction method 

This method tilts the vehicle on one of its axes. During this test the brakes are 

not applied. The COG height is found by measuring the longitudinal weight shift. 

Figure 3.2 shows the principle of this procedure with the rear axle lifted. The weight 

on the front axle is measured and the following equation is used to calculate the 

COG height: 
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X_ (W,-W9 ).l 
Za= ___ w:.:..!....,_ 

tanB 
(3.1) 

where Za is the COG height above the wheel center, x is the horizontal distance 

between the COG and the "down" axis and l is the vehicles wheelbase. Wt is the 

total vehicle weight and W9 is the measured weight on the "down" side. B is the tilt 

angle. The COG height is found by adding the tire loaded radius in the non-inclined 

condition to the value found for Za. 

Typically a tilt angle of 30 to 45 degrees is necessary to achieve accurate results. It 

is advisable to repeat this measurement by lifting the other axle, the result should 

be identical. The main advantage of this method is that a dedicated facility is not 

required and the mass of the test fixture does not have influence on the calculations. 

Figure 3.3: Null point method 

Null point method 

This method requires a purpose built platform with two parallel knife edges several 

inches apart on the bottom surface. The knife edges are aligned perpendicularly to 

the longitudinal axis of the platform so that its COG is located between the knife 

edges. The platform is tilted until it balances on one knife edge and the tilt angle is 

measured. The principle of this method can be seen in Figure 3.3. The measurement 

is repeated by leaning the platform in the other direction until it balances on the 
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other knife edge . The COG height is calculated from the two measured angles. 

The mass of the platform must be known to be able to calculate the COG height. 

The equation for calculating the COG height is: 

(3.2) 
mv 

where zp is the height of the platform COG above "ground" level. Zk is the vertical 

distance between the knife edges and "ground" level. mv and mp are the mass of 

the vehicle and the platform. d is the horizontal distance between the knife edges. 

8
1 

and 8
2 

are the two angles corresponding to the system equilibrium. 

Figure 3.4: Weight balance method 

Weight balance method 

For this method a platform is needed which is suspended from pivots on both sides. 

The principle of this method is shown in Figure 3.4. The vehicle is driven onto the 

platform and carefully positioned so the platform stays leveled. After positioning 

the vehicle a torque is applied to the platform. Usually this is done by adding 

weight to a known location. After the platform reaches its new equilibrium position 

the angle is measured. The COG height is calculated using the following equation: 

(mv + mp) ( hp- (mvr_;~·pd)Ltan 0) - ffipZp 
z= 

(3.3) 

where dL is the horizontal distance between the pivot and the point of load 

application. hp is the vertical distance between the pivot point and the vehicle 
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ground level. mL is the mass of the added weight and () the angle of equilibrium 
when this weight is applied. 

The measurement can be repeated for several different levels of the applied torque 

and in case the dimensions of the platform are large enough, the test could also be 

repeated with the vehicle turned ninety degrees (Roll rotation). A facility like this 

can also be used to measure pitch and roll moments of inertia. 

Figure 3.5: Pendulum method 

Pendulum method 

The Pendulum method test facility (Figure 3.5) is similar to the weight balance 

method facility; the difference is that the pivot point is normally further away from 

the COG. Instead of measuring the angle under an applied torque, we let the vehicle 

swing through small angular displacements and measure the period of oscillation. 

One measurement is not sufficient to determine the COG height, because the inertia 

around the rotation axis is unknown too. For this reason the measurement needs 

to be repeated using a different pendulum length. The arm lengths are arbitrary, 

however, the greater the difference between them, the better. The COG height is 
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calculated using the following equation: 

(3.4) 

where g is the acceleration due to gravity. L1 and L2 are the pendulum arm lengths. 

T1 and T2 are the periods of oscillation. As with the Weight Balance Method, the 

hardware can be used to measure roll and pitch moment of inertia. A disadvantage 

of this method is that changing the arm length is not very practical. 

Preferred method 

The Modified Reaction method is more sensitive to measurement errors than the 

other methods. It can supply good results ( ± 2%) for large vehicles ( > 1500 kg) 

with a relatively high COG. For smaller vehicles it is necessary to increase the tilt 

angle to achieve good results . At very large tilt angles it is very unlikely that the 

vehicle components (engine, exhaust etc.) will not move relative to each other. For 

these types of vehicles you cannot expect to achieve results within ± 5% of the 

actual height. With the other three methods the same accuracy can be achieved 

from a theoretical point of view, but the Weight Balance Method uses the simplest 

construction and is the easiest to operate. The only critical design point for the 

Weight Balance Method test fixture is that the construction needs to be stiff to 

minimize the flexing of the construction and the pivot point does not have too 

much friction. 

3.2.2 Moments of inertia measurements techniques 

The moments of inertia of the vehicle used for this study were measured on Ford's 

inertia measurement machine. A company called S.E.A. INC in Columbus Ohio de

signed this machine jointly with the Ford Motor Company [Heydinger, 1994, 1995, 

Bixel, 1995]. This machine was designed after careful analysis of all machines in op

eration in the world. In addition an error analysis study was performed on NHTSA's 

(National Highway Traffic Safety Administration) Inertial Parameter Measurement 

Device [Garrot, 1993, Chrstos, 1992]. This study identified the following main 

sources of error and proposed improvements: 

• For any test device, it is generally better to minimize contribution to the 

overall value to be measured from the test equipment as compared to the value 

actually being determined. To minimize the contribution of the test device 

to the total measurement, the platform weight and moments of inertia should 

be kept as low as possible. The roll moment of inertia is especially critical, 
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because this value is normally about four times smaller than the other two 

main moments of inertia. For accurate results, the inertial value of the test 

device should be reduced to at least an order of magnitude smaller than that 

of roll moment of inertia of the vehicle. This is one of the reasons to select an 

inverted pendulum setup for the roll measurement, because this can be built 

about 30% lighter than a normal pendulum setup. 

• The trade-off of lowering the platform weight is a likely increase in platform 

flexibility. For heavy vehicles, the largest contributor to errors in measure

ments on the NHTSA machine is the flexibility of the structure. The design 

constraints for the new machine were to achieve deflections of less then ten 

millimeters for a three and a half ton vehicle. 

• Due to the accuracy of the measurements of the zero crossings, the period 

of oscillation was found to be a primary source of error in the roll and pitch 

inertia tests. The period of oscillation can be altered by varying the distance 

between the composite center of gravity height (the platform and vehicle com

bined center of gravity) and the pivot axis. There is a trade off between short 

oscillation periods (more oscillations, but high accelerations = high forces on 

the vehicle restraint system) and long oscillation periods (less accurate, but 

low accelerations). In the new design this concern was addressed in two ways: 

1. Using a variable pivot height. An algorithm based on approximations 

of the vehicle COG height and pitch inertia was created to calculate the 

preferred pivot height for any test vehicle. This algorithm depends on 

the vehicle roof height, track width, wheelbase, and mass. However, from 

a construction standpoint it was not feasible to make the pivot height 

continuously variable and it was decided to use only two pivot locations. 

2. Normally, the period of oscillation is approximated by counting the dis

placement zero value crossings in a certain time period. In the new 

design the period of oscillation is determined by a least squares opti

mization of the mathematical model parameters of the system through 

the measured angular displacement data. This method is more accurate 

and supplies, in addition to the oscillation period, also the values for 

the systems damping and amplitude. If either of these last two values 

exceeds a certain limit the test is discarded. 

• Another critical design variable that was addressed is the yaw motion restoring 

spring. For the NHTSA machine, the yaw spring system provides a slightly 
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nonlinear torsional spring rate. This causes an error because the system anal

ysis is based on a linear spring restoring moment. To perform the analysis of 

the measured data using a non-linear spring characteristic is complicated. 

• The final major source of error identified in the moments of inertia measure

ment results from a compliant vehicle restraint system. By using a stiffer re

straint system, this contribution can be reduced. In the new improved inertia 

measurement machine attention was paid to the design of the vehicle clamping 

system and additional sensors were added to measure the displacement of the 

vehicle relative to the clamping platform. During a test the displacements are 

checked to make sure the limit of three millimeters is not exceeded. 
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Figure 3.6: Influence of roll/yaw product of inertia Uxz) 

In addition to the enhancements identified above it was identified that the new de

vice should be able to measure the roll/yaw product of inertia Uxz). The pitch/roll 

and pitch/yaw products of inertia of typical vehicles are generally considered to 

vanish based on vehicle symmetry. The influence of roll/yaw product of inertia on 

the result of a dynamic vehicle simulation can be seen in Figure 3.6. This figure 

shows the results of a frequency response simulation of yaw rate to steering wheel 
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input with Ixz equal to zero and Ix z equal to 80 kgm2 which is a normal value 

for a midsize vehicle. There are some significant changes in the yaw-rate phase lag 

between the two simulations and based on this result it was concluded that for tran

sient vehicle simulations knowledge of the roll/yaw product of inertia is essential. 

There are several ways to measure vehicle roll/yaw product of inertia. One way is 

to measure the vehicle roll moment of inertia, then rotate the vehicle around its 

lateral axis (pitch) , and measure the roll moment of inertia of the vehicle in this 

new condition. The roll/yaw product of inertia can be computed from the measured 

roll moment of inertia values at the two different vehicle attitudes. This method 

is somewhat cumbersome since large angles (larger than 20 degrees) are required 

to provide accurate results and the vehicle must be rigidly secured to the support 

platform. This method is also very sensitive to errors from the two independent 

measurements. Another method used to measure roll/yaw product of inertia is to 

subject the vehicle to a roll (or yaw) oscillation and measure the resulting yaw (or 

roll) torque. Error analyses were used to investigate which configuration would 

provide better results, i.e., applying a roll oscillation or applying a yaw oscillation. 

Using sensitivity specifications for the measurement transducers, estimations offric

tion in the roll or yaw bearings, estimated platform mass and inertia properties, and 

vehicle mass and inertia properties for a range of vehicles, error analyses indicate 

[Chrstos, 1992] that the yaw oscillation configuration would provide more sensitive 

and accurate roll/yaw product of inertia measurement results. 

The Ford Vehicle Inertia Measurement Facility 

The Vehicle Inertia Measurement Facility (VIMF) used at the Ford Motor Company 

in Dearborn USA is designed as a single device configuration used to measure all 

inertial parameters except vehicle mass. The VIMF has three major components: a 

platform used to support the vehicle during all of the tests; pylons used to lift and 

support the platform during COG and pitch moment of inertia tests; and a roll/yaw 

assembly, a mechanism that supports the platform during roll, yaw, and roll/yaw 

product of inertia tests. The VIMF is configured to operate as a stable pendulum 

with adjustable pivot height during COG height and pitch moment of inertia tests. 

Movable pylons containing the pitch axis bearings are attached to the VIMF vehicle 

support platform to raise it for center of gravity height and pitch moment of inertia 

tests. Figure 3. 7 shows the VIMF with the COG and pitch assembly mounted to 

the platform. For roll moment of inertia tests, the VIMF operates as an inverted 

pendulum. The roll/yaw assembly, containing the roll axis bearings and yaw axis 

bearing, is positioned beneath the vehicle platform during the roll and yaw moment 
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Figure 3.7: Vehicle Inertia Measurement Facility 

of inertia tests and roll/yaw product of inertia test. The roll/yaw assembly contains 

two roll axis bearings, a single yaw axis bearing, roll-restoring springs, a yaw spring, 

and a roll-torque-sensing transducer. For this setup we use Equation 3.3 for the 

COG calculation and the following equations for the moment of inertia and yaw /roll 

product of inertia. 
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Effective platform moment of inertia (kg.m2
) 

Period of oscillation (sec) 

Vehicle mass (kg) 

Effective platform mass (kg) 

Spring stiffness (Nm/rad) 

Vehicle COG height above pivot axis (m) 

Platform COG height above pivot axis (m) 

Gravitational constant (9.81m/ s2
) 

Ratio of vehicle lateral motion relative to platform roll (m/rad) 

Ratio of vehicle longitudinal motion relative to platform pitch (m/rad) 

Ratio of relative to vehicle and platform yaw motion (rad/rad) 

Measured torque about the roll axis (Nm) 

Vehicle COG offset from yaw axis (m) 

arctan(Oy/Ox) 

Yaw angular displacement (rad) 

Acceleration of vehicle along platform yaw axis (m/ s2
) 

The uncertainty of the values for the overall system, computed on the basis of 

combinations of system component errors , can be seen in Table 3.2. For calibration 

two fixtures were designed, one representing the mass and inertias of values of a mid

sized passenger car , the other set represents the values for a pickup truck. These 

calibration fixtures have known theoretical mass and inertia properties, which are 

calculated using a CAD system. 

COG Height 0.5% of measured value 

Pitch Inertia 1.0% of measured value 

Roll Inertia 2.0% of measured value 

Yaw Inertia 1.0% of measured value 

Roll/Yaw Inertia ±6.8kg.m2 

Table 3.2: Repeatability of vehicle inertia measurement facility (2a error) 

COG and inertia measurement results 

The results measured on the Ford Dearborn VIMF machine are given in column one 

of Table 3.3. These are the results used to validate the inertia parameters of our 

vehicle model. In addition to the Dearborn measurements, additional measurements 
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were performed at two universities in Europe. This was done to investigate the 

availability of a reliable inertia measurement device in Europe. This is of importance 

because it is not economically feasible to transport European prototype vehicles to 

the U.S . just for COG and moment of inertia measurements . No measurement 

device was available in Europe that is able to measure the important Roll/Yaw 

product of inertia. 

Ford Europe #1 Europe #2 Estimation I 

COG Height (mm) 535 535 552 535 

Pitch Inertia (kg-m2 ) 1966 1833 2538 2081 

Roll Inertia (kg-m2 ) 391 340 395 426 

Yaw Inertia (kg-m2 ) 2169 2113 2325 2159 

Roll/Yaw Inertia (kg-m2 ) 83.6 N.A. N.A. 72.3 

Table 3.3: Center of gravity and inertia measurement results 

The results from the two European devices are also displayed in Table 3.3. This 

table shows that one rig was within 10% of the Ford machine and the other one was 

way off. One of the possible errors in the second device is the non-preferred way 

of measuring the COG height (Modified reaction method). The COG height is the 

most critical measurement in terms of accuracy because the overall measurement 

equations for the vehicle pitch and roll inertias are functions of the measured vehicle 

COG height . Other possible errors on both machines are the non-perfect vehicle 

restraint system and way in which the period of oscillation is measured. Based 

on the unsatisfactory result of the measurements and the fact that the turnaround 

time of universities is normally too long for vehicle development work, it was decided 

to investigate if using COG and moment of inertia estimation equations wouldn't 

currently be the best solution for European CAE work. 

COG and moment of inertia estimation formulas 

A study performed by Macinnis , Cliff and Ising (Macinnis 1997] compares all the 

known COG height and moment of inertia estimation techniques . They used the 

extensive NHTSA database for their investigation and give the best estimation 

formulas for five different categories of vehicles (Front wheel drive (FWD) passenger 

cars, rear wheel drive (RWD) passenger cars, sport utility vehicles , pickup trucks 

and vans). A comparison was made between the formulas and the vehicles in our 

internal database. It was found that the estimates are always within 3% of the 

measured values for COG height and yaw moment of inertia, within 6% for pitch, 
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and within 10% for the roll moment of inertia. For front wheel drive passenger cars 

the following estimation formula is used: 

lx x 0 .1274Mv(hroof + z)t (3.9) 

lyy 0.1425MvlL (3.10) 

l zz 0.1478MvlL (3.11) 

with: z 0.535 

where L is the vehicle's overall length and t the track width. The estimated values 

for the vehicle used in this study are given in the last column of Table 3.3. The 

Yaw /Roll cross product Uxz) given in this column is not based on the reference 

paper, but is the average value of all4-door midsize sedans available in the database. 

After analyzing the results from the three measurement facilities and calculating the 

estimated values for several other vehicles measured at the Ford Dearborn facility, 

it was decided to use the estimation techniques for European CAE work until an 

improved inertia measurement machine is available within Europe. 

Figure 3.8: Kinematics & compliance machine (Anthony Best Dynamics) 
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3.3 Kinematics and compliance measurements 

There are two main suppliers of kinematics and compliance (K&C) test machines 

in the industry, Anthony Best Dynamics Ltd. (ABD) and MTS Cooperation Inc. 

The operating principle of both machines is simple; the vehicle body is clamped 

on a center table and the four wheels rest on wheel plates. The way the input 

motions are applied, however, is different between the two machines. On the 

ABD machine (Figure 3.8) [Best, 1997] the center table has six D.O.F. and can 

put the vehicle through bounce, pitch and roll motions . The wheel pads on this 

machine can only move in the horizontal plane to apply a lateral, longitudinal 

force and aligning torque. All the motions are applied by electric motors. The sus

pension deformation is measured using five string potentiometers to the wheel plane. 

The MTS machine (Figure 3.9) has a stationary center table and the wheel pads can 

move in all three directions. This enables one to clamp the body in more locations 

(example front and rear bumpers mounts) than merely in the center. The additional 

body clamping locations eliminate all the body deflections during testing. The 

disadvantage of the MTS approach is that to perform correct roll measurements it 

is necessary to incline the pad surfaces so the left and right surfaces stay in the same 

plane. To allow for this additional degree of freedom of the pads MTS had to design 

a complex arrangement, which enables the pads to rotate around the longitudinal 

axis. On this device hydraulic actuators are used to control the motions on this 

machine. The suspension deformation is measured by means of an advanced optical 

system. 

3.3.1 Kinematics and compliance measurement procedures 

A standard set of K&C measurements for a vehicle consists of the following tests: 

• Bounce test: During this test the vehicle body is moved up and down in 

the vertical direction. It is important to allow enough travel to contact the 

bump stop in the downward direction and the rebound stop in the upward 

direction. During the vertical travel of the body the wheel pads are controlled 

to maintain zero forces and moments in the horizontal plane. 

• Roll test: In this test procedure the vehicle is put through a roll motion (x

axis rotation). During the roll motion the vehicle body will, in addition to the 

roll motion, experience some bounce and pitch (y-axis rotation) motions. The 

machine trying to maintain constant front and rear axle weights determines 

the amount of bounce and pitch applied. This is done to reproduce as much as 
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Figure 3.9: Kinematics & Compliance Machine (MTS) 

possible the kinematics conditions , which occur when cornering. To maintain 

constant front and rear axle weights is not essential when the data is used for 

validation of a component level vehicle model , but it is important when the 

data is used as input to a system level vehicle model (Section 2.1). The wheel 

pads maintain zero lateral- , longitudinal force and aligning torque identical to 

the bounce test . 

• Longitudinal Force Compliance test: With this test one tries to repro

duce the forces on the tire during braking. The vehicle body is locked at its 

initial ride height with the brakes applied. The wheel pads perform a fore-aft 

motion to generate longitudinal forces through the tire. 

• Lateral Force Compliance test: This test is similar to the longitudinal 

force test described above but now in the lateral direction. This test is 

performed in two ways: 1) by applying parallel motions to the left and right 

pads, this situation reproduces the forces as experienced during cornering. 

2) by applying opposing motions to the left and right pads. This is not 

a situation the vehicle will ever experience in normal operation, but is 

performed to give additional suspension and steering compliance information. 

The parallel test will give a number for the compliance steer, which is an 
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important parameter for the overall steering performance of a vehicle. Com

pliance steer determines how much steer angle change will occur under the 

influence of the cornering force acting on the tire. The parallel test is how

ever not capable of indicating whether most of the compliance steer is coming 

from the suspension or from the steering system. In the opposed lateral force 

test the forces through the tie-rods should be almost identical and opposing, 

generating no moment on the steering column and in this case all the steer 

effects must come from the deflection of the suspension arms. 

• Aligning Torque Compliance test: In this test a pure torque around the 

wheels' vertical axis is applied. 

• Steer test: This measurement is performed to determine the steering geom

etry of a vehicle. The steering wheel is turned from center to full lock in one 

direction, to full lock in the other direction and then back to straight ahead. 

During this test the wheel pads maintain zero lateral-, longitudinal force and 

aligning torque. 

3.3.2 Kinematic and compliance measurement results 

Kinematics and compliance (K&C) data is used on a daily basis in the suspension 

design process. To meet the demand for K&C test request, three K&C rigs are used 

in Europe to measure the data for development work. One of the rigs is owned by 

the Ford Motor Company and the other two are located at external consulting firms. 

The mechanical design of all three facilities is totally different and for this reason it 

was necessary to investigate if the data from the different sources is compatible. In 

the following subsections data from the three test devices will be analyzed and the 

differences found are dealt with in depth. As a result of this investigation, testing 

guidelines were developed [van der Jagt, 1998], which will improve the consistency of 

the data from different test devices. After the investigation the testing was repeated 

on the most reliable rig using the new guidelines, this data was used to validate the 

CAE model. 

Kinematics test results 

When analyzing the Bounce test results it was noticed that the characteristics look 

very similar, but they were all shifted relative to each other (Figure 3.10). This shift 

was caused by a different initial ride height of the vehicle on all three test machines. 

The initial condition for a K&C test is normally specified by supplying a weight 

condition for the test vehicle (Kerb = Vehicle with all reservoirs filled, Kerb+2, 
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Figure 3.10: Bounce test result 

Kerb+4 = Kerb + passengers, GVW = maximum allowed vehicle weight). For 

the testing performed for this study a weight condition of "Kerb+2" was specified. 

Analyzing the initial weight condition in the three data sets it was noticed that the 

loading conditions between the machines varied considerably (Table 3.4) . Possible 

explanations for these weight differences are: 

• The specified load condition was not carefully checked before the testing was 

started. 

• During clamping of the vehicle body on the rig an additional vertical force 

was introduced. 

Rig #1 Rig #2 Rig #3 

left front 458 439 431 

right front 446 439 432 

left rear 312 288 283 

right rear 314 295 296 

total 1530 1461 1442 

Table 3.4: The weight (kg) condition on the K&C test rigs 

But even if a correct initial weight is maintained there is no guarantee that the test 

is being performed at the same specified ride height. In Figure 3.10 it can be seen 

that the vertical force versus displacement graph has a hysteresis loop and there are 

two possible ride heights for one vertical load. For the vehicle in this investigation 

this would mean a ride height variation of about eight to ten millimeters , which 

is unacceptable. On prototype vehicles, where changes are often made to bushings 

and springs there is no relation at all between ride height and wheel load. For this 

3.3. KINEMATICS AND COMPLIANCE MEASUREMENTS 71 

80 

60 

e 
.§. 40 

ci. 
20 

"0 

"§ 0 

·;; 
~ -20 

"' ~ -40 

E ,g -60 
-80 

- I 
\ 000 3000 4000 sooo 6000 7000 sooo 9000 -6 -4 - 2 

front left Fz [N] front left lateral disp.[mm] 

Figure 3.11: Kinematics characteristics used for estimating the offsets 

~eason it was recommended that the ride height must be specified in the test request 

mstead of a weight condition. 

On production vehicles it is possible to specify the distance from the wheel center to 

a point on the wheel arch or from one of the CMM reference points to the ground. 

On .prototypes where the body panels are not very consistent, it is better to specify 

a distance between an axle point and a body hard point. In most cases the best 

point for this is the shock absorber top mount. 

To check if the three test rigs give compatible results when measured at the same 

ride height, the data sets were shifted to the same initial condition. A characteristic 

with a strong non-linear point was used to estimate the shift value needed. The 

following characteristics can be used to do this: 

• The vertical rate characteristics when the rebound stop (discontinuity) is in 

the measurement range ( see Figure 3.11 left) 

• The longitudinal displacement characteristics (zero-derivative) 

• The lateral displacement characteristics (zero-derivative) (see Figure 3.11 

right) 

Examples of these points are given in Figure 3.11. After taking out the offsets, the 

characteristics that indicate only a movement relative to the initial condition, like 

toe and camber, need to be adjusted for the new reference height. Namely those 

characteristics have a relative change with respect to its previous reference height. 

Now having a new reference height means that the characteristics need to be shifted 

so that at the initial condition (zero vertical displacement) the characteristics have 

no relative displacement or rotation. Examples of the shifted and corrected data 

can be found in Figure 3.12. The conclusions from this data is that a kinematics 

bounce test gives very consistent results on the three machines, when performed at 

the correct ride height. 
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Figure 3.12: Data corrected for the different initial vertical displacements 

Analyzing the Roll test is more complicated, because the way in which the test is 

performed varies between the rigs. One device leaves the wheel pads in a horizontal 

plane and rolls the vehicle body. During the roll test this device will also apply 

a pitch motion to maintain constant front and rear axle vertical loads. The other 

two devices move the wheel pads in a vertical direction. Both devices move the left 

and right wheel pad with the same opposite magnitude and a constant axle load is 

not maintained. The difference between these two devices lies in the fact that one 

device measures the front and rear axle at the same time and the other device only 

one axle. This will result in a completely different bending of the vehicle body, 

which is impossible to compensate for. 

Before analysis of this data could be started it was necessary to correct the data 

for the different coordinate systems. The rig that rolls the whole body measures in 

a ground fixed system, while the others measure in a body fixed coordinate system. 

The roll test is the only K&C measurement where the coordinate system needs to be 

corrected between the two devices. After correcting the coordinate systems there 

were still very significant differences between the results from the three devices 

and it was investigated if the measurements had been performed correctly. This 

investigation showed that there were problems with all three test procedures. The 

two devices that are supposed to give a perfect asymmetric input did not do this 

and the other device did not maintain a reasonable constant axle weight. The errors 

in the devices can be seen in Figure 3.13. The conclusion for the roll test is that the 

data is not compatible among the three rigs and cannot be compared directly. For 

validation of CAE models only the information on the anti-roll bar stiffness can be 

used from this test, all the kinematics information is derived from a "Bounce" test 

procedure. 

3.3. KINEMATICS AND COMPLIANCE MEASUREMENTS 73 

-3 -2 - 1 0 I 

front axle roll angle [deg] 
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Compliance test results 

In all compliance tests (parallel-lateral, opposed-lateral and longitudinal) very 

large differences were found among the three test devices. Investigating the source 

for these differences it was noticed directly that there was a problem with the 

insufficient stiffness of the center clamping table of one of the rigs. The stiffness 

is so low that this device cannot be used for any compliance testing at all. For 

this reason it was decided not to use this device anymore for future testing. The 

difference between the other two rigs was mainly caused by the difference in initial 

ride height setup between the two devices. The vertically positioned lower control 

arm bushings of the test vehicle will have a significant stiffness increase in a 

deformed state (position away from the horizontal position). When the ride height 

influence on compliance test results was investigated using a vehicle with horizontal 

bushings (Ford Focus) it was found that the results were significantly less sensitive 

to ride height variations. This means that the sensitivity to ride height variations 
is very dependent on the suspension concept being tested. 

Analyzing the compliance data it also became clear that the three compliance tests 

did not give sufficient information to validate all the bushing stiffnesses in the 

model. The vehicle used in this investigation has the lower control arms mounted 

to a sub-frame instead of directly to the vehicle body. It turned out that this sub

frame couldn't be assumed to be rigid. For this reason additional string potentiome

ters were added to measure sub-frame to body and lower control arm to sub-frame 

displacements, when the testing was repeated at the correct ride height. These 

additional measurement channels allowed a proper validation of the vehicle model. 

Based on these results the recommendation was put in the testing guidelines to 

measure additional suspension deflections when the data is needed for CAE model 
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validation. The testing guidelines also recommend different encoder positions based 

on the type of suspension being tested. Besides the recommendation to use addi

tional encoders, the test procedure for this test was also changed. It was decided 

to lock the steering rack for this test instead of locking the steering wheel. This 

removes the influence of the steering column compliance from the test results. The 

steering column compliance is determined directly in an additional test where the 

steering wheel is turned with steering rack locked. 

3.4 Model validation 

3.4.1 COG location and inertia properties 

In the "ADAMS/Pre" environment there is a special static calculation that 

determines the COG location and inertia properties of the complete vehicle model. 

The results of this simulation can be compared directly with the results from 

the VIMF machine. Our simulation model showed a small discrepancy with the 

measurements and this was corrected by adapting the inertia properties of the main 

body part. Although most of the vehicles suspension components have estimated 

inertia properties it doesn't make any sense to modify the individual suspension 

components because: a) the component masses are relatively low and will differ 

only marginally from the estimated values. b) in the type of simulations performed 

for this study it is important to have the correct overall mass and moments of 

inertia but the distribution over the individual components is less important due 
' to the low levels of acceleration between the components. This is not valid in 

the case that the model is used for ride/comfort or durability simulations. The 

corrected model has the following COG location and inertia values (see Table 3.3 

for measured values): 

Simulation Model 

COG Height (mm) 534 

Pitch Inertia (kg-m2
) 1960 

Roll Inertia (kg-m2
) 394 

Yaw Inertia (kg-m2
) 2163 

Roll/Yaw Inertia (kg-m2
) 80.4 

3.4. MODEL VALIDATION 75 

3.4.2 Geometry corrections based on CMM data 

The CMM data was used to check if all the geometry points of the model are within 

two millimeters (accuracy of CMM machine) of the measured values. This is just 

a rough check of the geometry to find any errors in the CAD information. For the 

fine adjustment of the geometry points, the results from the kinematics suspension 

testing are used. In the vehicle model used for this study it was found that the 

mounting position of the link between the anti-roll bar and the lower control arm 

had been changed from the original CAD drawings. Modifications like this are quite 

common during the production life of a vehicle platform. The corrected geometry 

points are given in Table 3.5 

I "Old" position I "New" position I 
Stabilizer Bar to link x-coordinate (mm) 1808 1808 

y-coordinate (mm) 517 523 

z-coordinate (mm) 485 485 

Link to lower control arm x-coordinate (mm) 1796 1810 
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y-coordinate (mm) 549 

z-coordinate (mm) 720 

Table 3.5: Modified anti-roll bar geometry points 
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Figure 3.14: Original and modified bounce versus vertical force curves 

3.4.3 Geometry and main stiffness corrections based on kine

matics suspension testing 

The first step in this process is to correct the main stiffness characteristics (Figure 

3.14) to achieve the correct spring rate, ride height and bump/rebound stop contact 
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points. This is the most important characteristic in the whole validation process 

because the stiffness is the main contributor to all body motions and the ride height 

has significant influence on the compliance characteristics. In Figure 3.14 the orig

inal and modified model can be found together with the measured characteristics. 

To achieve this level of correlation the following changes were made to the model: 

Front suspension 

1. Free spring length from 391 to 380 mm. 

2. Rebound bump stop length from 88 to 83 mm. 

3. Jounce bump stop at tip from coordinate [ x=1768 y=580 z=877] 

to coordinate [ x=1768 y=579 z=888] 

Rear suspension 

1. Free spring length from 387 to 366 mm. 

2. Spring rate from 18 to 18.5 N jmm. 

3. Rebound bumper length from 114 to 122 mm. 

4. Lower jounce bumper coordinate [ x=4458 y=577 z=960] 

to coordinate [ x=4458 y=579 z=950] 

These corrections are quite easy to make because the different parameters do 

not influence each other. The next main stiffness to check is the roll stiffness 

characteristic. It turned out that it was necessary to reduce both the front and rear 

anti-roll bar stiffness to match the measured stiffness. The front roll bar diameter 

was reduced from 20 to 19 millimeters and in the rear from 16 to 15 millimeters. 

These reductions are necessary not because the design data was incorrect, but 

because the anti roll bar has some internal losses, which are not modeled. The 

losses are mainly caused by the friction in the anti-roll bar mounting points and 

the complex shape of the anti roll bar (see Figure 3.15). The complex shaped 

anti roll bar has effectively a lower stiffness than the straight bar, which was 

modeled. It is possible to model the anti roll bar as a combination of ADAMS 

Beam elements, but this only marginally improves the simulation results and 

adds degrees of freedom to the model, resulting in 50% increase in CPU time 

for a given simulation. The proposed solution for the problem is to develop a 

FEA model of the anti-roll bar and the mounting points and from this model 
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Figure 3.15: Antiroll bar 

derive an equivalent stiffness of the simple straight anti-roll bar used in the model. 

This approach gives an accurate solution without a significant penalty in CPU time. 

After setting the correct main stiffness characteristics and ride height, the main 

kinematics characteristics are adjusted. The most important characteristics are the 

vertical wheel travel versus Toe and versus Camber. Correcting these characteristics 

is not as straight forward as adjusting the spring rates . There are several different 

suspension geometry point positions that influence these characteristics. Currently 

some experience is needed to know which point or combination of points are to 

be changed to get the desired results . In the future a mathematical optimization 

process will handle these geometry corrections. It turned out that the kinematics 

characteristics of the model used for this study matched the measured data very 

well except for the Toe-curve of the left front tire (Figure 3.16). The simulation 

model was constructed with the left and right side suspension symmetry and it 

turned out that the production vehicle was slightly asymmetric. To match the 

measured characteristic the left side outer tie-rod point in the model was raised by 

two millimeters (524.6 to 526.6) to match the measured data. 

3.4.4 Geometry corrections based on steering test results 

Using the measured data for steer and camber versus hand wheel angle the last check 

on the suspension geometry was made. The model data matched the measurements 

very well and there was no need for any additional correction of the suspension 

points. 
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Figure 3.16: Original and modified bounce-toe curve 

3.4.5 Suspension compliance corrections 

As already mentioned in the section on the K&C measurement procedures , the 

standard opposing and parallel lateral force test did not supply enough information 

to correct all the suspension compliances. It was necessary to add additional 

measurement points at the lower control arm and sub-frame connections and 

perform an additional test with the steering rack locked. These measurements 

showed that our model did not include enough flexible components to describe 

all the compliance effects correctly. To investigate the effects in more detail , a 

complete finite element model of the body, sub-frame, lower control arm and 

knuckle (see Figure 3.17) was built [Kirch, 1998] . This FEA model was used to 

investigate the contribution of the different components to the steering compliance. 

Figure 3.18 shows the result of this study. It is clear that for pre-prototype 

suspension design investigations it is necessary to include the design of the sub

frame and have some reasonable estimates of the body bending stiffness. For this 

study it was impossible to implement these flexible structures into the ADAMS 

model and for this reason an attempt was made to correct the existing bushings to 

compensate for the missing flexible elements. 
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Figure 3.17: FEA model of vehicle's front end (Kirch, 1998) 

The first correction was made based on the data measured with the rack clamp 

installed. The linear column compliance of 270 (Nmjrad) by the non-linear spline 

of Figure 3.19. A spline approximation was used to be able to describe the very low 

stiffness on-center and a higher stiffness off-center that was measured. This non

linear characteristic will have a significant influence on the torque parameters of the 

"On- center" (see Section 4.2.5) and "Low-G" (see Section 4.2.3) test results. The 

next step was to correct the suspension and sub-frame bushings to get the correct 

parallel lateral force compliance. The original and changed values are given in Table 

3.6. The final result is shown in Figure 3.20. After these corrections there was still 

a small error in the camber compliance characteristic. This value was corrected by 

adding compliance in the wheel spindle. This value was changed from stiff to 1.0 

108 (Nmmjrad). 

On the rear suspension the modeled compliance characteristics matched the mea

sured ones almost exactly. The only modification made was to change the rear 

spindle compliance from rigid to 7.0 107 (Nmm/rad), to get a better result for the 

camber compliance. 
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Figure 3.18: Influence of flexibility on compliance steer (Kirch, 1998) 

Old stiffness New stiffness 

(N/mm) (N/mm) 

Front lower control arm bushing y-direction 1200 800 

Rear lower control arm bushing y-direction 6250 2500 

Tie-rod ball bushing all-directions 1.0 108 6.0 103 

Rear sub-frame bushing x-direction 3570 900 

Rear sub-frame bushing y-direction 3570 900 

Rear sub-frame bushing z-direction 1720 700 

Table 3.6: Modified front suspension bushing stiffness values 

3.5 Conclusions 

The CMM measurements showed that the CAD geometry data was accurate 

and no changes were needed. The error in the anti-roll bar geometry points was 

caused by a change implemented during production of the vehicle and was never 

entered into the CAD system. Changes like this can occur on vehicles that have 

already been in production for several years, but will never take place during the 

development of a new vehicle. 

In the future it would be desirable also to get the correct mass and inertia properties 
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Figure 3.19: Steering column compliance 

directly from the CAD data. When C3P is fully implemented this should be 

feasible. At present it is possible to use measured values from a prototype vehicle 

or estimation formulas. The desired approach is to use estimated inertia properties 

based on the information in the program target book until representative prototype 

vehicles are available. At that point it is better to switch to measured values. A 

properly designed inertia measurement facility in Europe is desirable. 

The changes made to spring lengths, bump stops and the outer tie-rod point are 

changes that were necessary to compensate for the normal variations in component 

characteristics (spring lengths) and in production (outer tie-rod point) . During a 

development process the influence of the variations in component characteristics 

and production are investigated using a Design of Experiment technique (Chapter 

2) . These studies determine the sensitivity of the vehicle performance to these 
variations. 

An area for improvement in the simulation model is clearly the way in which some of 

the compliances are modeled. Although this model is able to represent the measured 
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Figure 3.20: Original and modified compliance steer curves 

compliance characteristics very well, it is not the preferred solution for future vehicle 

development programs. It is desirable in the future to use the measured bushing 

data instead of numbers that compensate for some model deficiencies. This means 

for the vehicle used in this study that it is necessary to include body and sub-frame 

compliance in the model. This is even more valid for light-trucks that have a very 

flexible frame with an isolated cab. For this reason pressure is put on the software 

suppliers to deliver improved capabilities in the area of coupling multi-body and 

finite element models. 

This was the last step of the model validation using measured static vehicle char

acteristics. The model is now properly validated and can be used to investigate 

how well the vehicle behavior under various driving conditions can be predicted by 

means of CAE. 
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Chapter 4 

Steering and handling 

validation study 

In the preceding chapters a full vehicle CAE simulation model was assembled based 

on information from component and geometry testing and this model was optimized 

and validated using information obtained from static full vehicle measurements. In 

the present chapter it is investigated if the dynamic driving simulation results from 

this validated model give the same assessment of a vehicle's steering and handling 

performance as the results from instrumented vehicle measurements. 

The instrumented vehicle measurements performed are the standard set of objective 

measurements performed for assesing the steering and handling performance of 

a vehicle. Before the results from these measurements are compared with the 

results from vehicle simulations an analysis is made of the repeatability of the test 

procedures and the methods used to derive the characteristic parameters from the 

measured signals. 

In the following sections first a short overview will be given of the type of equipment 

used, the standard set of measurements performed and the parameters derived from 

these measurements. 

4.1 Vehicle dynamics test equipment 

On an instrumented vehicle for standard steering and handling measurements the 

following signals are measured: 

85 
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• Forward velocity 

• Lateral velocity 

• Steering wheel angle 

• Steering wheel torque 

• Lateral acceleration 

• Longitudinal acceleration 

• Yaw velocity 

• Vehicle body to ground position (4x) 

• Distance wheel center to vehicle body (2 or 4x) 

The instrumented vehicle data is recorded using a Divas 32 channel data recorder 

[Van Gorder, 1998]. The sample rate used for the standard vehicle dynamics 

measurements is 25 Hz. 

From the raw signals above the following corrected and calculated signals can be 

derived: 

1. Lateral Velocities at the front, rear-axle and the center of gravity (COG). 

This calculation uses the measured lateral velocity ( Vy in km/h ) and the 

yaw velocity ( ~ in deg/ s) to derive lateral velocities at different longitudinal 

positions on the vehicle. These lateral velocities are also represented as slip 

angles ((3 in deg.), which are derived by taking the arctangent of the lateral 

velocity and the forward speed (Vx in km/h); 

f3 
180 (Vy,sensor- fcJ&(X + lsensor)rliJ~) 

=-arctan V 
n x 

(4.1) 

where lsensor is the longitudinal distance between the lateral velocity sensor 

and the front axle in mm, and X is the longitudinal distance between the 

front axle and the point the slip angle is calculated for in mm. 

2. Lateral acceleration (ay in g ) in the road plane. The lateral-, and longitudi

nal accelerometers and the yaw rate sensor are not mounted on a stabilized 

platform and will move with the vehicle in roll and pitch, which causes the 

accelerometers to read a component of the gravity acceleration (see Figure 

4.1). All the standard test procedures performed for this study are carried 

out at constant speed (no longitudinal acceleration), which means that the 

pitch angle can be neglected. The lateral acceleration, however, needs to be 
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corrected for the body roll ( cp in deg.) according to: 

ay,meas +sin (cprliJ) 
ay = rr 

cos (cpl80) 
(4.2) 

A correction of the yaw rate is normally not made because with a maximum 

roll angle of about eight degrees errors are less then one percent. 

3. Body roll angle. The body roll angle (cp in deg.) is normally calculated twice, 

once as Roll relative to ground using the infrared height sensors (signals h1 

and hr in mm) and once as suspension roll using the string potentiometers 

between the body and the wheel. The difference between the two numbers is 

the roll due to tire vertical deflection. Both calculations are very similar: The 

roll angle reported in this thesis is always the roll angle of the body relative 

to ground; 

180 (hz- hr) cp =-arctan 
n w 

(4.3) 

where w is the lateral distance between the two height sensors in mm. 

All signals, both derived and directly measured, are corrected for offsets coming from 

the equipment and mounting errors. The offset correction methods are described 

in Section 4.2.1 

Figure 4.1: The influence of body roll on the lateral accleration 
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4.2 Standard test procedures 

Here a short description is given of the standard steering and handling test 

procedures and the characteristic parameters derived from each procedure. At this 

time a full steering and handling fingerprint of a vehicle consists of the following 

test procedures: 

1. Constant radius 

2. Low-G. swept steer 

3. Frequency response 

4. On-center steering 

5. Parking effort 

Before each test three additional measurements are performed (static, straight line 

running and acceleration) to determine the signal offsets. 

4.2.1 Test procedure to determine signal offsets 

Before every test procedure, with the exception of a "frequency response" 

test, two or more tests are run to determine signal offsets. For the frequency 

response test the offsets have no influence on the results because the data 

analysis is performed in the frequency domain. The offset measurements are 

repeated before and after every new test procedure. This is done to check the 

signals for drift and the different tests are not performed on the same track 

surfaces. If the difference between the signal offsets before and after the test is 

above a certain limit the whole measurement is discarded and all testing is repeated. 

The first offset test performed is a measurement with the vehicle stationary and 

the driver's hands removed from the steering wheel. From this test the offset of 

the steering wheel torque, yaw rate, height sensors and string potentiometer signals 

is determined. The second test is a constant speed straight-line run. From this 

measurement the offsets of the accelerometers and the steering wheel angle is deter

mined. The final offset measurement is straight line driving with varying velocity, 

from this measurement a mounting error of the velocity sensor is calculated. This 

sensor has from its design no signal offset, but there is normally a small error caused 

by the fact that the sensor is not perfectly aligned with the vehicle's main axis. Due 

to the large magnitude difference between the lateral- and longitudinal velocity sig

nals during a test, the influence of this mounting error on the longitudinal velocity 

will be minimal (cosine error ) , but the lateral velocity will be significantly influ-
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enced by the sine component of the longitudinal velocity. This error angle (8) is 

determined by fitting a linear relation between the lateral- and longitudinal velocity 

(see Figure 4.2). The lateral velocity signal is corrected according to: 

Vy = Vy,meas cos 8 + Vx,meas sin 8 

All the signal offsets are removed from the measured data before the analysis. 

2.-------,-------,-------,--------.-------,-------. 

1.9 

Sensor Mounting Error= 1.69 degrees. 
1.8 
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Speed Sensor Vx (km/h) 

Figure 4.2: Measurement of velocity sensor mounting error 

4.2.2 Constant radius test 

( 4.4) 

This test is used to determine the steady state characteristics of a vehicle. The 

test is normally performed on a large flat test area on which a circle with a radius 

of thirty meters is marked. The test is performed by accelerating from zero to 

the maximum speed possible while staying on the circle diameter. On top of the 

steering angle needed to follow the circle diameter, the driver is asked to apply a 

1 Hz steering input with small amplitude. This is done to eliminate the steering 

friction from the steering torque signal. The longitudinal acceleration should stay 

below 0.5 (m/ s2 ) to guarantee the vehicle is in a steady state condition and the 
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traction forces on the tires are relatively low. 

There are several other ways to perform this test such as: 

• Run at constant velocity and very slowly increase the steering angle. 

• Run with constant velocity over a handling circuit with several different radii 

curves, making sure the steering velocity stays below a certain limit. 

• At a constant velocity give a step input to the steering wheel and wait until 

the lateral acceleration reaches its steady state value. This test is repeated 

for several different magnitudes of the step input. 

In theory these test procedures should all give identical results, but in reality this 

is not the case due to curvature, speed and tire heating effects. 

The result from this type of test is shown in Figure 4.3. The characteristic 

parameters derived from this test procedure are the following gradients determined 

between a lateral acceleration of 0.1 to 0.35 g: 

• Steering wheel angle versus lateral acceleration 

• Body roll angle versus lateral acceleration 

• Side slip angle versus lateral acceleration 

• Front axle side slip angle versus lateral acceleration 

• Rear axle side slip angle versus lateral acceleration 

Another parameter derived from this test is the so-called "Understeer Gradient", 

this number is calculated as the steering wheel angle gradient divided by the steering 

ratio. 

4.2.3 Low-G swept steer test procedure 

The Low-G swept steer test is a test procedure specially developed to determine the 

non-linearity in the vehicle response, while steering away from the center position. 

The results from the test correlate very well with a driver's subjective evaluation of 

on-center feel and steering response [Presser, 1998]. The test is performed driving 

in a straight line with constant speed, release the steering for at least one second, 

re-grip the steering wheel and then slowly ( <5 degjs) steer away from the center 

position. The test is stopped if either a lateral acceleration of 0.15 g's or 15 degrees 

steering wheel angle is reached. An example of the results can be found in Figure 

4.4. From this test procedure the following parameters are derived: 
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Figure 4.3: Result from the "Constant Radius" test procedure 

• Steering wheel torque versus steering wheel angle deadband 

• Steering wheel torque versus steering wheel angle buildup 

• Lateral acceleration versus steering wheel angle window 

• Lateral acceleration versus steering wheel angle gain 

• Steering wheel torque versus lateral acceleration gradient 

• Yaw rate versus steering wheel angle gain 

• Steering wheel torque versus yaw rate gradient 

deg/g 
deg/g 
deg/g 
deg/g 
deg/g 
deg/g 
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The steering wheel torque versus steering wheel angle-deadband is defined as the 

angle at which a torque level of 1.33 Nm is reached. The lateral acceleration versus 

steering wheel angle-window is calculated as the steering angle at which the lateral 

acceleration reaches a value of 0.05 G. These specific levels were determined in 

a study as the average human threshold for detecting steering torque and lateral 

acceleration [Janitor, 1998]. The remaining parameters are calculated from linear 

fits in the range of 0.05 to 0.1 g. lateral acceleration. 
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Figure 4.4: Result from the "Low-G" test procedure 

4.2.4 Frequency response test procedure 

This test was developed mainly to determine the yaw natural frequency of a vehi

cle. Several papers [Mimuro, 1990, Schroeder, 1995] have been written about this 

test procedure and people have been very successful in correlating the results with 

subjective assessments of vehicle stability. The test can be performed in two ways: 

1. Driving at constant speed give a random frequency input to the steering. It is 

important during this test that the vehicle stays in the linear operating range 

(lateral acceleration <0.3 G.). 

2. Driving at constant speed give a sharp pulse input to the steering. 

The first procedure is the preferred one because it gives more repeatable results. 

The second procedure is often performed when no large straight piece of road is 

available and for this reason it is impossible to perform the first procedure. 

The data is analyzed determining the linear transfer function of steer angle versus 

yaw rate and steer angle versus lateral acceleration. An example of the transfer 

functions is given in Figure 4.5. To ensure a smooth transfer functions with a fine 

enough frequency spacing at least fifty seconds of data is needed. This implies 
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that, if the test is performed at 120 km/h, a straight piece of road of at least two 

kilometers is required. 

Another important issue during this test is that the steering input needs to have 

enough frequency content in the whole range of interest (3 Hz) . It is desired that 

the power spectrum of the steering input is almost flat in this range. If a piece of 

road with sufficient length is not available to fulfill all these requirements in one run, 

it is possible to do a frequency domain average of several runs and input a small 

section of the 3Hz frequency band in each run. This frequency domain averaging is 

done in the following way: 

(4.5) 

where Txy is the complex transfer function, Pxy is the cross spectral density and Pxx 

is the powerspectral density of the input signal. This method can also be used if a 

road of sufficient length is available to get a smoother transfer function by averaging 

several runs. 

An example of the results from the "frequency response" test is given in Figure 

4.5. From the transfer functions the following parameters are derived: 

• Lateral acceleration steady state gain 

• Lateral acceleration -3dB frequency 

• Lateral acceleration -45° phase time lag 

• Yaw rate natural frequency 

• Yaw rate steady state gain 

• Maximum yaw rate gain 

• Yaw rate -45° phase time lag 

The parameters of lateral acceleration steady state gain, lateral acceleration -3 dB 

frequency, lateral acceleration 45° time lag and yaw rate 45° time lag are deter

mined by fitting smoothing spline functions through the gain and phase signals. To 

calculate yaw steady state gain, yaw peak gain and yaw peak frequency, the yaw 

gain signal is approximated by a second order transfer function. The parameters 

of this second order transfer function are fitted using a least-squares optimization 

technique. 
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Figure 4.5: Result from the "frequency response" test procedure 

4.2.5 On-center steering test procedure 

This test, like the constant radius test, is one of the standard tests in the industry 

and was first described on paper by General Motors in 1984 [Norman, 1984, 

Kunkel, 1988]. The standard test is to run in a straight line with constant forward 

velocity and applying a 0.2 Hz sinusoidal steering input. The vehicle reaching 0.2g 

lateral acceleration determines the amplitude of the steering input. As a deviation 

from the standard test procedure described in the literature, this procedure was 

also run at levels of 0.1 and 0.4g lateral acceleration amplitude. The purpose of 

this test is to investigate on-center non-linearity's and friction levels in the steering 

system. 

The driver is assisted by an acoustic signal to maintain the 0.2 Hz frequency. It 

turns out that humans are not able to generate a reasonable sinusoidal steer signal, 

but they tend to input a saw tooth shape with rounded edges. This is not a major 

problem as long as the driver is able to keep the steering wheel velocities reasonably 

consistent during the test. Using a steering machine or robot to generate the steer 

input significantly improves the repeatability of this test , but these devices are too 
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cumbersome to use on a daily basis. 

An example of the results can be found in Figure 4.6. The following parameters 

are derived from this test procedure: 

• Yaw rate versus steering wheel angle- on-center gradient 

• Yaw rate versus steering wheel angle- linearity 

• Lateral acceleration versus steering wheel angle - sensitivity 

• Lateral acceleration versus steering wheel angle - deadband 

• Steering wheel torque versus steering wheel angle - maximum rate 

• Steering wheel torque versus steering wheel angle- deadband 

These parameters are derived in the following way: The data from a single run is 

subdivided into a number of steer sweeps clockwise and counter clockwise. Yaw 

rate, lateral acceleration and steering wheel torque versus steering wheel angle are 

approximated by two smoothing splines, one spline for all steer sweeps to the right 

and one for all steer sweeps to the left. Yaw rate versus steering wheel angle on

center is calculated as the mean derivative of both splines at 0 degrees steering 

wheel angle. Yaw versus steering wheel angle linearity is calculated as the mean 

derivative of both splines at center position divided by the maximum mean deriva

tive value. Lateral acceleration versus steering wheel angle sensitivity is calculated 

as the gradient of a linear fit. The two deadbands are calculated as the distance in 

x- direction (steering wheel angle) between both splines at 0 g. respectively 0 Nm. 

Steering wheel torque versus steering wheel angle maximum rate is calculated as 

the average of the maximum values of the first order derivatives of both splines. 

4.2.6 Parking effort test procedure 

This is a simple test to determine the steering wheel torque levels occurring while 

parking or very slow maneuvering. The test is performed completely stationary 

and slowly rolling (between 4 and 10 km/h). During the static test the brakes are 

applied which, depending on the suspension geometry, will have an influence on the 

magnitude of the steering torque. The test is performed by turning smoothly from 

center to lock in one direction, then to lock in the other direction, then to lock 

in the first direction and then back to the straight ahead position. The transition 

between directions should be smooth, without releasing the steering wheel. During 

the maneuver the steering wheel velocity should be around 90 degrees per second. 

An example of the results can be found in Figure 4. 7 and the following parameters 

are derived from this test: 
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Figure 4.6: Result from the "On-center" test procedure 

• Steering torque near center 

• Maximum torque 

• Torque non-uniformity 

The steering torque near center is the average torque in a range of ± 180 degrees 

(T mean). The maximum torque is the peak steering wheel torque within the center 

90% of the steering range ( this excludes peaks that occur at or near the steering 

lock). The non-uniformity is defined as the percentage of the maximum torque in 

the ±180° range (Tmax)· minus the average torque in this range divided by this 

average torque or in equation form: 

.1 . O'f I(Tmax -Tmean)l Non- um ormzty = 100to. Tmean (4.6) 

4.3 Data analysis methods 

Before comparing the instrumented measurements with simulation results it was 

decided to take a good look at the procedures used to derive the characteristic 

parameters for each test from the measured signals. The two main reasons for this 

investigation were: 
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Figure 4.7: Result from the "Parking effort" test procedure 

• Different software packages were used to analyze the measurement and the 

simulation results. It had to be investigated if the analysis routines are fully 

compatible and no differences can occur due to the use of either package. 

For this reason it was decided to re-write all the data analysis procedures in 

Matlab [The Math Works, 1995] . The new Matlab routines enabled the im

plementation of the data analysis methods discussed below and it also allowed 

processing of the CAE results using the same routines. 

• The test division only reports the measured characteristic parameters as one 

number, which is the average of several runs. The standard data analysis 

software used before did not allow retrieving any additional information as 

e.g. test variability. 

Most people tend to treat measured data as absolute fixed numbers, which is 

not the case. For this reason it is necessary to report the variability of each 

characteristic parameter in addition to the mean value. In addition two meth-
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ods (removing outliers and establishing the correct number of test repeats) 

were implemented, which will reduce the test variability. The new analysis 

methods that were implemented are discussed in the next four sections. 

4.3.1 Removing outliers 

Usually dynamic steering and handling tests are repeated a number oftimes (runs). 

The average results of multiple runs of a test are computed from linear fits and 

spline interpolation through the data from all runs as shown in Figure 4.8 . The 

disadvantage of this approach is that outliers significantly influence the fitted curves 

and there is no information about the accuracy of the values obtained. In a new 

approach all runs of each test are analyzed separately and the average values and 

standard deviations for each metric are calculated. Table 4.1 shows the results for 

the Low-G swept steer test from Figure 4.8. Runs with outliers greater than two 

standard deviations (test ID's lgi15 and lgi21 in the example) are removed from the 

data set and new average values and standard deviations are calculated (Table 4.2). 

This procedure is repeated until no more outliers can be identified. 

SWT SWT Ay vs.SWA Ay vs.SWA SWT vs.Ay Yaw SWT vs.Yaw 

vs.SWA vs.SWA Window Gain Gradient vs.SWA Gradient 

Dead band Buildup (deg.) (mg/deg.) (Nm/g) Gain (Nm/deg/s) 

(deg.) (Nm/deg.) (1/s) 

lgi14 1.168 0.073 6.811 12.153 6.009 0.282 0.259 

lgi15 1.189 0.106 6.120 11.382 9.270 0.253 0.418 

lgi16 1.102 0.086 6.330 10.930 7.932 0.248 0.347 

lgi17 0.821 0.078 6.586 11.554 6.775 0.269 0.291 

lgi18 0.804 0.091 6.648 11.634 7.845 0.270 0.337 

lgi19 0.780 0.077 6.310 10.989 7.051 0.269 0.279 

lgi20 1.215 0.080 6.467 11.823 6.814 0.266 0.302 

lgi21 0.921 0.088 5.449 9 .983 8.810 0.222 0.394 

lgi22 1.041 0.085 6.535 11.267 7.456 0.261 0.322 

lgi23 0.851 0.083 6.123 10.821 7.680 0.255 0.325 

Mean 0.989 0.085 6.338 11.254 7.564 0.260 0.327 

Std. Dev. 0.173 0.009 0.383 0.611 0.976 0.016 0.050 

Table 4.1: Low-G swept steer results from 10 runs (outliers bold) 

The conclusion can be drawn that different results are obtained when calculating 

average metrics from individual runs as when the metrics are fitted through all runs 

together. The first method has the advantage that the standard deviation for each 

metric can be calculated which is an important value for identifying and removing 

outliers and for comparing metrics. 
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SWT SWT Ay vs.SWA Ay vs.SWA SWT vs.Ay Yaw SWT vs.Yaw 

vs.SWA vs.SWA Window Gain Gradient vs.SWA Gradient 

Dead band Buildup (deg.) (mg/deg.) (Nm/g) Gain (Nmjdeg/s) 

(deg.) (Nm/deg.) (1/s) 

lgi14 1.168 0.073 6.811 12.153 6.009 0.282 0.259 

lgi16 1.102 0.086 6.330 10.930 7.932 0.248 0.347 

lgi17 0.821 0.078 6.586 11.554 6.775 0.269 0.291 

lgi18 0.804 0.091 6.648 11.634 7.845 0.270 0.337 

lgi19 0.780 0.077 6.310 10.989 7.051 0.269 0.279 

lgi20 1.215 0.080 6.467 11.823 6.814 0.266 0.302 

lgi22 1.041 0.085 6.535 11.267 7.456 0.261 0.322 

lgi23 0.851 0.083 6.123 10.821 7.680 0.255 0.325 

Mean 0.973 0.082 6.476 11.396 7.195 0.265 0.308 

Std. Dev. 0.178 0.006 0.217 0.473 0.657 0.010 0.030 

Table 4.2: Low-G swept steer results from 8 runs (outliers removed) 

4.3.2 Number of runs 

If the theoretical standard deviation a of a specific metric for a specific test has 

already been identified in former tests with sufficient accuracy, stochastic methods 

can be applied to specify the influence of the number of runs on the reliability of 

measured results . Assuming a normal distribution, the probability a of finding a 

value X within a range c.a of its true value f.l is given by 

a= P(f.l- c.a ~X~ f.L + c.a) ::::: ci>(c.y'n)- <I>( -c.y'n) = 2.ci>(c.y'n)- 1 (4.7) 

where ci> is the normalized distributions-function of the normal distribution and n 

the number of test . If the probability a is set to a fixed value, the number of tests 

required is calculated as 

The choice a= 90% leads to ci>_1 = 1.645 and 

n = [1.645] 2 

c 

(4.8) 

(4.9) 

The following Table shows the number of runs required for different values of c. 

At least 3 runs are necessary to obtain a 90% probability that the calculated value 

lies within one standard deviation range of the true value. 

c 1 0.75 0.5 0.25 0.1 

n 2.7 4.8 10.8 43.3 270.6 
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Figure 4.8: Analysis of " Low-G" test, fit through 10 runs 

4.3.3 Confidence interval 

When reporting objective test results the mean values as well as the confidence 

interval should be reported. The confidence interval is given by 

X(n) ± (c.£T) (4.10) 

For o: = 90% this leads to c = 1~5 . For n=10 runs, the 90% confidence interval is 

X(n) ± (0.51.£T). 

4.3.4 Comparison of results 

With the result and the confidence interval of certain test known, it is not clear if 

this result is significantly different from the result from another test. To know if 

two normal distributed sets of data are significantly different, the t-Test is used for 

the comparison of the mean values. For the comparison of two different vehicles 

or vehicle settings X and Y, measurements X 1 , . . . , Xm from m runs with setting 

X and Y1 , ... , Yn from n runs with setting Y are taken and the averages X, Y and 
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standard deviations S x , Sy are calculated. The test value T is given by: 

T= X-Y Vm.n.(m+n-2) 
J(m- 1).Sx + (n- 1).Sy · m + n 

(4.11) 

Large values of ITI indicate a significant difference between the settings. X and Y 

are significantly different if ITI > ta,k, where K = m + n- 2. For o:=90%, ta ,k is 

shown in the following table. 

K 1 2 3 4 5 6 7 8 9 10 

tgo%,k 6.314 2.920 2.353 2.132 2.015 1.943 1.895 1.850 1.833 1.812 

K 12 14 16 18 20 22 24 26 28 30 

tgo% ,k 1.782 1.761 1.746 1.734 1.725 1.717 1.711 1.706 1.701 1.697 

If the T-test is applied only two results are compared. The T-test has to be repeated 

m.(m- 1)/2 times to test all pairs of m different vehicles or configurations. 

4.4 Test program 

A standard test program for steering and handling assessment is made-up out of 

the following t est procedures and conditions: 

• Constant radius test 

• Frequency response test at 100 km/h 

• Frequency response Test at 120 km/h 

• On-center test at 75 km/h, 0.1 G max. lateral acceleration 

• On-center test at 75 km/h, 0.4 G max. lateral acceleration 

• On-center test at 100 km/h, 0.1 G max. lateral acceleration 

• On-center test at 100 km/h, 0.4 G max. lateral acceleration 

• Low-G swept steer test at 90 km/h 

• Stationary steering effort test 

• Low velocity steering effort test 

During the steering and handling investigations the vehicle's loading condition, tire 

pressure and rear axle toe settings were varied. The following twelve configurations 

were investigated for each test: 
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A) Tire 1: 2UP (896/570 kg, cold tire pressure 2.1/2.1 bar) 

B) Tire 1: GVW (925/891 kg, cold tire pressure 2.4/2.8 bar) 

C) Tire 1: Rear +100 kg 

D) Tire 1: Front 1.6 bar, rear 2.8 bar cold pressure 

E) Tire 2: 2UP (896/570 kg, cold tire pressure 2.1/2.1 bar) 

F) Tire 2: GVW (925/891 kg, cold tire pressure 2.4/2.8 bar) 

G) Tire 2: Rear +100 kg 

H) Tire 2: Front 1.6 bar, rear 2.8 bar cold pressure 

I) Tire 3: 2UP (896/570 kg, cold tire pressure 2.1/2.1 bar) 

J) Tire 3: GVW (925/891 kg, cold tire pressure 2.4/2.8 bar) 

K) Tire 3: Rear + 100 kg 

L) Tire 3: Front 1.6 bar, rear 2.8 bar cold pressure 

4.5 Test Results 

The plots with the instrumented testing and simulation results are given in Ap

pendix B. The instrumented test results are displayed as single points (square- D) 

with a vertical bar representing the mean value and 90% confidence interval. The 

simulations are given as single points (triangle- ~) connected by a solid line. The 

different vehicle setup conditions are represented by single letters (see Section 4.4). 

4.5.1 Constant radius test 

For the most important parameter of this test, the steering wheel angle gradient, an 

excellent correlation was found between simulation and measurement (see Section 

B1). In addition significant differences were found for all the measured configura

tions. The roll gradient coefficient was predicted well by CAE, but showed very 

little variation under influence of the setup changes. For the Steering wheel torque 

gradient significant differences were measured for almost all the configurations, but 

these differences did not show up in the simulation results. For the side slip gradi

ent the measured trends were predicted perfectly, but there is a 25% offset in the 

magnitude between measurement and simulation. 

4.5.2 Frequency response test 

The results from the frequency response test show an almost perfect correlation 

between simulation and measurement for the complete metrics (see Section B2). 

The only difference between simulation and measurement is magnitude difference 
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in the time lags. Significant differences in the complete metrics were measured for 

all the configurations tested. 

4.5.3 On-center test 

The measurements show that for two parameters in the metrics it is not possible 

to measure any significant differences between the configurations (see Section B3). 

The parameters are the lateral acceleration versus steering angle deadband and the 

Yaw rate versus steering angle linearity. For the other parameters in the metrics 

there is a good correlation between the simulation and the measurements. The 

steering wheel torque versus steering wheel angle maximum rate is off in magnitude 

by about 20%. 

4.5.4 Low-G test 

This test proved to be very inconsistent. Even though more then ten repeats per 

direction were run and all the outliers removed , no significant differences were 

found between the configurations for any of the calculated metrics (see Section 

B4). The simulation did predict the average value of the measurement very well in 

both trend and magnitude. The exception was the steering wheel torque deadband, 

which showed a significant difference in magnitude. 

4.5.5 Parking effort test 

The parking effort test was not performed with all configurations, but only using 

two different tires. Large differences are found between measurement and CAE 

results (see Section B5). Based on these results it was concluded that for both the 

slowly rolling and the static test it is not possible to predict the torque levels by 

means of CAE at all. 

4.6 Conclusions 

The Low-g test is not able to differentiate between the configurations tested. This 

test was developed as an objective measure for the non-linearity in the vehicle 

characteristics while steering away from the center position. This is a very important 

subjective criterion and it is necessary to develop a new objective test which is able 

to measure the differences between the vehicle setups. 

For all the other objective tests the simulations are able to predict all the relative 

trends of the measurements. This is more important than to predict the exact 
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absolute value, because it is known that the absolute level can vary significantly 

between testing sessions performed on different road surfaces. 

Two main areas for improvement of the vehicle models were identified based on the 

results from this study: 

1. The model of the power steering system. The hydraulic steering support 

system needs to be modeled in greater detail to get a better description of the 

small torque levels and non-linearities in the on-center region. The difference 

during the Constant radius test is due to the fact that during the measurement 

a high frequency steering input was super positioned on top of the steady state 

input (see Section 4.2 .2) . The high frequency input will have influence on 

the assist torque of the steering system. 

2. The tire model. To get usable results from the parking effort simulation, 

the tire model needs to produce forces under zero velocity conditions. The 

current tire model only produces forces when slip velocities of the contact 

patch are present. 

In addition to the static (non-rolling) forces it is also known that there is a 

significant difference between the tire properties (see Chapter 2) on a labora

tory surface and on the actual track surface. If the laboratory data is scaled 

for a specific road surface it is possible to significantly improve the correlation 

in the magnitude of sideslip velocities and time lags. 

In the next chapters the two problems with the way the tire characteristics are 

modeled will be addressed. The first issue with the steering system model will be 

investigated jointly with a steering system supplier. 
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Chapter 5 

Road surface correction of 

tire test data 

5.1 Introduction 

The simulation results in Chapter 4 show that the current vehicle dynamics simula

tion models are able to predict the relative changes in vehicle response parameters 

due to vehicle setup and tire changes. However, for some of the measured param

eters the absolute numbers of the simulation results are quite different from the 

measured ones. It is known that the main cause for this difference is the fact that 

tires behave quite differently on actual road surfaces than on the artificial surfaces 

in the laboratory tire measurements. Although for most design optimization work 

this difference is not critical, since usually the relative changes from a reference 

condition are used, it is very important for some investigating the limit of the vehi

cle's driving stability. Examples of such maneuvers are vehicle roll-over, maximum 

speed through a lane-change and lap time predictions with racing cars. In Section 

2.3.5 it was explained that it is currently neither feasible nor desirable to measure 

the tires needed for vehicle dynamics simulations on the road. For this reason it 

was investigated if it is possible to adjust the data measured in the laboratory to 

accurately reproduce any road surface. 

5.2 Tire test results on different road surfaces 

As an example of the differences in tire characteristics that can occur on different 

surfaces, the results of lateral force measurements on a 185/65R15 tire are shown 

107 
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Figure 5.1: Example of lateral force data of a 185/65R15 tire on three different 

surfaces 

in Figure 5.1, for testing on laboratory as well as road surfaces. This figure shows 

significant differences in the lateral force results, especially between the laboratory 

measurement and two road surface measurements. 

It is obvious that to describe an instrumented test result performed on road 

surface "A" using the simulation data measured on the laboratory machine will 

not result in a high degree of correlation. Large differences can occur even using 

tire test data from another road surface, say road surface "B" . Simulations 

have shown that using the tire force and moment data measured on the same 

road surface as the instrumented test was performed on, a high degree of cor

relation between simulation and actual measured data is obtained. ( see Figure 5.2). 

One of the responsibilities of the tire manufacturers is to supply the best possible 

data for computer simulations to the vehicle manufacturers. As already mentioned 

in Chapter 2 however, it is impossible to measure with a road tire test vehicle every 

tire type and size on the various proving grounds. Hence a method was developed 

allowing correction of laboratory data for different surfaces. 

In order to investigate the influence of different road surfaces on tire test results, a 

single tire size was selected and measurements on three different road surfaces and 

in the laboratory performed. Results were analyzed and expressed as parameters 

for the "Magic Formula" (Bakker 1987, 1989]. The "Magic Formula" tire model was 
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employed since it gives a good representation of measured tire characteristics and 

because certain coefficients of the model retain a physical meaning and can therefore 

be expected to react to road surface variations in a meaningful way. Appendix A 

gives an overview of the equations of the "Magic Formula". 
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Figure 5.2: Comparison of simulation results of a "Lane-Change" maneuver with 

measured vehicle data 

The results of the measurements on different road surfaces are given in Table 5.1 

and the analysis of that information shows that parameters a1 , a2 and a3 of the 

"Magic Formula" change significantly from surface to surface. 

I surface -+ I C I Laboratory I 
a1 -43.707 -42.026 -39.925 -35.408 

a2 1329.305 1280.406 1215.734 1086.310 

a3 1285.465 1378.389 1306.211 1502.732 

a4 8.875 8.847 8.832 8.792 

a5 0.017 0.016 0.016 0.014 

a6 -0 .021 -0.025 -0.032 -0.025 

a7 -0.513 -0.428 -0.378 -0.451 

as -0.111 -0.132 -0.136 -0.141 

an 8.210 7.977 7.542 8.122 

Table 5.1: "Magic Formula" coefficients for different surfaces 

It was expected that only the parameters, which represent the peak lateral force 

("a1" and "a2") would change. These parameters represent the "friction coefficient" 

of the surface, and in fact "a1" and "a2" do change from one surface to the other 

by the same percentages, illustrating a variation in the overall level and not in the 

dependency of the vertical load. Unexpectedly, parameter "a3" which represents 

the cornering stiffness also changed quite significantly. According to theory, the 
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Surface" A" Surface "B" Surface "C" 

c1 c2 c1 c2 c1 c2 
Tire: A 1.226 0.776 1.213 0.843 1.176 0.872 

Tire: B 1.189 0.820 - - - -
Tire: C 1.224 0.855 1.186 0.917 1.119 0.869 

Tire: D 1.228 0.869 - - - -
Tire: E 1.193 0.793 - - - -

Table 5.2: Road correction factors "C1" and "C2 " for different surfaces and tires 

cornering stiffness should be tire construction dependant and not change from one 

surface to another. There are two possible explanations for the change in param

eter "a3". The first one being the fact that the cornering stiffness is influenced 

by dynamic effects, meaning that high frequency load changes coming from road 

irregularities might reduce the cornering stiffness. A second possible explanation is 

that, although identical test procedures were used, it is possible that the tires had 

completely different temperatures during the test. The tire temperature has a direct 

influence on the structural stiffness of the tire, which is the main contributor to the 

cornering stiffness. That parameter "a4" does not change illustrates variation in 

only the overall level of the cornering stiffness and not in its dependency of vertical 

load. All curve shape and camber parameters appear to change insignificantly from 

one surface to another. 

Summarizing these findings, it appears that a tire model can be adopted to describe 

any surface condition by addition of two parameters "C1", "C2" to the "Magic 

Formula" (see Appendix A for the "Magic Formula" equations). 

D* c1.D (5.1) 

(BCD)* C2.(BCD) (5.2) 

with: D a1.F'} + a2.Fz (5.3) 

BCD a3 . sin (2. arctan ( Fz )) .(1 - a5 hi) (5.4) 
a4 

where Fz is the tire vertical load in kN and 1 the camber angle in degrees. 

In the third row of Table 5.2 the values of "C1" and "C2 " are given for the control 

tire ( Tire: C ) to adapt the tire model from laboratory data to a road surface. 
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In Figure 5.3 an example of measured laboratory lateral force data and the "Magic 

Formula" model of this data is shown. In Figure 5.4 an example of both laboratory 

and road surface measured lateral force data is shown. It can be seen from this graph 

that excellent characterization of the road surface results can be achieved using the 

"Magic Formula" parameters derived from laboratory tire data with in addition the 

two correction factors for this type of surface ( C1 = 1.226, C2 = 0.776) . Given 

the independence of the two correction factors of the vertical load shown in Figure 

5.5, it is only necessary to measure a single curve on any other surface to estimate 

the two correction factors if a full set of "Magic Formula" parameters derived from 
laboratory data is available. 
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Figure 5.3: Example of the accuracy of the "Magic Formula" tire model 

The extension of the study of the tire force and moment characteristics on different 

surfaces was to evaluate if the correction factors are the result of the surface, and 

independent of the tire itself. To investigate this, five different tire constructions 

were measured on the laboratory machine and on road surface "A". The results, 

given as correction factors, can be seen in the first column of Table 5.2. Large 

variations in factor "C2" are seen (up to 10% ). These were expected as a result of 

this factor's dependence on the sensitivity of the tire construction to high frequency 

load changes. It is also known from passed experience that the factor "C1 " can 

change in time due to weather, temperature and surface condition influences. 

The theory and findings presented above have been validated with additional tire 
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Figure 5.4: Example of the corrected "Magic Formula" tire model 
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sizes and constructions than the ones given in the tables of this chapter. The 

measurements used to develop the theory were all carried out in the period 1991 to 

1993 [van der Jagt, 1996]. At a later date two additional studies were carried out on 
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this subject. In 1995 four different tires were measured at the Ford Arizona Proving 

Grounds [van der Jagt, 1997] and in 1998 nineteen tire types at the Lommel Proving 

Grounds [van der Jagt, 1998] . Both studies showed that it was possible to correct 

the data using the two correction factors. There were, however, two remarkable 

observations. 

1. The measurements performed in 1991 all gave a 0 1 factor greater than unity 

(road friction higher than laboratory friction), while the later measurements 

gave a value smaller than unity. There are two possible explanations for 

this observation. First, modern tires normally use harder compounds, due to 

more severe wear and rolling resistance requirements. Second, the tire test 

procedures had been significantly improved (see Chapter 2, Section 2.3.5), 

resulting in a much more realistic tire temperature during the laboratory test. 

2. The data measured at the Arizona Proving Grounds, gave the same correction 

factors for all four tires. Explanations for this are the fact that the weather 

conditions where absolutely stable during the whole test, and that all the tires 

came from the same manufacturer and were made for a similar type of vehicle 

(Light-Truck) . 

To summarize, it can be said that it is possible, with the use of the two correction 

factors, to describe the lateral force properties of a tire on a specific road surface 

based upon laboratory measurement data. These two factors can be obtained by a 

measurement of the tire at a single load and zero camber on the road surface. 

Figure 5.6: Measured signals on an instrumented vehicle 
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Tire model correction based on measured ve

hicle data 

The results described thus far were obtained by direct measurement of tire force 

and moment characteristics on the road. While this represents the ideal approach, 

it does require specialized test equipment, which may not be readily available or 

easy to transport. One of the advantages of using the two road surface correction 

factors, i.e. the ease with which existing tire test data can be adapted to different 

surfaces, is lost if an additional test of the tire properties is required. To improve 

the effectiveness and portability of the tire data correction method, the possibility 

to derive the correction factors from actual vehicle tests using standard instrumen

tation was investigated. A derivation of these correction factors requires data on 

individual tire vertical loads, lateral force, slip and camber angles. For this reason 

instrumentation was used to measure individual tire slip angles via measurement 

of body side slip and wheel steered angles relative to the body (Figure 5.6). In 

addition the three rotational velocities and three translational accelerations of the 

body were measured. From these signals the tire forces could be derived. 

Based on measurements, the slip and camber angles of the four tires were obtained 

as follows: 

180 a.,P + Vy 
(5.5) CXft r5mfl - -.arctan ( V ) 

7r "' 

CXfr 
180 (a.-J;+Vy) 

r5mfr - - . arctan V 
7r "' 

(5.6) 

180 b.,j;- Vy 
(5.7) CXrl r5mrl + - . arctan ( V ) 

7r "' 

CXrr 
180 (b.-,i;-Vy) 

r5mrr + - . arctan V 
7r "' 

(5.8) 

{fl /mfl + 'P (5.9) 

{fr {mfr + 'P (5.10) 

{rl {mrl + 'P (5.11) 

/rr {mrr + 'P (5.12) 

where 1 is the camber angle in degrees, a is the slip angle in degrees, and cp is the 

vehicle roll angle in degrees. The symbol ,j; denotes the Yaw rate in radfs. V, and 

Vy represent the vehicle's longitudinal and lateral velocity in the COG in mfs. r5 is 

the measured steer angle in degrees. a and b are the distances from the COG to the 

front and rear axle in meters. Subscript "m" indicates that this signal is measured 
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and subscripts fl, fr, rl and rr indicate the wheel position on the vehicle (front 

left, front right, rear left and rear right). 

To derive tire forces, the vehicle is considered to be a rigid body acted upon by four 

sets of orthogonal tire forces (Figure 5. 7) . 

/ 
/ 

/ 
/ .... 

/ 

...................................... 
/ 

/1-}V 
.. 

/ 

Fy 

Fx/!Fz 

Figure 5. 7: Axis system of vehicle model 

The balance of forces and moments yields: 

Mv.Xm Fxfl + Fxfr + Fxrl + Fxrr 

Mv·Ym Fyfl + Fyfr + Fyrl + Fyrr 

Mv.Zm Fzfl + Fzfr + Fzrl + Fzrr 

fxx¢ 
w 

[(Fzfr + Fzrr)- (Fzfl + Fzrt)].2 

-(Fyfl + Fyfr + Fyrl + Fyrr).z 

IyyB -(Fzfl + Fztr).a + (Fzrl + Fzrr).b 

-(Fxfl + Fxfr + Fxrl + Fxrr).z 

fzz;j; (Fyfl + Fyfr).a - (Fyrl + Fyrr).b 
w 

+[(Fxfl + Fxrl)- (Fxfr + Fxrr)].2 

(5.13) 

(5.14) 

(5 .15) 

(5.16) 

(5.17) 

(5.18) 

where F are the tire forces in N and w the track width in m. ¢, iJ and ;J; denote the 

vehicles angular accelerations in rad/ s2 . The use of a single, rigid body to describe 

the vehicle cannot take into account the relative motion of sprung and unsprung 
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masses. Evidently this produces an error in the roll, pitch and vertical equations. 

But this can be tolerated, as the equations will not be used in this form for the 

calculation of tire vertical loads. 

This analysis results in six equations and twelve unknown tire forces allowing so

lutions for pairs of tire forces. A further simplification is introduced making the 

assumption that provided the test data is obtained using moderate longitudinal 

force levels, the longitudinal force levels for left and right wheels of an axle are 

considered equal. This assumption simplifies the yaw acceleration ( ;jJ) equation to: 

lzz;jJ = (Fyfl + Fyfr) .a - (Fyrl + Fyrr) .b (5.19) 

which together with the lateral acceleration equation: 

Mv.ay = Fyfl + Fyfr + Fyrl + Fyrr (5.20) 

can be solved directly for the front and the rear axle lateral forces (Fyfl + Fyfr) 

and (Fyrl + Fyrr)· 

For the derivation of the vertical tire loads, two methods are in use. The choice 

depends on whether the test can be considered as near to steady state or transient. 

For test data close to steady state, total tire longitudinal and lateral force are 

assumed to be known from longitudinal and lateral acceleration measurements. 

Load transfer front to rear and left to right is calculated from the pitch and roll 

equations. With the total load transfers known, it only remains to distribute the 

lateral load transfer across the front and rear axle of the vehicle in the correct 

proportion. This proportion is estimated from measurements of vehicle spring and 

roll-bar rates together with an estimate of roll center heights. In effect, a simple 

vehicle model is used to derive tire loads as a function of lateral and longitudinal 

acceleration. This function is applied to generate loads from measured acceleration 

values. The calculation of the vertical load of an individual wheel is independent of 

the type of tire used on the vehicle. In Figure 5.8 the calculated relation between 

lateral acceleration and tire load for three different sets of tires is shown. The slip 

angles needed to generate this lateral acceleration will, of course, be different from 

one set to another. 

For test data recorded during transient maneuvers a different approach is required. 

In this case time histories of tire lateral and longitudinal forces are used as inputs to 

a full vehicle model, which may include unsprung mass effects. The resulting motion 

of the vehicle model will match the yaw, lateral and longitudinal acceleration time 
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Figure 5.8: Steady-State vertical load versus lateral acceleration for three different 

tire constructions 

histories from which the tire forces were originally derived. The vehicle model 

displacements are unconstrained, however, and the resulting roll, pitch and bounce 

motion of the model can be compared to measured signals as a check on model 

validity. For the model to predict tire vertical forces correctly, it is necessary to 

input lateral and longitudinal forces of the individual tires. However direct solution 

of the acceleration test data can only yield the total lateral force for a front or rear 

axle. It is, therefore, necessary to introduce additional assumptions to estimate 

forces for the individual tires. This is done in the following manner. Since the 

objective of the analysis is to find the two correction factors it is assumed that an 

"initial" tire model based on laboratory data is available, that may be used as a 

basis for calculation. Starting from a known initial condition (straight running) 

this model is used to calculate tire lateral forces for each time step of the simulated 

maneuver using measured slip and camber angles and tire loads from the previous 

time step. The lateral forces found in this way are used to approximate the ratio 

of right side to left side tire lateral forces. This ratio is then applied to the total 

axle lateral force determined from Equations 5.19 and 5.20 to give the individual 

tire lateral forces in the test maneuver. To find the longitudinal force of individual 
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wheels it is necessary to assume that the distribution of forces front to rear and 

left to right follows a known model (brake distribution, differential model) . The 

resulting individual lateral and longitudinal forces are then used as corrected input 

in the present time step. The vertical loads follow then from the computation. 
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Figure 5.9: Measured data from Steady-State circle test 

While this last approach would allow to calculate the tire loads during highly tran

sient maneuvers as well as during high levels of longitudinal acceleration, there are 

two reasons to avoid the use of test results from such maneuvers to find the road 

correction factors: a) In the tire model to be optimized, transient tire character

istics were not included. b) Only a lateral force tire model is used. It is assumed 

that the longitudinal forces stay within the range where they have only a very small 

influence on the lateral force. 

Sufficient information now exists from road measurements (slip angles, camber and 

loads) to allow a tire model based on laboratory measurements (or another road 

surface) to be used to calculate the lateral force of an individual tire. The error 
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between the calculated lateral force of an axle (Fylcal + Fyrcal) and the measured 

lateral force can be minimized by optimizing the two road correction factors C1 and 

Cz . 
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Figure 5.10: Measured and calculated curves of front axle lateral force versus slip 

angle 

The first test performed to confirm the procedure for finding the two correction 

numbers was a steady state circle test , slowly accelerating from zero to the maximum 

velocity possible while maintaining a constant radius . For this data the simple 

approach was used to calculate the vertical loads of the tires . The measured data is 

shown in Figure 5.9. In Figure 5.10 a plot is shown of front axle lateral force versus 

average front axle slip angle ( atz~atr ). The dots represent the actual measured 

data, the line represents the calculated lateral force based on laboratory data. The 

laboratory data predicts a cornering stiffness that is too high and a peak friction 

of the axle that is too low. Figure 5.11 shows the same plot, but now with the two 

road correction factors included in the model. There is a good correlation between 

measured and calculated data. The two correction factors found with this test 

were C1 = 1.267 and C2 = 0.840. The two factors measured with the road tire test 

vehicle on the same surface gave C1 = 1.271 and C2 = 0.837 which is a very close 

agreement. Another check is to look at the data for the rear axle using the two 

correction factors found for the front axle data (Figure 5.12). The corrected model 

gives a good prediction of the rear axle force. 

Since this steady state circle test requires a special area on a test circuit , an at-
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tempt was made to measure the data during normal cornering. In Figure 5.13 data 

obtained while driving over the handling road of a test circuit is shown. During 

5.3. MODEL CORRECTION BASED ON MEASURED VEHICLE DATA 121 

these measurements an effort was made to keep the longitudinal accelerations and 

steering wheel velocities as small as possible. The characteristic plots of average 

front-rear slip angle versus axle lateral force are shown in Figures 5.14 and 5.15. As 

can be seen, this data is of even better quality than the steady state circle data. The 

two correction factors found from this data were C1 = 1.134 and C2 = 0.912, versus 

C1 = 1.127 and C2= 0.934 found with the road tire test vehicle on this surface. 

Correction factor estimates with this method are within 2% of correction factors 

found with the road tire test vehicle. 
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The next step in the investigation was to minimize the requirements for measured 

signals of the instrumented vehicle and rely more on a vehicle model to generate the 

data needed for the optimization of cl and c2. It was found that the minimum set 

of measurement signals with which it was still possible to generate good results was: 

1) lateral acceleration 

2) steering wheel angle 

3) yaw rate 

4) forward speed 
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Figure 5.14: Measured front axle lateral force verus slip angle 

This data together with a full vehicle model allowed generation of the same values 

for C1 and C2 as using all the measured channels. To adapt the fitting program for 

solution with this reduced set of data required only the addition of an iteration loop 

in the optimization program as shown in the flowchart given in Figure 5.16. This 

loop is necessary because the changes in cl and c2 will influence the calculated slip 

angle and camber angle of an individual wheel mainly due to suspension compliance. 

Looping only four times through the optimization routine was required in this case 

to make the changes in cl and c2 between two loops through optimization routine 

less then 1%. 

With this method of using a minimum set of measured data there is a big risk, 
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Figure 5.15: Measured rear axle lateral force verus slip angle 

that the vehicle model used is not correct. The optimization program will still 

find the two correction factors even if the vehicle model is not correct. However, 

the correction factors in this case not only correct for the difference in the tire 

characteristics, but also for the vehicle model deficiencies. 

Vehicle measurement 

Vehicle model 
-tire model 

Optimization 
c1, Cz 

N 
u 

u 

l 

Figure 5.16: Flow-chart of the optimization process using a minimum set of mea

sured data 
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The use of road corrected Force and Moment 

tire data 
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Figure 5.17: Slip angle versus lateral acceleration 

In the final section of this chapter it is investigated if the use of the two correction 

factors (C1 and C2 ) improves the absolute numbers of the simulations performed 

in the Chapter 4 (see Section 4.5). To obtain the correction factors for the tires 

used in the validation study, the measured results from the constant radius test 

procedure were used. While only a limited amount of measured signals was available 

the method as shown in Figure 5.16 was used to minimize the error between the 

measured and simulated slip angle. 

Figure 5.17 shows an example of the result of this optimization and in this plot it 

can be seen that the result accurately matches the measured data. 

Using the two correction numbers for the different tires used in the study (see Sec

tion 4.4), the simulations for the "Frequency Response", "Low-G" and "On-center" 

test were repeated for the following eight vehicle configurations: 
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A) Tire 1: 2UP (896/570 kg, cold tire pressure 2.1/2.1 bar) 

B) Tire 1: GVW (925/891 kg, cold tire pressure2.4/2.8 bar) 

C) Tire 1: Rear +100 kg 

D) Tire 1: Front 1.6 bar, rear 2.8 bar cold pressure 

E) Tire 2: 2UP (896/570 kg, cold tire pressure 2.1/2.1 bar) 

F) Tire 2: Rear + 100 kg 

G) Tire 3: 2UP (896/ 570 kg, cold tire pressure 2.1/2 .1 bar) 

H) Tire 3: Rear + 100 kg 

Analyzing the data from the simulations it was found that no improvements were 

made in the results from the "Low-G" and "On-center" simulations. However, 

a significant improvement was found in the results from the "Frequency response" 

test. Figure 5.18 shows the results from the measurements and simulation using the 

two road correction factors, the original result using the laboratory tire data can 

be found in Appendix B.2. The results derived using the laboratory tire data were 

already able to describe all the relative changes between the configurations. Using 

the two correction numbers one is also able to accurately reproduce the absolute 

numbers of the road measurement. 
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This means that if measurements from a prototype vehicle are available, they can be 

used to derive the two correction numbers ( C1 and Cz) for that specific road surface. 

An even more important use for the two road correction factors are in simulations, 

which are not part of the standard simulations used to optimize a vehicle setup, 

but are performed to check the limits of stability for safety reasons. Examples of 

such simulations are "Braking in a high lateral acceleration corner", "lane-change 

at the limit of adhesion of the tires" and "roll-over" maneuvers. Figure 5.19 shows 

the results of a test procedure where a sinusoidal input with increasing amplitude 

is given to the steering wheel to investigate the roll-over stability of the vehicle. 

From this figure it can be seen that the simulation using the two road correction 

factors significantly improves the description of the vehicle's lateral velocity. Using 

the corrected tire model for this type of high-G simulation significantly improved 

the result of the simulations. 
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Figure 5.19: Result from "Roll-over" stability test 
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Chapter 6 

A novel model to describe 

the non-rolling 

characteristics of a tire 

6.1 Introduction 

The simulations in Chapter 4 showed that the current tire model does not generate 

correct values for the aligning torque (Mz) during low speed parking maneuvers. 

The tire model only generates forces and moments if it is under the influence of a 

velocity of the tread relative to the ground (slip). If a vehicle is stationary, there 

will be no slip, but there can still be torque generated by the yaw motion (rotation 

around the vertical axis) of the tire relative to the ground. The moment due to this 

yaw motion needs to be added to the tire forces and moments in order to describe 

the correct steering torques during steering maneuvers at low or zero vehicle speed. 

Some additional requirements for this static tire model extension were: 

• No modification necessary of the Adams data set to activate this option. 

• Smooth transition from stationary to rolling. 

• No effect at higher speeds (>10 MPH). 

• Tire manufacturers should be able to measure the parameters for this model. 

The present chapter describes the theory behind this parking force tire model, 

the testing carried out for model validation and the results from parking effort 

simulations performed with the new tire model extension. 
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6.2 Model theory 

When starting the development, there was not much experimental data available to 

develop a theory for this parking model. Data was only available on two tire con

structions. When more test data became available, some of the equations described 

below where slightly modified. This is described in Section 6.3. 

An example of the torque generated by a non-rolling tire due to a steer (yaw) motion 

relative to the ground can be seen in Figure 6.1. 

Looking at the initial part of the curve it can be seen that this part is linear. This 

area could be modeled as a torsional spring between the tire and the ground. 

Mz = K,p.'I/J (6.1) 

where Mz is the aligning torque. K,p is the tire torsional stiffness, and '1/J the yaw 

angle of the wheel plane. 
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Figure 6.1: Aligning torque versus steer angle for a non-rolling tire 

This equation generates the dashed line in Figure 6.1. This equation gives a pure 

linear relation between the aligning torque and the yaw angle of the tire plane. 

The aligning torque build-up will reach a point where the tire contact patch cannot 
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generate more torque and will start sliding. Looking at the measured data, it is a 

good approximation to hold the torque constant if the maximum torque is reached. 
The effect can be described by: 

K,p.'I/J if 1'1/JI < '1/Jmax (6.2) 

Mzmax if 1'1/JI ~ '1/Jmax (6.3) 
Mzmax 

K,p (6.4) 'l/Jmax == 

where Mzmax is the maximum static aligning torque that can be generated by the 

tire. This model gives already a reasonable approximation of the torque generated. 

However, for the following reasons it is not usable for simulations: 

• This model has a discontinuous derivative in the transition point between 

sticking and sliding. This would cause problems with the variable step inte
grators like the ones used by Adams. 

• This model will not show any hysterises, e.g. returning the steering would 

follow the same torque path. Hysterises is one of the important character

istics, which show up in steering wheel torque measurements during parking 
maneuvers. 

In considering a way to achieve this hysterises effect, an idea arose to assume that 

a tire can never reach a larger torsional deflection than '1/Jdefm. This value '1/Jdefm is 

determined by dividing the maximum achievable torque (Mzmax) by the torsional 

stiffness (K,p) of the tire. This means if one steers a tire to a greater angle than 

'1/Jdefm the tire contact patch will start slipping and the deflection stays constant. 

Returning the steering will directly reduce the tire deflection and the tire will reach 

zero torsional deflection before the original starting position. Assuming the tire is 

symmetric, this behavior can be described with the aid of the following equations: 

= 

~ 
0 

Mzmax 
K,p 

if [1'1/Jde/ I < '1/Jdefm or sign( '1/Jdef) f. sign(~)] 
if [1'1/Jde/ I = '1/Jdefm and sign( '1/Jdef) = sign(~)] 

1t ~def·dt 
K,p.'I/Jdef 

(6.5) 

(6.6) 

(6.7) 

(6.8) 

(6.9) 

where '1/Jdef is the torsional deflection of the tire in degrees. A plot of the aligning 

torque characteristic, as described by Equations 6.5 to 6.9, can be seen in Figure 

6.2. This figure shows the hysterises effect. 
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Figure 6.2: Aligning torque versus steer angle as described by Equations 6.5 to 6.9 

The next problem was to solve the discontinuous derivative of Mz versus '1/J at 

'1/Jdefm· Figure 6.3 shows a plot of the ratio of -J;def j-J; versus torque as described 

by Equation 6.5. If this ratio is described by a linear function (dash-dotted line), 

instead of a step, the problem with the discontinuity is solved. 

This will change Equations 6.5 and 6.6 to: 

'1/Jdef 

-J;def 
Mz . 

(1-I--1).'1/J 
Mzmax 

if sign( '1/Jdef) =I sign( -J;) 

if sign( '1/Jdef) = sign( -J;) 

(6.10) 

(6.11) 

To describe the influence of the tire vertical load (Fz) on Mzmax and K,p, and to 

achieve a good fit of the measured data available, the following model extensions 

were made. 

-J;def 

Mzmax = /M(Fz) 

K,p = fK(Fz) 

(1-l~lco).-J; 
Mzmax 

a2 .F; + a1 .Fz 

b2.F; + b1.Fz 

if sign('I/Jdef) = sign(-J;) (6.12) 

(6.13) 

(6.14) 

where Fz is the tire vertical force in kN (SAE coordinates). a1, a2, b1, b2 and c0 are 

the model parameters. For this tire, a quadratic relation for Mzmax and K,p versus 

load and also a quadratic relation (co = 2) between -J;def /-0 and Mz fit the data well. 

Figure 6.4 shows the correlation between the model and the measured data using 
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Figure 6.3: Torsional tire deflection as a function of the aligning torque 

the following parameter values: a2 = 6.245, a1 = -31.263, b2 = 1.374,b1 = -7.867 

and C0 = 2.0 

The model shows the correct characteristics for a non-rolling tire. It is known that 

the influence of the static torque has to become negligible with speed. It is also 

known from experience that if the steering system of a stationary vehicle is steered 

to large angles and after that the vehicle is driven forward for a few meters and 

stopped that there is no torque remaining in the system. To describe these two 

effects with this model, a new theory was developed based on known behavior of a 

rolling tire under transient slip angle input conditions [Laermann, 1986, Takahashi, 

1996]. 

The influence of the transient slip angle effects on the lateral force can be described 

with the following differential equation. 

dFy 
T.dt + Fy = Fyss (6.15) 

with the solution: 
(6.16) 

where T is the time constant, Fy the lateral force, and Fyss the steady-state lateral 

force. Investigations [Laermann, 1986, Takahashi, 1996] have shown that the value 
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Figure 6.4: Aligning torque versus steer angle for a non-rolling tire 

r is a function of the tire velocity and can be described by: 

Xrel 
T=-

W.r 
(6.17) 

The value Xrel is the relaxation length (see Section 2.3.5), w is the tire rotational 

velocity, and r the tire rolling radius. Consequently the tire lateral force will have 

reached 67% of its steady state value after it has rolled over a distance Xrel· 

A similar approach is used for the static parking model. The assumption is made 

that the tire will lose 67% of its torsional deflection after it has rolled over a distance 

Xrel · This can be described with the following additions to Equation 6.8. 

~def2 
1 

--('1/Jdef + 'l/Jdef2) (6.18) 
T 

Xrel 
(6.19) T 

w.r 

'1/Jde/2 1t ~def2·dt (6.20) 

'l/Jdef3 '1/Jdef + '1/Jde/2 (6.21) 

Mz K,p .'l/Jdef3 (6.22) 
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These equations describe the desired behavior: e.g. after winding up the steering 

and driving over a distance of three relaxation lengths and stopping, 99% of the 

torque is dissipated. One should note, that at higher speeds the torsional deflection 

is relaxes almost as fast as it builds up and the additional aligning torque generated 

by this model is negligible. 

6.3 Test program 

The measurements were carried out on a so-called "Flat-Plank" tire test machine 

(see Figure 2.32). This machine was developed in the past as a "Glass-Plate" tire 

tester, which was used to look at the tire footprint from underneath under different 

operating conditions. The glass plate can travel in longitudinal direction under 

the tire with a velocity of 0.0475 meters per second. The glass plate is no longer 

used, and has been replaced by a steel plate which enables greater travel (8 meters) 

and can be coated to give more realistic frictional properties. For testing, "3M 

Safety Walk - 80 Grid" was used on the steel plate This material is used throughout 

the tire industry as a standard surface for tire force and moment testing. On the 

"Flat-Plank" machine the tire forces and moments are measured with a measuring 

hub. 

The following test program was carried out: 

General Conditions: 

Tire: 

Size: 

Rim: 

Inflation: 

Sample Rate: 

Measured Channels: 

Test Procedure 1: 

General Tire Ameri*G4S 

P205/65R15 

15x6 Inch 

230 kPa 

50 Hz 

1. Longitudinal force (Fx) inN. 

2. Lateral force (Fy) inN. 

3. Vertical load (Fz) in N. 

4. Overturning moment (Mx) in Nm. 

5. Aligning torque (Mz) in Nm. 

6. Steer angle in deg. 

7. Ground surface traveled distance in m. 

A static (non-rolling) tire is steered to very large angles. This test was performed 
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at four different vertical loads. 
Vertical Loads: 1, 3, 5 and 7 kN. 

Steer angle: 0 -t 20 -t -20 -t 20 deg. 

Steer angle rate: 1 degfsec. (varied slightly between the 

different vertical loads due to machine control issues.) 

Test procedure 2: 

A static (non-rolling) tire is steered from zero degrees to a fixed angle and held 

constant at this angle. After the desired angle was reached, the tire was rolled 

forward for approximately two meters. 

Vertical Loads: 3 and 5 kN. 

Steer angle: 0, 1, 2, 4, 8, 12 and 20 deg. 

Ground speed: 0.0475 mjs 

6.3.1 Results and analysis of test procedure 1 

Figure 6.5 shows the example of an output from the first test procedure. Looking 

at this figure, it appears that the compliance during the first loading cycle is 

different from the compliance at reverse loading. For the consecutive cycles after 

that initial cycle, the compliance characteristics for (re)-loading and reverse or 

unloading are identical. 

The static aligning torque model, as described by Equations 6.5 to 6.14, is not 

capable to accurately represent this measured characteristic (see Figure 6.5). To 

develop a better understanding of this behavior a physical brush type tire model 

was used under non-rolling conditions. 

Brush model characteristics 

The brush model, which was originally developed by Fromm [Pacejka, 1988], consists 

of a rigid carcass and elastic tread elements. For this investigation a simple brush 

type tire model with line contact (contact length 2a, no contact width) is used. 

Figure 6.6 depicts the brush model with deflected tread elements under influence of 

a rotation around the center line of the tire. In case of infinite friction ( J.L -t oo) 

the entire contact length is in complete adhesion, and the lateral deflection v(x) 

and the lateral force distribution qy(x) can be determined: 

v(x) 

qy(x) 

x. tan 1/; 

Cp.v(x) 

(6.23) 

(6.24) 
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Figure 6.5: Result of parking test with a non-rolling tire (Vertical load: -4.8 kN) 

Figure 6.6: Top view of brush model in a static torsional deformed state 

where Cp is the tread element stiffness per unit length ( (N/m)/m ). The lateral 

force Fy and the self aligning torque Mz are obtained by integrating Equation 6.24 

over the contact area: I: qy(x).dx = 0 (6.25) 

(6.26) 

where a denotes half the contact length. 

In the more general case of finite friction and a decaying vertical force distribution 

at both edges of the contact patch, partial or complete sliding will occur. It is a 

reasonable estimation to assume a parabolic vertical force distribution Qz (x) over 
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the length of the contact patch: 

3Fz x2 

Qz(x) = -(1- -) 
4a a2 (6.27) 

With the constant friction coefficient J.L, the maximum lateral force distribution and 

the corresponding maximum lateral deflection are: 

Qy ,max(x) 

Vmax(x) 

J.L .Iqz(x)l 

Qy ,max(x) 

Cp 

(6.28) 

(6.29) 

Sliding will take place if the deflection exceeds the maximum deflection Vmax. The 

transition point at x = c from adhesion to sliding can be determined by equating 

Equations 6.24 and 6.28 (see Figure 6. 7a) . Integrating over the adhesion and 

sliding regions can now determine the resulting moment. 

When the steering action is reversed (unloading or reversed loading), the new 

tread deflection distribution is influenced by the initial tread deflection distri

bution (Mindlin, 1953). Sliding, in opposite direction, now starts at x = a 

and penetrates inwards to x = b (see Figure 6.7b). Supposing that c ::::; b ::::; a, 

three areas can be distinguished. In each area the (new) deflection distribution is 

determined by the old (history) distribution and the reversed angular displacement: 

0 ::::; x < c v ( x) = x tan 1fl1 - x tan 1fl2 initial rigid body displacement 

reversed rigid body displacement 

c ::::; x < b v(x) = Vmax - x tan 1fl2 initial maximum deflection 

reversed rigid body displacement 

b ::S X ::S a V (X) = Vmax - 2Vmax reversed maximum deflection 

The total moment now follows from integration of the element deflection distri

butions over the three respective areas. When b = c, 1f!2 = -21f]1 , Mz 2 = -Mz1 

and the new deflection distribution is identical to the initial deflection distribution 

(after steering until1fl1 ), but with opposite sign (Figure 6.7c). 

Finally, upon reloading (to complete the steering cycle), the same holds as for the 

reverse loading, but in this case the historic deflection distribution is determined 

by the distribution at the end of the reverse loading part. 

Figure 6.8 shows the result of a complete steering cycle with the simple brush 

model compared with a experimental result from test procedure 1. The model 

represents the phenomena occurring in the experimental data fairly well. The 

brush model used in this example was build up with 200 tread elements. 
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Figure 6. 7: Top view of the deformation of the brush model during loading (a) and 

reverse loading cycle (b and c) 

The brush model is, however, not a preferred solution to be used in Multi-body 

dynamics simulation code. Using this model means that the deflection of the tread 

elements needs to be stored for every integration step, and it is unclear how to 
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Figure 6.8: Result of parking test with a non-rolling tire (Vertical load: -4.8 kN) 

handle the transition from a stationary to rolling condition. A better solution 

is to include this memory effect of the static tread deformation in the equations 

(Equations 6.5 to 6.14) of the empirical static aligning torque model. 

A change in the model, which gave an accurate description of the measured data, 

is to replace the constant parameter C{) in Equation 6.12 by the following relation: 

(6.30) 

where '1/Jmax is the maximum absolute value (in deg.) of '1/Jde/3 (see Equation 6.21) 

that occurred in history. Figure 6.9 compares the result of this new model with 

the result from the measurements performed at four different loads. The model 

used to create this figure used the following six optimized parameters: a2 = 5.35, 

a1 = -25.05, b2 = 1.05,b1 = -7.72,cl = 7.90, c2 = 1.77 

In this modified model, the transition from a stationary to a rolling condition is 

handled in the following way: 

,}max 
1 

--.'1/Jmax 
T 

(6.31) 
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Figure 6.9: Result of parking test cycles with a non-rolling tire at two different 

vertical loads 

Xrel 
(6.32) T 

w.r 

'1/Jmax = lot ,}max .Jt (6.33) 

The results from test procedure 2 will confirm whether this a valid approach to 

handle the transition from stationary to rolling. 

6.3.2 Results and analysis of test procedure 2 

In test Procedure 2 the non-rolling tire was steered to a desired angle. When this 

angle was reached the tire started rolling. After the tire rolled over a certain dis

tance, the lateral force (Fy) and aligning torque (Mz) will settle at a "steady state" 

value. This test is often performed to measure the relaxation length of the tire (see 

Section 1.3.5.2) . The relaxation length of the tire is used to describe tire behavior 

under transient slip conditions. The theory developed for the static parking model 

assumed that the tire would lose the static deflection (parking torque) at the same 

rate as it builds up its normal dynamic aligning torque caused by sideslip. This 

means that the same relaxation length is used for both effects. No experimen-
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tal data was available when the parking model was developed to support this theory. 

Figure 6.10 shows an example of the results of this test. Looking at this plot, 

another effect, which is not included in the parking model is noticed. In the small 

time period between the angle build up and the start of the motion of the "Flat

Plank", the torque decreases. This effect occurs at all steered angles. Because 

of this effect, the data will be analyzed from the point where the ground plane 

motion starts. Some additional measurements were performed to investigate this 

creep effect. The results of these additional measurements are discussed at the end 

of this section. 

'E 0 • .------.-------.--------.-------~------.-------~ 

1~:::1 ~: : 0 I 
0 1 0 20 30 40 50 60 

10 20 30 
Time (sec.) 

40 50 

Figure 6.10: Example of result from test procedure 2 

The test data was analyzed following several different steps: 

60 

1. The steady state values of lateral force (Fy) and aligning torque (Mz) were 

plotted versus slip angle. The so called "Magic Formula" parameters [Bakker 

1987, 1989, Appendix A] can be fitted through this data to get a continuous 

relationship between Fy and slip (Fy = Fya(o:)) and Mz and slip (Mz = 

Mza(o:)). The results of these fits are shown in Figure 6.11. 

2. With the function for Fy versus slip angle known, the value for the relaxation 
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Figure 6.11: Curve fit of steady-state results 

length is obtained through a least squares optimization routine, minimizing 

the error between the measured and calculated Fy. The following equations 

describe the relation between the traveled distance x ( m) and the lateral force 

Fy (N): 
dade/ 

Xrel ~ + 0:def = 0: 

so that the reponse to a step change in a becomes: 

0:def (};. (1 - e X-r:l ) 

Fya(o:) 

(6.34) 

(6.35) 

(6.36) 

where O:def is the tire transient slip angle or deflection angle, and a is the 

wheel slip angle. 

Figure 6.12 shows the values for the relaxation length versus slip angle for the 

two measured vertical loads. The influence of the transient slip angle and load 

on the relaxation length is what was expected and has also been reported by 

other researchers [Takahashi, 1996] . 

3. The third and final step was to check if the relaxation length found for the 



144 CHAPTER 6. NEW STATIONARY TIRE MODEL 

0.9 

I 
0.8 I 

- Load: -3.0 kN 
- - Load: -5.0 kN 

0.7 

:[0.6 I 

.s:::; I 

g>0.5 
I 

Q) 
...J 
c 

~ 0.4 
I X 

ClJ I Qi 
a: 0.3 

0.2 

' 
0.1 

0 
0 2 4 6 8 10 12 14 16 18 20 

Slip Angle (deg.) 

Figure 6.12: The influence of slip angle and vertical load on the relaxation length 

lateral force can be used to describe the decrease of the static parking mo

ment while rolling. The total aligning torque (static and dynamic) can be 

determined from: 

(6.37) 

(6.38) 

(6.39) 

where Mzo is the aligning torque due to tire sideslip. Mzi/J is the aligning 

torque due to the tire torsional deflection and Mzo is the initial static parking 

torque. 

Figure 6.13 clearly demonstrates that using the same relaxation length for 

both effects does not reduce the static moment fast enough. This means that 

using the same relaxation length for yaw and sideslip aligning torque does not 

give the desired behavior and a separate value for the static portion needs to 

be determined. 

Using a least squares technique to optimize the relaxation length for the static 

aligning torque an excellent correlation between the measured data and the 
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Figure 6.13: Aligning torque response. (Load= -3.0 kN, Slip angle= 4 deg.) 

model (Figure 6.14) is achieved. It turned out that the relaxation length for 

the yaw portion is independent of load and slip angle (Figure 6.15) and a fixed 

value of 0.05 meters gives good results. 

To investigate the creep effect described in the beginning of this section, Procedure 

2 was repeated with the only difference being that after steering to the desired 

angle, the ground plane remained stationary. The results from this test at one load 

condition are given in Figure 6.16. It can be seen that the creep effect appears to 

have an exponential behavior. The following equation gives a good description of 
this behavior: 

(6.40) 
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6.4 Parking effort simulations using the static tire 

model equations 

This section investigates the improvements in the model prediction for static and 

rolling parking effort achieved by using the new static tire model described in the 

preceding sections. As discussed in Chapter 4, the simulation performed using the 

original dynamic tire model underestimates the steering torques during static and 

slow rolling parking maneuvers. An example of a result from simulations with this 

model are given in Figure 6.17 

All the parking effort simulations of Chapter 4 were repeated using the newly de

veloped static tire model. The results of these simulations can be seen in Figure 

6.18 or in numerical form in Tables 6.1 and 6.2. 

Analyzing the new simulation results from the parking effort test procedures three 

observations were made. 

1. The new model gives a very accurate prediction of the steering wheel angle 

torques during static parking maneuvers and a reasonable prediction of the 

efforts during the rolling maneuver. The "Steering Non- Uniformity" numbers 
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using a dynamic tire model 
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using the new static tire model 

Parameter Measurement Old model New model 

Steering torque near center (CW) (Nm) 4.96 ± 0.03 1.22 4.88 

Steering torque near center (CCW) (Nm) -4.95 ± 0.02 -1.46 -4.88 

Steering non-uniformity (CW) (%) 95.2 ± 1.0 10.9 98.6 

Steering non-uniformity (CCW) (%) 93.1 ± 0.2 3.1 98.5 

Maximum steering torque (Nm) 5.43 ± 0.03 3.69 5.32 

Table 6.1: Measurement and simulation results from static parking effort test 

are off by 3 to 5 percent. This error can be explained by a difference in the 

phasing of the three Universal joints in the steering column between the test 

vehicle and the simulation model. 
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Parameter Measurement Old model New model 

Steering torque near center (CW) (Nm) 2.39 ± 0.05 1.86 2.34 

Steering torque near center (CCW) (Nm) -2.32 ± 0.07 -1.80 -2.28 

Maximum steering torque (Nm) 4.39 ± 0.02 3.16 3.96 

Table 6.2: Measurement and simulation results from rolling parking effort test 

2. There is only a minor difference in the steering effort measured between the 

two tires used for this investigation. The tire laboratory measurements of the 

static torque show ,however, a significant difference (25%) in the torque levels 

generated. This reveals that the steering wheel torque measured in this test is 

mainly determined by the assist characteristics of the power steering system. 

3. The measurement of the rolling steering effort test shows variations of 3 to 5 

percent in the value for the "Steering torque near center" parameter. There 

are even significant variations between two consecutive loops of one measure

ment. This caused concerns about the repeatability of this test procedure. 

In the next sections the last two observations are investigated in more detail. 

6.4.1 Influence of tires on steering efforts 

The measurements showed no difference in the steering efforts between the two dif

ferent tire sizes. This is due to the fact that if a tire generates more static torque, 

the steering torsion bar will be deflected more and the assist system will supply 

more boost pressure. Differences will only occur in the case that either the torsion 

bar is deflected to its maximum angle or the system reaches its maximum boost 

pressure. The steering systems of production vehicles are designed in such a way 

that these conditions will never occur during parking. 

To investigate if the newly developed static tire model is able to differentiate be

tween the forces generated between the two tires, the test vehicle was instrumented 

with load cells in the tie-rods of the steering system and the steering effort tests 

were repeated. Comparing the measured tie-rod forces with the results from the 

simulations (Figure 6.19) a high degree of correlation is found between the simu

lation and the measurement. The results from the two tire sizes now show a large 

difference in the maximum force as was already expected (Figure 6.20). 

Summarizing it can be concluded that the new model is able to accurately describe 

the tire forces during zero speed maneuvers and can be used for the lay-out and 

optimization of the steering and steering assist system components. 
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6.4.2 Variation of rolling steering effort test results 

Investigating a possible source of error in the rolling steering effort test results, it 

was noticed that during this test there is a lot of variation in the forward velocity of 

the vehicle (Figure 6.21). The test specification (see Chapter 4, Section 4.2.6) only 

states that the vehicle's forward velocity should stay in a range between 4 and 10 

km/h. Using the new static tire model it was possible to investigate the influence 

of the velocity variations on the measured results. Figure 6.22 shows the result of 

this investigation and from this result it becomes obvious that the large variations 

in the testing results are caused by the fluctuations in the vehicle's forward velocity. 

Another simulation performed was to use the actual measured speed trace as an 

input for the traction control algorithm in the simulation instead of the normal 

constant forward velocity. Figure 6.23 shows the result of this simulation over

plotted with the result of the measurement from which the speed trace was derived. 

This simulation shows that using the actual speed signal of the measurement, the 

simulation is able to reproduce very accurately the results from the rolling steering 

effort test. This result also proved that it is necessary to change the measurement 

procedure of the rolling steering effort test, as it is very difficult to maintain a 

constant velocity at these very low speeds. Finding a solution to this problem will 

prove to be difficult. 
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Figure 6.21: Forward vehicle velocity during a rolling steering effort test 
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Figure 6.23: Result from a rolling steering effort test 
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6.5 Conclusions 

The simulation results using the empirical non-rolling aligning torque characteris

tics of a tire gave an accurate representation of the forces in the steering system 

during stationary and slow-rolling steering maneuvers. The parameters for this 

new empirical tire model can be easily derived from laboratory measurements with 
so-called "Flat-plank" or "Flat-belt" tire testers. 
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Chapter 7 

Conclusions 

This last chapter summarizes the findings of the thesis and makes the assessment 

if the current vehicle dynamics CAE process is ready to enable the transition to 

CAE driven, instead of a testing driven, vehicle development process. To make this 

assessment the process is divided into three main contributors, which are evaluated 

independently. These three contributors are: 

• Vehicle Dynamics CAE Process. This section (Section 7.1) assesses if the Ve

hicle Dynamics process is able to build, simulate and analyze vehicle dynamics 

CAE models with minimal effort and in a timely manner. 

• Vehicle Dynamics CAE Capabilities (Section 7.2). It is evaluated if with the 

current level of complexity and accuracy of the vehicle dynamics CAE models 

we are able to accurately reproduce all the objective measurements. 

• Vehicle Dynamics Objective Metrics (Section 7.3). In this section it is assessed 

if the standard set of objective measurements as described in Chapter 4 is 

adequate to completely cover, with measurable parameters, the subjective 

assessment of expert vehicle evaluators (test drivers). In other words is it 

possible to optimize a vehicle by means of achieving all the targets for the 

parameters from the objective test matrix and with this process significantly 

reduce the amount of physical testing. 

7.1 Vehicle Dynamics CAE process 

The first evaluation in this section is the software used for the vehicle dynamics 

simulation. This software" ADAMS/Pre" is very user friendly and can be used by 
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vehicle engineers with minimal training. The graphical user screens allow very easy 

access to modifying, running, analyzing data and the creation of standard reports. 

The Design of Experiment (DOE) capabilities (see Section 2.1) are a very powerful 

and useful tool to analyze proposed design modifications and performance trade-offs. 

An area identified for improvement of the software is the stability of the standard 

ADAMS integrators. It can happen that during DOE investigations, where 300 

to 400 simulations are executed, about two percent of the simulations does not 

finish due to integrator convergence problems. This means that the user needs 

to manually set different integrator parameters to make these simulations finish. 

This tuning of the integrator settings often takes more time then executing and 

analyzing the hundreds of other runs that converged. 

Guidelines were put in place, which describe the procedures to obtain all geometric, 

mass and component information needed to assemble a model. The standard pro

cedures for measuring component information are written down and communicated 

to the component suppliers. These procedures guarantee that the data coming 

from the different suppliers is of good quality and compatible. Establishing the 

standard test procedures for component information was a major step forward that 

significantly improved the quality of the vehicle dynamics CAE models. 

An area for improvement is the fact that ADAMS/Pre is not able to directly read 

all the geometry, mass and component information in the format as it is retrieved 

from the Metaphase program database. This means that the user needs to enter 

this information manually into ADAMS/Pre, which is not a very labor-intensive 

process, but is a source for possible errors. 

One part of the process that is still a task of expert analysts is the validation of 

the model with results from laboratory system measurements of the latest version 

of prototypes (see Chapter 3). Since the task is to transfer the use of CAE tools 

from the expert analysts to the vehicle design engineers, it is necessary to automate 

this process to simplify the task of bringing models up to the same level as the last 

generation of physical prototype vehicles. The optimization capabilities available 

in the new release of the Adams software are currently evaluated to see if this 

validation process can be automated. 

The validation process also needs the availability of an accurate Vehicle Inertia 

Measurement Facility (VIMF) in Europe (see Section 3.2). This machine is needed 

to supply good center-of-gravity location, moments of inertia and product of inertia 

information for system level vehicle model validation. 
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7.2 Vehicle Dynamics CAE capabilities 

Chapter 4 showed already a good correlation between the objective test and the 

simulation results. In that chapter three areas for improvement were identified: 

1. The steering torque levels during the parking effort simulations are several 
times lower than the measured levels. 

2. Large absolute value differences were found between the simulation and mea

sured results for time lags and side slip angles during the frequency response 
and constant radius test. 

3. There is a significant difference in the characteristic of the steering torque in 

the dynamic tests (on-center and frequency response) between measurement 
and simulation. 

The first two issues were eliminated in this thesis. In Chapter 5 a new method is 

described that enables, through the addition of two parameters to the tire model, 

an accurate representation of the tire behavior on any road surface. The prediction 

of the vehicles lateral velocity and the time lags in transient maneuvers is improved 
by this better representation of the tire forces. 

The novel empirical stationary tire model described in Chapter 6 enables the 

correct prediction of the tire's aligning torque during low- and zero vehicle speed 

steering maneuvers, which was not possible before. 

A more sophisticated model of the hydraulic components of the steering system 

can improve the third item, the non-perfect description of the steering torques in 

the dynamic events. This issue is currently addressed in a joint project with a 
steering system supplier. 

Another non-ideal situation was found during the model validation using the static 

laboratory vehicle measurements (Chapter 3). Validating the suspension lateral 

compliance it proved necessary to adjust the stiffness of several suspension compo

nents to compensate for compliances in the sub-frame and the vehicle body, which 

are not included in the model. This is an undesired situation because it means 

that the measured component stiffness from bushings etc. needs to be corrected for 

model deficiencies and due to this it is not possible to directly optimize the char

acteristics of these components. Another problem with this approach is that the 

characteristics can only be adjusted after a prototype vehicle has been measured on 

a kinematics and compliance testing machine, which is often too late in the devel
opment program. 
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To improve this situation in the future it will be necessary to include Finite Element 

Analysis (FEA) models of certain crucial components in the Multi-Body-System 

(MBS) simulation environment. Theoretically this is possible, but several studies 

have proven that the process of implementing FEA models in a MBS simulation 

environment as e.g. Adams, is a very cumbersome process that can only be carried 

out by expert analysts. For this reason a project has been started that tries to 

automate and improve this process. In this project a code is generated that directly 

retrieves the very large finite element models used for crash simulation from the 

database and reduces them to a minimal model needed to give the correct stiffness 

and vibration characteristics of the suspension mounting points up to 5 Hz. These 

reduced order models can be handled by the MBS simulation packages without a 

large penalty in simulation times. 

7.3 Vehicle Dynamics Objective metrics 

The standard objective test metrics currently consist of five standard tests: 

1. Constant radius 

2. Low-G. swept steer 

3. Frequency response 

4. On-center steering 

5. Parking effort 

In Chapter 4 the analysis method for these test procedures were evaluated. This 

evaluation proposed the following improvements in the way the tests are performed 

and analyzed: 

• The number of repeats of a certain test is based on the desired accuracy of 

the individual parameters which need to be achieved (Section 4.3.2). In the 

old situation the number of repeats did not have any scientific background 

and was only based on the amount of effort it is to perform a certain test 

procedure. 

• Most people treat the derived parameters from instrumented test data as ab

solute numbers, this is however not the case and the parameters will very 

significantly from test to test. For this reason it is necessary to output the 

confidence intervals in addition to the mean value (Section 4.3.3). The confi

dence interval can be significantly reduced if first the outlier runs are removed 

before the data is processed (Section 4.3.1). 
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It is desirable that in the future it is possible to check for outlier runs directly 

in the instrumented vehicle during testing. This will enable the test engineer 

to access if sufficient valid repeats are available to achieve the desired accuracy 

and outlier runs can be directly removed. 

• A t-Test is used to identify if two test results are significantly different (Section 

4.3.4). 

The new analysis procedures showed that the "Low-G" test procedure could not 

measure any significant differences between the different vehicle configurations 

tested. The changes between the tested vehicle configurations were quite large and 

for this reason it was decided to no longer use the "Low-G" test for future testing. 

There is also an issue with the "Rolling parking effort" test. Although the test is 

repeatable, it proved almost impossible to maintain a constant forward velocity 

during the test. Simulations using the new stationary tire model showed that the 

velocity fluctuations during this test are unacceptable. 

Due to these findings there are currently only four robust objective test procedures, 

which can be used for optimization of the vehicle dynamics performance. These 

objective tests do not supply enough information to completely eliminate the sub

jective assessment from expert test drivers. 

For CAE to be successful in eliminating the amount of prototypes builds and the 

physical testing performed, it is necessary that new standard test procedures are 

developed that fully cover the driver's assessment of a vehicle. CAE needs use

ful measurable response parameters that can be optimized to achieve the desired 

performance. 

7.4 Final conclusion 

The final conclusion is that, after the improvements described in this thesis, 

the vehicle dynamics CAE process and capabilities are at a level that enables 

the transition to a more CAE based vehicle development process. Some minor 

areas of improvement were identified, which will be carried out in the very near 

future. One area that will take some more time to improve is the coupling of FEA 

and Multi-body system models needed for a proper description of the structural 

flexibilities. However, this enhancement will not delay the implementation of CAE 

in development process, because these flexibilities can be represented by corrections 

to the measured suspension component characteristics. 
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However, the transition from a testing driven to a CAE driven vehicle dynamics 

development process is at this moment not feasible, due to the fact that there 

is insufficient correlation between the objective measurable vehicle parameters 

and the subjective assessment of expert test drivers. This insufficient amount of 

usable objective parameters makes it impossible to optimize the vehicle dynamics 

performance of a vehicle by means of CAE. 

Additional studies are on-going to develop new objective test procedures, that will 

improve the subjective-objective correlation. The results of these investigations 

will enable the transfer to a CAE driven vehicle development process in the near 

future. 

Appendix A 

Magic Formula Tire Model 

Equations for Pacejka's "Magic Formula" as descriped in: Bakker, E., Pacejka, 

H.B. and Lidner, L., A New Tire Model with an Application in Vehicle Dynamics 

Studies, SAE technical paper series 890087, 1989 

A.l Lateral force equations 

where: 
Fy 

a 

Fy D. sin (C. arctan (B.(1- E).X +E. arctan (B.X))) + Sv 

X a+Sh 

D = a1.F; + a2 .Fz 

C ao 

D a3. sin (2. arctan (Fz )).(1- a5.1fi)/C.D 
a4 

E a6.Fz + a7 

Sh as.')'+ ag.Fz + aw 

Sv = au .Fz. ')' + a12 .Fz + a13 

Lateral force 

Slip angle 

Camber angle 

Vertical Load 

Magic Formula Parameters 
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A.2 Longitudinal force equations 

where: 
Fx 

"" 
Fz 

Fx D. sin (C. arctan (B.(1- E).X +E. arctan (B.X))) + Sv 

X r;,+Sh 

D = b1.F; + b2.Fz 

bo c 
D (b3.F; + b4.Fz)· exp ( -b5.Fz)/C.D 

bg.Fz + bw 

bn.Fz + b12 

Longitudinal force 

= Slip ratio 

Vertical Load 

(N) 

(%) 
(kN) 

bo ... b12 Magic Formula Parameters 

A.3 

where: 
Mz 

a 

'Y 

Fz 

Self aligning torque equations 

Mz D. sin (C. arctan (B.(1- E).X +E. arctan (B.X))) + Sv 

X 

D 

c 
D 

E 

a+Sh 

C1.F; + C2 .Fz 

Co 

(c3.F; + C4.Fz).exp ( -c5.Fz).(1- C6.1fi)/C.D 

C7.F'; + Cs.Fz + Cg 
1- cw.lfl 

Sh Cn-'Y + C12·Fz + C13 

Sv = (c14.F; + C15·Fz)·'Y + C16·Fz + C17 

Self aligning torque (Nm) 

= Slip angle (0) 

Camber angle (0) 

Vertical Load (kN) 

Co··· C17 Magic Formula Parameters 

Appendix B 

Results from instrumented 

testing and simulations 

This Appendix contains the results form the instrumented vehicle measurements 

and simulations discussed in Chapter 4 Section 4.5. The following pages show the 

results for the following standard test procedures: 

• Constant Radius Test -clockwise 

• Constant Radius Test - counterclockwise 

• Frequency Response Test at 100 km/h 

• Frequency Response Test at 120 km/h 

• On Center Test at 75 km/h, 0.1 G max. lateral acceleration 

• On Center Test at 75 km/h, 0.4 G max. lateral acceleration 

• On Center Test at 100 km/h, 0.1 G max. lateral acceleration 

• On Center Test at 100 km/h, 0.4 G max. lateral acceleration 

• Low G Swept Steer Test at 90 km/h -clockwise 

• Low G Swept Steer Test at 90 km/h - counterclockwise 

• Static Steering Effort Test 

• Rolling Steering Effort Test 

The x-axis labeling of the plots corresponds to the following vehicle configurations: 
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A) Tire 1: 2UP (896/570 kg, cold tire pressure 2.1/2.1 bar) 

B) Tire 1: GVW (925/891 kg, cold tire pressure2.4/2.8 bar) 

C) Tire 1: Rear +100 kg 

D) Tire 1: Front 1.6 bar, rear 2.8 bar cold pressure 

E) Tire 2: 2UP (896/570 kg, cold tire pressure 2.1/2.1 bar) 

F) Tire 2: GVW (925/891 kg, cold tire pressure2.4/2.8 bar) 

G) Tire 2: Rear + 100 kg 

H) Tire 2: Front 1.6 bar, rear 2.8 bar cold pressure 

I) Tire 3: 2UP (896/570 kg, cold tire pressure 2.1/2.1 bar) 

J) Tire 3: GVW (925/891 kg, cold tire pressure2.4/2.8 bar) 

K) Tire 3: Rear + 100 kg 

L) Tire 3: Front 1.6 bar, rear 2.8 bar cold pressure 

B.l Constant radius test results 

Constant Radius Test (right}, measurement (square) vs. simulation (triangle) 
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B.2. FREQUENCY RESPONSE TEST RESULTS 

Constant Radius Test (left), measurement (square) vs. simulation (triangle) 
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Frequency response test results 

Frequency Response Test @ 100 km/h, 
measurement (square) vs. simulation (triangle) 
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Frequency Response Test@ 120 km/h, 
measurement (square) vs. simulation (triangle) 
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B.3 On-center test results 

On Center Test @ 75 km/h, 0.1 G, measurement (square) vs. simulation (triangle) 
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On Center Test @ 75 km/h, 0.4 G, measurement (square) vs. simulation (triangle) 
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On Center Test @ 100 km/h, 0.1 G, measurement(square) vs. simulation(triangle) 
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On Center Test @ 100 km/h, 0.4 G, measurement( square) vs. simulation(triangle) 
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B.4 Low-G test results 

Low G Test @90 km/h (right), measurement (square) vs. simulation (triangle) 
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Low G Test @ 90 km/h (left), measurement (square) vs. simulation (triangle) 
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B.5 Steering effort test results 

OL-------~~~~ 
ABCDEFGHIJKL 

Tire: 205/55R15 Tire: 185/65R14 

Parameter Measurement Model Measurement Model 

Steering torque near center (CW) (Nm) 4.94 ± 0.03 1.17 4.96 ± 0.03 1.22 

Steering torque near center (CCW) (Nm) -5.06 ± 0.06 -1.63 -4.95 ± 0.02 -1.46 

Steering non-uniformity (CW) (%) 95.3 ± 0.2 20.3 95.2 ± 1.0 10.9 

Steering non-uniformity (CCW) (%) 92.9 ± 0.4 15.2 93.1 ± 0.2 3.1 

Maximum steering torque (Nm) 5.53 ± 0.06 3.80 5.43 ± 0.03 3.69 

Table B.1: Measurement and simulation results from static parking effort test 
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Tire: 205/ 55R15 Tire: 185/ 65R14 

Parameter Measurement Model Measurement Model 

Steering torque near center (CW) (Nm) 2.54 ± 0.15 1.90 2.39 ± 0.05 1.86 

Steering torque near center (CCW) (Nm) -2.89 ± 0.19 -1.84 -2 .32 ± 0.07 -1.80 

Maximum steering torque (Nm) 4.94 ± 0.01 3.50 4.39 ± 0.02 3.16 

Table B.2: Measurement and simulation results from rolling parking effort test 

Summary 

The world 's leadirig automobile manufacturers are in fierce competition. All 

manufacturers have access to the same knowledge and technology. Competitive 

advantage, therefore, needs to come from optimizing the vehicle development 

process, with respect to time, cost and quality. In particular, the time-to-market 

is the critical success factor. Vehicle development times of 24 months or less are 

sought after by using Computer Aided Technology. 

This thesis presents research which has been carried out to analyze how this 

goal can be reached within the engineering discipline of vehicle dynamics. This 

analysis has shown that for a controlled and accelerated development process three 

conditions must be met: 

1. Vehicle dynamics aspects must be engineered within the same time frame as 

and in parallel with the other vehicle aspects (e.g. NVH 'Noise Vibration and 

Harshness ' , Crash etc.). 

2. Traditionally vehicle dynamics relies heavily on physical prototypes, which 

are expensive and come available only late in the development process. These 

"physical" prototypes must be replaced by "virtual" prototypes, which are 

based on accurate CAE models of ride and handling aspects. 

3. For virtual vehicle dynamics prototypes to be suitable the respective CAE 

models must enable the accurate quantifiable representation of the traditional 

subjective assessments given by test drivers. 

The research results show that the main bottlenecks in CAE modeling of vehicle 

dynamics lie in the ways in which the tire forces and moments are represented. To 

solve this deficiency new models have been developed to describe tire behavior on 

various road surfaces and under stationary (non-rolling) conditions. Simulations 
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with the improved models give excellent correlation with results obtained from 

physical testing. 

From the research the conclusion is drawn that, if the improvements described 

in this thesis are applied, the vehicle dynamics CAE process and capabilities are 

at a level that enables the transition to a more CAE based vehicle development 

process. The transition from a testing driven to a CAE driven vehicle dynamics 

development process is at this moment not feasible, however, due to the fact that 

there is insufficient correlation between the measured vehicle parameters which can 

be considered to be "objective" and the subjective assessment of expert test drivers. 

This insufficient amount of useable objective parameters makes it impossible to 

optimize the vehicle dynamics performance of a vehicle by means of CAE. 

Additional studies are on-going to develop new objective test procedures, that will 

improve the subjective-objective correlation. The results of these investigations 

will enable the transfer to a CAE driven vehicle development process in the near 

future. 

Samenvatting 

De toonaangevende producenten van automobielen zijn in hevige onderlinge 

competitie verwikkeld. Aile producenten hebben toegang tot dezelfde kennis en 

technologie. Voordeel in de concurrentiestrijd kan worden bereikt worden door het 

optimaliseren van het voertuigontwikkelingsproces met betrekking tot tijd, kosten 

en kwaliteit . Hierbij is de "time-to-market" de cruciale succesfactor. Door het 

gebruik van computer ondersteunde technologien tracht men de voertuigontwikkel

ingstijd te reduceren tot 24 maanden of minder. 

Het onderzoek gepresenteerd in dit proefschrift analyseert hoe dit doel bereikt kan 

worden binnen de engineering discipline van de voertuigdynamica. De analyse toont 

aan dat voor een gecontroleerd en versneld ontwikkelingsproces drie voorwaarden 

vervuld moeten worden: 

1. Aspecten van voertuigdynamica moeten worden ontwikkeld binnen hetzelfde 

tijdskader als en parallel met de andere voertuigaspecten (bvb. geluid, tril

lingen en crashveiligheid). 

2. Traditiegetrouw is voertuigdynamica sterk afhankelijk van prototypevoer

tuigen, die duur zijn en slechts laat in het ontwikkelingsproces ter beschikking 

komen. Deze "fysieke" prototypes moeten worden vervangen door "Virtual 

Prototypes", die zijn gebaseerd op nauwkeurige CAE modellen van de dy

namische aspecten van het voertuig. 

3. De virtuele voertuigdynamica prototypen zijn slechts bruikbaar indien de 

respectievelijke CAE modellen een nauwkeurig kwantificeerbare representatie 

kunnen bieden van de traditionele subjectieve beoordeling van ervaren test

rijders. 

Dit onderzoek toont aan dat bij computersimulaties van voertuigdynamische as

pecten de knelpunten liggen in de wijze waarop de bandenkrachten en -momenten 
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worden beschreven. Om deze tekortkoming op te lossen zijn nieuwe modellen ont

wikkelt die het bandgedrag in stationaire toestand en op diverse wegoppervlakken 

nauwkeurig beschrijven. 

Uit het onderzoek kan worden geconcludeerd dat, na toepassing van de verbetering

en beschreven in dit proefschrift, het CAE proces in de voertuigdynamica een 

niveau heeft bereikt dat de overgang mogelijk maakt van een op fysieke testen 

gebaseerd voertuig ontwikkelingsproces naar een op CAE gebaseerd proces. 

Deze overgang kan echter op dit moment nog niet plaats vinden, door het feit dat 

er nog onvoldoende correlatie is tussen meetbare objectieve voertuigparameters 

en de subjectieve beoordeling van ervaren testrijders. Dit gebrek aan bruikbare 

objectieve voertuigparameters maakt het onmogelijk het dynamisch voertuiggedrag 

te optimaliseren door middel van computersimulaties. 

Andere studies zijn erop gericht, door middel van het ontwikkelen van nieuwe 

objectieve test procedures, deze correlatie te verbeteren. Door de resultaten van 

deze studies zal binnenkort de overstap naar een op CAE gebaseerd voertuig 

ontwikkelingsproces mogelijk worden. 
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Stellingen 

Behorende bij het proefschrift 

The road to virtual vehicle prototyping; 
New CAE-models for accelerated vehicle dynamics development. 

1. Een noodzakelijke voorwaarde voor het succesvol gebruik van computer modellen 
in het ontwikkelen van de voertuigdynamische aspecten is dater voldoende 
relevante respons parameters zijn om de subjectieve beoordeling van ervaren 
testrijders volledig te kunnen afdekken. (Dit proefschrift) 

2. Voertuig dynamica modellen beschouwen aile ophanging en carrosserie 
componenten tenorechte als starre elementen. Door het implementeren van 
Eindige Elementen modellen waarmee het elastisch gedrag van sommige, voor de 
voertuigdynamica kritische, onderstelcomponenten wordt beschreven kunnen 
simulatiemodellen sterk worden verbeterd. (Dit proefschrift) 

3. Als resultaten van simulaties and metingen niet overeenkomen nemen de meeste 
ingenieurs aan dat de metingen correct zijn. Dit is in veel gevallen niet terecht. 
(Dit proefschrift) 

4. Empirische bandmodellen die gebaseerd zijn op laboratorium meetgegevens, zijn 
niet in staat de krachtkarakteristieken van banden op verschillende wegdekken 
nauwkeurig te beschrijven. Door het toepassen van twee nieuwe correctie 
factoren in deze modellen is een correcte beschrijving nu wei mogelijk. (Dit 
proefschrift) 

5. De nauwkeurigheid van een voertuigdynamische simulatie is meer afhankelijk van 
de kwaliteit van de model parameters dan van de uitgebreidheid van het model. 
(Dit proefschrift) 

6. De enige plaats waar succes voor werk komt, is in het woordenboek. (Vidal 
Sassoon) 

7. De volledig geautomatiseerde autosnelweg die Telematica experts nastreven 
bestaat al meer dan een eeuw. Hij is bekend onder de naam trein. 

8. Het gebruik van Fuzzy Logic in de auto-industrie beperkt zich doorgaans tot de 
inhoud van de gebruikershandleiding van een auto. 

9. Nieuw Hightech apparaten zijn voor vrouwen aileen interessant als ze nut hebben, 
voor mannen aileen omdat ze nieuw zijn. 

10. Als de huidige trend van ovemames in the automobiel industrie zich in dit tempo 
doorzet is er binnen een paar jaar nog maar een automodel op de markt, dat 
verkrijgbaar is met 20 verschillende naamplaatjes. 

11. Een wiskundig verantwoorde extrapolatie van de afname van het energieverbruik 
van personenauto's, voorspelt dat over vier jaar het ':Perpetuum Mobile" wordt 
uitgevonden. 



12. Gelet op de koersontwikkeling van internet fondsen lijkt het erop dat verlies 
maken voor bedrijven de beste "Share Holder Value" oplevert. 

13. Een dag geen geld uitgegeven is een dag niet geleefd. (Renee van der Jagt) 

Pim van der Jagt, 15 november 2000 



~ The Road to Virtual Vehicle Prototyping; 
new CAE-models for accelerated vehicle dynamics development 


