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Abstract

Racing teams use numerous computational tools (CAD, FEA, CFD) to aid in the
design of racing cars and the development of their performance. Computer
simulation of racing car handling through Lap Time Simulation (LTS) packages
complements these tools. It also allows teams to examine the effect of different
vehicle parameter setups to optimise vehicle performance. In similarity with the
automotive industry, time is limited and rapid development of new ideas and
technology is essential. Thus, the use of a more sophisticated computer simulation

would allow a team to gain a significant advantage over their competitors.

As LTS are computationally intensive, previous packages have simulated a full lap
using a quasi-static method which splits the path of the vehicle into segments. An
analysis is then made of the vehicle at each segment point using the external forces
acting on the vehicle. Due to the constant acceleration (i.e. steady state) assumption
across each segment, this method does not take into account the effect of roll, pitch
and yaw inertia as well as damping and tyre lag effects. Another aspect that is not
accounted for is the variation in the fastest effective vehicle path along the circuit

(i.e. racing line) due to change in driver control inputs or vehicle parameters.

The overall aim of this thesis is to develop a transient LTS methodology, which
adopts a strategy to vary the racing line taken in order to address the problems found
with the existing quasi-static LTS packages. In parallel an investigation of the
accuracy of vehicle models in relationship to racing car performance has been

developed.

The thesis begins with a study of racing car modelling techniques and a review of

current LTS packages. A description is then given of the collection of vehicle
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handling data from an actual racing car (along with attaining a vehicle parameter set)

and the measured results displayed and discussed.

The creation of two vehicle models, a simple and sophisticated version, is detailed
and the measured results are compared to the simulated results of each vehicle
model. It was found that the simple vehicle model does not fully represent the actual
vehicle’s lateral dynamic behaviour, although its steady state response was deemed
to be accurate, The sophisticated vehicle model was seen to not only accurately
predict the full range of lateral dynamic behaviour of the actual vehicle, but also the

actual vehicle’s longitudinal and combined lateral and longitudinal dynamic

behaviour.

To further investigate LTS techniques, a comparison study was made between
various simulation approaches which indicated that the transient approach, although

more complicated and time consuming, allows for more accurate tuning of a greater

number of vehicle parameters.

Finally, the creation of two simulation packages has been detailed and case studies
are presented to provide further insight into the look and feel of the packages. The
first package is a quasi-static approach based LTS package, where a case study is
made into the sensitivity of overall lap time to a range of vehicle parameters. The
second is a transient approach based simulation package which optimises the driver
controls, varying the racing line taken by the vehicle and ensuring the manoeuvre is
completed in the quickest time for that vehicle parameter set. This final Manoeuvre
Time Minimisation package fulfils the overall aim of the thesis and a case study is

made into the effect of front damping value on manoeuvre completion time.
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LTS Lap Time Simulation

DOF Degrees of Freedom

CPU Central processing unit

IMechE Institute of Mechanical Engineers
SAE Society of Automotive Engineers
SQP Sequential Quadratic Programming
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Ci» Aerodynamic coefficient of lift

Ca: Aerodynamic coefficient of drag

D: Peak value for tyre magic formula equation
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k: Spring stiffness, Nm™!

k¢ Sprung mass roll stiffness, Nmrad™

kg Sprung mass pitch stiffness, Nmrad™

LLT: Lateral load transfer, N

I: Wheelbase of car, m (figure 3.2)

M: Moment, Nm

m: mass, kg

N: Normal force at tyre contact patch, N
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Pedal: Brake pedal force ratio
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Rirecks Path radius, m

r: Rotational velocity about g3 axis, rads™ (figure 3.2)
Featiipers Radius of calliper, m

rv: Radius of tyre, m

St Horizontal shift for tyre magic formula equation

Sy Vertical shift for tyre magic formula equation

s: Path distance, m

T: Torque, Nm

t: Half the value of track of axle, m (figure 3.2)

u: Velocity of vehicle in al axis direction, ms™ (figure 3.2)
v: Velocity of vehicle in a2 axis direction, ms™ (figure 3.2)
x: Variable

Zr» Roll centre height, m

oz Tyre slip angle, rad

o Steered angle of front axle, rad (figure 3.2)

¢: Damping ratio
& Pitch angle of sprung mass, rad (figure 3.8)

k: Longitudinal slip ratio of tyre

Mpaa: Coefficient of friction between brake pad and disc
Hre Coefficient of rolling resistance for a tyre

p: Air mass density, kgm"’3

o: Tyre lateral slip angle lag coefficient

¢ Roll angle of sprung mass, rad (figure 3.7)

¥: Vehicle heading angle, rad (figure 3.11)

X1V



ax Rotational velocity of wheel about axle, rads™
w.: Signal frequency
Subscripts :
0: Nominal value
b: At sprung mass
brake: Produced by brakes
drag: Tyre drag force
e: Produced by engine
f: At front axle
f1: Front left wheel
fr: Front right wheel
foot: Produced by drivers foot
inner: Inner wheel in a comer
n: Number of iterations
outer: Outer wheel in a corner
r: At rear axle
rl: Rear Left wheel
rr: Rear right wheel
t: Produced by tyre
x: In al axis (longitudinal) direction
y: In a2 axis (lateral) direction
z: In g3 axis (vertical) direction

Axis System - the axis system used is the SAE standard vehicle and tyre axis system

[1].
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1 Introduction

1.1 Application of Vehicle Modelling to Racing Cars

The nature of motorsport is to test the performance of a vehicle and driver
combination on different types of courses, be they circuits or short runs. The best
combination is the one that produces the shortest overall time over a number of laps

around each course. Motorsport is highly competitive and races are won on margins

of hundredths of a second.

Racing cars are designed so that their components can be adjusted relatively easily in
order to optimise the vehicle’s setup on each individual circuit. There are normally a
vast number of combinations that a team can use for each different vehicle setup and
as such, getting the most out of the vehicle is a difficult and highly skilled task. In
the past, this had been predominantly because the performance of the vehicle was

only measured after the physical change had been undertaken and tested on the

circuit.

A racing team uses numerous computational tools (CAD, FEA, CFD) to aid with
construction of the car and to develop the vehicle’s performance. Computer
simulation of racing car handling, through Lap Time Simulation (LTS) packages,
complements these tools and allows teams to examine the effect of different vehicle
parameter setups to optimise vehicle performance. As with the automotive industry,
time is limited and rapid development of new ideas and technology is essential.
Thus, the use of a more sophisticated computer simulation would allow a team to

gain a significant advantage over their competitors.



In similarity to other computational tools, LTS is useful in both the initial design
stage and the development stage. In the initial design phase, fundamental vehicle
parameters can be optimised which cannot be changed later, e.g. centre of gravity
position (centre of gravity may only be moved by a few percent using ballast).

During the development stage, however, it can be used to optimise changeable

vehicle parameters, e.g. spring rates.

The use of handling simulations allows an expensive vehicle to be modelled at its
limit of adhesion without risk of the vehicle being damaged or injury to the driver, as
is the case with track testing. This does not mean that LTS completely replaces track

testing, but complements it and can reduce the amount of time spent at the circuit.

1.2 Use of Lap Time Simulation (LTS) Packages

Typical use of vehicle handling and multi-body simulations involves studying the
vehicle’s behaviour when undertaking simple manoeuvres which may be well within
the vehicle’s limit of performance. LTS packages are similar to these, but they
connect many manoeuvres together (to form a complete lap) and the vehicle is
always travelling at its limit of performance. LTS is therefore an extension to the use

of vehicle handling models and its main aim is to find the shortest possible time a

vehicle with a certain parameter set can complete a given circuit.

LTS packages have to simulate many manoeuvres for each lap of the circuit and as

such they are highly processor intensive. As the level of sophistication of the model
Increases, a greater amount of processing power and run time is needed. One of the
limitations to increasing model sophistication has been the CPU power available in

the portable computers used to run simulations at the circuit. Computing power is



increasing and its costs are decreasing at an exponential rate as predicted by Moor’s
Law [2]. As a result, the use of highly sophisticated simulation on portable

computers has become possible and simulation run times have dropped significantly.

As these simulations are computationally intensive, previous packages simulate a full
lap by splitting the path of the vehicle (found from recorded vehicle data) into
segments (e.g., every 1m) and an analysis is made of the vehicle at each segment
point using the external forces acting on the vehicle. This simple simulation

approach, where the circuit is idealised as a series of straights and constant radius

turns, 1s a quasi-static method.

Milliken et al [3] describe a commonly used method of finding the fastest lap time,
which involves using the comers as limiting factors for the simulation. The
maximum speed at which the vehicle can negotiate all the corners is found (which is
independent of the straight speeds), therefore the speed the vehicle enters and leaves

all the straights is known. From this, the vehicle’s performance along the straights

can then be found.

Due to the constant acceleration (i.e. steady state) assumption across each segment,

previous studies [4] have shown that this method does not take into account the
effect of the vehicle’s roll, pitch and yaw inertia, as well as damping effects and tyre
lag. Another aspect that is not accounted for is the variation in the fastest effective
vehicle path along the circuit (i.e. racing line) due to change in driver control inputs
or vehicle parameters. The method basically assumes that the racing line found from

the actual vehicle data is the fastest in all cases.



1.3 Aim of Research

The overall aim of this research is to develop a transient lap time simulation
methodology, which adopts a strategy to vary the racing line taken in order to
address the problems found with the existing packages described above. In parallel
an investigation of the accuracy of vehicle models in relationship to racing car

performance will be developed. The main project objectives are listed below:

e Review current approaches to racing car modelling and LTS.

e Develop a vehicle model of a racing car and confirm its accuracy by
comparison with measured results.

o Measure detailed performance data from an actual vehicle, which will allow
vehicle models to be validated for all vehicle operating conditions.

e Create a LTS package that uses a quasi-static simulation approach.

e Identify key areas in which current packages could be improved.

e Develop the quasi-static package to incorporate transient effects and to

include the ability to optimise the fastest line taken by the vehicle.



2 Literature Review

2.1 Historical Development

LTS techniques involve the analysis of a racing car’s behaviour whilst accelerating,
braking and comering. This allows the optimisation of its performance to minimise
the overall time taken to complete a lap on a given circuit. From the beginnings of
motorsport, racing car teams have used measured sector and overall lap times to
gauge vehicle performance. By 1954, Mercedes-Benz [S] created a simple hand
calculation based LTS using sector times which were then aggregated to predict
overall lap time. This produced a basic lap simulation with which vehicle

performance could be predicted over the whole circuit for a range of different vehicle

parameters.

Until the advent of accessible digital computing in the 1980’s, racing car
performance prediction, for the most part, was based around simple hand derived
equations of motion which were increasingly being solved by digital computers. An
example of this was published in 1971 [6] and is the first published example of the

use of g-g diagrams [3] and the quasi-static simulation approach.

The quasi-static approach is defined as idealising the circuit as a series of segments
consisting of straights and constant radius tums. The steady state solution to the
vehicle’s equations of motion is found at each of these track segments using the
external forces acting on the vehicle. The quasi-static approach is normally used in
conjunction with a method to find the fastest lap time, which involves using the

corners as limiting factors for the simulation [3]. The maximum speed at which the

vehicle can negotiate each corner’s minimum path radius (i.e. the apex of each



comner) is found and thus the speed at which the vehicle enters and exits all the
straights is known. The vehicle’s performance along the straights can then be

calculated.

In 1982, the first commercially available digital LTS ‘RCSIM’ was unveiled by
Milliken Associates [3] which improved on earlier quasi-static packages by the use
of a more sophisticated bicycle type vehicle model to estimate the vehicle’s
performance in each track segment. This package has seen continual development to

the present day [3, 7].

Over the last decade, computer technology and software has improved rapidly. This
has been followed by an increasing availability of vehicle dynamics, mathematical
modelling and multi-body software packages, which can be used to automatically
generate a vehicle’s equations of motion and simulate its performance. Additionally,
tyre manufacturers have been able to produce more detailed and accurate tyre
performance data across a greater range of operating conditions. To make this data
more readily accessible, robust empirical tyre models have been developed (e.g. the
Pacejka Magic Tyre Formula [8]). All of these factors have allowed teams to
produce highly sophisticated vehicle models with greater ease than was previously

possible.

Over the last five years there has been a major increase in the number of LTS
packages appearing. All but a few of these, however, have made use of the quasi-
static simulation approach, which still allows a reasonably realistic prediction of
vehicle performance. The most commercially successful and widely used, is the
P1Sim LTS package [2] which uses a generic vehicle model with only a few degrees

of freedom (DOF). The main aim of the PiSim package is to enable teams to



minimise lap times and establish the sensitivity of the vehicle’s performance to

parameters changes.

A major improvement in LTS techniques has only come about in 2001 with
Casanova et al [9, 10, 11] developing a LTS package based on a transient simulation
approach. The transient simulation approach is defined as simulating the vehicle’s
performance using a continuous time history and dynamic solution to the vehicle’s
equations of motion. The transient approaches found in the literature optimise the
vehicle’s control inputs to find the minimum Jap time achievable with a given vehicle

parameter set. This allows a more realistic prediction of vehicle performance and

further details are reviewed in section 2.4.

Development of LTS packages must be seen in the context of the more general area
of vehicle performance analysis by computer simulation. It might be viewed as a
subset, specialised to meet the needs of the racing car industry, whereas the majority
of development has occurred in the broader automotive industry. Consequently,
some of the general issues involved in the modelling of vehicle handling
performance are first reviewed. These issues are then followed by an overview of
the types of computer package used to generate the equations of motion in the

vehicle model. This overview is then followed by a review of the development of

packages specifically aimed at lap time simulation,



2.2 Review of Vehicle Modelling Issues

Vehicle modelling involves idealising the actual vehicle system as a set of equations
of motion. These equations can then be solved in a simulation to generate a
prediction of the vehicle’s performance. The models used in LTS packages and the
racing car industry are based on those developed for the modelling of general road

vehicles. This section (2.2) has been split into five sub-sections discussing:

2.2.1 The vehicle model itself.

2.2.2 The external forces affecting the system - tyre models.

2.2.3 The extemnal forces affecting the system — acrodynamic models.

2.2.4 The sub-systems creating the longitudinal forces — powertrain models.

2.2.5 The sub-systems creating the longitudinal forces ~ brake models.

A compromise has to be reached between model sophistication and accuracy because

an over-sophisticated model can significantly decrease productivity [12]. Accurate
and comprehensive parameter sets also need to be determined. This can become

complicated, because as the sophistication of the model increases, the detail and

number of parameters needed is also increased [13].

2.2.1 Vehicle Models

Dixon [14] describes a basic vehicle model where the vehicle is represented as a
point mass with a single wheel below it. This model has two DOF which represent
lateral and longitudinal acceleration. Unfortunately this does not represent the

under/neutral/over steer behaviour of the vehicle as it yaws.



Milliken et al [3] illustrates that the yaw DOF can be added by extending the model
to have two wheels, this is commonly known as a bicycle model as seen in figure 2.1.
Both wheels on the front and rear axle are effectively combined into one. The
vehicle’s mass is assumed to be concentrated at its centre of gravity and a suitable
value of inertia is used to represent the vehicle’s yaw inertia.

X /“

-

Axis system A,
moving with the
vehicle

Ground-fixed
axis system, G

Figure 2.1 - Bicycle vehicle model

To improve its accuracy and give a better estimation of the slip angles the tyres
encounter, the bicycle model can then be extended to a four wheel model by adding a
front and a rear axle, each with two wheels. An approximation can then be made for
the load transfer in lateral and longitudinal directions by using a quasi-static

approximation [3].

An even better approximation of load transfer can be made by modelling the
dynamics of the vehicle’s sprung mass. This is carried out by adding roll and pitch
DOF to the model. Ellis [15] demonstrates this by splitting the car into three bodies:

the front unsprung mass, the rear unsprung mass and the sprung mass. The sprung



mass is pin jointed and free to rotate about the vehicle roll and pitch axis. Its motion
is opposed by torsional springs and dampers on both axes, which relate to the
vehicle’s actual suspension components. Suitable values of roll, pitch and yaw
inertia are then assigned to the sprung mass body, with the body masses again
assumed to be concentrated at the centre of gravity position of each body. A vertical
DOF may also be given to the sprung mass body to model its ride behaviour but, this

is not normally an important factor when modelling racing cars running on smooth

surfaces.

Crolla [16] shows that by making each wheel into a separate body with an extra DOF
each for spin, camber and/or steer (once more with suitable inertia values), the
modelling of powertrain/brake and suspension kinematics effects is possible. Using

this approach, other effects may also be modelled such as steering system, axle and

chassis compliance.

2.2.2 Tyre Models

To accurately predict the behaviour of a racing car, it is required to model the
external forces acting on the vehicle as accurately as possible. At low speeds the

main external forces acting on the vehicle are generated by the tyres. Racing cars are
designed to operate at the peak of the tyre force curves. The tyre forces at limit

handling, therefore, need to be modelled as accurately as possible.

There are two main types of tyre model employed in vehicle handling simulations.
The first is the physical model, where the tyre's response is derived from first
principles. These range in complexity from a single longitudinal and lateral spring,
to springs mounted radial around a hub, to the most complex finite element models

that include details of the air, rubber, tread pattern and fabric and steel cords used in

10



the tyres construction. A physical model is normally used in a vehicle ride model as

the vertical response of the vehicle is of primary concem.

The second 1s the empirical model, where actual physical test data is used to describe
the tyre’s response. They are basically either a look up table or a function fitted to
the measured data (which reduces the amount of data required). An empirical model

1s normally used in a vehicle handling model where the resultant lateral or

longitudinal tyre force is of primary concern.

Considering that tyres are made from several different materials, with highly an-
1sotropic material properties, their responses are very non-linear and it is difficult to
derive an accurate and simple physical model [8]. The use of an empirical model,
therefore, is the most efficient way to describe the tyre’s response [13] in a vehicle

handling model and will reduce simulation times.

One of the most commonly used empirical tyre models for vehicle simulation is the
Pacejka Magic Formula method {8]. The model uses measured tyre data to find the

coefficients of a mathematical function that matches the actual tyre’s response as

given in equation (1).

F = fla,x,N} (1)
where:
a. Tyre slip angle, rad
x.: Longitudinal slip ratio of tyre

N: Normal force at tyre contact patch, N

F.: Force, N
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From equation (1) it is evident that the forces produced by the tyre are primarily due

to three main external inputs:

e The slip angle at each tyre contact patch, which is dependent on the geometry

of the vehicle and its Jongitudinal, lateral and yaw velocities.

e The normal forces at the tyre contact patch, which are equal to the sum of the
static force on the tyre, the acrodynamic downforce on the axle and the lateral

and longitudinal load transfer due to the sprung mass rolling and/or pitching.

e The longitudinal slip ratio of the tyre which is defined [8] as being the ratio of
the velocity of the tyre contact patch to the velocity of the vehicle at that
point and is dependent on the torque being applied to the tyre by the brakes or

powertrain.

The camber angle of the tyre is another less significant factor and is the inclination of
the longitudinal plane of the tyre to the road surface., This inclination produces a
camber thrust [8] that offsets the lateral force produced by the tyre. The camber

angle changes due to vehicle body rolling and/or bump and is controlled by the

vehicle's suspension kinematics.

There are other factors that affect the tyre's response to these inputs and these
include change in static inflation pressure, temperature and wear, These factors only

have a minor influence on the tyre's performance and there will be uncertainty about

their exact values at any given time [3].

The last factor that is important in making the model realistic is the time response of

the tyre. Pacejka et al have extended the model to take this into account [8] and it

12



takes the form of a first order lag applied to the slip angle or slip ratio to represent

the time taken to build up the forces in the tyre.

Other empirical models have been used to simulate tyre behaviour but these tend to
contain large amounts of data [7] or are based on simplistic mathematical models
[17]. Some empirical models have failed to take into account large slip angles and
drivers have produced quicker lap times by ‘sliding’ the vehicle at high slip angles
[7]. Other authors have produced tyre lag models but these are either the same as the

Pacejka’s model [18] or unnecessarily over-sophisticated [19].

2.2.3 Aerodynamic Models

The other set of external forces applied to the vehicle arises from the aerodynamic
effects on its body as it moves through the air. This is normally modelled as a simple
drag force acting at the centre of gravity and opposing longitudinal motion and two
normal forces each acting at the centre of the front and rear axles (either upwards for
lift or downwards for downforce). These forces are given by equation (2) and are
dependent on the vehicle’s frontal area and coefficient of lift or drag, which is

measured in a wind tunnel or found using a CFD package [3].

F =-%- FACu* (2)

where:
u: Velocity of vehicle in al axis direction, ms™
FA: Frontal area of vehicle, m?

C: Aerodynamic coefficient of lift or Aerodynamic coefficient of drag

p: Air mass density, kgm™
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An increase in sophistication is possible by using a parameter map to vary the
aerodynamic coefficient depending on vehicle attitude or ride height. This method
more accurately models the effects of the vehicle’s acrodynamic devices which are

sensitive to changes in these factors [20].

LTS packages have added separate models of individual aerodynamic devices to
study the result of changing their design and orientation [21]. Unfortunately,
modelling each device separately leads to inaccuracies when simulating the
performance change to the whole vehicle. This is because the performance of an

individual aerodynamic device is sensitive to the aerodynamic attributes of the entire

vehicle {22].

2.2.4 Powertrain Models

To generate longitudinal force from a tyre, a slip ratio is created at the contact patch
by applying 2 torque about the tyres axis of spin, causing it to spin at a speed
different to that dictated by the vehicle’s velocity [8]. This torque is produced by

either the braking or the powertrain systems.

The simplest representation of the powertrain is a fixed maximum power value
applied to the driven wheels [23]. To create a more detailed representation of the
range of torques created by the powertrain, the engine can be modelied as a
parameter map of torque against engine speed (found from experimental data) and
the drivetrain modelled as a set of gear ratios of this torque. This model gives a high
level of accuracy but with moderate sophistication to ensure efficient model running

when compared to a full thermodynamic model of engine performance [24].
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Additionally, the amount of torque that is applied from the engine is dependent on
the driver throttle input. It is rare that the engine parameter map has been extended

to include throttle position, as race engines are designed to produce the largest torque

possible and thus it is assumed the driver will demand 100% throttle. Therefore the
throttle value is normally modelled as a percentage of the maximum torque available

at a given engine speed. Even though this is a linear approximation, it still makes a

reasonable approximation of the actual non-linear engine response.

If large values of torque are produced by the engine or the powertrain rotational
speeds are high, it may become necessary to model the powertrain’s inertia or
stiffness [25]. A differential (or differentials for more than one driven axle) can also
be added into the model to account for the distribution of engine torque on an axle.

Various types of differentials [3] have been modelled including locked, open or

limited slip types (e.g. Salisbury, Torsen, etc.).

Many vehicles use control systems such as traction control, automatic gear selection,
CVT and active differentials that limit the torque applied by the engine or vary the

drivetrain ratios. These can also be modelled {26] as necessary.

2.2.5 Brake Models

All racing car braking systems use a hydraulic circuit and friction devices to
transform the driver’s control input of pedal force into a torque applied to each
wheel. The brake pedal force is distributed between two master cylinders (one each
for the front and rear hydraulic circuits) using a variable balance bar [3]. Brake discs
with callipers or drum type systems can be simply modelled as friction devices [23]

which derive axle torque from front or rear circuit pressures. Control systems (e.g.

ABS) can also be modelled to limit torque applied to the wheel [27].
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2.3 Computer Simulation Packages

All computer simulation packages relevant to multibody system dynamics problems
use one of four different techniques to generate equations of motion to define the
vehicle model. These techniques are described in table 2.1 along with an example of
the main packages available [16]. As any LTS will involve the vehicle negotiating a
considerable number of different straights and commers in each lap, the most

applicable method will be the one that will allow the generation of not only an

accurate but, efficient vehicle model that describes the vehicle’s behaviour.

Technique Leading Software Method of Equation Generation
using this method

Numeric Multibody ADAMS Equations are generated in numerical

codes form.

Symbolic Autosim Equations are generated in symbolic

Multibody codes form.

Purpose Built Carsim One generic model only available, as

codes motion equations already defined.

Simulation Toolkits Equations of motion pre-defined by the
user.

Table 2.1 - Methods of model generation.

Generating the equations using numeric multibody codes creates large and inefficient
models of the system [13]. Suitable models have been produced using software

packages such as ADAMS [28]. This study highlighted the fact that accurate models

could be produced but demanded a considerable investment of time and money to
develop a sophisticated model. Furthermore, a significant amount of computer

processing power would be necessary, because ADAMS has to reconstruct the

equations of motion for each parameter change [29].
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Symbolic multibody codes are more efficient in generating the equations of motion
used to define the vehicle model, which greatly reduces simulation times. The use of
these software packages is limited and they have not really found widespread use
throughout the industry. There are also no suitable purpose built codes available

with a suitable racing car model, apart from inefficient numeric multibody based

models.

As most racing cars are of similar design, a set of pre-defined equations of motion
can therefore be defined by the author and utilised in a simulation toolkit. MatLab is
at present an industry standard and it is relatively simple to create a vehicle model
using user generated equations of motion, This software package has been used
throughout the work described in the thesis. There are a number of toolboxes
available for MatLab, such as symbolic programming, data acquisition and

optimisation routines, which will help with the development of the vehicle models

and LTS package.

2.4 Lap Time Simulation

LTS packages tend to fall into two different categories, either those that are
commercially available or those that have been developed by academic institutions or
individuals for personal use (non-commercial). All but a few of these packages use a
quasi-static simulation approach. In addition to these packages there are others that
are either not well publicised or are solely the property of certain racing teams [30].
These private packages are not available for use by outside parties due to the
confidential information they contain and the secrecy associated with the competitive
nature of motorsport. The vehicle dynamic models used in commercially available

packages are also ‘locked’ away in the source code of the software. The implications
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of this are that in order to ascertain the level of sophistication of existing LTS

packages, review has been restricted to the information contained in the literature.

The main aim of any LTS package is to find the quickest possible time taken for a
vehicle with a given parameter set to complete a lap of a circuit. The parameter set

can then be varied to try to reduce this time. A LTS package works in the same way

as many other engineering packages, involving three stages:

. Firstly the package initialises by gathering vehicle parameters from the user

and attaining circuit data (trackmap) from the user and/or measured vehicle
data (i.e. downloaded from a data-logging system).

2. The lap simulation then takes place with the vehicle equations of motion
being solved for the given vehicle parameter set and, using the quasi-static or
the transient simulation approach, the minimum lap time 1s found.

3. Finally, the performance of the vehicle around the circuit 1s displayed to the

user and compared with measured data, if required, as shown in figure 2.2.

r“"""'r‘:-‘:"'rrrrﬁ 1 LA e RR e s

Figure 2.2 — TAG Heuer vehicle data package.
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The circuit trackmap consists of a set of path radii at fixed distances around the
circuit and is normally found from lateral acceleration and forward velocity
measured data. As the data logging equipment records data at a fixed time step, each
fixed distance circuit segment point is found by linear interpolation between fixed
time steps using the forward velocity data. Each segment path radius can then be
found again, involving linear interpolation, using the lateral acceleration data and
equation (3).

uz

R i
AJ’

trac

(3)

k —

where:

A.: Acceleration, ms"

Rirack: Path radius, m

The track map can be extended to include three dimensional information, either by
measuring the vehicle’s vertical acceleration and using equation (3) to measure dips
and crests along the track, or measuring the increase in the vehicle's static weight
using pushrod load cells to give the track camber. To keep the track map two
dimensional, these effects can be accounted for by increasing the tyre friction

coefficient in this area of the track, Data can also entered by the user and may be

found from other sources, e.g. survey data.

A detailed description of the quasi-static simulation approach is given in sub-section
2.4.1 as background to the LTS packages that are reviewed in the following two sub-
sections 2.4.2 and 2.4.3. These have been split into commercial and non-commercial
(developed by academic institutions or individuals) packages and are listed in order

of increasing sophistication for each section. A detailed description of the transient
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simulation approach that is used by the most sophisticated non-commercial LTS

package will be made in the last sub-section,

24.1 The Quasi-Static Simulation Approach

Most LTS packages begin by finding the minimum path radius at each corner in the
trackmap. This defines the corner apex (and minimum speed) points [3]. Steady
state acceleration is assumed across each segment. At this corner apex point,
therefore, it is assumed that the vehicle is maximising its lateral acceleration (i.e. not

using any tyre grip to produce longitudinal acceleration). Its forward velocity at that

point is then found by rearranging equation (3) and using the vehicle model.

Care is taken to check whether the vehicle’s performance in the corner is not power
limited. This occurs when the engine power available is not great enough to

overcome acrodynamic and tyre losses [14] and if this is the case the comer apex

performance is limited by engine power.

From this apex point the simulation increases forward velocity backwards down the
previous straight (backwards marching) and forwards along the next straight
(forwards marching) in steady state segments [31]. The time taken for the vehicle to

complete each segment is minimised (i.e. greatest longitudinal acceleration) using a

friction circle approach [3).

The friction circle approach assumes that any potential tyre grip not utilised in
producing lateral acceleration can be used to produce longitudinal acceleration. This
potential grip is found by drawing a plot of lateral force against longitudinal force for
each tyre (which tends to be an ellipse) to find the available longitudinal force given

lateral force being produced. So as path radius decreases away from the comer apex,
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increasing amounts of tyre grip can be utilised in braking or engine acceleration. As

in real life, the maximum amount of longitudinal force produced can be limited by

the brake system design or available engine power.

The steady state solution of the dynamic vehicle model equations for each segment is
then found before moving on to the previous or next track segment. To save solving
the same steady state equations more than once, parameter maps of vehicle
performance (e.g. g-g diagrams) under all possible operating conditions can be

employed [32]. These parameter maps are normally found before the main lap

analysis, in the initialisation phase.

The distance point on the straight where the backwards marching from the next

corner meets the forwards marching from the previous corner is the straight’s

maximum velocity point. This is found for all the straights in the circuit and the data
collated into a continuous matrix which 1s graphically displayed to the user. The sum

of all segment times is equivalent to the total minimum lap time for that vehicle

parameter set.

Due to the constant acceleration assumption across each segment, previous studies
[4] have shown that this method does not take into account the effect of roll, pitch
and yaw inertia as well as damping and tyre lag effects. Another aspect that is not
accounted for is the variation in the fastest effective vehicle path along the track (i.e.
racing line) due to change in driver control inputs or vehicle parameters. The method
basically assumes that the racing line found from the actual vehicle data is the fastest

in all cases.
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2.4.2 Review of Commercially Available LTS Packages

Listed below, in order of increasing sophistication, are LTS packages that are
presently available commercially. Most packages have seen widespread use in the
lower levels of motorsport, with only PiSim and RaceSim being used in the top
echelons of motorsport, where PiSim is, by far, the most widely used. All of the
packages, apart from the ADAMS package, detailed in this section use the same

quasi-static simulation approach detailed above to find the minimum lap time.
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Figure 2.3 — RaceWare LTS package.

RaceWare [33] produced by Vehicle Dynamics Performance Ltd - This package
uses Microsoft Excel to handle all the data with a separate Visual Basic executable to

control the simulation as shown in figure 2.3. The vehicle model used includes:

e Simple bicycle model, with quasi-static load transfer approximation.
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e Tyre model is based on Pacejka Magic Fdrmula.

e Single aerodynamic coefficients for front/rear lift and overall drag.

e Powertrain in form of engine parameter map and gear ratios.

e Brake system is idealised to use maximum traction available.

¢ Two dimensional trackmap.

Unfortunately, no attempt is made by the literature to judge the accuracy of the

results.
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Figure 2.4 — Dynamic Response LTS package.

Dynamic Response [34, 35] produced by Pressplay Ltd - Used successfully by
both Formula Ford and Touring Car teams around the world, see figure 2.4. The

vehicle model used includes:
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e Bicycle model extended to four wheel type vehicle model with quasi-static
load transfer approximation.

e Tyre model is based on Pacejka Magic Formula.

e Aerodynamic coefficients can vary with change in ride height.

e Powertrain in form of engine parameter map and gear ratios. Differential

model is included along with front or rear wheel drive models.
e Brake system is modelled in detail and takes into account brake heating and

fade.

e Two dimensional trackmap.

Accuracy of 2% (2 or 3 seconds on a 2 minute lap) is claimed, which is backed up

with examples in the literature [34].

LTS [3, 7] produced by Milliken - Extended version of early 80’s software
package developed by Miliiken Research Associates. It has been used successfully
by Milliken Research Associates with good correlation but, each vehicle model is

created specifically for each vehicle. The vehicle model used includes:

 Bicycle model extended to four wheel type vehicle model with quasi-static
load transfer approximation.

o Tyre data in form of a look up table over a small range of slip angles.

¢ Aerodynamic coefficients vary with change in ride height.

 Powertrain in form of engine parameter map and gear ratios. Differential

model is included along with front or rear wheel drive models.
¢ Brake system is modelled in detail.

e Suspension kinematic effects included in the model.

¢ Three dimensional trackmap.
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The literature shows a good correlation between measured and simulated results but,

the simulation results were found to be lacking in some cases due to the limited range

of slip angles employed in the tyre data [7]. No scales are given on the figures or

values given, so it is assumed, due to the model sophistication, that the accuracy is of

a similar order to the Dynamic Response package [34].
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Figure 2.5 — PiSim LTS package.

PiSim [2, 36, 37, 38, 39] produced by Pi Corporation - Original version of PiSim,
was released in early 1997. Pi has spent a significant amount of time on the Visual
Basic user interface, see figure 2.5, and has kept simulation times short (under a
minute) by encoding the main solution processing with the C programming language.

The vehicle model used includes:

e Bicycle model extended to four wheel type vehicle model with quasi-static

load transfer approximation.

¢ Tyre model is based on Pacejka Magic Formula.
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e Acrodynamic coefficients vary with change in ride height.

¢ Powertrain in form of engine parameter map and gear ratios. Differential
model is included along with front or rear wheel drive models.

e Brake system is modelled in detail.

e Suspension kinematic effects included in the model, as well as asymmetric
chassis characteristics.

» Atmospheric compensation for ambient conditions (aerodynamics and
engine).

o Three dimensional trackmap.

Pi claim the package is accurate to within 0.2 seconds a lap and has been used
successfully in many types of motorsport including both open wheeled racers and
production based vehicles. Compared to claims made by the companies producing
other packages and given the level of detail involved, this accuracy seems very
doubtful. From discussions with Formula One teams, PiSim is only accurate to

within one second on full lap times (90 seconds) and of similar accuracy to the

Dynamic Response package [34].

RaceSim [31, 40] produced by DATAS -~ Two simulations are possible, a standard
quasi-static simulation approach employed for lap time minimisation whilst
Investigating parameter sensitivities and a transient simulation option that uses
measured driver control inputs to ‘drive’ the vehicle around the circuit, in a dynamic
simulation.  Although this approach calculates the transient vehicle response to
driver inputs, its main shortcoming is that it does not allow effective vehicle
parameter sensitivity studies in relation to minimum lap time, as vehicle performance

Is not optimised in relation to the parameter change due to vehicle control inputs
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being fixed. A sophisticated user interface 1s provided [41], with short simulation

times and the vehicle model used includes:

Seven DOF, four wheel vehicle model, which includes a vehicle lateral,
longitudinal and yaw DOF and vehicle body ride, pitch, roll and chassis
compliance in roll (gives front and rear chassis roll) DOF.,

Tyre model is based on Pacejka Magic Formula, with first order tyre lag
included.

Aerodynamic coefficients vary with change in ride height.

Powertrain in form of engine parameter map and gear ratios. Several
differential models available, which include front/rear/all wheel drive models.
An ABS, traction control, active differential and automatic gear selection
models are also available.

Brake system is modelled as maximum torque that can be applied to wheel.
Suspension kinematic effects included in the model, as well as asymmetric

chassis characteristics. A non-linear bump rubber can also be applied to any

wheel.

Atmospheric compensation for ambient conditions (acrodynamics and
engine).

Three dimensional trackmap.

The package attempts to address the failings of the quasi-static simulation approach

by approximating the effect of damping on vehicle performance. The approximation

is carried out by assuming that on an actual vehicle, the ideal damping value would

hold the tyre contact patch against the ground allowing the tyre to produce the

maximum force possible (as measured using steady state tests, which produce the
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empirical tyre data [8]). An estimation of the vehicle’s damping performance against
an idealised damping value is made using a very simple quarter car model, which is
found in an initial simulation. This ‘grip modifier’ is then used in the main quasi-
static approach based LTS to degrade the force the tyre produces. This makes some

attempt to address the influence of the dampers on vehicle performance but, still does

not model the more important affect of sprung mass dynamics (i.e. the affect on

corner entry or exit performance of dynamic load transfer). Unfortunately, no actual
values of accuracy are given in the literature, but judging from its widespread use

and high price tag, it probably attains a level of accuracy similar to the Dynamic

Response package [34].

ADAMS Racecar Module [28, 29] produced by Mechanical Dynamics
Corporation - Mechanical Dynamics have produced a generic racing car vehicle
model for their numeric multi-body dynamics package, ADAMS. This has been
used by several teams successfully for LTS. A quasi-static simulation approach is
not used, but instead, a driver model is used to estimate the optimum racing line
around a circuit. This is done using the trackmap found from circuit survey data and
geometrically finding the racing line that produces the smallest change in path radii.
The driver model then attempts to follow the optimum racing line at the limit of the

vehicle’s performance. The generic ADAMS racing car vehicle model includes:

* Detailed multi-body vehicle model including all suspension components and
some compliances, S3 DOF in total.

* Tyre model is based on Pacejka Magic Formula.

* All suspension kinematics and non-linear effects are included in the model, as

well as asymmetric chassis characteristics.
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Features that are possible to add by the user, using the ADAMS simulation package:

e Aerodynamic coefficients vary with change in ride height.
e Powertrain in form of engine parameter map and gear ratios, including open
or locked differential models.

e Brake system is modelled as maximum torque that can be applied to wheel.

¢ Two dimensional trackmap.

These additional features are not straight forward enough to include in the vehicle
model and require substantial experience to produce. ADAMS is also highly

processor intensive and any simulation can take a significant amount of time.

Although, a close correlation with actual data has been seen in the literature, no

specific details were supplied or claims made [28].

24.3 Review of Non-Commercial LTS Packages
The LTS packages described below have been developed by academic institutions
and individuals as an investigation of a special case of vehicle dynamics. Most of

the packages do not contain a graphical based user interface and all but three (HP-
VEHSAP, North Carolina State and Cranfield package) use the quasi-static

simulation approach. The same vehicle model detailed below is used in each case

with exceptions detailed:

o Simple bicycle model extended to a four wheel model, with quasi-static load
transfer approximation.

* Tyre model is based on Pacejka Magic Formula,

* Single acrodynamic coefficients for front/rear lift and overall drag.

* Powertrain in form of engine parameter map and gear ratios.

29



o Brake system is idealised to use maximum traction available,

¢ Two dimensional trackmap.

Michigan University, USA [17] - A simple package created in Fortran and
specifically for an Indy racing car. It is a simplistic package designed for a simple

oval course and makes some observations about comparing parameter changes. The

literature makes no attempt to judge the accuracy of the results.

Dominy et al {21] - A simple LTS package developed in the early 1980’s to study

acrodynamic effects. Some effort is made to validate the simulation results, which

shows a reasonable level of accuracy, even with a linear tyre model.

La Joie [42] - A simulation created using Fortran and, again, a detailed simulation is

undertaken using a simplistic vehicle model. The literature makes no attempt is to

judge the accuracy of the results.

HP-VEHSAP [43] - In 1996, a comprehensive package was produced by Lugus

Vehicle Technologies. Front/rear and all wheel drive powertrain models and a
differential model are included. The LTS does not use the quasi-static simulation
approach but finds the transient solution by employing a driver model to follow an
optimum racing line at the limit of the vehicle’s performance. Regrettably the driver
model is not very effective in doing this and some oscillation in the vehicle path is

seen. Once again the literature makes no attempt to judge the accuracy of the results.

LapSim [44] by Reynard - An example of an ‘in house’ developed package
developed for use mainly with Indy car teams. Although the package is not
commercially available it has seen use with many teams and has a sophisticated user

interface and short simulation times. Vehicle model also includes:
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¢ Locked differential model is included.

e Suspension kinematic effects included in the model, as well as asymmetric
chassis charactenstics.

e Three dimensional trackmap.
No example results are published.

University of North Carolina State, USA [45, 46] — The vehicle model is
specifically for a NCSU Legends racing car, which is raced on a short oval circuit.
This does not use the quasi-static simulation approach instead, a path and speed
following driver model is used to follow a racing line and speed profile defined by
the user. An optimisation routine is included, which attempts to vary the driver

longitudinal control inputs to minimise the lap time whilst not deviating from the

prescribed path by too much. The vehicle model also includes:

» Vehicle body roll, pitch and ride DOF.

e Suspension kinematic effects included in the model, as well as asymmetric
chassis charactenistics.

o Three dimensional trackmap.

The package is not very accurate as details of overall lap time indicate a difference of
3 seconds on a 20 second lap. An unsuccessful attempt was made in the literature at
vehicle parameter optimisation (see section 2.5) and produced little change in lap

time or parameter values.

University of Brescia, Italy [32, 47] — The latest package, detailed in reference [32],
is similar in sophistication to the PiSim package with an advanced user interface and

short simulation times. The vehicle model also includes:
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e Aerodynamic coefficients vary with change in nide height.

o Differential model is included along with front or rear wheel drive models.

e Brake system is modelled in detail.

e Suspension kinematic effects included in the model, as well as asymmetric
chassis characteristics.

¢ Three dimensional trackmap.

The vehicle’s comering performance is found before the main lap simulation, to
reduce run times, by forming parameter maps of the vehicle’s performance in the
form of g-g diagrams. No attempt is made in the literature to judge the accuracy of

the results, but due to its sophistication, it must be of a similar level of accuracy as

the Dynamic Response package.

Cranfield [9, 10, 11] - The most significant progress so far has been made by
Casanova et al who, in 2000, produced a series of papers describing work with the
Benetton Formula One team in the production of a fully transient LTS package. The

package used an optimisation routine which varied the vehicle’s control inputs to
minimise the time taken around the track. A more in-depth description of this

simulation approach is given in sub-section 2.4.4. The vehicle model also includes:

o Limited slip differential model is included.

¢ Brake system is modelled in detail.

Results are given in the literature [11], which show a close correlation to measured
data, At present this package seems to offer the most accurate approximation to the

actual vehicle’s performance and addresses some of the problems of previous

simulation approaches.
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2.4.4 The Transient Simulation Approach

This approach uses a non-linear numerical optimisation routine to adjust a driver
control matrix. Whilst trying to minimise the manoeuvre time, the optimisation

routine also ensures that the vehicle remains inside the track boundaries and limits

the control inputs to realistic values [9, 10, 11}].

The driver control matrix consists of a steer wheel angle control value and a
longitudinal control value that is initiated at regular distances along the manoeuvre
(this is effectively a look-up table against distance of control values). The
longitudinal value controls either throttle position or brake pedal force (as the driver
does not usually press both pedals at the same time), 1.e. It ranges from a value of +1
= 100% throttle and no brake pedal force to 0 = 0% throttle and no brake pedal force
to -1 = 0% throttle and full brake pedal force. Bot<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>