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Abstract

The effect that the choice of suspension dampes®ha V8 Supercar’s performance is
an often misunderstood area. The increasing cotiyegtess of the V8 Supercar
category and the reduced opportunities for testiegn that the team that can optimise
their damper setup the quickest is likely to havarge advantage across the entire race
meeting. In the past the selection of dampers wage cempirically. The increasing
availability of computational power means that nuoa simulation is now a viable
method of optimising a vehicle before it arrivestla¢ track. This thesis outlines the
development of the equations of motion for somep&mvehicle models. It then
demonstrates how these equations can be solvedstimage the road holding
performance of a race car. Use is made of the SB&im race car simulation package
to complete a more detailed analysis. The use pftitae optimisation, and damper
histogram analysis are studied, and a comparistvela& these two methods presented.
Although results for one particular vehicle haverstudied, the focus throughout is to
demonstrate numerical and computational technithegscan be used to optimise a V8
Supercar's dampers. A degree of generality has beantained while analysing these
techniques so that they can be applied to a vaoietyfferent categories of race cars. It
was found that different techniques give differeggults. It is the job of the vehicle’s
engineer to be able to interpret which of theseltess most important for a given set

of circumstances.
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Chapter 1 — Introduction

1.1 Introduction to Damping on Race Cars

There are three main objectives involved in susperdesign. These are:

— maximising road holding

— maximising passenger comfort

— minimising ‘rattle space’.
Unfortunately, these three objectives are ofterflmbing. The problem is made a little
simpler when designing race car suspension, asdhdort of the passenger may be
disregarded. Minimising rattle space is largelyoasequence of suspension geometry,
which is beyond the scope of this thesis. The mala of a suspension engineer at a
race meeting is to tune the suspension in suchyaasdo maximise the road holding
performance of the vehicle. One of the more diffi@@mponents in achieving this is

the selection of the dampers. This will be the eagghof this thesis.

To maximise road holding, a car’'s suspension mlstvats tyres to follow the road
profile. This is often achieved by using what ioWm as ‘soft’ suspension, or using
shock absorbers that employ a low damping coefficidnother consideration in
maximising the road holding of a vehicle is to mige the body roll of the chassis.
Typically, this can be achieved by employing ‘hasd’'spension with higher damping
coefficients. Both of these techniques are aimededtcing the load fluctuations

between the tyre and the road.



Most modern race cars employ dampers with nondinkaracteristics, which are often
specified on a graph of force versus velocity, knoag the damper curve. These are
non-linear, in that they usually employ two differelamping coefficients, one in the
low velocity region of the curve, and another ia thigh speed region. Typically, these
will have a higher damping coefficient at low veat@s where body roll tends to occur,
and a lower damping coefficient at higher velocishere road disturbances tend to
occur [1]. The damping coefficient is also oftegher in rebound, which occurs as the

damper is extending.

The shape of these damper curves has developednmvey years, mostly through
empirical research. The reason for this is thaiag always been cheaper and easier to
take a trial and error approach to damper seleaiiomace cars, than to try to model
these mathematically. For example, when comparethegcaviation industry, budgets
and the consequence of faulty or misunderstoodoetgnt on a race car are relatively
low. This has meant that highly scientific analyasisd computer simulation has until
recently, been largely unjustified. However trackysl for testing of race cars are
becoming extremely expensive and restrictions &enanade on the number of these
allowed per season by the sport’s regulating aitiesr These restrictions are put in
place as a means of reducing the expense of oveniage car, but the end result is that
the team that can arrive at the track with a cackvis already close to optimal is going
to be ahead for the entire racing weekend. Combividdan increasing availability of
computational power, race car simulation packagefacoming a standard means for

evaluating a car’s performance.



1.2 Thesis Objectives

This thesis investigates the effect that the chofadgampers will have on a V8 supercar.
The type of damper considered will be in compliamg#h Section C 9.4 of the “V8
Supercars Operations Manual Rules” [2], attached®@sendix A. Note particularly

paragraph C 9.4.8:

“Only four (4) shock absorber characteristics thahde adjusted from the outside of each
shock absorber are permitted, but this number does include shock absorber gas

pressure adjustment.”

The four adjustments being referred to are:

1. Low speed bump damping coefficient (or dampingpjati
2. Low speed rebound damping coefficient (or dampatg)
3. High speed bump damping coefficient (or damping)at

4. High speed rebound damping coefficient (or dampat).

These adjustments can be made independently fdr @fathe four dampers on the
vehicle. This thesis aims to select the most appatgpvalues for each of these four
adjustable parameters. It also aims to outline ehoakof estimating the optimal damper
characteristics, which can be used by V8 Superzns before they even arrive at the
race track, and also to account for the changebkernvehicle’s setup due to changing
track conditions. This will therefore give thesartes a big advantage for the entire race

meeting.



Extensive use will be made of the race car simutafjackageChassisSimThis is a
simulation and testing package used by many priofesisrace teams across a number
of racing categories, including low downforce védscsuch as V8 Supercars, as well as
high downforce categories such as Formula 3 andhidar 3000. The package has a
number of toolboxes, which allow the investigatafirdifferent setups on the racecar’s

dynamic performance. Particular use will be made of

e Seven post shaker rig, which uses a sweep of hacmoputs of varying
frequencies at the tyre, allowing the estimatiomhef frequency response functions
of the various degrees of freedom of the system

e Lap time simulation, which assumes that the “peréegiver” is driving the vehicle
at the limit of the tyre’s traction at all times

e  Optimisation toolbox, which varies specified paréeng of the vehicle and uses a

lap time estimation to find the optimal settings.

Although the concepts and examples provided inttiesis relate most directly to V8
supercars, a level of generality will be kept i® ttalculations so that the methods
employed can be used on any other low downforcegacar, and to a lesser extent,

high downforce vehicles.



1.3 Literature Review

1.3.1 V8 Supercars

V8 Supercars are an Australian touring car motoingacategory. They are very loosely
based on current model Ford Falcon and Holden Catones, although aside from
basic appearances, they bear very little in commibim their commercial counterparts.
The rules of the category are quite restrictivacplg a lot of emphasis on being able to

“tune” the vehicle to the track conditions in ordelbe competitive.

As far as race cars go, V8 Supercars are ratheulipecwith many of their
characteristics being far from optimal. For ins&nc
e The cars create only a small amount of downforceammg that much of the
traction of the tyres must be created purely byhmewal grip
e They have a high unsprung mass, particularly atrda wheels, which is
undesirable as this mass cannot be easily cordrolle
e The rear suspension uses a live axle, which isiorffédo the more common
double wishbone style suspension
¢ Inrelative terms, the tyres are quite thin, megrimat throttle applications must

be carefully controlled.

These factors make for vehicles which handle poorigomparison to other categories

of motorsport, but are extremely entertaining tachaThis is one of the reasons for the



increasing popularity of the category, but meas$ thany compromises must be made
by the vehicle’s engineers in order to obtain tlestbperformance of the vehicle,

without prematurely destroying the tyres.

1.3.2 Dampers

The primary role of a damper on a vehicle is toaggpthe undesirable motions of the
suspended vehicle body and to control the osahatif the sprung masses. As one of
the most fundamental contributors to a vehiclesdtiag, dampers have been studied at
great length. This began with the introduction mernal combustion engine driven
vehicles in the late nineteenth century [3], whiee increased speed available due to
these engines made an undamped vehicle inheremlyfer Since this time, dampers

have undergone a number of significant transforonati

In modern vehicles, there are two major classificet of dampers, passive and active
dampers. Passive damping systems function witll foggerating characteristics, such as
damping coefficient. Although these characteristimgy be non linear and can

sometimes be adjusted by the operator, they wilichange in real-time to adjust to the
road conditions or the behaviour of a vehicle. Ti&is contrast to an active suspension
system, where an adaptive control system is useshgare that the optimum damping

force is produced in real time.

A historical review of the development of activadaemiactive suspension systems is

presented by Karnopp [4]. Passive damping systeenstdl the more common system,
6



used on most family vehicles and even a large mbgjoif race cars. The dampers
considered in this paper are classified as paskwepers, as these are the only type of

damper allowed under the rules of V8 Supercar Rg@h

Damping on a V8 Supercar is provided by the medrsadjustable hydraulic shock
absorber. This is the most common type of shoclorbles used on race cars. The
hydraulic shock absorber works by forcing a visctusl through small passageways
and valves as the damper is either extended or remspd. By altering the
configurations of these passages and valves, possible to vary the damping
characteristics of a shock absorber. A typical aytic shock absorber configuration is

shown in Figure 1-1.

Figure 1-2 shows the damping characteristics gpa&al adjustable race car damper, as
specified in the time domain. Features to note ftbie diagram are that there is a
higher damping ratid (steeper slope) in the low speed region of the pancurve
compared to the damping ratio in the high spee@ned his occurs in both bump and
rebound. These represent the four allowable adgrtsrthat can be made to the damper
under the rules of V8 Supercar racing. The lowedpmovements are usually a result of
undesirable body roll and weight transfer, whiclcastrolled by the higher damping
coefficient. On the other hand, high speed dampetioms tend to be caused by
inconsistencies in road profile, so a lower dampmagfficient is employed to allow the
tyre to maintain a consistent grip. This is achieverough the use of blow-off or
pressure control valves [5]. It should also be ddbat the rebound force of the damper

is typically higher than the bump force.



S LM W ory —

Figure 1-1: A double tube damper showing the foilfmfeatures - 1 seal; 2
shroud; 3 rod; 4 inner cylinder; 5 annular food g@as chambers; 6 piston
compression valve; 7 piston; 8 extension valvea&lel hole feed; 10 adjuster;

11 foot valve. [3]

It can be observed that most dampers and essgraithce car dampers are non-linear
and asymmetric. A linearisation technique that ashoften used in the analysis of such
dampers is to treat the damper as a series ofypedinear functions [5], [6], [7]. Liu
et al. [6] studied the accuracy of this model using thegpam ADAMS and found that
although the piecewise linear model was sufficiant unsymmetrical hysteric loop

could be used to more accurately and practicallgeha conventional damper.
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Figure 1-2: Typical race car damper characterjsiic

The current conventional damper characteristicse Haeen developed over years of
empirical testing and data collection. This curweccepted as being the best method of
passively controlling the conflicting design prabke of allowing the tyre to follow the
road profile while minimising body roll. An explati@n of why it is desirable to prevent

body roll, but allow suspension movement is givesaction 1.3.2.

As shown in Figure 1-2 the force provided by a damp a function of the velocity of

the damper movements. Laboratory testing of a danyseally involves a pure



sinusoidal input, using a set frequency and ang#itan a damper dynamometer [9].
The equation of motion for this system may be dbedrin its most simple form by the

following equation:

x = Asin(wt) (1.1)

A conventional, velocity dependent damper is aralyby varying the frequendyw)
while holding stroke ) constant. The damper force is measured at thie ypelacity

point of the harmonic displacement [10]. The peeloeity is given by:

Xpeak = 2T X AX @ (1.2)

Because the approaches to engineering a race warde&eloped over many years in a
different manner to the more pure engineering siikjeace cars have developed their
own nomenclature whose definitions are not striddyrect according to a purely
vibration analysis study. The first of these peaties occurs around the term
“damping ratio”. This term is still used in the wehat it is generally intended, although
for a race car some rather large assumptions ame nma order to simplify the
calculations. Firstly, the car may have a differdaimping ratio at each of its four
“corners”. Each of the four corners can be reprieskby the two degree of freedom
quarter car model shown in Figure 1-3 (an exteredgudanation of the treatment of this

model is presented in section 2.2).

10
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Figure 1-3: 2-DOF quarter car model

As explained by Nowlan [8], some assumptions magnade. These are:
e The damping of the tyre is negligible
e The spring rate of the tyre is much higher thangweng rate of the suspension
elements
e The sprung mass of the vehicle body is much higfeen the unsprung mass of

the wheel and axle.

This leads to the following definition of dampingtio, which can be calculated

individually at each corner:

CS
(_2

ey (1.3)
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In conventional vibration analysis the term “ovargeed” refers to a system with a
damping ratio greater than 1, while the term “uddenped” refers to a system with a
damping ratio less than 1. For race car enginéesetterms are used quite differently.
“Overdamped” simply refers to a vehicle whose damgpiatio is too high for optimal
performance, and “underdamped” is a vehicle whosmping ratio is lower than
optimal. Of course, the position of these optimatf@rmance points is always the

subject of debate, so these terms tend to be nsedubjective manner.

1.3.3 Suspension System

Vehicle suspension systems may be defined as ledtihgr independent or dependent
suspension systems. An independent system is oeeevdach wheel is free to move
independently of the movements of the other wheelsther words, in an independent
suspension system, each wheel has its own degrieeediom. On the other hand, in a
dependent suspension system, the movement of oeelwnay be reliant upon the
movement of another. Most high performance vehigkds employ an independent

suspension system. The most common independentaaceispension geometry is the
double wishbone suspension, as shown in FigureThié.is what is used for the front

suspension of a V8 Supercar.

V8 Supercar legislation requires the use of a dégenrear suspension known as a
“live axle”. This suspension arrangement uses i svlbeam axle between the two rear
wheels, which is located laterally by a Watt’s hgle, as shown in Figure 1-5. There are

a number of handling disadvantages inherent irusieeof a live axle. Most importantly,
12



each wheel cannot respond to bumps and other faxdependently. The live rear axle
also means an increase in the unsprung mass wtthele as the differential and drive
shaft become part of this unsprung mass [11]. Lamrggprung masses are undesirable
for high performance handling of a vehicle, as ltigher mass means that the wheels

will resist following the contours of the road, uégg in a loss of available traction.

Figure 1-4: Double wishbone suspension [12].

— L —
o
\;;

Figure 1-5: Live rear axle with Watt’s linkage
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Spring and damper analysis is most straightforweainén the spring and damper are
assumed to act vertically on the centre of the Wheb. In reality, suspension geometry
factors mean that this is unlikely to be the casaticularly in the case of double

wishbone suspension. To specify the actual sprag and damping coefficient

required, the motion ratio of the suspension mestié&ermined. The motion ratio can
be defined as the number of units of contractiothefsuspension elements for every
unit of vertical displacement of the centre of thbeel hub. This leads to some

important relations, the derivations of which héveen described by Milliken [10]:

kwheet = kspring x (MR)? (1.4)
Cwheel = Cshock X (MR)? (1.5)
BPViyheer = BPVspring + MR (1.6)
where :

MR is the motion ratio of the suspension linkages

kwneer 1S the spring rate as it applies at the centtb@ivheel hub

kspring is the spring rate as it applies at the sprirgffits

cwheer 1S the damping coefficient as it applies at thetieeof the wheel hub

Cshock 1S the damping coefficient as it applies at thialcshock absorber

BPV,,neer IS the bypass velocity of the damper it appliethatcentre of the wheel hub

BPVgock 1S the bypass velocity of the damper it appliethatactual shock absorber

Using these relations, the spring and damper asatgs be performed by assuming
that these components act at the centre of thelwhbes is known as a “wheel rate

14



model”. Once the analysis is complete, the valeemd for the wheel rate model can
simply be converted to the correct values for tttea spring and damper. For a double
wishbone suspension, the motion ratio is normalhumber less than 1, and for a live

rear axle, the motion ratio can be approximateoktequal to 1.

When analysing the performance of a race car, dndeo most important things to
understand is the behaviour and performance ofytieg as it is through the four tyres
that all accelerating, braking and cornering foroesst be transmitted. As can be seen
in Figure 1-6 the traction available of a tyre ainear. Tyre efficiency can be defined

as:

_ (Traction)
= (Vertical Load)

X 100% (1.7)

The higher the vertical load on the tyre, the lowerefficiency. To maximise the
amount of traction available to the car at any tiar@ even weight distribution must be
present across all four tyres. Although it is pbigsto set-up the car in such a way that
statically all four cornerweights of the car areual it is critical to minimise the
dynamic weight transfer of the vehicle [11]. Thaddolding performance of a vehicle
can be related to the standard deviation of the¢icatrload of the tyre to the road
normalised with respect to the static value [13}]] A similar measure of the road
holding performance of a race car was develope®iyasaweaet al. [15] and also
presented by Millikenet al. [10]. Their method involves relating the road hofgli

performance of the vehicle to the load fluctuatiate of the tyre. This method results

15



in a non-dimensional “evaluation criterion”, usyakpresented by the symk®] which

can be used to quantify the road holding perforraafdhe vehicle.

The traction available to a vehicle, and therefthre magnitude of the accelerating,
braking and cornering forces the tyres can tranamipproximately equal to the sum
of the traction available at the individual tyrd4]. Body roll induced weight transfer
may increase the traction available at some oftyhes, but the loss of traction at the
remaining tyres is greater than this gain, astiliied in Figure 1-6, resulting in a net

loss of performance of the vehicle.

TIRE PERFORMANCE CURVE

2,000

1,500

1,000 /
500 /

——

TRACTION (LATERAL LOAD IN LBS.)

0 500 1,000 1,500 2,000

WEIGHT (VERTICAL LOAD IN LBS.)

Figure 1-6:Typical race car tyre performance curve [11].

Variations in tyre load do not only occur due toighe transfer. They are also the result

of displacements in the road profile. A tyre actsaaspring with negligible damping.
16



Any compression of this spring, whether it be doeah impulse load or a harmonic
fluctuation, will create a harmonic oscillation the tyre force. This oscillation of

normal force will result in a net loss of tractifom the vehicle.

What is also critical to note in this example hatt when the tyre has traction to the
road, the coefficient of friction between the roaad tyre is the static value. Once
traction has been broken, the coefficient of fontibetween the road and the tyre
becomes the dynamic value, which is much lowers Theans that once traction has
been broken, the driver must slow the tyres dowmsicerably in order to regain this

traction.

It is known empirically that body roll tends to occat a lower frequency than
disturbances due to road profile. Further, thegeatose relationship between frequency
and peak velocity. This is what has led race cgineers over the years to employ the
piecewise linear damper curve like the one in Fegli2. Using a higher damping ratio
in the low speed region, the low frequency body oblthe vehicle can be controlled.
Using a lower damping ratio in the high speed negmll allow high frequency

flexibility of the suspension to adequately follole road profile [8].

1.3.4 Simulation in Racecar Design

The use of simulation in race car design is becgnmgreasingly common, and the
accuracy of these simulations is greatly determibgdthe accuracy of the damper

model [16]. Simulation may be mathematical, compaomal or physical. At the heart of
17



any race car dynamics simulation is the necessityah accurate and realistic road
profile input. This holds true whether the simudatis purely mathematical or physical
as is the case for a seven post shaker rig. Tlenmation of the shape of the road
profile is usually represented in the form of a powpectral density (PSD). Andrén
[17] has conducted an extensive literature reviemthe use of PSD approximations in
modelling road profiles. In his paper, Andrén hasatibed the history and motivations
for use of a PSD. He has also made comparisonsebat& number of different PSD
models, and concluded spectral analysis to be @ Yatm of modelling the road

profile. PSDs of road excitation are often deteedirby use of experimental data.
Tamboli [18] found that this could be approximatedan exponentially decreasing

curve.

Simulation is not always completed with the aidacdomputer. Physical simulation of
the dynamics of a race car is often achieved thrdhg use of a seven post shaker rig.
These rigs use seven actuators to simulate thendgaaf the vehicle. Four actuators
operate at the wheels to simulate the road inguts. other three are used to simulate
the motions (including aerodynamic loads) of theusg mass of the vehicle.
Kowalczyk [19] studied the use of such seven pdstker rigs for the tuning of
suspension systems. This study showed that thefussseven post shaker rig allowed a
greater understanding of the dynamics of a pagicuéhicle. It also found that many
race teams do not have the resources to createroii-linear simulations. In these
vehicles the non-linear effects could be studiadguthe seven post shaker rig. Kedy

al. [20] came to a similar conclusion, finding the eewpost shaker rig to be an

important tool for helping engineers to set uprthiehicles for specific tracks.
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1.4 Thesis Layout

Chapter 1 provides background information on hod why damping is employed on
V8 supercar. It also outlines the motivation angectives of this thesis and the need for

a race car to be properly tuned before arrivindpatrace track.

Chapter 2 is the development of the equations ofiomonecessary to model the

dynamics of the vehicle.

Chapter 3 solves these equations to obtain theudrexy response functions of a V8

supercar with typical vehicle parameters.

Chapter 4 uses the frequency response functions tlaadconcept of “evaluation

criterion” to obtain optimal damper properties fois system.

Chapter 5 is an introduction to the use of compsi®ulation in race car optimisation,
and a demonstration of how the concept of “contzatich load” may be used to

determine optimal damper characteristics.

Chapter 6 introduces non-linear damping and theeatnof a bypass velocity, and uses

both “lap time analysis” and “damper histogram gsial’ to find the optimal shape of a

V8 Supercar, non linear damper curve.
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Chapter 7 compares the results obtained via tHerdift methods of analysis, and

explains some of the causes for discrepancy bettese results.

Chapter 8 provides conclusions, and also some stigge of where future work could

be carried out within a similar area of study.
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Chapter 2 — Dynamic Modelling of Vehicles and Damps

To begin the study of the effect of damping coédfit on the performance of a racecar,
it is first necessary to develop the equations ofiom of the vehicle. Even a simplified
vehicle model can require quite a complex analyBlgs chapter begins with some
basic vehicle dynamics concepts, and then builds upese to create a more complete

and accurate vehicle dynamics model.

2.1 Spring Mass Damper Subject to Base Excitation

The first model to be studied is the single degoédreedom spring-mass-damper
system as shown in Figure 2-1. This system undergoeforcing input due to

displacement of the base. The single degree oflémaesystem is often studied due to
its relative simplicity. In this case, the systenaymbe thought of to represent a
simplified model of the motion of a vehicle’s chiasgiven an identical simultaneous
displacement of all four wheels. Because of itspdirity, this single degree of freedom
model can be used to begin to derive the equatibn®tion for the more complicated

systems to follow.

A free body diagram of this system is given in Feg@-2. The degree of freedom of this
system is the vertical displacement of massm. The mass is supported by a spring
with stiffnessk and a damper with damping coefficientDisplacementg; andz, are

measured about their static equilibrium positions.
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Figure 2-1: Single degree of freedom spring-magspda system

N

k(z, — z,) c(z1 — 2,)

.

Figure 2-2: Free body diagram of SDOF spring-massfzer system

Using Newton’s second law of motion, the equatiérmotion of the system is given

by:

méz + CZZ + kZZ = CZl + k21 (21)

If the motion of the base is harmonic then the arobf the output, that is, masgs,

must also be harmonic. The output will have antidahfrequency to the input, but will
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likely have a different amplitude. The output isalikely to be out of phase with the

input.

Assuming harmonic motion of base and the massessthendisplacements in complex

notation can be represented as:

z;(t) = Z;e/®t =12 (2.2)

wherew represents the radian frequency. Therefore:

7,(t) = Zijjwel®t i=1,2 (2.3)

7(t) = —Zw?el®t =12 (2.4)

For this study, the primary concern is in regardthe amplitude of motion of the
various degrees of freedom of a system. It is re=zgg0 determine how this amplitude
varies with respect to the frequency of the syst®ame phase lag will also exist. This
is defined as the phase difference between the topine system and the motion of its
degrees of freedom. Because the road holding pesioce relies primarily on the
amplitude of the motion of the masses, phase lagf imminor concern and is thus
disregarded. Substituting equations (2.2), (2.3) &2.4) into equation (2.1), the
equation of motion of the single degree of freedgpring- mass-damper system may

now be represented as:
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[-mw? + jwc + k]Z, = [joc + k]Z; (2.5)

The frequency response function (FRF) of a systeammeasure of the amplitude of an

output of the system relative to its input, forigeg frequency.

The FRF [Hspor(w)|) of the base excited, single degree of freedonmgpnass-
damper system may be obtained by manipulation ob&on (2.5) as described in

equations (2.6) to (2.13).

Zy
|Hspor ()| = 7 (2.6)
1
_ [jwc + k]
Hspor (w) = [—mw? + jwc + k] (2.7)
Rationalising:
3 [k + joc] [k — mw? — joc]
Hspor (@) = [k —mw? + jwc] [k — mw? — joc] (2.8)
_ (k — mw? — jwc)
Hgpor(w) = (k + jwo). k — mwD? + (c)? (2.9)
— 2 i
Hspor(w) = (k + jwc) e ~ me) Gac) (2.10)

(k —mw?)2 + (cw)? B (k —mw?)? + (cw)?

Making use of the property + jb| = vVa? + b?
24



k — mw? 2 wc 2
B 2.11
|Hspor ()] = VkZ + (@0)Z. J Ge—ma?? + (ca))z] Homorreerl @Y

[(k —mw?)? + (wc)?]
|HSD0F(0))| = kZ + (wc)z-\][(k _ mwz)z + (Cw)z]z (212)

The final FRF of this system becomes:

k2 + (wc)?

|Hspor (w)| = J[(k oD 1 )7l (2.13)

This process may be simplified by using the MATLAdDS’ function, to return the

complex modulus of equation (2.7).

2.2 Quarter Car Model

Although for most practical purposes, the singlegrde of freedom vehicle
representation is too simplistic to be completegamngful, its results, and the method
of derivation of these results are a necessarydibgil block when studying more
complicated systems. The next simplest model tdysithe two degree of freedom (2-

DOF) system given in Figure 2-3. This is also kn@srthe quarter car model, as it may
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be thought of a representing the dynamics of atquaf the car (for example, the front
left quarter). The advantage of the 2-DOF quartar model is that while still a
relatively simple system to analyse, it allows ad@pproximation of the motion of

both the chassis and the wheels of a vehicle.

Ks Iﬁj Cs

Figure 2-3: 2-DOF quarter car model

A free body diagram of the quarter car model isegiin Figure 2-4. The degrees of
freedom of this system are the vertical displacéswnandz; of massesn, andm, ,
respectively. The system is subjected to base aiait which is defined by the
displacementz,. Displacementsz;, z, and z; are measured relative to their static
equilibrium positions.n,, represents the unsprung mass, which for this misdtie
mass of the wheel, tyre and a proportion of th@ension linkages, whilen, ,, refers

to the sprung mass, in this case, the remaining mbthe suspension linkages, and a

quarter of the mass of the chas&s.andk, refer to the spring rate of the suspension
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elements and spring rate of the tyre respectiwghile ¢, andc; refer to the damping

coefficient of the suspension elements and tyre.

Z3

I
ro

kg(z, — z3) Cs(2y — Z3)

wo b
-

1

ki(zy —2,) (21— 2,)

.

Zy

T

Figure 2-4: Free body diagram ofOF quarter car mod

Using Newton’s second law of motion, the equatiohsotion for this system become:

MyZ, = kt(Zl - Zz) + ¢ (24 — Z3) — ks(Zz - Z3) — ¢s(2Z3 — 23) (2.14)

My sz = ks(2; — 23) + (2, — 23) (2.15)

Rearranging this system into its output and inumgonents gives:

muZZ + kl'ZZ + CtZZ + kSZZ - kSZ3 + CSZZ - CSZ3 = ktzl + Ctil (216)
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m1/4Z3 - kSZZ + kSZ3 - CSZZ + CSZ3 = O (217)

Assuming harmonic motion of base and the masses

Zi(t) = Ziej“’t i= 1,2,3 (218)
2;(t) = Zjjwel*t =123 (2.19)
Zl(t) = —Zia)zej“’t i = 1,2,3 (220)

whereZ; is the amplitude of harmonic motion.

—m,w? + ky + kg + jo(c, + ¢5) —ks — c5jw [Zz] _ [(kt +j0)Ct)Z1]
—ks — cgjw —Myw* + ks + cgjw| 123 0

(2.21)

As was done in [21], the frequency response funabibthe sprung mass of the quarter

car model may be defined as:

H(w)| =

Z3/Z1 (2.22)

And the frequency response function of the unspraags of the quarter car model may

be defined as:

|H, ()| = ZZ/Z1 (2.23)
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Rewriting equation (2.21) as:

[4] [éj _ [(kt +]5‘)Ct)zl] (2.24)

Each side of the equation can be multiplied byirkierse oflA]:

(A1 [4] [2] = 1y [ a0y 2.25)

and therefore:

Z, _
Z]=
1 l_m1/4w2 + ks + Csjw ks + Csjw l [(kt +ja)ct)Zl]
detA ke +cgjw —m,w? + ky + kg + jo(c, + ¢5) 0
(2.26)
which becomes:
[Zz] _ 1 l(_m%(‘)z + ks + Csjw)(kt +jwct)Zl (2.27)
Z3l - deta (ks + csjw) (ke + jwe,)Zy

where :
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detA = (—m,w? + k; + ks + jo(c, + ¢,)) <—m3(o2 + kg + csja)) — (kg + csjw)?
4

(2.28)

Thereby resulting in the frequency response funstiof the two degrees of freedom

given by equations (2.29) and (2.30).

Hi ()|
z
_ _ (2.29)
_ (ks + cojw) (ke + joc,)
(—mu(oz + ki + ks + jole + cs)) (—mlcoz + kg + csja)> — (ks + c5jw)?
2

|Hy, (w)]

(—m%a)z + ks + csjw) (ke + jwce) (2.30)

(—mu(oz + ki + ks + jo(c + cs)) (—mlcoz + kg + csja)> — (ks + c5jw)?
2

2.3 Half Car Model

Building upon these models in levels of complexitye next is the half car model as
illustrated in Figure 2-5. It can represent the keflf or right half of the car. This is a

four degree of freedom system (4-DOF). This moge&n improvement on the quarter
car model as it allows consideration of potentidglifferent responses between the front

and rear unsprung masses, as well as the heavihgitaing motions of the vehicle.
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These may occur due to differing unsprung massaspohg coefficients or spring rates
at the front to the rear of the vehicle, or becatlgecentre of gravity is forward or

backwards of the centreline of the vehicle.

CSl kSZ |:j CSZ

Figure 2-5: The half car model

A free body diagram of the half car model is giverFigure 2-6. Its four degrees of
freedom include:

1. The vertical motiorz; of the unsprung mass,, ;.

2. The vertical motiorx, of the unsprung mass, ;.

3. The vertical motiorxs of the sprung mass, ,, known asheave

4. The angular motiof@ of the sprung mass, knowng@sch.

Once again, this system is subject to base exartativhich is provided by the

displacementg; andz,. All displacements are measured about their seapiglibrium
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positions. It is assumed that the pitching mo#ioiis small and thereforsin 6 = 0 and

cos 6 =1.
Zs
A
< lF >« lB |
¥
0 W mi
2
I o
ks (z3 — z5 + 16) Co1 (23 — 25 + Lp0) koo (24 — 25 — 150) gy (24 — 25 — 156)

t | - f

y — Z - Cro(2y — Z
Zy ki1 (z1 — z3) Ce1(21 — 23) kiy(z, — 24) t2(Z, 4) z,

1 | I S
- 4

Figure 2-6: Free body diagram of 4-DOF half car glod

Using Newton’s second law of motion, the equatiofsnotion of each of the four

degrees of freedom may be defined as:

Myrpds = ki1 (21 — 23) + i1 (21 — 23) — ko1 (23 — 25 + 10) — c51(23 — 25 + 1g6) (2.31)
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MyupZs = kz (23 — 24) + €12(25 — 24) — ks (24 — 25 — 150) — 052(24 —Zs — 139) (2.32)

m125 = ksl(ZS — Zy + ng) + C51(23 - 25 + lpg) + k52(24, — Zg — lBg)
2 (2.33)
+ c5o(24 — 25 — 150)

Ilg = _ksllF(ZS — Zy + lpg) - CSllF(ZS - 25 + lpg) + ksle(Z4, — Zg — lBg)
2 (2.34)
+ csolp(24 — 25 — 150)

Equations (2.31) to (2.34) may be separated irgo tutput and input components

MyrpZs + k123 + Cp123 + K123 — Ks125 + kgy L0 + C5123 — 125 + €51 LF0

(2.35)
=k121 + ¢c11Zy
MyupZy + Ke2Zg + CraZg + keazy — keazs — ksplp0 + €524 — C5225 — C5pl0
(2.36)
= kipzy + €22,
Mi1Zs — k123 + K125 — kg1 lp0 — 123 + €125 — Cs1lp0 — ks24 + ksp 75 + kgl
2
(2.37)
- C5224 + C5225 + Csleé == 0
110 + kgylpzg — Koy lpzs + ko1 120 + co1lpzs — CoylpZs + Co1lp°0 — kgplpzy
g (2.38)

+ kSZIBZS + kslezg_CsleZ4 + CSZIBZS + Cslezé = 0
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Assuming that the input displacements, and hengenittion of each of the degrees of

freedom is harmonic:

z;(t) = Z;e/*t i=1,234,5 (2.39)
and hence:

2 (t) = Zjjwel®t i=1,2,34,5 (2.40)
7(t) = —Z;w?e/®t  i=1,234,5 (2.41)

whereZ; is the amplitude of harmonic motion.

Equations (2.35) to (2.41) may be further simptiftey writing them in matrix form:

Zs (ker +jwce)Zy

al,l ™ a1,4 ]
: . Za| _ (ke + jwcr)Z, (2.42)
Ay QAy,4 Zs 0
’ ’ 0 0
where
a1 = _mquz + ke + ks +jw(cpy + cs1) (2.43)
Az, = _mquz + ke + kgy + jw(c, + ) (2.44)
a3,3 = _mlwz + kSl + kSZ +ja)(C51 + CSZ) (245)
2
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a4,4 = _I%(UZ + ksllFZ + ksleZ +j0)(cslll:'2 + CsleZ) (246)

A, =0a,, =0 (2.47)
a3 = ay3 = —Kg1 — jwes (2.48)
Ag1 = Q14 = ks lp + jowcs g (2.49)
Ay3 = A3, = —kg, — jwcg, (2.50)
Ap4 = A4, = —kglp—jwcs,lp (2.51)
A34 = Q43 = —kslp + kgplp + jw(csalp — cs1lp) (2.52)

The motionsz; andz, refer to the irregularity of the road profile. Bese both wheels

are driving over the same piece of road, it is as=iithatZ, is equal toZ;.

Therefore

a1_1 a1'4 Z3 flzl

o Zs| - |fa2a (2.53)
Ay Aya Zs 0

’ 6 0

Where
fr = (ke + jwcer) (2.54)
fo = (kez + jwces) (2.55)

MATLAB’s symbolic toolbox was used in order to detene the frequency response

functions from equation (2.53). These were foundep
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|HuF(w)|

(22033044 — Qp2034043 = Q3203044 + 032054043 + 42053034 — Ay 2054033)
B D

n f2(32013044 — Q32014043 — Ay 2013034 + As2014033)
D

|HuB(w)|

_|f2(a11033044 — Q11034043 — Q31013044 + Q3101 4043+ Ay 1013034 + Ay 101 4033)
B D

n f1(A31053044 — Q3105 4043 — Q41053034 + (4107 4033)
D

f1(—03105,Q4 4 + Q31054045 + 4107034 — A4,102,4032)
Hi(w)| =
3 D
n fo(—=011032044 + 01134047 — 031014047 + 0410,14035)
D
fi(a31022043 = Q31023042 — Q41052033 + 04102303 )
|Hg(w)] =

D

+ f2(@1,103,Q43 — Q1,1A33Q45 + Q3113045 — As1Qy3 as 2
D

(2.56)

(2.57)

(2.58)

(2.59)
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where

D =0a11032033044 — 01,1022034043 — A1,1032023044 + Q1103205 4043
+Qa1,1042023034 — A1,1042024033 — A3102201304,4
+ Q31022014043 + A31042013024 — 031042014023 (2.60)
+a41022013034 — 041022014033 — A4,103201 3024

+ Q41032014053

Now that the frequency response functions of th@oua models have been defined,
they can be plotted in the frequency domain tordatee the behaviour of the system
when subjected to various harmonic inputs. Theovalig chapters will create these
plots for a typical V8 Supercar, and then demontsttaow these can be used to

determine the road holding performance of the Jehic
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Chapter 3 — Computational Model of Vehicle

3.1 Typical V8 Supercar Parameters

The scope of this thesis concentrates on the effiecarying the damper settings for a
particular vehicle. All other vehicle parameterdlwe considered constant. Typical
values for these constants are given in Table Bnless otherwise specified, these are
the values that will be used to obtain the resualtsl will be referred to as the “default
V8 Supercar”. For this thesis, the actual valuethe$e parameters are not as important

as the techniques that are presented.

Table 3-1: Typical V8 Supercar vehicle parameters

Vehicle Parameter Value Units Description
m% 345 kg guarter car mass
m% 630 kg half car mass
my, 50 kg unsprung mass, front
myo 83 kg unsprung mass, rear

moment of inertia of quarter car

I% 250 kg.m model about y-axis
distance between centre of gravity
and front suspension mounts of half
lp 1.3 m car model
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distance between centre of gravity
and rear suspension mounts of hal
lg 1.5 m car model
k. 305000 N.rit spring rate of tyre
Ct 0 N.s.nt damping coefficient of tyre
kg 55000 N.rit wheel rate, front
ke, 55000 N.nt wheel rate, rear
MR 0.63 motion ratio, front
MRy 1 motion ratio, rear

3.2 Frequency response functions

Using the default V8 Supercar parameters, and gonat®ns derived in Chapter 2 it is
now possible to draw the frequency response funatioves for the various degrees of
freedom of the vehicle. This is achieved by solvittge equations of motion
simultaneously at each value of input frequencyeseEnhfrequency response functions
were created using MATLAB codes, examples of whiey be found in Appendix B.1

and B.2.

The frequency response functions show the ratimagnitude of output displacement

versus the input displacement. In this case thpubudisplacement can be any of the
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degrees of freedom of the system being studied. ihpat to the system is the

amplitude of road profile fluctuations.

Ratio of amplitude of unsprung mass to amplitude of road profile

== Damping Ratio = 0.40
=== Damping Ratio = 0.50
= Damping Ratio = 0.60 ||
= Damping Ratio = 0.70

=
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Figure 3-1: Frequency response function of the mmgpmass of the quarter car model

Figure 3-1 is the frequency response function ef gimsprung mass for the 2-DOF
qguarter car model. Several different damping ratiage been plotted on the same axes
to illustrate how the behaviour of the car may deadue to different damping ratios. It
is clearly visible in this graph that even a snedldnge in damping ratio, from 0.4 to
0.7, can have a very drastic effect on the motioth@ unsprung mass. In the frequency
range between 0 and approximately 2 Hz, the diftedamping ratios have very little
effect. In the region approximately between 2 amtz6the lower damping ratio (of 0.4)

will result in a lower amplitude of displacementtbé unsprung mass. In contrast, in the
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region beyond 6 Hz, the higher damping ratio of Wil result in less displacement of
the unsprung mass. It can also be observed from fifpure that with the higher
damping ratios there is a single local maximum tlee FRF curve. Lowering the
damping ratio may add a second local maximum of@pmately 11 Hz, and the height

of this increases as the amount of damping inybeem decreases.

The frequency response function of the sprung rodsbe V8 supercar quarter car
model is shown in Figure 3-2. It can be seen thertetis a single peak in the FRF for all
of the damping ratios examined. This peak occuepptoximately the same frequency
regardless of the amount of damping applied. On@rtant factor to note is that the
lower the damping ratio, the higher the peak amgétof the FRF. This figure confirms
what is already commonly known. That is, that & tehicle is subjected to random
broadband input, most of the motion of the sprugs will occur at a low frequency,
and in order to control the movement of the spromss, a higher damping ratio is

required.

The frequency response functions for the 4-DOF teifmodel can now be obtained. It
is important to note that although the damping ficieht is set to be equal at both the
front and the rear of the vehicle, the dampingoratill be different at the front to the
back. This is due to the way that damping ratio lbeesn defined in section 1.3.2. The
sprung mass at the rear of the vehicle may difiemfthat at the front of the vehicle,
resulting in different damping ratios for the sao@mping coefficient. Figure 3-3
through to Figure 3-6 show the frequency respouasetions of each of the four degrees

of freedom of the half car model. The legends ekséhgraphs indicate the amount of
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damping, where CdF and CdR refer to the coefficefndamping at the front and the
rear respectively, and DRF and DRR refer to the magnratio at the front and rear

respectively

Ratio of amplitude of sprung mass to amplitude of road profile
2.5 T T

| | === Damping Ratio = 0.40
I I === Damping Ratio = 0.50
| | === Damping Ratio = 0.60
| |
| |
| |

= Damping Ratio = 0.70

=
)]

Transmissibility

[any

0.5

Frequency of Base Excitation (Hz)

Figure 3-2: Frequency response function of thergpmass of the quarter car model

Figure 3-3 is the frequency response function efuhsprung mass of the front of the
vehicle. Similar to the 2-DOF system (Figure 3thgre are three regions in this graph.
1. From O to 2 Hz, where there is no meaningful défere in the response of the
system, due to varying damper properties.
2. From 2 to 6 Hz, where the response is highest fitmenmore highly damped
system.

3. Beyond 6 Hz, where the response is greatest frenedser damped systems.
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Ratio of amplitude of front unsprung mass to road profile displacements
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Figure 3-3:FRF for the front unsprung mass forhak car model

The response of the rear unsprung mass also folomgar relations, as shown in

Figure 3-4. It should be noted that the only défere in the model between the front
and rear of the vehicle is the mass distributionthis example, the unsprung mass of
the rear wheels is higher, and the sprung maseattr is lower when compared to the
front of the car. This effects not only the magdéuof the displacements of the

unsprung masses, but also the damped natural fiegpse where these peaks occur.

Figure 3-5 and Figure 3-6 show the frequency respdanctions for the heave and
pitch modes of the sprung mass of the system rggphc The heave mode is the
vertical displacement of the sprung mass, while gheh mode refers to its angular

displacement. The heave mode of the sprung mase eF-DOF system is very similar
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in meaning to the sprung mass of the 2-DOF quasemodel shown in Figure 3-2, and
the frequency response functions confirm this. tthbcases, the peaks occur at
approximately the same frequency. Also in both sadee lower damping coefficients

result in a higher peak transmissibility, and tffec of this can be profound.

Ratio of amplitude of rear unsprung mass to road profile displacements
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:— - 44 - — 1 {===CdF = 6000N/m, CdR = 6000N/m; DRF = 0.71, DRR = 0.73
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|

16—

14

o I
© [ [N

Transmissibility

o
o)

0.4

0.2

Frequency of Base Excitation (Hz)

Figure 3-4: FRF for the rear unsprung mass foh#iecar model

Although it may be observed from Figure 3-5 thar@asing the damping coefficients
of the system will reduce the value of the peakvbgasponse, it is evident from Figure
3-6 that the opposite is true when it comes toptibehing motion of the sprung mass.
That is, increasing the damping coefficients of #ystem will increase the peak
pitching response of the vehicle. Obviously, itnscessary to reach a compromise
between these conflicting parameters. The follonahgpters will outline methods of

guantitatively determining the best compromise.
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Figure 3-5: FRF for the heave motion of the spromags for the half car model
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Figure 3-6: FRF for pitching motion of the sprungss for the half car model
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Chapter 4 — Tyre Load Fluctuations

4.1 Load Fluctuation Rate

It has been stated already in section 1.3.3 thatptirformance of a race car tyre is
inversely proportional to the variation of its cadit force with the road. There have
been many attempts at quantifying the effect of tgad fluctuations. The method used
in this thesis to quantify the effect of tyre lofuttuations was developed by Sugasawa
et al.[15]. They defined the evaluation criterion foetQuarter car load fluctuation rate

Ry, as being:

%=W5 (4.1)

where:
k. = the spring rate of the tyre

mi1 = the quarter car sprung mass

4

m,, = the unsprung mass

g = the gravitational constant

¢ = the RMS value ofZ; — Z,)

Z, = the amplitude of the road profile displacements

Z, = the amplitude of motion of the tyre
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This equation allows a quantitative analysis of #fgect of varying the vehicle

parameters. By minimising the valueryf,, (or in the more general cagg, the vehicle

which has the lowest tyre load fluctuations camnob&ained. This will result in higher
average traction available to the tyres. Obtaining values ofZ; and Z, in this
equation depends on not only the FRF of the sysbetmalso requires some information
about the shape of the road profile. This is ugugillen in the form of a power spectral

density of the size of the road profile irreguliast

4.2 Power spectral density

It was mentioned in section 1.3.4 that in orderntake quantitative comparisons
between different vehicle setups, it is necessarfjave a realistic profile of the road
surface characteristics. This is most convenieddpe by plotting the magnitude of
displacement of the road profile in the frequenoyndin. This is known as the power
spectral density (PSD) of the road surface. Thaxe lbeen many different attempts at
creating a general PSD model for road profiles, thede have been studied at length by

Andrén [17].

The comparison is to be made of the performancth@fsame vehicle with several
different dampers over a generic stretch of rolderefore, any realistic approximation
of the PSD of the road profile will provide sufeeit results to make a comparison
between these different damper set-ups. Care meustken in the interpretation of these

results however, as race cars, and particularhsM&rcars, are required to compete on
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roads with varying roughness and bump charactesisiihe most appropriate damper

for one PSD road profile is not necessarily the f@sanother road.

Another complicating factor is that most approxiimas of road profile are given in

terms of spatial frequency of the road profile ulibinces. Spatial frequency is the
inverse of the wavelength. It may be thought offessnumber of cycles or road profile
fluctuations per distance travelled. The numbeflaftuations per second is therefore
dependent upon the velocity of the vehicle acrbssrbad profile. In order to convert
spatial frequency into radian frequency, it is segy to multiply the special frequency
by 2nV, whereV is the velocity of the vehicle. The velocity o8 supercar is not

constant and can vary anywhere up to 300 kilomgbexshour. The PSD used by
Tamboliet al. [18] will be used, as it simplifies the problennsmwvhat by assuming a

constant velocity. This PSD has been defined as:

G(f) = aeCbN (4.2)

where
a describes the general roughness of the road
b describes the wavelength distribution

f refers to frequency (Hz)

Tamboli et al. [18] suggests the coefficients for PSD obtainedlable 4-1. These
values are dependent upon both the quality ofdhd,rand also the speed of the vehicle
travelling on it. Neither of the two road typesTiable 4-1 directly relate to a racing
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circuit, however the highway driving is likely t@ bhe better approximation of the two,

and will therefore be used for comparing the déferdampers.

Table 4-1: Coefficients of the PSD used by Tamidd@i.

Road type a (AHz) b
Highway 4.85 x 107* 0.19
City 23.0244 x 1074 0.213

The mean square displacement of the road irregielarnay be found from the PSD:

72 =J6(f) df 4.3)

Equation (4.3) may be discretised to find the metn square displacements in a given

frequency band:

h
fn+f

J G(f) df (4.4)
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where
fn = the centre frequency of the frequency band

h = the width of the frequency band.

Equation (4.4) may be used to represent the ardpliaf displacement, or irregularity
of the road profile within each given frequency daihe mean value of the actual
response of the vehicle must relate the amplitddéeoroad profile fluctuations to the
frequency response of the vehicle in that sameu&egy band. The mean value of the

FRF in each frequency band is given by equatios) (4.

h
fn+f

an=% J |H, () |df (4.5)

fn‘%
wherew = 2nf.

The amplitude of displacement of the unsprung ncassnow be calculated for each

frequency band.
Z_Z.fn = Z_l.fn X an (46)

Equations (4.4) and (4.6) can now be substitutezlequation (4.1) and be rewritten as
it is in equation (4.7). All of the information reied to obtain the load fluctuation rate

R: of the vehicle is now available.

4
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Ry = W zk:(z‘l,fn ~Zy) (4.7)
n=1

4.3 Results of Evaluation Criterion Analysis

Using the expressions obtained in Chapter 2 anibget.2, it is possible to analyse the
effect of varying the level of damping on the védicThe definition ofR,,, specifies
that road holding performance is greatest whervétiee ofR, , is minimised. Using
MATLAB, it is possible to obtain the value of ro&dlding performance over a sweep
of damping values. Examples of the MATLAB scripedgo obtain these graphs are

found in Appendix B: MATLAB Script.3 and B.4.

Figure 4-1 graphs the value 8&f,, versus coefficient of damping for the quarter car
model of the default V8 Supercar. This indicatest th damping coefficient between
3500 and 4000 Ns/m will result in a vehicle thaidhrces the highest average traction at
the tyres. That is, at these damping coefficiethisR, ,, value is minimised, indicating
that tyre load fluctuations will be minimised. Alsthe slope of the curve is steeper
when the damping coefficient is below the optimalnp, than when it is above the
optimal damping point. This shows that the conseqeef overdamping the car does

not have as large a negative impact on performasasderdamping will.
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"Evaluation Criterion" for quarter car model
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Figure 4-1: The effect of damping coefficient oe #valuation criterion for a

V8 Supercar quarter car model

Figure 4-2 continues this analysis using the V8e®cgr 4-DOF half car model. In this
figure, the damping coefficient at the front and tlear is assumed to be equal. Again,
this model is solved using MATLAB, and in this cdke tyre load fluctuations at both
the front and rear wheel are calculated separaltely. evident that the ideal level of
damping is different at the front to what it isthé rear. From here, it may be observed
that to optimise the damping for the rear, a damgoefficient of 3250 Ns/m is ideal.
In order to minimise the front tyre load fluctuats) a damping coefficient of 4000

Ns/m is ideal. As is the case for the quarter cadeh the slope of the curve is steeper
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in the region below optimal damping, indicating ttihe negative consequence of

overdamping the vehicle is less than that of uraieymng.

"Evaluation Criterion" for half car model
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Figure 4-2: The evaluation criterion for V8 Superaalf car model, using the

assumption that damping is equal at the front aad r

One thing that the analysis of Figure 4-2 doestaie into consideration is the fact that
the car can be engineered to use a different dagguefficient at the front to the rear
of the vehicle. Observing that a damping coeffitieh 3250 Ns/m is optimal for
minimising the rear tyre load fluctuations, therrdampers are set to this value. The
damping coefficient at the front can then be exaohito determine its optimal value, as

is fone in Figure 4-3. From this figure the optind@mping at the front is now 4250
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Ns/m. Further to this, th& value at the front tyre has lowered further to28.1as
opposed to the value of 2.25 in the case of Figdw2 This represents a net

improvement in performance for the vehicle.

"Evaluation Criterion" for front tyre using half car model
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Figure 4-3: Evaluation criterion at front tyre stinteration

The story doesn’t end there, however. The motiorthat rear unsprung mass is
dependent upon the motion at the front unsprungn@axl vice versa. So the next step
is to continue this as an iterative process byrgethe front damping coefficient to the
new found optimal value of 4250 Ns/m, and repeatimegprocess for the rear tyre load

fluctuations, as is done in Figure 4-4.
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The first thing to note is that in Figure 4-2, thyatimal damping coefficient for the rear
was found to be 3250 Ns/m, and this resulted irRaralue of 3.9 at the rear tyre. In
Figure 4-4, the damping coefficient at the front tbe vehicle has been further
optimised, and this changed the optimal point ahpliag for the rear. Even so, if the
rear was to be left at the value of 3250 Ns/m e value oR is 3.55. In other words,

by improving the performance of the front of the, ¢he performance at the rear of the
car has improved, even without making any changéhéosettings at the rear. This
happens because the displacement fluctuations eaffrtimt of the vehicle transmit

through the suspension, into the sprung mass ovehele, and ultimately to the rear
tyre. So by reducing the tyre load fluctuationshat front, the tyre load fluctuations at

the rear are also reduced.

"Evaluation Criterion" for rear tyre using half car model

— R value of rear tyre
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Figure 4-4: Evaluation criterion at rear tyre, sgtderation
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From Figure 4-4 the point of optimal damping foe tlear of the vehicle can be read off
as 3000 Ns/m, and this results in Rivalue of 3.5, which is a further improvement to
the performance of the vehicle. This is again rated to observe how the new value at
the rear of the car effects how the front of theisagerforming. This analysis is shown
in Figure 4-5, where it can be seen that the optdaaping coefficient still occurs at
4250 Ns/m, which is the same as it was before tbdifioation to the rear was made,
signalling the end of the iteration process. Ongairg it can be observed that even
though the optimal amount of damping has not chénglee degree of tyre load
fluctuations have further decreased, down to aevalli 2.1, due to the improved

performance at the rear.

"Evaluation Criterion" for front tyre using half car model
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Figure 4-5: Evaluation criterion at front tyre,rthiteration
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The results of this iteration process are summariisd able 4-2. From this the optimal
damping coefficients at the front and rear arerdateed, assuming linear dampers and
a road profile that is similar in character to lmgly driving. These optimal damping

coefficients at the front and rear are 4250 Ns/th2000 Ns/m respectively.

Table 4-2: Summary of results of iterative process

Optimal Optimél
Analvsis Damping Damping Minimum R Minimum R
y Coefficient Front| Coefficient Rear Front Rear
(Ns/m) (Ns/m)
Equal damping
coefficient front 4000 3250 2.25 3.9
and rear
Optimise front. 4250 : 2.125 :
first iteration
Optimise rear . 3000 . 3.5
second iteration
Optimise front,
third iteration 4250 ) 21 )
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Chapter 5 — ChassisSim

51 Introduction to ChassisSim

Race cars are extremely complicated machines, gatheven in a tightly controlled
category such as V8 Supercars, there are manyblesiecother than the damper
characteristics which can be modified by the ergigein order to obtain peak
performance of the vehicle. These include, butnatelimited to, the choice of springs,
the size and shape of anti-roll bars, the amounpretsure in the tyres and the
aerodynamic characteristics of the vehicle. Upluhis point, many of these effects
have not been considered. Although the optimisatiball these parameters is beyond
the scope of this thesis, it is necessary to ireltitkir effects when analysing the
dampers. To continue this analysis using only MAB.Avould be extremely
complicated. Instead, a vehicle dynamics simulapackage can be used to make this

analysis simpler.

ChassisSim is a race car dynamics simulation progmdoich is being developed in
Sydney by ChassisSim Technologies. It has a numbatifferent analysis modes
allowing an in-depth study of the vehicle’s dynasni€hese include
e Lap simulation, which provides traces of informatiabout the vehicle over a
simulated lap. This makes the assumption that ¢fcle is being driven by the
“perfect driver” who keeps the vehicle’s tyresla timit of traction at all times.

This will also estimate a lap time for the trackhaugh it is stated in the
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documentation for the program that the focus o$ timolbox should be on
optimising the vehicle’s dynamics, rather thanlgpetime itself.

e Optimisation toolbox, which allows the user to ihppper and lower bounds for
frequently altered parameters, such as coefficiefitdamping. The program
then uses a lap time estimation to choose the aptinvalues for these
parameters.

e A simulated seven post shaker rig, which is the matational manifestation of a
physical seven post shaker rig described in sectiB, and can be used to

perform a similar analysis.

ChassisSim has several advantages over many aher car simulation packages,
which makes it particularly suitable to this thegis begin with, it has a clear interface
as shown in Figure 5-1, which does not require thnge dimensional modelling to be
conducted. Because the package is principally aiaedcecar engineers, the program
is already loaded with generic racecar geometryt sojust a matter of specifying the

values of vehicle’s various parameters.

Further to this, the program comes with a numbedefault vehicle models, one of
these being a V8 Supercar. In competitive mototspitaining the parameters of a
race car is notoriously difficult, and this is pamarly the case in V8 Supercars, where
there are only a very small number of teams, amg Mtle academic research being
undertaken. Because ChassisSim contains a V8 Supewadel, this is an invaluable
source of information on typical set-ups of the igkh Further to this, it means that

analyses can very quickly be carried out, because umknown parameters of the
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vehicle can be left at their default values, allogvimore time to be spent concentrating

on the particular area of the vehicle that is beituglied: in this case, dampers.

E def Thesis VB Sueercar‘car - ChassisSim v2.43 Elite

File Edit View Circuit Simulate Help

BRI
Car Thesis W8 Supercar &
Track ‘ Willowbank &
Conditions | Dry &
Wings $  Weight 1527 kg &
Springs and Dampers Tyres
Front B i@nmm @ Front “To sdjust click here (@9
Rear 55 Nfmm % Rear To adjust olick here ¢
Rell Bar Ride Height
Front 645 Nimm & Front 180 mm @
Rear 39.7 Nimm ¥ Rear 205 mm i
Engine To adjust engine dick hers ®
start 0
: [’
The Winner's Edge

Figure 5-1: The ChassisSim interface

Section 4.2 covered the importance of using anrateuepresentation of road profile.
Another benefit of ChassisSim is that it contaiatadof the bump profile and curvature
for most Australian tracks that V8 Supercars compet, allowing accurate simulations

to be performed.

One final benefit of ChassisSim is that the resaoftgs lap simulations are exportable
into a number of programs, including MoTeC Intetpre and MATLAB. MoTeC
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Interpreter is a data analysis tool used by manySu@ercar teams to interpret their
telemetry and is used in section 6 of this thedienvdetermining bypass velocities. By
exporting into MATLAB, further data manipulationrcde performed, such as creating
damper histograms, as is done in section 6.3 (tbasealternatively be created in

MoTeC Interpreter).

ChassisSim is already being used by many race teaness a number of categories
including V8 Supercars, and has been shown to geoaccurate results in simulating
the dynamics of the vehicle. This means that atjhguhysical testing of results cannot
be conducted on an actual vehicle due to the céistis discussed in section 1.1, the

results from this program can be used with confiden

5.2 Seven Post Shaker Rig Analysis

The seven post shaker rig is a tool that is usehby teams in all categories throughout
the world. They use seven actuators to excite #leicle, and the response of the
degrees of freedom of the vehicle are measuredr Bbthe actuators are used to
simulate the road inputs to the tyres, while theaming three are used to simulate the
aero loads and accelerations of the sprung magsTBg2se rigs are important analysis
tools, because they can be used to determine ¢g@ency response functions of the

many degrees of freedom of a racecar.

For a car which relies mostly on mechanical grip,opposed to a high downforce

vehicle, the most important analysis mode is theeveanode, where all four road inputs
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move simultaneously [22]. This is not to be confuséth the heave motion of the
sprung mass. Mechanical grip is created by usiagtispension to keep the tyres to the
ground. High downforce vehicles rely on the usewafigs and ground effects to
increase the normal force of the tyre to the rd&tause V8 Supercars are relatively
low downforce vehicles relying on mechanical gribe seven post rig analysis

conducted in this thesis will be done in the haaoele.

The simulated seven post shaker rig also repocngact patch load (CPL) value for
both the front and the rear of the vehicle. CPLaisneasure of the magnitude of
fluctuation of force in the contact patch of therety Although defined slightly
differently, it is very similar in meaning to theaduation criterionR of Chapter 4, and

can be used in much the same way.

Figure 5-2 shows the seven post shaker rig interfacChassisSim. Aside from the

vehicle parameters, there are a few important galoepecify for this analysis:

e Maximum frequency - chosen to be 16 Hz, as thishes default value. Any
fluctuations occurring at frequencies higher thhrs tare unlikely to have any
physical meaning, and are therefore disregarded.

e Speed of the car - chosen to be 150 km/h, asghispresentative of the speed that
many of the transient manoeuvres, such as cornarndgaccelerating, will occur
at.

e Maximum peak input velocity - 250 mm/s, as fromded data from a typical

vehicle, most of the inputs into the tyre will happat a velocity below this value.
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The actual values used here are not critical, ag &s they are appropriate estimations.

It is critical, however, that these values remainstant across all the testing.
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2
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L
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Export Fllanamai ]E:\Program FileshChassisSim Technologies\ChassisSim _v2_4&

0K Cancel

Car W,
(#9s 0 &)

Figure 5-2: The ChassisSim seven post rig interface

The tests conducted using the simulated seven giadter rig will follow a similar
procedure to that of the evaluation criterion asiglyof section 4.3. Firstly, the
assumption is made that the dampers are linearbatidthe front damper and the rear
damper have the same damping coefficient. The spushshaker rig simulation was
completed for various damping values, and the tesuk plotted in Figure 5-3. Once
again, the optimum damping coefficient is the dreg tinimises the value of CPL. The
results are very similar in shape and characteristitheir counterpart results from

Figure 4-2. That is, they follow a similar shaped @#he slope on the overdamped side of
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the curves is shallower than that on the underddmme. Also, the CPL at the rear is
higher than that at the front. The optimum CPL Fe tear also happens at a lower

damping coefficient than that of the optimum vadti¢he front.

The results from ChassisSim do differ somewhat fthenresults of Figure 4-2, in that
curves obtained from ChassisSim are translatedhiduriowards the left of the graph.
From Figure 5-3, the first estimates of optimum garg coefficient can be read off as
2700 Ns/m at the front and 2300 Ns/m at the raamg CPL values of 129.6 and 132.2

respectively.

CPL of Front and Rear (Uniform Damping Coefficient at
Front and Rear)

134.5

134
133.5 \ /!

133 \ /
132.5 \

\ N
132
CPL Value \
131.5
\ —¢—Front CPL
13103i \ /' —s— Rear CPL

|~
1295 N

129

0 1000 2000 3000 4000 5000

Damping Coefficient (N/m/s)

Figure 5-3: ChassisSim measurement of CPL for faot rear.

Following the procedure from section 4.3, the @amper is set at 2300 Ns/m, and the

effect of varying the front damping coefficientptotted in Figure 5-4. From this it can
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be seen that the new optimum front damping vallBO@ Ns/m as this minimises the
value of CPL for the front damper to 129.5. Oncaiagimproving the performance of
the front of the vehicle has also improved thathef rear, as this now has an improved

CPL value of 131.7.

CPL of Front and Rear (Rear Damping Coefficient Held at
2300 N/m/s)
133.5

133 \\
132.5 \
132

131.5

CPL Value

131 —¢—Front CPL
130.5 /‘/ —s— Rear CPL
130 N //
129.5 et
129
1500 2500 3500 4500 5500

Damping Coefficient at the front wheel (N/m/s)

Figure 5-4: Effect of variation of front damper GRL, first iteration

The process is again repeated, this time holdiegfribnt damper properties constant,
and varying the rear, as shown in Figure 5-5. Ftois figure, there exists a range of
values of damping coefficient that optimise the GRlthe rear. The value of 2000 Ns/m
is chosen to be the best, because of the ranged#mper coefficient results in the
lowest CPL for the front as well as the rear. THeBé&s are 131.6 and 129.5 for the rear

and front respectively.
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This is again iterated, holding the rear dampingfiient at 2000 Ns/m and the results
are plotted in Figure 5-6. The new optimal dampandhe front is 3200 Ns/m, giving

CPLs of 129.6 and 131.5 at the front and rear csdy.

CPL of Front and Rear (Front Damping Coefficient
Held at 3000 N/m/s)

133

>~

=

132.5 >
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131.5
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130.5
130 AN —e—Rear CPL

=== Front CPL

/>

129.5
129

1000 1300 1600 1900 2200 2500 2800 3100 3400

Damping Coefficient at the rear wheel (N/m/s)

Figure 5-5: Effect of variation of rear damper oRLC second iteration

A summary of results obtained by the simulated squ@st shaker rig CPL analysis is
given in Table 5-1. With each iteration, the sidetlee improvement in CPL value

reduces, and by the third iteration the CPL atftbat has actually increased slightly.
When comparing the results obtained in this seatidth those from section 4.3, it can
be seen that the optimum damping coefficients frolme CPL analysis are

approximately 1000 Ns/m lower than those foundgigiie evaluation criterion. One of
the reasons for this is that the CPL analysis asd#ferent sweep of sine waves than
the R-value analysis. Further to this, the CPL analysitides some more complicated

effects such as aerodynamic loads.
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Figure 5-6: Effect of variation of front damper GRL, third iteration

Table 5-1: Summary of results from seven post shag€CPL analysis

Optimal Optimal
Analvsis Damping Damping Minimum CPL | Minimum CPL
y Coefficient Front| Coefficient Rear Front Rear
(Nm/s) (Nm/s)
Equal damping
coefficient front 2700 2300 129.6 132.2
and rear
Optimise front,
first iteration 3000 2300 129.5 131.7
Optlmls_e rear 3000 2000 129.5 1316
second iteration
Optimise front,
third iteration 3200 2000 129.6 131.5

These results will provide a sufficient startingrgdor the non linear analysis to follow.
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Chapter 6 — Non-linear damping

6.1 Bypass Velocities

It was mentioned in section 1.3.1 that dampers ramglinear. Typically, they will

employ two different damping coefficients in “bumf@hen the damper is contracting),
and another two damping coefficients in “reboundhén the damper is expanding).
Usually, the low speed region of the damper cuirvépth bump and rebound, utilises a
higher coefficient of damping than the high speegdian of the curve. The point at
which the damping coefficient changes is knownhas‘knee” of the damper curve, and

the velocity at the knee is known as the bypasscitgl

It has been stated already that the damper semgesdntradicting purposes. It must be
soft enough to allow sufficient movement for theetyo follow the shape of the road
profile, and impart a consistent normal force t® tbad, while at the same time be hard

enough to prevent unwanted roll of the sprung mésise vehicle.

It is known that the body roll of the vehicle tertdshappen at a lower frequency than
the excitation due to road profile. Because ofdlese relationship between frequency
and velocity, this implies that damper motions doidbody roll will occur at a lower
velocity than those due to the road profile. Usihig information, the bypass velocity
of the damper can be set so that it acts somevikeatal filter. By setting a higher

damping ratio in the low speed area of the curveotatrol the body roll of the vehicle,
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and a lower damping ratio can be used in the hijgged region of the curve to

maximise road holding.

In order to select the optimum point for the bypeslecity, it is necessary to obtain an
estimation of the maximum velocity of the dampeattbccurs due to body roll. This
procedure is similar to that described by Nowlah [Brequires the use of logged data
of the vehicle, which is shown in Figure 6-1. Tap shown in this figure was created
by ChassisSim using standard values for a V8 Sapecompleting a simulated lap of
Willowbank Raceway. The data was then exported MoleC Interpreter for more
convenient viewing. From Figure 6-1 the maximum gled lateral acceleration

(Q1at pg,) Of the vehicle and the time taken to reach thatue ¢y_n,q.) may be

determined. To ensure accuracy, the max valuesntaké not be the absolute

maximums, rather the maximum values that occunénlinear range of the curve.

In order to perform the bypass velocity calculasioit is necessary to determine the
location of the roll centre. The roll centre is dide determine the size of the moment
arms of the forces on the vehicle. This is not @asygarameter to accurately determine,
as it will change position as the vehicle travergesps or turns corners. Its location
can be found by constructing a line between the’syrcontact patch and the

instantaneous centre of the suspension elementsisTitepeated on the other side of the
vehicle, and the intersection of these two linedgl@ined as the vehicle’s roll centre.

The determination of this point for both symmetriemd asymmetrical suspension

geometry is shown in Figure 6-2. For simplicity,tims thesis, the location of the roll
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centre will be assumed to be constant. A realssiimate will be taken for its height,

and it is assumed that it is occurs along the eénér of the vehicle.
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Figure 6-1: MoTeC Interpreter representation ohautated lap of Willowbank

Raceway

The diagram of the system used to determine tHeatd of the vehicle is shown in

Figure 6-3. The corresponding free body diagragivien in Figure 6-4, with all forces

shown in red. These can be used to determine thengle of the sprung mass per unit

of g-force of lateral acceleration.
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Figure 6-2: Determination of roll centre [10].

From Figure 6-1, the maximum lateral acceleratioouos at turn 4. The magnitude of
this acceleration is 1.51g and it takes 1.8 secémdsach this point from the point of
0g. These values are most easily found by runrtiegctirsor over the data in MoTeC
Interpreter, and reading the values straight frdra screen. A summary of the
parameters used for the roll rate and bypass vgloaiculation is given in Table 6-1.
The tyres are assumed to be sufficiently stiff stiedt their deflection is negligible.
Some further assumptions are ti#gt and A, equal zero in their static equilibrium

position, and the effect that anti-roll bars hawespring rate has been neglected.
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Table 6-1: Summary of parameters for roll rate wakions

Vehicle Paramete! Value Units Description
CoGH 0.495 m height of centre of gravity
RCH 0.195 m height of roll centre
my 1526 kg total mass of the vehicle
T 1.6 m the track of the vehicle
ks 55000 N.m wheel rate, front
ks, 55000 N.m wheel rate, rear
Uatmax 1.38 g maximum lateral acceleratiq
tyr 1.46 S time from zero to max latera
acceleration

CoG

At

4.{

| e |

Figure 6-3: Schematic used for bypass velocityudaton
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Figure 6-4: Free body diagram used to determin@sypelocities. Forces are

shown in red

Using the free body diagram of Figure 6-4 as daistapoint, the roll rate of the vehicle

can be calculated.

The spring rate is the sum of the spring rateafribnt and rear of the vehicle.

ks = ks1+ks; (6.1)

Because of the assumptions that vehicle is symenebe roll centre occurs along the

centreline of the vehicle and that the angle oétioh of the sprung mass small, the

following relationships can be defined:
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A= —Ag=Opoy X = (62)

another other important relation is:
H = CoGH — RCH = 0.495 - 0.295 = 0.3 (6.3)

Setting the sum of the moments about the roll ectatbe equal to zero gives

T T
_kSAL E + 98 X mTalatH+ksAR E = 0 (64)

which can be simplified

TT TT
—ksgrou EE + 9.8 X mTalatH—kSHrou E— =0 (65)

2

T
9.8 X mTalatH = ksgroll 7 (66)

91"0” _ 19.6 x mTH
Aiat B ksT2

(6.7)

Given the values in Table 6-4, the roll rate canl®®rmined in units of radians per unit

of g-force.
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roll

=0.0319rad. g™ ! (6.8)
QAiat

From the data for the maximum lateral acceleratiba, maximum roll of the vehicle

may be determined

0 = 0.0440 rad (6.9)

rollmax

This gives a maximum displacement at the springs

T
Bl max= ~Brmax= 5 AN (0roti gy (6.10)

AL, .= 352mm (6.11)

From the time taken, the maximum velocity due tbabthe sprung mass is calculated

ALmax
= — 6.12
Lmax tO—»max ( )
Ay, ,.=241mm.s™! (6.13)

Equation (6.13) describes the maximum velocity loé damper assuming that the
damper acts directly above, and vertical to, tha&reeof the wheel hub. To determine

the velocity of the actual damper, this number ngsimultiplied by the motion ratio.
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Recalling that the motion ratios are 0.63 and 1 toe front and rear dampers

respectively;

App, = 15.2mm.s™! (6.14)

Agp 0= 241 mm.s™1 (6.15)

Recall that the motivation for calculating thesduea was to find an estimate of the
maximum velocity of the dampers due to rolling lné sprung mass of the vehicle. The
intention was to set the bypass velocity at thisieaand utilise a higher damping ratio
in the slower region of the curve to control thedypaoll. In reality, a V8 Supercar
damper uses bypass velocities which are consideltadpher than those that have been
calculated here. One of the reasons for this istduke large mass of a V8 Supercar, a
higher bypass velocity is used to work the tyredbarto generate more heat and better
grip. The treatment of this is beyond the scopehaf thesis, so the default bypass
velocities that are included in the V8 Supercar et@d ChassisSim will be used. These

values are presented in Table 6-2. Although theieslcalculated foAFDmax and
ARDmax do not relate directly to bypass velocities in tlase of V8 Supercars, they are

still necessary for the damper histogram analysgeotion 6.3.
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Table 6-2: V8 Supercar damper bypass velocities

Bypass Velocity in Bypass Velocity in

Bump (mm/s) Rebound (mm/s)
Front Damper 100 50
Rear Damper 50 100

6.2 Lap Time Analysis

6.2.1 Linear Damping

Now that bypass velocity for the damper has bedineb it is necessary to find a way
to make accurate quantitative comparisons betweétraht configurations. Using the

seven post shaker rig to repeat the CPL analysis fection 5.2 is unlikely to be

sufficient. This is because in this analysis motihe, road inputs are identical and
simultaneous in each of the four tyres. This mayken some low frequency pitching
of the vehicle’s sprung mass, as determined inrEi@d6, however it does not take into
account the roll of the sprung mass due to thedhteforces on the vehicle. As this is
one of the fundamental reasons for using a du@ damper, another method of
comparison is necessary. For this, a lap time sitimrd will be used. This will also

allow the effect of the different bump profiles andnfigurations of corners at the
individual tracks to be taken account of. The trdwt will be used for this analysis is

Willowbank Raceway in Queensland. There are twaxmaasons for this.

77



. This is used as a test track for many V8 Superams meaning that its bump
characteristics are well defined and are typicalAwistralian V8 Supercar
Circuits.

. The simulation on this track executes much moreldyithan most of the other
tracks. Given that each simulation can take anyevhgp to 3 minutes to
complete, this becomes an important factor for thesis where hundreds of

individual simulations are required.

Lap time (s)

Lap Time Estimation - Willowbank Raceway

1

\ |
\\ :
A\

1A
15 T T 1

-70 -20 30 80 130

Damping (percentage of damping away from optimal)

Figure 6-5: The effect of moving damping charastes away from the CPL optimal

values on ChassisSim predicted lap time

The first step of this analysis is to use lineamdars, like those already studied, on this

track. This will show how closely the CPL analyB&nslates across to the road profile

for this particular track. It will also act as aggbstarting point for the iterative process
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that will need to be carried out. The results asth simulations are plotted in Figure
6-5. This graph was created by starting with thkies for front and rear damping
coefficients that were determined to be optimabading to the CPL analysis of section
5.2. These were 3200 Ns/m at the front and 200€nNd/the rear. These values were
then varied by the same percentage as shown bglbeissa of the graph, and the

predicted lap time obtained.

The first thing to notice from Figure 6-5 is thaetfastest lap time occurs when the
damping coefficients are 20% greater than thoserchited to be optimal by way of the
seven post shaker rig analysis. This result is eege as the seven post shaker rig
analysis neglects the effect of lateral g-forceunetl body motions, which have been
explained as requiring a higher damping ratio toted. A surprising result from this
graph is that altering the damping in the regiamr-20% through to +50% results in

less than a 0.1 of a second difference, whichactare is an unlikely result.

To give some perspective on these lap times, theight qualifying times from the V8
Supercar meeting at this track in July of 2008 @gven in Table 6-3. This shows that
the fastest lap time was 70.7351 seconds, andthiea¢ was less than 0.2 seconds

between the best qualifier and qualifying in eigpldce.
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Table 6-3: Results from V8 Supercars qualifying/@3723]

Position Driver Fastest Lap Time Gap

1 James Courtney 1:10.7351 0

2 Mark Winterbottom 1:10.7438 0:00.0087
3 Russell Ingall 1:10.8066 0:00.0715
4 Craig Lowndes 1:10.8503 0:00.1152
5 Mark Skaife 1:10.8887 0:00.1536
6 Garth Tander 1:10.9096 0:00.1745
7 Will Davison 1:10.9279 0:00.1928
8 Jason Richards 1:10.9303 0:00.1952

6.2.2 Lap time with BPV

A non-linear analysis can now be conducted usimgadbtimal results from the linear

case as a starting point, once again by takingeaative approach. Some of the initial

values of interest are presented in Table 6-4h&tgtage, the damping coefficients are

assumed to be equal in both bump and rebound.

Table 6-4: Initial values of damping coefficientedébypass velocity

Low Speec High Speec Bypass Bypass
Damper Damping Damping Velocity Bump Velocity
Coefficient Coefficient (mms) Rebound
(Ns/m) (Ns/m) (mm/s)
Front 384( 384( 10C 50
Rea 240( 240( 50 10C
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The iterations begin with the front damper by vagyiits low speed damping

coefficient, while holding all the other parameteonistant. The results of this lap time
simulation are presented in Figure 6-6. The gersdrape of this graph agrees with what
is expected, both from practical experience, amdntiathematical reasoning explained
throughout this thesis. The optimal damping poantthe low speed region at the front

is 7000 Ns/m, which is higher than what was predidor a linear damper.

There are, however, a few concerning features abiusitgraph. Firstly, there is a
considerable amount of “noise” and peakiness inréselts. Once again, over a very
large region of damping coefficients there is oalyery small variation in lap times,

which does agree well with what is known in pragtic

Lap Time Estimation - Willowbank Raceway

71.72 ‘
71.7 X2
71.68 \ / y

\\ VA

Lap time (s) \A
71.62
71.6 l l ‘[

71.58

71.56

71.54 T T T T T T T 1

2000 3000 4000 5000 6000 7000 8000 9000 10000
Front low speed damping coefficient (N/m/s)

Figure 6-6: Effect of variation of low speed dangpaeoefficient at front on predicted

lap times
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Because the slope of the damper curve is now mieeper in the low speed region, the
height of the curve at the bypass velocity is noucimhigher. Despite the fact that the
high speed damping curve has not changed its sibpew has an offset which means
that the damper force is much higher for a giveloomy than it was before the low
speed region was altered. This is best demonstitayedomparing Figure 6-7 with
Figure 6-8. These are screenshots of the dampeesuwreated by the ChassisSim
damper properties toolbox. Figure 6-7 shows a tingamper, while Figure 6-8
demonstrates the effect of increasing the low spegidn of the curve. For example, in
the bump region, the damper force as 450 mm/sntasased from 4354 N to 5123 N.
Note also that the numbers in this toolbox arethetsame as those that have been used
in the analysis to this point. This is becauselumtw, all of the analysis has been
completed assuming that the dampers and springscting directly at the wheel, which
is also known as the “wheel rate model’. In thisgram, these numbers have been
converted to the actual values at the damper andgspoy taking into account the

motion ratio. The treatment of this was describegection 1.3.3.

Bearing this in mind, the high speed damping ratist now be readjusted. Holding the
low speed damping coefficient at its new-found myali value of 7000 Ns/m, the effect
of varying the high speed damping coefficient op tane is plotted in Figure 6-9.

Again, it is clear in this figure that the lap tirpeediction is under estimating the effect
of varying the damper properties. Also, the amafntoise in the results is very large

in comparison to the variation in the value of tbsults themselves.
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1164 Lap Time Estimation - Willowbank Raceway
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Figure 6-9: Effect of readjusting the high speenhgdig coefficient on predicted lap

times

It is apparent that this method of analysis is emily time consuming, and labour
intensive. Also the results being obtained are wsinf. This method of damper

optimsiation is unsuitable for the needs of a V@eoar team.

6.2.3 Optimisation Toolbox

Another tool which comes with the ChassisSim paekasgthe optimisation toolbox.
This toolbox allows the user to input a range oigang parameters to be explored,
shown in Figure 6-10. It then runs a number of subnes to determine the damper
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curves which will result in the fastest lap timehid toolbox can also be used to
optimise other parameters of the vehicle, suctpasgrates and aerodynamic balance,
however these will not be considered as they ayerimethe scope of this thesis. Their

optimisation can be switched off by entering zanothe appropriate boxes.
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&ero (1, yes, 0, Na) |0 Lower Upper Initial Setup
Lower Upper wspasd forkbumpe | 24000 | 25000 | 23000
Aero Balance offset |0 _{D Lews speed frant rehound | 10000 {18000 |7000
CLA |0 {0 Low speed rear bump | 2500 |Boao |3733
Law zpeed rear rebound | 1000 {4["]] 12?15
; High =peed frant bump |2':“:IEI 15':“:“:' I‘m':“:'
P | | 2000 5000 3000
Mech (1, yes, 0, Na] ID_ High zpeed front rel:u:uundl 1 I
Eaiil Upper High speed rear bump Jznnu {emnn ]3000
Frant Bar ]D 1'3 High speed rear rebovind ]QDD 13|:||:||:| |1|35‘|
Rear Bar ID ]D Ft bump bypasz vel 10-1
I ] e——
Frant camber I ] Ft rebound bypasz wel |U-D5
= ber |0 ] —————!
ear camber ID 10 Fir burip bypass vel IEUE
Fraont Sprin
: . I * Rrrebound bypass wel {D_‘]
Rear Spring |EI 1EI -

Figure 6-10: The ChassisSim optimisation toolbd®riface

After running an optimisation of the dampers fore thlefault V8 Supercar at
Willowbank Raceway, ChassisSim predicts that theglag coefficients provided in
Table 6-5 will produce the fastest lap time, of32U seconds. The values given in

Table 6-5 are as they would apply to the actualpgmTo continue to analyse this
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vehicle as a wheel rate model, the damping coefitsi as they apply at the wheel are

required. Table 6-6 shows the damping coefficieaagsthey apply at the wheel, by

taking into account the effect of motion ratio.

Table 6-5: Results of optimisation for Willowbanla¢eway. Note that these are the

values as they apply at the damper.

Bump Rebound
Low Speed High Speed Low Speed High Speed
Damping Damping Damping Damping
Coefficient Coefficient Coefficient Coefficient
(Ns/m) (Ns/m) (Ns/m) (Ns/m)
Front 30857 3004 11410 2667
Rear 3733 3396 2716 1051

Table 6-6: Results of optimisation of dampers falMwbank Raceway. These are the

values as they apply at the wheel.

Bump Rebound
Low Speed High Speed Low Speed High Speed
Damping Damping Damping Damping
Coefficient Coefficient Coefficient Coefficient
(Ns/m) (Ns/m) (Ns/m) (Ns/m)
Front 12247 1192 4529 1059
Rear 3733 3396 2716 1051
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These values result in the front and rear dampefeswf Figure 6-11 and Figure 6-12.
These curves are only presented as they would agiptile damper, because this is
where the adjustments are made. That is to salyattheugh the wheel rate model is
often used to simplify the analysis, the race emgins ultimately only interested in how
to tune the actual damper. It is now apparenttti@teason that the lap time analysis of
section 6.2.2 gave such confusing results is becthesoptimal damping coefficients do

not occur within the range of values that were eitudied.

Front Damper Curve

6000 -
Damper force (N)

4000 -

2000

(en]

-500 -400 -300 -200 -100

J damper movement (mm/s)

-6000 -

Figure 6-11: Front damper curve created by Chassisftimisation toolbox
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Rear Damper Curve
2000 -

Damper force (N)
1500

1000

500

-500 -400 -300 -200

100 200 300 400 500

-500 - damper movement (mm/s)

-1000 -

Figure 6-12: Rear damper curve created by Chassigfimisation toolbox

6.3 Damper histogram analysis

There are a number of reasons why the lap timeigired may not be the best
estimation of a vehicles performance. For instarhbe, lap time simulation makes
assumptions about the skill of the driver. Thaths, driver is assumed to be driving the
vehicle at the limit of traction of the tyres al tihes. In reality, it is not possible for a
driver to do this. Instead it is important that trehicle is not just theoretically fast, but
also able to bdrivenfast. Other factors include the fact that theugethat produces the
fastest simulated lap may be unacceptably harshymes, causing them to wear
extremely quickly, creating a poorly performing aatater laps. Alternatively, this set-
up may not work the tyres hard enough, meaningttiggt do not generate enough heat
to operate at their peak efficiency.
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Because of all these factors, it is still necessargvaluate the data that is produced
from the simulated lap, in a somewhat empirical nesin The damper traces can be
analysed to ensure that they fit the charactesi®ttown from empirical experience to
be optimal, and if they are not at their optimaluea, empirical rules can be used to

remedy this. This is where the concept of a “danfps&togram” becomes important.

Due to the peculiarities of a V8 Supercar, suclisaBigh unsprung mass and relatively
skinny tires, it has been found in practice that diptimal shape of the damper curves
for a V8 Supercar don't strictly relate to what Hzeen suggested as optimal in the
mathematical analysis of this thesis. Instead, resegs of V8 Supercars rely on
somewhat empirical rules to analyse their dampenrs the vehicle’s logged data. The
concept of damper histogram analysis was disculsgddowlan [8]. This uses a series
of semi empirical rules to tune the dampers tortbptimal point. A damper histogram
is presented as the histogram of the damper’s ¥gldwoughout a lap. The values of
maximum damper velocity due to roll, that were gldted in section 6 are necessary
for performing a damper histogram analysis, as iknown from practice that a V8
Supercar will perform best when the velocity of fthent damper is slower than this
value for 20% of the lap in both bump and rebouhds also desired that the overall
shape of the histogram is a symmetric bell curdeesg values are applicable at the
front of a V8 Supercar. At this stage there is mblghed data which describes the
optimal damper histograms for the rear dampers 88 &upercar. This is most likely
due to the peculiarity of its suspension geometng the fact that it carries a relatively

high unsprung mass compared to other race cars.
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To begin the damper histogram analysis, an ingsimate of damping coefficients is
required. Damper histogram analysis is best definedhe front suspension, so these
are what will form the primary focus of this chaptéhe rear dampers will be set at the

values found by the ChassisSim optimisation toolibcsection 6.2.3 to be best.

For the front damping, the dampers will initiallg Bssumed linear. The best estimate of
linear damper was made in section 5.2, and thig ggtimal damping coefficients of

3840 Ns/m at the front wheels.

The damper histograms in this thesis have beenettasing MATLAB. An example
of the .m file used to create these is given in &mpx B.5. To determine the damper
velocity, the damper position trace is differer@@tfor each individual time step of the
ChassisSim output. The damper histogram is cakdlasing values at the damper, as
opposed to at the wheel. This means that the effiestotion ratio must be accounted
for. Treatment of this was covered in section 1.B&calling that the motion ratios for
this vehicle are 0.63 at the front and 1 at the, ri@ initial damping coefficients of the

actual dampers are presented in Table 6-7.

The damper histograms for this vehicle completingmof Willowbank Raceway are
presented in Figure 6-13. A couple of importantngoineed to be noted about these
graphs. Firstly, the scale along the x-axis and dize of the information bins are
different between the front and the rear dampehs i because the lower motion ratio

at the front, means that the damper velocitieshatftont are confined to a smaller
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range. Secondly, the data peaks at the histogrextremities refer to all the remaining

data outside of the range that has been graphed.

Table 6-7: Initial damping coefficients for damestogram analysis

Bump Rebound
Low Speed High Speed Low Speed High Speed
Damping Damping Damping Damping
Coefficient Coefficient Coefficient Coefficient
(Ns/m) (Ns/m) (Ns/m) (Ns/m)
Front 9674 9674 9674 9674
Rear 3733 3396 2716 1051

The first thing to notice is that the percentagéimk in the low speed region in both
bump and rebound is much lower than the 20% rediuinéth this in mind, either the

low speed regions of the curve can be increasetthednigh speed decreased.

In this case, a little of each can be done, whadults in Table 6-8 as the values for the
next iteration. These parameters, once run thr@ghmulated lap using ChassisSim,
and then though the MATLAB damper histogram .m,fitesult in the damper

histograms for the front dampers in Figure 6-14e Tdw speed percentages are still too

low, and there is some asymmetry beginning to dgvel the shape of the curves.
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Figure 6-13: Damper histograms with initial dampaugefficients

92



Table 6-8: Values for damper histogram analysispiseé iteration values

Bump Rebound
Low Speed High Speed Low Speed High Speed
Damping Damping Damping Damping
Coefficient Coefficient Coefficient Coefficient
(Ns/m) (Ns/m) (Ns/m) (Ns/m)
Front 16000 8062 16000 8062
Rear 3733 3396 2716 1051
Track=WILLOWBANK  ERONT LEFT Est lap time = 71.53s
5 T T T T
a- Low speed REBOUND % Low speed BUMP % |
g 16.4058 16.4617
% 3
g
5 2
2,

-200 -100

0
Velocity (mm/s)

FRONT RIGHT

100 200

300

Percentage of time

T T

Low speed REBOUND %
16.0425

-200 -100

Figure 6-14: Damper histograms, second iteration
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This procedure is repeated until the desired sbéplee damper histogram is obtained.
For this vehicle, at this track, the optimal dangproefficients obtained via damper
histogram analysis of the front suspension areeptesl in Table 6-9. The shape of the

damper curve is shown in Figure 6-15 and the hrstog of this are shown in Figure

6-16.
Table 6-9: Final damper histogram analysis values
Bump Rebound
Low Speed High Speed Low Speed High Speed
Damping Damping Damping Damping
Coefficient Coefficient Coefficient Coefficient
(Ns/m) (Ns/m) (Ns/m) (Ns/m)
Front 23000 8062 23000 10000
Rear 3733 3396 2716 1051
Front Damper Curve
6000 -
Damper force (N)
4000
2000
-500  -400 -300 -200 -100 100 200 300 400 500
i damper movement (mm/s)
-6000 -

Figure 6-15: Front damper curve after damper hrstmganalysis
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Chapter 7 — Comparison of damper selection methods

Now that four different methods of selecting theimpal dampers for the vehicle have

been examined, some comparisons will be made bettheedifferent methods, to try to

determine which of these will be best. These methad they have been applied to this

thesis, can be broken into two different categotiaear and non-linear.

7.1

Linear Damping

V8 Supercars do not use linear damping, and as théclinear damping methods used

in this thesis cannot be applied in order to find bptimal dampers. That said there are

a few important things that can be noted from thear damper study of this thesis, the

results of which are summarised in Table 7-1.

Table 7-1: Comparison of linear damping coefficgeat the wheel

Linear Lap Time
Evaluation Criterion CPL Analysis Approximation
Chapte 4 5.2 6.2.1
Damping Damping Damping Damping | Damping | Damping
Coefficient Ratio Coefficient Ratio Coefficient Ratio
(Ns/m) (Ns/m) (Ns/m)
Front 425(C 0.4¢ 320( 0.37 384( 0.44
Rea 300c 0.3¢ 200c 0.2t 240(¢ 0.2
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The first thing to note is the difference in dangpnatio between the results obtained by
the evaluation criterion, and those from the CPhlysis. This occurs because of the
inclusions of extra complexities such as aerodyndoads in the CPL analysis. Also,
the CPL analysis uses a different sweep of sineewaas an input to that of the
evaluation criterion. This highlights the importanaf using accurate input parameters
to a simulated vehicle model. It also shows howrsegly small changes of one or two
of the vehicle’s characteristics can have quiteramatic effect on the way that the

vehicle performs.

It should also be noted that the evaluation cdteriand CPL analysis both
underestimate the damping ratio required. This ecbecause both of these analyses
make the assumption that the vehicle is travelimg straight line, and therefore body
roll is unlikely to occur. When travelling aroundcacuit, however, body roll is a
significant issue, and needs to be controlled bygher damping ratio. This is why the
damping ratios of the linear lap time approximatiorfable 7-1 are higher than those

obtained through CPL analysis alone.

7.2 Non-Linear Damping

A summary of optimal non-linear damping ratios tbe front of the vehicle that are
obtained by the methods outlined in this thesismesented in Table 7-2. This table
also contains the damping ratios which have beegesied by Nowlan [8]. The

damper curves that these damping ratios require@rgared in Figure 7-1. From this
figure, it can be seen that different analysis mdshresult in different optimal damper
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curves. It is necessary to make a decision aboighwhethod is most appropriate for a

given circumstance.

Table 7-2: Comparison of damping ratios at thetfabtained by various methods

Lap time Damper
Front Damper Nowlan [8] optimisation histogram
Low Speed 0.5-1.2 1.41 1.05
Bump
High Speed 0.3-0.4 0.14 0.37
Low Speed 0.3-0.7 0.52 1.05
Rebound
High Speed 0.3-0.4 0.12 0.46

The first point to notice is that lap time optintisa using the ChassisSim optimisation
toolbox is extremely computationally intensive. usually requires several hundred
individual laps to be simulated, each of which take up to approximately 4 minutes,
depending on which track is being simulated and gdpeed of the computer. This
means, that most optimisations usually take betwHerand 20 hours to complete.
Although the optimisation is a great tool for sajtsome base values for the dampers, it

cannot be used during the race meeting itself totiene constraints.

98



Comparison between front damper curves

6000 -
Force (N)
4000 -
2000 -
-600 -400 = 200 400 600
-2000 - Damper Velocity (mm/s)
-4000 - Damper Histogram
= Lap Time Optimisation

-6000 -

Figure 7-1: Comparison of front damper curves olatdiby different methods

At the actual race meeting, conditions will chabgehe hour, requiring adjustments to
the vehicles parameters such as spring rates anody@@amic balance. These
adjustments will change the shape of the ideal @éaygw a much more efficient method
of optimising the damper curves is required. Tigiswhy the method of damper
histogram analysis was created. By knowing whapeatiae damper histogram should
be, the engineer can tune the damper until it tékissshape. Previous to simulation
packages such as ChassisSim being available, ¢weeen would simply take a “guess”
at what adjustment should be made. ChassisSimatlogvengineer to run as many laps
as required to ensure the histograms are corréatebthe actual vehicle even begins the

race.
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The damper histogram analysis of this thesis han bmnfined only to the front
dampers. This is because the optimal shape ofistegham for the front has already
been defined. To perform this analysis at the vweauld require the team to look at the
damper histograms of its actual logged data ofrda damper from laps at various
circuits where the vehicle performed well. Fronsttpatterns could be found and rules
defined for the optimal shape of the rear damp&iograms. Because race car teams are
typically quite secretive, the appropriate loggatihdcould not be collected for analysis

within this thesis.

Figure 7-2 shows the front damper histograms usiegdampers suggested by running
the optimisation toolbox for Willowbank Raceway. dpée the fact that this

configuration resulted in the fastest simulated lajs seen from a damper histogram
analysis that these dampers are not ideal. Thisdram is skewed towards the bump
side of the curve, with too much damping occuriimghe low speed bump region, and
too little occurring in the low speed rebound. Thsalso apparent from Figure 7-1,
where the damping force of the damper obtainedutiitdap time optimisation is very

low in rebound.

There are a number of explanations for this. Fetaimce, simply obtaining the fastest
single lap may come at the cost of the vehiclesopmance over the duration of the
race, if the vehicle wears out the tyres unnecdgsauickly. Also, increasing the
damping coefficients can increase the amount df heaerated by the tyre, which may
increase the tyre’s performance. Finally, in obtgjrthe lap times, ChassisSim assumes

that the driver’s skill is such that the vehicleid/en at the limit of traction at all times.
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By using extremely low damping ratios, as is theecan these lap time optimised

dampers, it may create an unpredictable vehicleevibés simply beyond the skill level

of the driver to remain at the limit of traction.

It is for all of these reasons that the damperoljistm analysis is used by race teams,

and is the best way of using the capabilities obimulation package such as

ChassisSim.
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Chapter 8 — Conclusion

8.1 Conclusion

The objectives of this thesis were to demonstratk evaluate a variety of different
methods which can be used to optimise the dampiagacteristics of a V8 Supercar,

and this is what has been done.

The way in which dampers can affect a vehicle teromisunderstood and confusing.
This paper has exemplified this, as each of theerdiht damper optimisation tools and
procedures have given quite different results t@atwh seemingly the same problem.
Therefore it is very important that the race cargjineer has a good understanding of
the dynamics of the system, so that they can allyicevaluate the results that are
obtained. This paper has provided the tools taudbthat. Computer simulation will not
replace the role of the vehicle’s engineer, as eepee is still required in order to

correctly interpret the results, and translate¢hesa competitive race car.

What has been sought throughout this paper isni the best method of choosing
damper curves. Most methods are iterative procsdule best of which is damper
histogram analysis. This is because it does ndtrely on the mathematics of the
system, but also accounts for other less quanifialbjectives, such as maintaining
driveability of the vehicle, and creating adequiagat in the tyres. It is also one of the

quicker analyses to perform, which can be very irtgyd during a race meeting.
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Damper histogram analysis can be performed usiegldgged data of the vehicle,
however this can be quite cumbersome. A much betithod of achieving this is
through the use of an accurate vehicle dynamicgrpm such as ChassisSim. This
program allows optimisation of the dampers befareviag at the track. This means
that the limited testing and practice time avadala race teams can be put to better use

by studying a different area of the vehicle.

By employing the techniques studied in this thasise teams can not only save a lot of
money by reducing the amount of track testing nexgli but they can also put
themselves at a big advantage relative to theirpediors for the race meeting by

arriving with a car which is already at close tdimal damper se-tup.

8.2 Future Work

After more than 100 years of research, the tunihga gace car's dampers is still
considered by many to be more of an art than axseieAs such, there is a lot of scope

for future research in this field.

Following on from this thesis in particular, futumerk needs to be carried out to further
increase the understanding of the optimal charstits for a damper histogram. This
may mean collecting data of histograms of the d&mnpers of a V8 Supercar, and

attempting to find patterns in these. It may alseam conducting a mathematical
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analysis to further justify the damper histogramesuhat are already being used for the

front of a V8 Supercar.

Another emerging area of race car damping is theceyat of frequency selective
dampers. These rely on the fact that undesirabldy bootions occur at a lower
frequency than the motions of the tyre following tlhad. By being frequency selective,
these dampers can supply a higher damping foraeiionise body roll, and a much
lower force to allow high frequency movements. T date, very little research has
been conducted on these, and there is a limitediaimiacnown about whether these can

be used to improve vehicle performance.
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Appendix A: Excerpt from “V8 Supercars Operations Manual Rules” [2]

C 9.4 Shock Absorbers
All Cars competing in the YCS must only be fitted with any of the Shock absorbers
designated in the following table:

Brand Model
Ohlins TT44 TTX 40* TT40 TTxAQ* MK
Penske a7e0 8765 ar7o TsSD-02*
Sachs™ Formula Matrix Formula Matrix TRD*
Kaoni 2822

* Shaft through design
** Teams using the Formula Matrix must utilise the adjuster block with Part No.

001706993019

The specified Shock Absorbers will be identified by the means of detailed drawings,

photographs and specifications held by TEGAMNE Supercars.
NQTE: For clarfication all shock absorbers listed must function as the manufacturer

intended. Any device or part or modification which changes it fLIﬂCtiOI'IEi”EE will deem

it illegal.

The Shock Absorbers must comply with the following requirements:

9.4.1
9.42

943

944

945
946

9.47
9.4.8

949

Adjustment of any shock absorber from the cockpit is forbidden;

All damper units must function independently of each other, i.e. no connections are

permitted between units;

Material may be removed from MacPherson strut towers solely in order to facilitate

the use of adjustable shock absorbers;

The shock absorber mounts on the body/chassis may be relocated within a 20 mm

radius of the approved point except where MacPherson strut suspension is

specified;

Where MacPherson Strut suspension is specified, the shock absorber mounts must

remain fixed as stated in the relevant V5D,

The use of electronically adjustable shock absorbers is forbidden;

Only one (1) shock absorber per wheel is permitted; and

Cnly four {4) shock absorber characteristics that can be adjusted from the outside of

each shock absorber are permitted, but this number does not include shock

absorber gas pressure adjustment.

For the Ford Falcon BA/BF and the Holden Commodore VY/NZAVE models only:

94591 The shock absorbers will be deemed to pivot and mount to the
body/chassis at the same point. The location of this point must comply with
all other parts of Rule C 9.4, and

9492 The coil springs fitted to the front and rear suspensﬁon must only be
mounted on the shock absorber in a “coil over® configuration, and

9493 The shock absorber / spring assembly fitted to the front suspension must
be mounted to the body/chassis as detailed in Rule C 9.4 and must attach
directly to the lower wishbone.

9494 The shock absorber / spring assembly fitted to the rear suspension must

be mounted to the body/chassis a5 detailed in Rule C 9.4 and must attach
directly to the rear axle assembly.

109



Appendix B: MATLAB Script

This appendix contains examples of some of the MABLm files that were written in

order to complete this thesis. This is not a coimpnsive list of every .m file used, the

remainder usually requiring only minor modificatsoinom those presented here.

B.1 Create FRF for unsprung mass of quarter car moel

% This MATLAB .m file determines the frequency resp

% unsprung mass for the 2DOF quarter car model. It
% function of amplitude of response against frequen
% displacements. It will graph the response with fo
% coefficients, and also calculate and report the d

clear all

% Spring and mass variables that can be altered by

ms=345; % Sprung mass (kg)
mu=50; % Unsprung mass (kg)
ks=55000; % Spring rate of suspension (N/m)

ku=305000; % Spring rate of tyre (N/m)

% The damping coefficients (N/m/s) that can be alte
c1=3484;
€2=4356;
c3=5227;
c4=6098;

cu=0; % Damping coefficient of tyre (N/m/s)

% Find the damping ratios

DRC1= (c1/(2*ms))*(sqrt(ms/ks));
DRC2= (c2/(2*ms))*(sqrt(ms/ks));
DRC3= (c3/(2*ms))*(sqrt(ms/ks));
DRC4= (c4/(2*ms))*(sqrt(ms/ks));

% Solve the frequency response of the system
f=[0:0.01:15];

p=size(f);

for n=1:p(2)

w(n)=2*pi*(f(n));

G(n)=abs(((-ms*(w(n))*2+ks+c1*j*w(n))*(ku+j*w(n)*
ku+ks+j*w(n)*(cu+cl))*(-ms*(w(n))*2+ks+c1**w

H(n)=abs(((-ms*(w(n))"2+ks+c2*j*w(n))*(ku+j*w(n)*
ku+ks+j*w(n)*(cu+c2))*(-ms*(w(n))*2+ks+c2**w

K(n)=abs(((-ms*(w(n))*2+ks+c3*j*w(n))*(ku+j*w(n)*
ku+ks+j*w(n)*(cu+c3))*(-ms*(w(n))*2+ks+c3**w

onse function of the
graphs the results as a
cy of road profile

ur different damping
amping ratios.

user

red by user

cu))/((-mu*(w(n)) 2+
(n)-(ks+c1*j*w())"2));
cu))/((-mu*(w(n)) 2+
(n))-(ks+c2*f*w())"2));
cu))/((-mu*(w(n)) 2+
(n)-(ks+c3*f*w(n))"2));
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L(n)=abs(((-ms*(w(n))"2+ks+c4*j*w(n))*(ku+j*w(n)* cu))/((-mu*(w(n))"2+
ku+ks+j*w(n)*(cu+c4))*(-ms*(w(n))"2+ks+c4*j*w (n))-(ks+c4**w(n))"2));
end

%PIlot the results
h=plot(f,G,f,H,f,K,f,L);

set(h, linewidth’ A);
xlabel( 'Frequency of Base Excitation (Hz)' , 'FontSize"  ,18);
ylabel(  ‘Transmissibility’ , 'FontSize"  ,18);
grid on;
h_legend=legend([ ‘Damping Ratio =" ,num2str(DRC1, '%.2f" )],
[ 'Damping Ratio =" ,num2str(DRC2, '%.2f" )],
[ 'Damping Ratio =" ,num2str(DRC3, '%.2f" )],
[ 'Damping Ratio =" ,num2str(DRC4, '%.2f" )]);
set(h_legend, 'FontSize" ,16);
h_title=title .
(  'Ratio of amplitude of unsprung mass to amplitude o f road profile’ );
set(h_title, 'FontSize' ,20);
h_axis=gca;

set(h_axis, 'FontSize' ,16);

B.2  Create FRF for front unsprung mass of half camodel

% This MATLAB file determines the frequency respons e function of the

% front unsprung mass for the 4DOF half car model. It graphs the results as a
% function of amplitude of response against frequen cy of road profile

% displacements. It will graph the response with fo ur different damping

% coefficients, and also calculate and report the d amping ratios.

clear all

% Mass variables that can be altered by user

ms=630; % Unsprung mass of half of vehicle

mul=50; % Sprung mass of front wheel and suspension element S
mu2=83; % Sprung mass of rear wheel and suspension elements

Is=250; % Moment of inertia about centre of gravity

wdf=0.518; % Weight distribution at the front

% Vehicle length
1f=1.3; % horizontal distance between C of G and front susp ension
Ib=1.5; % horizontal distance between C of G and rear suspe nsion

% Spring variables that can be altered by user
k1s=55000; % Spring rate front suspension (N/m)
k2s=55000; % Spring rate rear suspension (N/m)
k1u=305000; % Spring rate front tyre (N/m)
k2u=305000; % Spring rate rear tyre (N/m)

% Damping coefficients that can be altered by user for each of the four
% cases

% Front

¢1s1=3000;
¢c1s2=4500;
¢1s3=6000;
¢c1s4=7500;
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% Rear

€2s1=3000;
€2s2=4500;
€2s3=6000;
€2s4=7500;

clu=0; % Damping Coefficient front tyre (N/m/s)
c2u=0; % Damping Coefficient rear tyre (N/m/s)

% Solve for FRF of case 1
cls=clsl;
c2s=c2sl1;

%Find damping ratios
DRCF1=(cls/(2*ms*wdf))*(sqrt(ms*wdf/(k1s)));
DRCR1=(c2s/(2*ms*(1-wdf)))*(sqrt(ms*(1-wdf)/(k2s)))

f=[0:0.01:30];
p=size(f);
for n=1:p(2)

w(n)=2*pi*(f(n));

% Matrix elements
all=-mul*(w(n))"2+klu+kls+j*w(n)*(clu+cls);
al2=0;
al3=-kls-j*w(n)*cls;
ald=kls*If+j*w(n)*cls*If;
a21=0;
a22=-mu2*(w(n))"2+k2u+k2s+j*w(n)*(c2u+c2s);
a23=-k2s-j*w(n)*c2s;
a24=-k2s*Ib-j*w(n)*c2s*lb;
a31=-k1s-j*w(n)*cls;
a32=-k2s-j*w(n)*c2s;
a33=-ms*(w(n))"2+k1s+k2s+j*w(n)*(cls+c2s);
a34=-k1s*lf+k2s*Ib+j*w(n)*(c2s*lb-c1s*If);
adl1=k1s*If+j*w(n)*cls*If,
a42=-k2s*Ib-j*w(n)*c2s*Ib;
a43=-k1s*If+k2s*Ib+j*w(n)*(c2s*Ib-c1s*If);
ad4=-1s*(w(n))"2+k1s*If 2+k2s*Ib"2+j*w(n)*(cls*
z1=klu+j*w(n)*clu;
z2=k2u+j*w(n)*c2u;

G(n)=abs((z1*a22*a33*a44-z1*a22*a34*a43-z1*a32*
z1*a32*a24*ad43+z1*a42*a23*a34-z1*a42*a24*a3
z2*a32*ald*ad3-z2*ad42*al3*a34+z2*a42*ald*a3
all*a22*a34*a43-all*a32*a23*ad4+all*a32*a24
all*a42*a23*a34-all*ad42*a24*a33-a31*a22*al3
a3l*a22*ald4*a43+a3l*ad42*al3*a24-a31*a42*all
adl*a22*al3*a34-a41*a22*al4*a33-a41*a32*al3

end

% Case 2

cls=cls2;

c2s=c2s2;
DRCF2=(cls/(2*ms*wdf))*(sqrt(ms*wdf/(k1s)));
DRCR2=(c2s/(2*ms*(1-wdf)))*(sqrt(ms*(1-wdf)/(k2s)))

f=[0:0.01:30];
p=size(f);
for n=1:p(2)

w(n)=2*pi*(f(n));

[fA2+c2s*1b"2);

a23*ad4+ ...
3+z2*a32*al3*ad4-
3)/(all*a22*a33*ad4-
*ad3+ ...

*add+ ...

*a23+ ...
*a24+a4l1*a32*ald*a23));
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% Matrix elements
all=-mul*(w(n))"2+klu+kls+j*w(n)*(clu+cls);
al2=0;
al3=-kls-j*w(n)*cls;
ald=k1ls*If+j*w(n)*cls*If;
a21=0;
a22=-mu2*(w(n))"2+k2u+k2s+j*w(n)*(c2u+c2s);
a23=-k2s-j*w(n)*c2s;
a24=-k2s*Ib-j*w(n)*c2s*lb;
a31=-k1s-j*w(n)*cls;
a32=-k2s-j*w(n)*c2s;
a33=-ms*(w(n))"2+k1s+k2s+j*w(n)*(cls+c2s);
a34=-k1s*lf+k2s*Ib+j*w(n)*(c2s*lb-c1s*If);
ad1=k1s*If+j*w(n)*cls*If;
a42=-k2s*Ib-j*w(n)*c2s*Ib;
a43=-k1s*If+k2s*Ib+j*w(n)*(c2s*lb-c1s*If);
ad4=-1s*(w(n))"2+k1s*If"2+k2s*Ib"2+j*w(n)*(c1s*
z1=klu+j*w(n)*clu;
z2=k2u+j*w(n)*c2u;

H(n)=abs((z1*a22*a33*a44-z1*a22*a34*a43-z1*a32*
z1*a32*a24*ad43+z1*a42*a23*a34-z1*a42*a24*a3
z2*a32*al4*ad3-z2*a42*al3*a34+z2*a42*al4*a3
all*a22*a34*a43-all*a32*a23*ad4+all*a32*a24
all*a42*a23*a34-all*ad2*a24*a33-a31*a22*al3
a3l*a22*ald4*a43+a3l*ad42*al3*a24-a31*a42*all
adl*a22*al3*a34-a41*a22*al4*a33-a41*a32*al3

end

%Case 3

cls=cls3;

c2s=c2s3;
DRCF3=(cls/(2*ms*wdf))*(sqrt(ms*wdf/(k1s)));
DRCR3=(c2s/(2*ms*(1-wdf)))*(sqrt(ms*(1-wdf)/(k2s)))

f=[0:0.01:30];
p=size(f);
for n=1:p(2)

w(n)=2*pi*(f(n));

% Matrix elements
all=-mul*(w(n))*2+klu+kls+j*w(n)*(clu+cls);
al2=0;
al3=-kls-j*w(n)*cls;
ald=k1ls*If+j*w(n)*cls*If;
a21=0;
a22=-mu2*(w(n))"2+k2u+k2s+j*w(n)*(c2u+c2s);
a23=-k2s-j*w(n)*c2s;
a24=-k2s*Ib-j*w(n)*c2s*lb;
a31=-k1s-j*w(n)*cls;
a32=-k2s-j*w(n)*c2s;
a33=-ms*(w(n))"2+k1s+k2s+*w(n)*(cls+c2s);
a34=-k1s*lf+k2s*Ib+j*w(n)*(c2s*lb-c1s*If);
ad1=k1s*If+j*w(n)*cls*If;
a42=-k2s*Ib-j*w(n)*c2s*Ib;
a43=-k1s*lf+k2s*Ib+j*w(n)*(c2s*lb-c1s*If);
ad4=-1s*(w(n))"2+k1s*If"2+k2s*Ib"2+j*w(n)*(c1s*
z1=klu+j*w(n)*clu;
z2=k2u+j*w(n)*c2u;

K(n)=abs((z1*a22*a33*ad44-z1*a22*a34*a43-z1*a32*
z1*a32*a24*ad43+z1*a42*a23*a34-z1*a42*a24*a3
z2*a32*ald*ad3-z2*ad42*al3*a34+z2*a42*ald*a3

[fA2+c2s*Ib"2);

a23*ad4+ ...
3+z2*a32*al3*ad4- ...
3)/(all*a22*a33*ad4-
*ad3+ ...

*add+ ...

*a23+ ...
*a24+a4l1*a32*ald*a23));

[fA2+c2s*Ib"2);

a23*ad4+ ...
3+z2*a32*al3*ad4-
3)/(all*a22*a33*ad4-
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all*a22*a34*a43-all*a32*a23*ad4+all*a32*a24

all*a42*a23*a34-all*ad2*a24*a33-a31*a22*al3

a3l*a22*al4*ad43+a31*ad42*al3*a24-a31*a42*ald

adl*a22*al3*a34-a41*a22*al4*a33-a41*a32*al3
end

% Case 4

cls=cls4;

c2s=c2s4;
DRCF4=(cls/(2*ms*wdf))*(sqrt(ms*wdf/(k1s)));
DRCR4=(c2s/(2*ms*(1-wdf)))*(sqrt(ms*(1-wdf)/(k2s)))

f=[0:0.01:30];
p=size(f);
for n=1:p(2)

w(n)=2*pi*(f(n));

% Matrix elements
all=-mul*(w(n))*2+klu+kls+j*w(n)*(clu+cls);
al2=0;
al3=-kls-j*w(n)*cls;
ald=kls*If+j*w(n)*cls*If;
a21=0;
a22=-mu2*(w(n))"2+k2u+k2s+j*w(n)*(c2u+c2s);
a23=-k2s-j*w(n)*c2s;
a24=-k2s*Ib-j*w(n)*c2s*lb;
a31=-k1s-j*w(n)*cls;
a32=-k2s-j*w(n)*c2s;
a33=-ms*(w(n))"2+k1s+k2s+j*w(n)*(cls+c2s);
a34=-k1s*lf+k2s*Ib+j*w(n)*(c2s*lb-c1s*If);
ad1=k1s*If+j*w(n)*cls*If,
a42=-k2s*Ib-j*w(n)*c2s*Ib;
a43=-k1s*lf+k2s*Ib+j*w(n)*(c2s*lb-c1s*If);
ad4=-1s*(w(n))"2+k1s*If"2+k2s*Ib"2+j*w(n)*(c1s*
z1=klu+j*w(n)*clu;
z2=k2u+j*w(n)*c2u;

L(n)=abs((z1*a22*a33*ad4-z1*a22*a34*a43-z1*a32*
z1*a32*a24*ad43+z1*a42*a23*a34-z1*a42*a24*a3
z2*a32*ald*ad3-z2*ad2*al3*a34+z2*a42*ald*a3
all*a22*a34*a43-all*a32*a23*ad4+all*a32*a24
all*a42*a23*a34-all*ad2*a24*a33-a31*a22*al3
a3l*a22*ald4*a43+a3l*ad42*al3*a24-a31*a42*all
adl*a22*al3*a34-a41*a22*al4*a33-a41*a32*al3

end

% Plot the results
h=plot(f,G,f,H,f,K,f,L);

*ad3+ ...
*add+ ...
*a23+ ...
*a24+a4l1*a32*ald*a23));

[fA2+c2s*1b"2);

a23*ad4+ ...
3+z2*a32*al3*ad4-
3)/(all*a22*a33*ad4-
*ad3+ ...

*add+ ...

*a23+ ...
*a24+a4l1*a32*ald*a23));

set(h, linewidth' A);

xlabel( 'Frequency of Base Excitation (Hz)' , 'FontSize'  ,18);

ylabel(  "Transmissibility’ , 'FontSize'  ,18);

grid on;

h_legend=legend([ 'CdF =" ,num2str(clsl), ‘N/m" , ", CdR =" ,num2str(c2s1l),

‘N/m' , "' DRF =" ,num2str(DRCF1, '%.2f" ), ', DRR=" -

num2str(DRCR1, '%.2f ), 'CdF=',num2str(cls2), 'N/m' ,', CdR =" ,
num2str(c2s2), 'N/m' , " DRF =" ,num2str(DRCF2, '%.2f ), ,DRR=" ,
num2str(DRCR?2, '%.2f ), 'CdF="' ,num2str(cls3), 'N/m' ,', CdR =" L
num2str(c2s3), 'N/m' , " DRF =" ,num2str(DRCF3, '%.2f ), ,DRR=" L
num2str(DRCR3, '%.2f ), 'CdF=',num2str(cls4), 'N/m' ,', CdR =" ,
num2str(c2s4), ‘N/m' , " DRF =" ,num2str(DRCF4, '%.2f ), ,DRR=" ,
num2str(DRCR4, '%.2f )], 'Location' , 'SouthWest' );

set(h_legend, 'FontSize' ,16);

h_title=title

('Ratio of amplitude of front unsprung mass to road

profile displacements'
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set(h_title, 'FontSize'  ,20);
h_axis=gca;
set(h_axis, 'FontSize' ,16);

B.3  Evaluation criterion for half car model versusdamping coefficient

% This .m file evaluates and plots the value of the "evaluation criterion”
% (R) for the half car model over a range of differ ent damping

% coefficients. By choosing the damper with the low est value of R, we will
% obtain maximum road holding performance for this system.

% It makes the assumption that the damping coeffici ent at the front and

% rear are equal.

clear all

% Model variables

ms=630; % Sprung mass (kg)

mul=50; % Unsprung mass front (kg)

mu2=83; % Unsprung mass rear (kg)

k1s=55000; % Suspension spring rate front (N/m)
k2s=55000; % Suspension spring rate rear (N/m)

k1u=305000; % Spring rate of front tyre (N/m)
k2u=305000; % Spring rate of rear tyre (N/m)

clu=0; % Damping coefficient of front tyre (N/m/s)

c2u=0; % Damping coefficient of rear tyre (N/m/s)

1f=1.3; % horizontal distance between C of G and front susp ension
Ib=1.5; % horizontal distance between C of G and rear suspe nsion
1s=250; % Moment of inertia about centre of gravity

wdf=0.518; % Weight distribution at the front

a=46.85*10"-4; % Road roughness coefficient

b=0.19; % Wavelength distribution coefficient

% Solve for R for each value of shock absorber damp ing coefficient
d=[1000:20:8000];

g=size(d);

h=0.01;

% Find R-value of front tyre
for m=1:q(2)

cs(m)=d(m);

tsum=0;

cls=cs(m);
c2s=cs(m);

hz=[1:0.01:25];
p=size(hz);

for n=1:p(2)

f(n)=hz(n)-1;
w(n)=2*pi*(f(n));

% Matrix elements
all=-mul*(w(n))*2+klu+kls+j*w(n)*(clu+cls);
al2=0;
al3=-k1ls-j*w(n)*cls;
ald=k1s*If+j*w(n)*cls*If;
a21=0;
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a22=-mu2*(w(n))"2+k2u+k2s+j*w(n)*(c2u+c2s);
a23=-k2s-j*w(n)*c2s;
a24=-k2s*Ib-j*w(n)*c2s*lb;
a31=-kls-j*w(n)*cls;

a32=-k2s-j*w(n)*c2s;
a33=-ms*(w(n))"2+k1s+k2s+*w(n)*(cls+c2s);
a34=-k1s*If+k2s*Ib+j*w(n)*(c2s*Ib-c1s*If);
ad1=k1ls*If+j*w(n)*cls*If;
a42=-k2s*Ib-j*w(n)*c2s*Ib;
a43=-k1s*If+k2s*Ib+j*w(n)*(c2s*Ib-c1s*If);
ad4=-1s*(w(n))"2+k1s*fr2+k2s*Ib"2-+*w(n)*(
z1=klu+j*w(n)*clu;

z2=k2u+j*w(n)*c2u;

G(n)=a*exp(-b*f(n));
Z1bar(n)=sqrt(-(a/b)*(exp(-b*(f(n)+(h/2)))-

%FRF of front unsprung mass
Z(n)=abs((z1*a22*a33*ad4-z1*a22*a34*a43-z1*
z1*a32*a24*ad43+z1*a42*a23*a34-z1*a42*a24*a3
z2*a32*ald*ad3-z2*ad42*al3*a34+z2*a42*ald*a3
all*a22*a34*a43-all*a32*a23*ad4+all*a32*a24
all*a42*a23*a34-all*ad2*a24*a33-a31*a22*al3
a3l*a22*ald4*a43+a3l*ad42*al3*a24-a31*a42*all
adl*a22*al3*a34-a41*a22*al4*a33-a41*a32*al3

Z2bar(n)=Z(n)*Z1bar(n);
suml=(Z1lbar(n)-Z2bar(n))"2;
tsum=tsum+sum1;

end

answ(m)=sqrt(tsum);
resf(m)=(answ(m)*k1u)/((ms*wdf+mul)*9.18);

end

% Find R-value of rear tyre
for m=1:.q(2)

cs(m)=d(m);
tsum=0;
cls=cs(m);
c2s=cs(m);

hz=[1:0.01:25];
p=size(hz);
for n=1:p(2)

f(n)=hz(n)-1;
w(n)=2*pi*(f(n));

% Matrix elements
all=-mul*(w(n))"2+klu+kls+j*w(n)*(clu+cls);
al2=0;
al3=-kls-j*w(n)*cls;
al4=k1ls*If+j*w(n)*cls*If;
a21=0;
a22=-mu2*(w(n))"2+k2u+k2s+j*w(n)*(c2u+c2s);
a23=-k2s-j*w(n)*c2s;
a24=-k2s*Ib-j*w(n)*c2s*Ib;
a31=-k1s-j*w(n)*cls;
a32=-k2s-j*w(n)*c2s;
a33=-ms*(w(n))"2+k1s+k2s+*w(n)*(cls+c2s);
a34=-k1s*lf+k2s*Ib+j*w(n)*(c2s*Ib-c1s*If);

cls*ir2+c2s*1b"2);

exp(-b*(f(n)-(h/2)))));

a32*a23*ad4+
3+z2*a32*al3*ad4-
3)/(all*a22*a33*ad4-
*ad3+ ...

*ad4+ ...

*a23+ ...
*a24+a4l1*a32*ald*a23));
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adl=k1s*If+j*w(n)*cls*If;

a42=-k2s*Ib-j*w(n)*c2s*lb;

a43=-k1s*If+k2s*Ib+j*w(n)*(c2s*Ib-c1s*If);
ad4=-1s*(w(n))"2+k1s*f"2+k2s*Ib"2+j*w(n)*( cls*li*2+c2s*b"2);
z1=klu+j*w(n)*clu;

z2=k2u+j*w(n)*c2u;

G(n)=a*exp(-b*f(n));

Z1bar(n)=sqrt(-(a/b)*(exp(-b*(f(n)+(h/2)))- exp(-b*(f(n)-(h/2)))));

% FRF of rear unsprung mass
Z(n)=abs((z1*a31*a23*ad44-z1*a31*a24*a43-z1* a41*a23*a34+
z1*ad41*a24*a33+z2*all*a33*a44-z2*all*a34*a4 3-z2*a31*al3*a44+ ...
z2*a31*al4*ad3+z2*ad41*al3*a34-z2*a4l*ald*a3 3)/(all*a22*a33*ad4-
all*a22*a34*a43-all*a32*a23*ad4+all*a32*a24 *ad3+ ...
all*a42*a23*a34-all*ad2*a24*a33-a31*a22*al3 *add+ ...
a3l*a22*ald4*a43+a3l*ad42*al3*a24-a31*a42*all *a23+ ...
adl*a22*al3*a34-a41*a22*al4*a33-a41*a32*al3 *a24+ ...
a41*a32*al4*a23));

Z2bar(n)=Z(n)*Z1bar(n);
suml=(Z1lbar(n)-Z2bar(n))"2;
tsum=tsum+sum1;

end

answ(m)=sqrt(tsum);
resr(m)=(answ(m)*k2u)/((ms*(1-wdf)+mu2)*9.18);

end

% Plot the results
h=plot(d,resf,d,resr);

set(h, ‘linewidth' A);

xlabel( 'Damping coefficient (N/m/s)' , 'FontSize'  ,18);

ylabel( 'Evaluation Criterion (R)' , 'FontSize'  ,18);

grid on;

h_title=title( "Evaluation Criterion" for half car model' );
set(h_title, 'FontSize' ,20);

h_legend=legend(  'Front Tyre' , 'Rear Tyre' );

set(h_legend, 'FontSize' ,16);

h_axis=gca;

set(h_axis, 'FontSize' ,16);

B.4  Use evaluation criterion to optimise damping tethe front

% This .m file uses a set value for the damping coe fficient of the rear
% shock absorber, and evaluates the value of 'R' wh ile the front shock
% absorber is varied.

clear all

% Model variables

ms=630; % Sprung mass (kg)

mul=50; % Unsprung mass front (kg)

mu2=83; % Unsprung mass rear (kg)

k1s=55000; % Suspension spring rate front (N/m)
k2s=55000; % Suspension spring rate rear (N/m)

k1u=305000; % Spring rate of front tyre (N/m)
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k2u=305000; % Spring rate of rear tyre (N/m)

clu=0; % Damping coefficient of front tyre (N/m/s)

c2u=0; % Damping coefficient of rear tyre (N/m/s)

1f=1.3; % horizontal distance between C of G and front susp ension
Ib=1.5; % horizontal distance between C of G and rear suspe nsion
1s=250; % Moment of inertia about centre of gravity

wdf=0.518; % Weight distribution at the front

a=46.85*10"-4; % Road roughness coefficient

b=0.19; % Wavelength distribution coefficient

€2s=3000; % Damping coefficient rear suspension

% Solve for R for each value of shock absorber damp ing coefficient
d=[1000:20:8000];

g=size(d);

h=0.01;

% Find R-value of front tyre
for m=1:q(2)

cs(m)=d(m);

tsum=0;

cls=cs(m);

hz=[1:0.01:25];
p=size(hz);

for n=1:p(2)

f(n)=hz(n)-1;
w(n)=2*pi*(f(n));

% Matrix elements
all=-mul*(w(n))"2+klu+kls+j*w(n)*(clu+cls);
al2=0;
al3=-kls-j*w(n)*cls;
ald=kls*If+j*w(n)*cls*If;
a21=0;
a22=-mu2*(w(n))"2+k2u+k2s+j*w(n)*(c2u+c2s);
a23=-k2s-j*w(n)*c2s;
a24=-k2s*Ib-j*w(n)*c2s*Ib;
a31=-kls-j*w(n)*cls;
a32=-k2s-j*w(n)*c2s;
a33=-ms*(w(n))"2+k1s+k2s+*w(n)*(cls+c2s);
a34=-k1s*lf+k2s*Ib+j*w(n)*(c2s*Ib-c1s*If);
ad1=k1ls*If+j*w(n)*cls*If;
a42=-k2s*Ib-j*w(n)*c2s*lb;
a43=-k1s*If+k2s*Ib+j*w(n)*(c2s*Ib-c1s*If);
ad4=-1s*(w(n))"2+k1s*f"2+k2s*Ib 2 +j*w(n)*( cls*lf*2+c2s*b"2);
z1=klu+j*w(n)*clu;
z2=k2u+j*w(n)*c2u;

G(n)=a*exp(-b*f(n));

Z1bar(n)=sqrt(-(a/b)*(exp(-b*(f(n)+(h/2)))- exp(-b*(f(n)-(h/2)))));
%FRF of front unsprung mass
Z(n)=abs((z1*a22*a33*ad4-z1*a22*a34*a43-z1* a32*a23*ad4+ ...
z1*a32*a24*ad43+z1*a42*a23*a34-z1*a42*a24*a3 3+z2*a32*al3*a44-
z2*a32*ald*ad3-z2*a42*al3*al34+z2*ad42*al4*a3 3)/(all*a22*a33*ad4-
all*a22*a34*a43-all*a32*a23*ad4+all*a32*a24 *ad3+ ...
all*a42*a23*a34-all*ad42*a24*a33-a31*a22*al3 *add+ ...
a3l*a22*ald4*a43+a3l*ad42*al3*a24-a31*a42*all *a23+ ...
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adl*a22*al3*a34-a41*a22*al4*a33-a41*a32*al3
Z2bar(n)=Z(n)*Z1bar(n);
suml=(Z1lbar(n)-Z2bar(n))"2;

tsum=tsum+sum1;

end

answ(m)=sqrt(tsum);
resf(m)=(answ(m)*k1u)/((ms*wdf+mul)*9.18);

end

% Plot the results
h=plot(d,resf);

set(h, 'linewidth' A);

xlabel( 'Damping coefficient (N/m/s)' , 'FontSize'
ylabel( 'R' , 'FontSize' ,18);

grid on;

h_title=title( "Evaluation Criterion" for half car model'
set(h_title, 'FontSize' ,20);

str= 'R value of front tyre' ;

str2=[ 'With damping coefficient of rear suspension set at
"N/m/s' ;

h_legend=legend(strvcat(str,str2));

set(h_legend, 'FontSize' ,16);

h_axis=gca;

set(h_axis, 'FontSize' ,16);

*a24+a4l1*a32*ald*a23));

,18);

numa2str(c2s)...

B.5 Create damper histograms from ChassisSim logdealata

clear all

%Loads the ChassisSim output file
load wbank 1.txt

%Loads vectors from ChassisSim output file
% 2 = time in seconds

% 7 = front left damper position in mm
% 8 = front right damper position in mm
% 9 = rear left damper position in mm
% 10 = rear right damper position in mm
time = wbank_1(:,2);

FL = wbank_1(:,7);

FR = wbank_1(:,8);

RL = wbank_1(;,9);

RR =wbank_1(:,10);
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%Set the bypass velocities (in mm/s)
bpvf=15.2;
bpvr=24.1;

%FRONT LEFT

%Differentiates damper position discretely for each
%create velocity vector

length=size(time);

tot=length(1);

total=tot-1;

for n=1:total;
vel(n)=(FL(n+1)-FL(n))/(time(n+1)-time(n));

end

vel(tot)=0;

%draws histogram

figure(1);

subplot(2,1,1);

$=-290:4:290;

[N, X] = hist(vel, s);

h=bar(X, (N./sum(N))*100,1);

titte( 'FRONT LEFT' , 'fontsize' ,16);

xlabel(  'Velocity (mm/s)' , 'fontsize' ,16);
ylabel( 'Percentage of time' , 'fontsize' ,16);
h_axis=gca;

set(h_axis, 'FontSize' ,14);

xpos=xlim;
ypos=ylim;

%finds and reports percentage of low speed bump
Isb=-(bpvf/2):bpvf:(bpvf*1.5);

[N, X] = hist(vel, Isb);

LSBP=(N(2)/sum(N))*100;

str= 'Low speed BUMP %' ;

str2=[ ' num2str(LSBP)];
text(xpos(2)-150,ypos(2)-1,strvcat(str,str2),

%finds and reports percentage low speed rebound
Isr=-(bpvf*1.5):bpvf:(bpvf/2);

[N, X] = hist(vel, Isr);

LSRP=(N(2)/sum(N))*100;

str= 'Low speed REBOUND %" ;

str2=[ ' num2str(LSRP)];
text(xpos(1)+40,ypos(2)-1,strvcat(str,str2),

lapt=time(tot);
text(-170,4.5, "Track = WILLOWBANK

' Est lap time = ,num2str(lapt,
], 'fontsize' ,16);

time step to
‘fontsize' ,16);
‘fontsize' ,16);
'%.2f ), 'S’
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%Differentiates damper position discretely for each
%create velocity vector

for n=1:total;
vel(n)=(FR(n+1)-FR(n))/(time(n+1)-time(n));

end

vel(tot)=0;

%draws histogram
subplot(2,1,2);

$=-290:4:290;

[N, X] = hist(vel, s);

h=bar(X, (N./sum(N))*100,1);

titte( 'FRONT RIGHT" , ‘fontsize' ,16);

xlabel(  'Velocity (mm/s)' , 'fontsize' ,16);

ylabel( 'Percentage of time' , 'fontsize'
h_axis=gca;
set(h_axis, 'FontSize' ,14);

xpos=xlim;
ypos=ylim;

%finds and reports percentage of low speed bump
Isb=-(bpvf/2):bpvf:(bpvf*1.5);

[N, X] = hist(vel, Isb);

LSBP=(N(2)/sum(N))*100;

str= 'Low speed BUMP %'

str2=[ ' num2str(LSBP)];
text(xpos(2)-150,ypos(2)-1,strvcat(str,str2),

%finds and reports percentage low speed rebound
Isr=-(bpvf*1.5):bpvf:(bpvf/2);

[N, X] = hist(vel, Isr);

LSRP=(N(2)/sum(N))*100;

str= 'Low speed REBOUND %'

str2=[ ' num2str(LSRP)];
text(xpos(1)+40,ypos(2)-1,strvcat(str,str2),

%Differentiates damper position discretely for each

%create velocity vector

for n=1:total;
vel(n)=(RL(n+1)-RL(n))/(time(n+1)-time(n));

end

vel(tot)=0;

%draws histogram
figure(2);
subplot(2,1,1);
$=-290:4:290;

‘fontsize'

‘fontsize'

time step to

,16);

,16);

time step to
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[N, X] = hist(vel, s);
h=bar(X, (N./sum(N))*100,1);

titte( 'REAR LEFT' , ‘fontsize’ ,16);

xlabel(  'Velocity (mm/s)' , 'fontsize' ,16);
ylabel( 'Percentage of time' , 'fontsize' ,16);
h_axis=gca;

set(h_axis, 'FontSize' ,14);

xpos=xlim;
ypos=ylim;

%finds and reports percentage of low speed bump
Isb=-(bpvr/2):bpvr:(bpvr*1.5);

[N, X] = hist(vel, Isb);

LSBP=(N(2)/sum(N))*100;

str= 'Low speed BUMP %'

str2=[ ' num2str(LSBP)];
text(xpos(2)-150,ypos(2)-1,strvcat(str,str2), ‘fontsize' ,16);

%finds and reports percentage low speed rebound
Isr=-(bpvr*1.5):bpvr:(bpvr/2);

[N, X] = hist(vel, Isr);

LSRP=(N(2)/sum(N))*100;

str= 'Low speed REBOUND %'

str2=[ ' num2str(LSRP)];
text(xpos(1)+40,ypos(2)-1,strvcat(str,str2), ‘fontsize' ,16);
%Differentiates damper position discretely for each time step to
%create velocity vector
for n=1:total;

vel(n)=(RR(n+1)-RR(n))/(time(n+1)-time(n));
end
vel(tot)=0;

%draws histogram
subplot(2,1,2);

$=-290:4:290;

[N, X] = hist(vel, s);

h=bar(X, (N./sum(N))*100,1);

titte( 'REAR RIGHT' , ‘fontsize’ ,16);

xlabel(  'Velocity (mm/s)' , 'fontsize' ,16);
ylabel( 'Percentage of time' , 'fontsize' ,16);
h_axis=gca;

set(h_axis, 'FontSize' ,14);

xpos=xlim;
ypos=ylim;

%finds and reports percentage of low speed bump
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Isb=-(bpvr/2):bpvr:(bpvr*1.5);

[N, X] = hist(vel, Isb);
LSBP=(N(2)/sum(N))*100;

str= 'Low speed BUMP %'

str2=[ ' num2str(LSBP)];
text(xpos(2)-150,ypos(2)-1,strvcat(str,str2),

%finds and reports percentage low speed rebound
Isr=-(bpvr*1.5):bpvr:(bpvr/2);

[N, X] = hist(vel, Isr);

LSRP=(N(2)/sum(N))*100;

str= 'Low speed REBOUND %" ;

str2=[ ' num2str(LSRP)];
text(xpos(1)+40,ypos(2)-1,strvcat(str,str2),

‘fontsize'

‘fontsize'

,16);

,16);

123



