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Kurzfassung

Fur die erfolgreiche Auslegung eines technischen Systsmasi wichtig, sein dynamisches
Verhalten zu kennen. Die Verwendung von Simulationsmedetitellt dazu einen der besten
Zugange dar. Hierzu ist es winschenswert, eine Reihe vonl&ionsmodellen mit unter-
schiedlichem Detaillierungsgrad sowie zuverlassige tiege zwischen den verschiedenen
Modellebenen zur Verfigung zu haben [43].

Das Konzept des Einspurmodells wurde zuerst von Riekert chdr&k beschrieben [46] und
ferner in Untersuchungen durch Ammon [1], Kobetz [20] undjMkov [34] weiterentwickelt
(siehe auch Kapitel 4). Dieses Modellkonzept spielt bsreihe wichtige Rolle bei der Si-
mulation des Fahrverhaltens und der allgemeinen Bescmgitber Fahrdynamik. Ein grol3er
Vorteil dieses Modellansatzes besteht darin, dass seirgelparameter mit Hilfe von fahr-
dynamischen Messungen bestimmt werden kénnen. Das Maakadhbeibt dartiber hinaus das
Fahrverhalten in einer Vielzahl von Fahrmandévern und istaeisgezeichnetes Werkzeug fur
den Aufbau eines Verstandnisses der Fahrdynamik (sielte zaBc die Untersuchungen von
Mitschke [36]). Allerdings werden die Modellparameter isstark durch die Fahrzeugkon-
figuration (Beladungszustand, Bereifung, usw.) und Fahdestgnmung (z.B. Kinematik
oder Stabilisatorsteifigkeit) wahrend der Messungen lfleest. Sobald eine andere Fahrzeug-
konfiguration oder -abstimmung von Interesse ist, sind augtle Messungen notwendig, um
neue Modellparameter bestimmen zu kdnnen.

Das Hauptziel dieser Arbeit ist die Weiterentwicklung da@sspurmodells, so dass das Modell
auch bei einer Extrapolation auf unterschiedliche Fatgkenfigurationen und -abstimmungen
verwendet werden kann, wodurch die oben genannten Nazlitedrwunden sind. Die ent-
wickelten Modellerweiterungen sollen eine Extrapolatomunterschiedliche Reifen- und Fahr-
werkseigenschaften (wie z.B. unterschiedliche Stabdrs&ifigkeit oder ein anderes Wank-
steuern) durch Anpassung von Parameterwerten im Modellleen. Das Modell soll auch
eine Extrapolation auf verschiedene Beladungsvariantemsgkl und Massenverteilung) mit
einfachen Ansatzen zulassen. Um dies zu realisieren, sendodderen und hinteren Seiten-
kraftkennlinien durch eirfFahrwerk-Reifen-Wirkungsmodedisetzt worden, in welchem die
Eigenschaften des Reifens und die Eigenschaften der Radauiihgi in eigenstandigen Teil-
modellen behandelt werden. Als Eingang fur die TeilmodeédeRadaufhédngung dienen Fahr-
zeugbewegungsgrofRen. Diese Teilmodelle berechnen di&alen Radlasten, den Reifen-
sturzwinkel und den Schraglaufwinkel, welche ferner afgggben fir das Reifenmodéflagic
Formula MF-Tyre model Version 5]&1] verwendet werden. Schliel3lich werden die Seiten-
krafteF,; und die Rickstellmomentd; des Reifens ermittelt und in einem Synthese-Element
in eine vordere und hintere Achsseitenkraft Gbertrageninuden Bewegungsgleichungen des



Einspurmodells verwendet werden zu kénnen.

In den weiteren Abschnitten wird ein Verfahren zur Bestimmuier Parameter des erwei-
terten Einspurmodells vorgestellt und eine Modellvalidiey durchgefiihrt, um die erreichte
Genauigkeit festzustellen. Anstelle reale fahrdynamas@lessungen zu verwenden, werden
virtuelle Messungen an dem detaillierten MKS-Modell CASCADE durchgeflhrt. Die Ver-
wendung von Simulationen statt Messungen erlaubt die tellvéire und grindliche Unter-
suchung, wie verschiedene Fahrzeugkonfigurationen otstiramungen das Fahrverhalten
beeinflussen. Dartber hinaus sind die erstellten Ergebregsoduzierbar, und Verfalschungen
der Messdaten werden vermieden oder bei Bedarf synthetisztdefligt.

Schlief3lich wird die Extrapolationsfahigkeit des entvattkn Modells untersucht. Zuerst wird
gezeigt, dass sehr groRe Variationen der Stabilisatbgiteit mit diesem Modell extrapoliert
werden kdnnen. In einem zweiten Schritt wird dessen Extatijpnsfahigkeit auf andere Reifen-
eigenschaften nachgewiesen. In einem letzten Schrittemdedtrapolationen auf verschiedene
Beladungszusténde getestet. Fur Fahrzeuge mit einer aigoh®n Niveauregulierung sind
die vorgeschlagenen Extrapolationsansétze fur versehee@eladungen genauso erfolgreich
wie in den sonstigen Extrapolationsuntersuchungen. BeizEalgen ohne eine automatische
Niveauregulierung, wie z.B. bei Radaufhangungen mit norm&ehlfedern und herk6mm-
lichen Dampfern, sind die Extrapolationsansatze fur \reestene Beladungen nur erfolgreich
bis zu einer stationaren Querbeschleunigung von etanfs?>. Der Hauptgrund fir das
Nichterreichen der gleichen Genauigkeit in diesem Falldist Verdnderung des statischen
Einfederweges aufgrund der unterschiedlichen Beladustgzde, wodurch nicht nur unter-
schiedliche Rollzentrumshdhen, sondern auch eine Verédngeter Elastokinematik aufgrund
der unterschiedlichen Kraftangriffspunkte in der Radanghing entstehen. Daher missen die
Parameter fur die Elastokinematik (Spur- und Sturzwinkelyie die Rollzentrumshdéhen fur
die verschiedenen Einfederwege angepasst werden. Dienstiszhen Veranderungen auf-
grund der unterschiedlichen Einfederzusténde bei verdehnien Beladungen sind bereits durch
die Verwendung der Ergebnisse des Kinematikprufstandgchksichtigt. Allerdings konnte
ein Ansatz zur Untersuchung der veranderten Elastokinkrat unterschiedlichen Einfeder-
wegen nicht in diese Untersuchungen einbezogen werdenlaitd daher Gegenstand kinfti-
ger Arbeiten.



Abstract

For a successful design of an engineering system, it is ggsgnpay attention to its dynamic
behavior. One of the best ways of doing this is by using sitraria and for this, a range
of simulation models with different levels of detail as wadl reliable transitions between the
different model levels is often desired [43].

The 2-wheel model concept as first described by Riekert andris&{46] and further devel-
oped in for instance Ammon [1], Kobetz [20] and Meljnikov [34ee also Chapter 4) already
plays an important role in simulating vehicle handling aedatibing vehicle dynamics. A ma-
jor advantage of this model concept is that its model pararaeian be identifed using driving
measurements of the vehicle of interest. The model furtbezrdescribes vehicle handling in
a wide range of driving maneuvers and is an excellent toalifaterstanding vehicle dynamics
(see for instance the investigations by Mitschke [36]). iMoelel parameters are, however, very
specific for the particular vehicle set-up during the paramzation process, e.g. load condi-
tion, type of tires, etc. Any variation in vehicle set-up lebaonsequently require a new set of
driving measurements in order to identify new model paranset

The main objective of this work is the further developmentinfextended 2-wheel model in
order to overcome the model's drawbacks regarding extagipol to different vehicle setups.
Consequently, the developed model extensions enable apeldtion to different tire proper-
ties and to different suspension setups (like for instaniterent anti-roll bar stiffness or dif-
ferent amount of roll steer) by changing parameter valu¢isermodel. The model also allows
the vehicle behavior to be extrapolated for different logdtonditions (mass and mass distri-
bution) with simple approaches to change the model paramete realize this, the front and
rear lateral axle force characteristics have been replageisuspension-tire-behavior model
where the tire properties and the suspension propertiestieen separated in submodels. The
suspension submodels use vehicle motion states as inpatsaalculating the vertical tire load,
tire camber angle and lateral side slip angle, which furttoee are used as inputs in the tire
model,Magic Formula MF-Tyre model version 5[21]. Finally, the lateral tire forcesj, and
tire aligning momentsy;j, calculated by the tire model are included in a synthesisiefe to

a front and rear axle lateral force to be used in the 2-wheeélet'®equations of motion.

A method to identify the parameters in the extended 2-whexlehis furthermore presented
followed by a validation of the model accuracy. Instead ahggeal driving measurements
as a target in this process, virtual measurements wereedr@dth the detailed MBS model
CASCaDE-DA. The use of simulations instead of measuremeltw ahstant and thorough
investigations of how a specific change in the vehicle setfipences the handling behavior. In
addition, the received results are reproducible and uredaimfluences from the environment



as well as problems connected with measurement data mayolmeehor, if wanted, they can
be added synthetically.

Last but not least, the extrapolation ability of the develdpnodel is investigated. First, it
is shown that even very severe anti-roll bar setups can bapmotated with this model. In
a second step, the extrapolation to different tire propsréire done successfully. In a final
step, extrapolation to different load variations have bested. For vehicles equipped with an
automatic ride height control system, the suggested appesafor extrapolation to different
load conditions are as successful as for the previous etatpn investigations. In case of
vehicles without an automatic ride height control systerg, esuspensions with normal coil
springs and conventional dampers, the load extrapolasi@nly successful to a steady-state
lateral acceleration of approximately55m/s>. The main reason for not reaching the same
accuracy in this case is the change in initial suspensioectafh due to the different loading
condition, causing not only different roll center heightg klso a change in the suspension
compliance due to the different point of action for the fareeting in the suspension. Hence,
the parameters regarding the suspension compliance @tdetamber angles) as well as the
roll center heights would have to be adjusted for the difieuspension deflections. The
kinematic changes due to the different initial suspensieftedtion at different vehicle load
conditions already have been taken into account by usingethidts from the kinematic test
bench. However, to find an approach to calculate the new d¢anga behavior at different
suspension deflections could not be included in these igetstins and has therefore been left
for future work.
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Chapter 1

Introduction

In order to improve traffic safety, great efforts are madenioagce vehicle dynamics regarding
handling. This requires a good understanding of the systéenaiction between vehicle, driver
and environment, i.e. the resulting vehicle reactions tedinputs as well as the response due
to environmental interferences. In this aspect, the haggiroperties of the vehicle have to be
adjusted to fit the skills of the driver. The vehicle has toehavsteady straight line stability,
high cornering speed limit, the best possible managealfiaviar in non stationary states and
give clear and correct state feedback to the driver [53].

The design of the wheel suspension in a car regarding itdingrutoperties is, and always has
been, done through testing and experience. Throughouttrs ysystematic testing procedures
have been developed in the form of driving maneuvers withesponding evaluation criteria
and serve today as an important tool in the development psoc@/ith shorter product life
cycles and with a steady increase in complexity due to neWwnt@ogies, the relative time
for testing with prototypes is also becoming shorter. Witis,tthe quality requirements can
only be fulfilled by a more efficient development process anthis sense, the application of
CAE (Computer Aided Engineering) is of indisputable impoc&anThe traditional recursive
development method with the use of a prototype still rem#resmain method. However,
by the use of simulation analysis, it is possible to buildsthprototypes more target oriented
from the beginning and thus save valuable time. Additignalfter the prototype has been
built, simulation keeps serving as an analysis tool remngahe progressive changes for further
improvements.

The characteristics of the wheel suspensions have an edsemgact on the ride and handling
properties of a vehicle. Furthermore, the interaction eetwdifferent effects and their conse-
guences on the vehicle dynamics are difficult to overview tdude multiplicity of operating
conditions of the suspensions. Indeed the tires have tgedaimpact on vehicle handling,
however, the extent in which the potential of the tires aggated, highly depends on the prop-
erties of the suspensions. The wheel suspensions of toeéagesigned in order to position
the wheels as accurately as possible, dependent of vesties| travel and steering inputs. In
addition, complianckeffects are built in by design so that the wheel position $® @hanging
with external load [22]. Without the possibility of compu&mulations, the solution of this

IDefinition: The characteristic of deforming under exteroald
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complex non-linear optimization problem is, as earlier tiweed, left out to the intuition and
experience of the development engineers. As a matter of $anulation is an ideal tool in
order to examine the impacts of structural changes undérasbconditions, i.e. making the
effect of certain changes transparent to the developeroufir simulation, the influences on
other criteria due to a specific change can rapidly be andlyimeaddition, the received results
are reproducible and unwanted influences from the envirohasewell as problems connected
with measurement data may be avoided or, if wanted, they eadbded synthetically.

It is important though that simulation models are not deptbgs a sort dblack box If using
the model without considering its limits and drawbacksgeasal features of the system may
be obscured, leading to a false evaluation of the systemratitei end leaves the user with
useless results. In order to use simulation efficientlys wery important to be aware of the
characteristics, limitations and possibilities of an &xblmodel [32]. The choice of model
complexity is furthermore a key tradeoff in the art of CAE. §bhoice should be made so that
the model is reproducing all considered effects in the a®al\ysystem. Since this demand in
many cases is more or less fulfilled by a larger range of mpdelsle of thumb is to choose
the model with the least level of complexity. Ideally, ergpns would use a very detail®blilti
Body SysteniMBS) vehicle model in combination with an optimization s&égy to find the
best design. However, solving the optimization problemhwitany competing targets for the
complete system is generally considered too complex. adstéhe problem may be broken
down at several levels where in one step, the overall tagfdtse suspension are specified by
the use of a behavior model of less complexity, and in the stefi, a more detailed model
is used to refine the design parameters of the vehicle [6]. ukgtrtherefore be a major goal
to have a complete model family, which guarantees reliadalesitions between the different
model levels [43].

Linear 2- Extended 2-wheel 4-wheel models Component based
wheel model | models MBS models

Models of different
model complexity

Very simplified 1 :\ Very detailed 5
mass models mass models

e.g. CASCaDE-Classici e.g. CASCaDE-DA,
Virtual.Lab, ADAMS

Figure 1.1: Model classes with different level of model complexity.

When discussing vehicle handling models, it is important st filefine different complexity
levels and their corresponding boundary conditions. Btawith the so called behavior mod-
els, see left side of Figure 1.1, simple physical relatioesused to explain and analyze vehicle



dynamics. Models of this type are derived by analyzing themete real system and summa-
rizing different features into common properties. Amongsth models, the conventioriaear
2-wheel modefrom Riekert and Schunck [46] is here defined to be the basal.lévhe next
class is theextended 2-wheel mode&lhere non-linearities are introduced in order to exterd th
model’s validity range. The level of extension might varythin this model class depending
what the model is intended for, but the modeling concept with2-wheel model as the base
is still obvious. On the third modeling levehe 4-wheel modelthe model complexity level
within the model concept is not clearly defined since soménéelkmodels are modeled as five
mass models, i.e. one body mass and four wheel masses, win¢hea 4-wheel models only
take the body mass into consideration neglecting the wheskes. In addition, the level of
complexity in how the kinematics and compliance of the sosma are modeled as well as
simplifications in the equations of motion varies. A modethai this class is one of the refer-
ence models for this investigation, the so called CASCaDEssic model, which is described
in Section 2.3. The top level considered here embracesdhgonent based MBS models
where every link and bushing in the suspension is consides@dmponents in the models. An
example in this model class is the second reference modeisimivestigation, the CASCaDE-
DA model, described in Section 2.2. Other examples can bedf@u commercial tools like
ADAMS [37] and Virtual.Lab [26]. Vehicle models in this cksre certainly 4-wheel models
as well but are depicting the suspension dynamics lessaabsitran the functional suspension
models. Consequently these models are more complex due &athiggonal components that
have to be modeled and parameterized, but at the same tirrasies to relate to since they are
assembled from components related to real parts, e.g. thelmbave moveable linkage hard
points and bushing stiffness which is the case with a reatiehs well.

Further aspects of the model classes presented in Figueget..1

e performance range
e transparency of model parameters and characteristics

e exchangeability — analysis potential

The first point, performance range, defines to what extentibael is valid. On the side of the
behavior models, the quality of the models strongly dependte implemented extensions and
the range in which the model parameters have been idenfiflegloutput quality of these mod-
els can therefore be very good in a specific situation andnhless in another. On the other side
of the complexity range in Figure 1.1, the component based MB8els, the system behavior
is closer to a real vehicle for all driving situations and ggeeformance range can therefore be
considered larger in general. This, however, does not sgihiaig about the accuracy of the
results which in certain maneuvers can be as good in a behaaddel as in a complex MBS
model.

The transparency of model parameters is the second asgéogdishing the different model
classes, i.e. how easy it is to understand how, and in whahextach parameter influences
the total vehicle behavior. The model parameters in a behanodel are relatively few and

2CASCaDE stands focomputer Aided Simulation of Car, Driver and Environmant is the name of an
in-house developed CAE-tool at Daimler AG
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therefore easy to overview. The influence of each paramegtaiso more or less easy to un-
derstand. It can therefore be said that the transparencyelavior model is evident. This is
normally not the case for the component based MBS models asribant of required model
parameters tends to grow immensely when using models madhe taght in Figure 1.1, with
sinking model transparency as a result.

The third property, exchangeability, regards the extenthiich the model can be used in system
analysis. In a behavior model, each parameter or functi@nasnclusion of different effects
in the vehicle and suspension. This makes it feasible, at iraheory, to exchange or modify
a behavior parameter without thinking of how to realize ttinge in a real vehicle. In a
behavior model the overall rear axle stiffness can, forains¢, be changed by varying only
one parameter. In the model class to the very right in Figutethe component based MBS
models, this is a more challenging task since the axle sgfitan be tuned by changing a lot of
different parameters which have cross influences on otlferstefas well. Conversely, the more
complex models allow single components to be exchangedderdo perform a component
based analysis such as investigating different dampengeit

1.1 Problem statement and purpose of this investigation

The main objective of this investigation is the model clasfred as theextended 2-wheel
mode) second from the left in Figure 1.1. Such a model, a non-tiReaheel model including a
roll model like the one presented in Chapter 4 (see also Amrp#pbetz [20] and Meljnikov
[34]), represents the vehicle handling behavior in a wisgyesof driving maneuvers. Its model
parameters can be identified from driving measurements téhvehicle of interest. These
model parameters are physical valued but yet abstract iryaiwae one parameter can cover a
wide range of vehicle properties. An example of this is thie &rce characteristics of the 2-
wheel model, which describes the force generation at tHaf hgnce it contains the properties
of the two tires and their interaction with the suspensioiiewpenerating vehicle lateral forces.
This type of model also makes the model parameters veryfgpémi the vehicle setup used
during the measurements, e.g. loading condition, typeed tetc, and each variation in vehicle
setup requires a new set of driving maneuvers to be measuceder to identify the new model
parameters.

In order to explain the contribution of this investigati@nbasic overview of the conventional
2-wheel model as it looks today (for more details see Chaptar Ammon [1], Kobetz [20]
and Meljnikov [34]) is presented in Figure 1.2. The input$his model are the steering wheel
angle from the drivedp and the vehicle longitudinal velocity which are used to simulate the
outputs, e.g. yaw ratd, lateral accelerationy, vehicle side slip anglg, roll angle$ and roll
velocity ¢ to mention the most essential outputs. The simulation mofile steering system
generates a steer anglas input to theaxle lateral force elemerdt the front axle. Together
with the lateral velocity of the axleyj and the vehicle longitudinal velocity (in the vehicle
center plane), the steer angle generates a side slip angie afxle which results in a static
lateral axle force. In order to capture the dynamic forcédsup, the dynamic lateral force is
modeled by a first order differential equation from B6hm [SheTsame block is applied for
the rear axle but without the steer angle as input. Findilyapplied lateral forces of the axles
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Conventional 2-wheel model

8D Steering O _|Axle lateral force element front y Vehicle model
v F" ;| (including roll) a,
X Steady-state Lateral axle = .0
V. ||lateral axle force force ‘~V
v,/ | |characteristics dynamics B

Axle lateral force element rear

FA

y.r

v Steady-state Lateral axle
y,r_||lateral axle force force
characteristics dynamics _‘

Figure 1.2: Block representation of the conventional 2-wheel model.

result in a motion of the vehicle body.

Mitschke [36] makes use of a linear 2-wheel model in a themakinvestigation of how differ-
ent changes in vehicle setup, e.g. vehicle loading conditidl influence the vehicle behavior
in different maneuvers. The results of Mitschke’s invedtiigns are excellent examples of how
a simplified vehicle model can be used in order to increaseuwerll understanding for vehicle
dynamics. Nevertheless, in order to give an accurate an®garding how much the vehicle
response will change for a different vehicle setup, a mophisticated model approach is re-
quired. This is especially the case when predicting the ghambehavior with different sets of
tires due to the strong tire-suspension interactions. ktended 2-wheel model automatically
considers this tire-suspension interaction (it is simplgluded in the parameters) but it is not
explicitly modeled.

When using driving measurements to identify the parametarseextended 2-wheel model, a
validation of those measurements is automatically acdisugce a sensor error, or for instance
an error in the documented sensor position, result in olslyonrong parameters and will ruin
the identification process. The model parameters can funibve be used as an additional
analysis tool when comparing different vehicles.

The extended 2-wheel model can also be used at the drivingation when comparing bench-
mark vehicles [24]. For this, an extended steering modelgsired which is capable of giving a
correct steering wheel moment as feed-back to the drivéudirg the effects of the hydraulic-
assisted power steering. Such a steering model, which sslpeso be identified by use of only

a few additional test-bench measurements together withdheal driving experiments, can be
found in [7]. The only requirement for performing benchmuaehicle comparisons on a driv-
ing simulator is that the vehicles of interest have been nredsin a set of necessary on-road
driving maneuvers in order to identify the model parametetgereas more complicated mod-
els require for instance kinematic and compliance tesespirameters, component parameters,
etc.

A very important shortcoming of the extended non-lineartZal model is its inability to pre-
dict the vehicle behavior for different vehicle setups otihen the setup used when identifying
its model parameters. Hence, the extended 2-wheel modelissoday lacks the ability to
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accurately predict the vehicle behavior for different lioadconditions and component changes
such as for instance different tires, suspension geometmtd-roll bar stiffness. The scope of
this investigation is therefore to develop a suspensionatfod the 2-wheel model concept that
will enable:

e changing the tires,

e changing significant properties in the wheel suspensioh aadlifferent spring stiffness,
amount of roll steer or damping characteristics,

e change of loading conditions (mass and mass geometry inguoments of inertia).

The benefit of such a model is evident in the vehicle developmpecess where all vehicles
have to be tested in several driving maneuvers in order téiroom particular desired driving

behavior. This test procedure has to be performed for alievepl tires, loading conditions
and at different tire pressures. Any discrepancies in Veldehavior have to be improved by
changes in the vehicle model setup which again has to beatetidvith more testing.

The model being developed in this investigation can be paranzed from driving measure-

ments with one known tire and at one loading condition. Atlesttire combinations and loading

conditions can be simulated and analyzed in the computeamaynthconsistency in vehicle be-

havior can be taken care of in simulations before changieag#ndware in the prototype vehicle.
This does not replace performing the driving tests com|yldtigt enables a faster development
process and consequently saves time and money.

Suspension-tire element
Suspension model Tire model Tranformation
y o (MF 5.2) element
r I4L A
> ! R M.
VARY; Kmemghcs i > >
¥ Yi, | Compliance Vi > M
\i, Tire normal force 'z | A
o Lateral side slip angle Fz,i F Vi
. Longitudinal slip i >
(O Sxi Fx,i‘
MB+MT vx,i %
ry

Figure 1.3: Block representation of the suspension-tire element.

Figure 1.3 presents ttfguspension-Tire elemewhich in the extended 2-wheel model replaces
theaxle lateral force elemerfound in the conventional 2-wheel model. Note that the stger
model has to provide the steering rack positipras input instead of the steer andlas in
the conventional 2-wheel model. The vehicle motion statgether with the brake and drive
torques Mg andMr) are furthermore used as inputs when the suspension mddelatas the
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side slip anglesy;, the camber angleg, the tire vertical loads$; and the longitudinal tire
slipssyi. The outputs of the suspension model are then used as impthis tire model MF 5.2
when calculating tire forces and moments. In addition torttentioned inputs, MF 5.2 uses
the longitudinal velocity of each whew}; as inputs in order to calculate the dynamic lateral
tire forceskj, the dynamic longitudinal tire forcd%j and the dynamic aligning momeri ;.
Note also that these forces are fed back to be inputs to tipess®n model in order to be used
in the compliance calculations. In a final step, the tire dsrand moments of each axle are
tranformed to a lateral axle ford?-;‘jj and an axle aligning momeMZA’j which can be used in
the extended 2-wheel model's equations of motion.

1.2 Literature overview

To support the motivation and scope of this investigatibe, eéxisting state of knowledge on
the area of vehicle behavior models will be discussed. Thgeaf relevant literature is in
fact already illustrated in Figure 1.1, i.e. no more than riedel classes addressed in that
figure will be treated here. In addition to this, the art of mliy can be divided into two
aspects: In some cases, for instance when models are usaatiol@lgorithms, the model has
to reproduce the real system as well as possible regardlésgsmodel is physically motivated
or not. The other modeling aspect is when the model is useeri@ s a base when studying
the influence of structural changes or to increase the utaelisg of the system. Then, a
physically interpretable model is required which is treargmt regarding its parameters. The
latter aspect of modeling is considered here.

Ever since Riekert and Schunck [46] in 1940 presented a sipmylgical model approach to take
the first steps towards theoretical analysis of vehicle dyos, numerous amounts of models
have been developed for this purpose. With the so calledlgieyiodel, better named 2-wheel
model, they analyzed vehicle stability and side wind siigbiEven today, the 2-wheel model
concept is being used for analysis and the well known works. @omotor [54] and Mitschke
[36] should be mentioned. In many cases, the 2-wheel modebkan coupled with a roll
model. A good example of this is Minakawa and Higuchi [35],ordouple the linear 2-wheel
model with a linear roll model considering an inclined rodissand principle moments of inertia.
With this model, the influence of rolling caused by a yaw mogatdue to the inclined roll axle
is examined featuring vehicle stability.

One of the latest works done in the direction of the 2-wheetl@hds the work of Meljnikov
[34] where, besides the roll model, non-linear side forcarabteristics are introduced and
effects like roll steer and load transfer are discussed. dymamical properties of the lateral
axle force are captured with a linear first order dynamicatey from [5] and the principle
of hierarchical identification of subsystems is applied.b&tz [20] uses a similar approach
of a 2-wheel model as Meljnikov, but focuses on the challesfgdentification using driving
measurements, whereas Meljnikov focuses on the conentuaii the theoretical model. The
work of Z. Zomotor [55] is also based on the same model apjbrbatwith some modifications
in order to enable on-line identification.

The above mentioned 2-wheel models of Meljnikov [34] and &alj20] are closely related to
this investigation and are therefore reviewed separateGhiapter 4. The models in Meljnikov
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and Kobetz all make use of non-linear side force charatiesisor the front and rear axle
respectively. These summarize the tire and axle propesfithsthe consequence that so called
compliance steer and roll steer effects are all includedhénlateral axle force characteristics.
This is also the case for the effect of vertical load trandte to lateral acceleration, which due
to the non-linear tire properties reduces the total latexéé force. Meljnikov [34] discusses
the introduction of, for instance, roll steer factors to agpe this effect from the side force
characteristic curves but in order to better understanceffeets in the wheel suspension, a
more detailed model of the axle is required.

Regarding vehicle handling, all models beyond the compjdgitel of the extended 2-wheel

models presented in Meljnikov [34] and Kobetz [20] are soype of 4-wheel model. These are
furthermore ranging up to the most complex component badgfl Models, where the analyst
builds up the model by providing the details about the rigidikes, their kinematic constraints

and the system topology. For the purpose of vehicle sinmatumerous commercial MBS

software’s have been developed, e.g. ADAMS [37] and Virtued) [26]. These allow the user to

build up vehicle models by use of component libraries fokdirsprings, dampers, etc, without
knowledge of deriving the equations of motion or how to sahe&se. Component models such
as the bushing model found in [23] and flexible frames can bleided as well. These types of
models are not the target in this investigation and are thex@ot further discussed here.

Regarding vehicle handling analysis, models of less contglexay be used. Therefore many
works utilize simplifications in complex models in order tor instance, gain less calculation
time without loosing too much accuracy, e.g. Keller [19] &niét [10]. Kel3ler [19] examines
how simplifications in the equations of motion influence tladiing of the vehicle by com-
parisons of simulations with a reference model. Frik [10]dsuup a reference model as well
and examines the required model complexity for handlingutations. By use of the refer-
ence model, the possibilities of simplifications in the made in the equations of motion are
revealed. Both Kel3ler and Frik make use of characteristicsroéfhe wheel suspension kine-
matics. One distinct difference between the works is theeuaers in which the simplifications
are validated: Frik focuses on the horizontal motion of tekiele, whereas Keliler includes the
presence of vertical inputs.

Many papers are deriving a model to perform theoreticalistudf how different parameters
are influencing the behavior of a vehicle, e.g. [22, 13]. Gerad 3] examines the influence
of the height and inclination of the roll axis and the inetgasor using a four wheel model.
An arbitrary linkage of wheel masses to the body is achielesligh a fictive diagonal suspen-
sion link. The model considers non-linear springs and dasypiferent anti-roll bar variants,
tire characteristics as function of load, slip angle andlmanangle as well as traction effects
that may be distributed between left and right dependentertyipe of drive train and wind
forces. In Kuralay [22], a theoretical survey is given of ttieanges in driving behavior due
to variations in the elasticity of the wheel suspensiontgisteering and tire parameters. The
simulation model used, a simplified 4-wheel model with avesuspension link, has 19 de-
grees of freedom and the calculations were carried out forughicles with different types
of independent suspension. The survey was performed on duwvers: steady state cornering,
impulse-type steering wheel input, braking from steadiestarnering and finally braking from
straight ahead driving with uneven brake pull.

The main scope in the work of Sorgatz [50] is the modeling 08 ®2grees of Freedom (DOF)
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model to describe the limit behavior of the vehicle. The madenprises a general five masses
approach, which in comparison to Gnadler [13] does not ¢oméstrictions to a certain mass
symmetry and is not simplified with small angle approximasioFor the suspension kinematics,
a model has been developed that takes into account the narstixering point of rotation and
the non vehicle fixed roll axis. For the spring and damper attaristics, approaches with
arbitrary non-linearity are being considered. The same lha&en implemented for the steering
and camber changes due to wheel bounce, which are beinglecedieither independently for
each wheel or coupled with the other wheel side, e.g. forid agle. The anti roll bars and
steering damper characteristics are linear. The aerodgsdms been considered with a non
linear approach regarding the 6 DOF of the vehicle body. Thdehis restricted to an even
road. Besides the modeling part, the work also presents aa@sop between simulations and
experiments.

Some theoretical studies of vehicle behavior by use of 4 Whedels have also been performed
by Desoyer and Slibar [8], Lugner [27, 28] and Lugner et al[Z®soyer and Slibar examine

the utilized friction and slip angle of the tires during stgastate cornering by use of a simplified
4-wheel model. Lugner [27], continues this investigatiothvwhe addition of a banked road.

The work in [27] is followed up by Lugner et al [29], where tifluence of braking in the curve

Is investigated as well. For this, a special maneuver is udexte the model first does straight
line driving followed by a curve with transient curvaturedaimally, proceeds with a constant
radius. In the middle of the transient part, the model staréking. Through the complete

trajectory, a bank angle of the road is considered. The rsassdd in [8, 27, 29] are more or
less similar. The influence of steering angles of the wheelsyell as of traction and lateral

forces are considered. The tire characteristics are appaded out of measured values. In
Lugner et al [29], the camber influence has also been regarded

In [28], Lugner uses almost the same maneuver as in [29]. Tifexahce is that the braking
takes place in the cornering part with constant radius. i phper, the influence of the me-
chanical description of the car and the mathematical apmation of the tire behavior on the
theoretical simulated vehicle behavior is investigatedo lmodel approaches and two different
tire approximations are stated.

4-wheel models have also been identified by use of experahdata. Russo et al. [48], make
use of extended Kalman filter to find the parameters of such @emdhe maneuver for the
identification is a step steering wheel input and the resrksvalidated with the maneuvers
steady state cornering and double lane change. For the didelira Pacejka formula has been
applied but its parameters are not identified except for ¢texation length, i.e. the tire pa-
rameter for the dynamic force build-up. A fixed roll axis isthermore assumed and camber
influences neglected.

Lugner et al [30] also compare experimental results to a éexnfour wheel model. This
model is made for simulation of arbitrary inputs influencioaih lateral and longitudinal vehicle
dynamics. Every wheel is treated separately and changégudea due to both spring deflection
and lateral and longitudinal forces are taken into accodime tire characteristics are taking
arbitrary slip conditions into account. Evaluation anduissfrom the maneuvers steady state
cornering, frequency response, steering wheel angle sfep and emergency braking out of
steady state cornering, are discussed.
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Some other works do comparison with measurements as wgell[4d., 38]. Otto [41] examines
the power-off effects at steady state cornering and theespanding objective evaluation crite-
ria. By use of the 2-wheel model from Mitschke [36], he firstcdisses the effects of vertical
load changes and traction forces during this maneuver. dardo further check these results,
and to be able to examine effects like compliance steer diedtion forces, he makes use
of a 4-wheel model with a fixed roll axle. Steering effects tlmuéody roll, lateral force and
traction force are taken in consideration with linear fums. Vertical loads are calculated by
use of the pitch model presented in Mitschke [36]. Finallgnegossible structural changes of
the suspension design are discussed in order to counteraeinted effects during power-off
cornering.

Paknia [42] uses an already identified non-linear 4-wheedlehsimilar to the CASCaDE-
Classic to show that it is possible to identify tire parametesing normal handling maneuvers.
The kinematics and compliance of the model had been idaentifi@ugh test bench measure-
ments and the start parameters for the tire parameter @gaiiion had been determined from tire
test bench measurements. Two different test vehicles vee@in the investigations and the tire
parameters were tuned through an optimization processthathesult of a better fit between
simulation and measurements. It is important to remembirisrcase that errors or drawbacks
in the used vehicle model will inevitably be covered up byuatipg the tire parameters.

1.3 Conclusion of literature overview

Vehicle models chosen for handling simulations either ieméthin the conventional 2-wheel
model concept or, if using an additional (non-linear) tiredal, take a leap to at least a four
wheel model, in many cases including a functional desaniptf the suspension kinematics
and compliance and a complete set of equations of motionakmyrmvestigations where a four
wheel model was simplified, the objective was to reduce satrarn time. A model approach
separating the tires from the rest of the suspension whitair@ng within the 2-wheel model
concept could not be found in literature and seems to be aanaéd practically oriented ap-
proach. Assuming known tire properties for identifying tlehicle and suspension parameters
from driving measurements could not be found in this literat

Proposing a suspension-tire model to form an extended Zwhedel, including only the most

important vehicle and suspension characteristics as weflsauming known tire parameters
adds a new model class, closing the gap between the nom-2ngheel models and the func-
tional four wheel models like for instance the CASCaDE-Classiclel.



Chapter 2

Reference models

In the beginning of all modeling processes, a model concegerived from a problem spec-
ification. This model concept is then applied in a mathermaaticodel which is furthermore
implemented in software to be simulated and validated. Risr pirocess, some kind of in-
formation about the system to be modeled has to exist. In ncasgs this link is a set of
measurements revealing the system response due to diffieperss. One example of a vehicle
dynamics model developed from driving measurements is timelinear 2-wheel model pre-
sented in [34]. This behavior model is based on the traditi@wheel model coupled with
an additional roll model and non-linear side force chamasties and steering ratio. In order to
capture the dynamic properties of the lateral force, the &xice build-up is modeled with a
first order differential equation. This model class is alsedias a base for this investigation
and is described separately in Chapter 4.

Part of the scope of this investigation is to extend the alogationed 2-wheel model. With
this, a new modeling task has begun and so is the need fomat@n about the system to
be modeled. Measurements could be used for this task. Howaeasurements inevitably
hold some level of inaccuracy and noise. In addition, thesipdgy of making adjustments
in the wheel suspension in order to isolate and investigataia effects would be strongly
limited by the extra work load and expenses involved. Anratigve, especially when creating
simplified vehicle models, is to use a complex componentdashicle model as a reference.
Even if a model of this type is nothing more than a represmmtadf the reality, the overall
system behavior is equivalent to the real vehicle and discreies in model outputs can often
directly be explained by insufficient accuracy of model paeters. In addition to avoiding
measurement related problems, the use of a reference mpele$ ap an increased possibility
of analysis as known properties can simply be influenced@mn eliminated in order to increase
the understanding of that or other effects. This is the nmopbrtant advantage of using models
instead of measurements of a real vehicle. Another benéfiaitsvirtual sensors can be placed
out as preferred. For these reasons, this investigatios mmsgnly simulations of reference
models when investigating the effects of different susjgenproperties. The measurements
are, however, always present in parallel in order not todammtact with the real system and
always has to be employed in the end for evaluation and vadita

11



12 Chapter 2 Reference models

2.1 A CASCaDE overview

The reference models described in this chapter are all mgéed in CASCaDEGomputer
Aided Simulation of Car Driver andEnvironment), which is an in-house developed simulation
software at the research unit of Daimler AG, see overviewguie 2.1. CASCaDE can be seen
as a roof under which an abundance of programs and data filesicong vehicle dynamics are
gathered. CASCaDE comprises for example different levelsaohwodels, a kinematics and
compliance test bench, aerodynamics, driver models, raatels, visualization and animation
tools, optimization and identification tools, differentaponent models for tire, shock absorber,
power steering, brake hydraulics, ABS controller and rulidaeshings to mention a few. The
software is mainly written in C and FORTRAN and coupling witbahels from other software,
so called co-simulation, is also possible.

Computer Aided Simulation of Car, Driver and Environment

¥} alc

ESP Stability d
Control

Steering
= Control

Figure 2.1: A CASCaDE overview presenting possible applicable tools witkirsithulation environ-
ment.

The dynamic properties of modern vehicles are stronglyrdeted by the kinematics and
compliance properties of the vehicle’s wheel suspensiath#s enables a better adaptation of
the vehicle steering properties to different driving caiodis, it also has the consequence of a
stronger non-linear kinematics and compliance interadtiothe wheel suspension. In order
to completely understand and furthermore simulate, aradyr optimize the properties of a
suspension, a suitable mechanical modeling is requiretthisotask three different suspension
model categories exist:

e Kinematic models,
e combined kinematic and compliance models,

e combined kinematic and compliance models that considetiangroperties of the system
components.
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Since elasticity is purposely built into the suspension oflern cars, a pure kinematics model is
not sufficient for the included investigations. Hence, dhly second and third model category
will be described here.

The choice of model category depends mainly on the requicedracy and simulation time.
A basic matter for both of these requirements is if the susiparproperties can be determined
in a preprocessing step or if they have to be calculated guhe simulation. The second
model category presented above corresponds to the modslwlth preprocessed suspension
properties and will be referred to as tBASCaDE-Classic modébriefly the Classic model
and is described in Section 2.3. The third category abovegsesented in CASCaDE by the
Dynamic Suspension Model (Germanynamischemchsmodelle). A brief description of this
so calledDA mode] is found in Section 2.2.

The tire simulation models main tasks are; to representidagly state force and moment char-
acteristics, reproduce the vertical stiffness and dampiogerties, perform the 3D kinematics
calculation of the wheel, consider the road surface corggaluation, model the kinematics
and kinetics of the tire contact patch, and finally, to moteltire dynamics and vibrations. To
fulfill these tasks many different tire models exist whick amore or less specialized to fulfill
some of these demands. State of the art tire models regareimgle dynamics can be divided
into three different categories by means of different canpy level and application spectra

[2]:

e Characteristic models, e.g. the Pacejka tire model [4, 5TMeasy [47, 15],
e Semi-physical models, e.g. BRIT [12], SWIFT Tyre [18, 31],
e Physical, detailed tire-structural models, e.g. RMOD-K][33Tire [11]

The above mentioned tire models are all coupled in CASCaDE avithmmon tire interface,
i.e. both the Classic and the DA model can be simulated withod@utlyese tire models. Again,
this allows for instance the model being developed to be Isitad with the same tire model as
the reference model and in this way isolate the influenceeofiths.

The model parameters in the characteristic models aretadjts fit to measurement data cor-
responding to normal driving conditions and have the adgabf low simulation time in han-
dling simulations. For high dynamics simulations, suchraking with Antilock Braking Sys-
tem (ABS), at least a semi-physical model like the BRIT modeleguired. The physical,
detailed tire-structural models are here excluded sineie domplexity level is not required in
the range of handling simulations.
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2.2 The CASCaDE-DA model

The component oriented and dynamical suspension modath@ebynamische#&chsmodell)
CASCaDE-DA was developed in order to perform detailed anslgsncerning the dynamical
behavior of the wheel suspensions. CASCaDE-DA is a pure coemtdrased MBS tool spe-
cialized for vehicle simulations where the kinematics aochpliance properties of the suspen-
sion are described by equations of motion which are solvethgluhe simulation. The DA
model considers the spatial non-linear elasticity and dagnpffects of the bushings, forces
and moments of inertia of the links, and related friction ata effects. In combination with
the sophisticated physical tire simulation model BRIT and jparable models for the power
steering hydraulics, an efficient simulation tool for thalgsis of the entire suspension system
dynamics as well as for the entire vehicle system dynamiobtained [3]. In comparison to
the quasi static tabular models like the Classic model (de=gtdater in this chapter), the DA
model represents the suspension’s dynamical behaviotail.d€his is made possible since the
DA model, besides the non-linear kinematics and complignoperties, also considers the sys-
tem components 3D-inertia properties, i.e. the inertigpprties of the suspension links. With
this approach, steady-state vibration phenomena as wetiasient response problems of the
suspension system like shimmy, steering roughness, otaéincis due to misbalanced wheels
can be investigated efficiently [3].

Figure 2.2: Suspension components displayed for the CASCaDE-DAleghadel.

DA is strictly object oriented with a decentralized integya. With this integration approach,
the numerical precision does not reach the accuracy of theistacated multi purpose inte-
grators. However, the accuracy is still considerably bdttan the inaccuracy due to model
simplifications [3]. The advantage of the decentralizedgrdtion is the flexibility by the spe-
cial treatment of, for instance, stiff system componenthsas dry friction.

The DA core consists of the so called component catalogueendiéthe single suspension
components are to be found as modules. All these componawsdifferent levels of com-
plexity. For instance the simplest brake model is made umbyf & functional relation between
brake pressure and maximum brake torque, whereas sometotthedels are very extensive.
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A strong benefit of this object oriented modeling cataloguthée high flexibility when adding
new components. Another benefit is the possibility to rexsgtiag components when imple-
menting new suspension concepts. Different suspensiatmsasudouble wishbone suspension,
McPherson suspension, multi link suspension and four luspension are implemented as pre-
made templates.

2.3 The CASCaDE-Classic model

2.3.1 Kinematics in the Classic model

If the complete dynamic performance of the suspension isemiired, the kinematics and

compliance properties of the suspension can be identifiead pneprocessing step. For the
kinematics of an independent wheel suspension, a systeimeititer one or two degrees of
freedom (DOF) will appear, depending on if it is a steere@ axInot. A non-steered axle can
be described with the wheel bounce as the only DOF. The selo@td for a steered axle is

either the rack displacement if it is a rack-and-pinion stgg or the pitman arm rotation on a
recirculating-ball steering.

In the Classic model approach, the kinematical position efwtheel carrier in relation to the
vehicle body is completely calculated in a pre-processim@ll operating states. Subsequently
the resulting look-up fields and look-up tables are apprex&d with polynomials giving the
wheel carrier’s longitudinal and lateral displacemant (ry;, ry,i)T together with its three ro-
tational coordinates; = (O-X7i70-y7i,o-z7i>-r as functions of vertical wheel travgland steer input
o of wheeli;

ri
(o)

B rki“(zi,éi)
Gkin(zi,5i) 1 (2-1)

In the case of a non steered axle, this is reduced to a depgndewheel bounce only. For the
calculation of these kinematic polynomials, suspensian Ipaints are fed into ECCO (Elas-
tokinematics Computation and Optimization) which is a sefgaprogram in CASCaDE.

2.3.2 Non-linear compliance approach

Along with the spring and damper, a wheel suspension cengfsseveral flexible parts con-

necting components. The flexibility of the suspension Igadadditional displacements and
rotations of the wheel carrier under influence of tire foraad moments. These compliance
displacements are here modeled with polynomials which ararpeterized using compliance
test bench measurements. For this, at least a vehicle ypetd required. An alternative to

test bench measurements of a prototype is to approximaothpliance properties by use of
a more detailed MBS model including links and non-linear isp&iushings, e.g. the earlier

described CASCaDE-DA model.

Considered in these non-linear compliance polynomialsheréiduced steer and camber angle
Aoz andAoy, as well as longitudinal wheel deflectidiny, due to lateral and longitudinal forces
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Fy and F, together with the aligning momemd,, driving or braking momeniy, and the
overturning momenmy, all defined in the wheel center. The extra hat (*) definesdhd bn
the opposite wheel, so the coupling between left and rigle f the axle is also considered.

Ao, = E1Fy+ EaFy + (§aMz+ EaMy) + EsF + E6My + E7MJ (2.2)
Aoy = EgMy+ EoMx + E10Fx + E11My + E12M7 (2.3)
Ary = &13Fc+&1aMy + 515|V|3 (2.4)

The calculated deflections in Equation (2.2)
to (2.4), are subsequently superimposed on

the kinematical displacements with a time de- €z, .

lay for numerical stability. The approach rep- Ao, €
resenting the suspension properties through ~

kinematic polynomials and superimposed de- e

flections due to compliance has proven to be
an efficient tool for many vehicle dynamics
tasks. Due to the absence of a prototype in @fw
the early development stadium, the required F, ,, M,
suspension tables and parameters must how-
ever be created in the computer.

Besides the case when the kinematics is pre-

pared in a pre-processing step, the Classic

model can also be used in an online moddure 2.3: Wheel carrier displacementey, Ad,
where the kinematics is calculated during tHx) in refation to the vehicle body due to compli-
simulation. This is necessary in order to sinf € in CASCaDE-Classic.

ulate rigid axles where the numbers of DOF’s

in general are greater than the two DOF practical for lookalgtes or polynomials.

2.4 The used tire model — Magic Formula Version 5.2

The reference models described above are in all invessigagquipped with the tire model MF
5.2 (Magic Formula version 5.2) described in [51]. Sincerthd-eighties, the Magic Formula
has been developed as a joint effort by Volvo AB and Delft @ty of Technology with the
objective of describing the tire characteristics with ailéd set of parameters. Magic Formula
provides a set of mathematical equations describing theefoharacteristics of a tire. The
parameters in these equations can be derived from a largé setasured tire data, where the
tire has been rolled over a given surface at various load®&aedtations.

Figure 2.4 presents the inputs and outputs in MF 5.2. Theitletigal slip, s, side slip angle
o, wheel cambey and the vertical tire loall, make up the input vector (see definitions in [51]),
resulting from the wheel moving relative to the road. Theés;F, andF, and the moments,
My, My andM, are tire model outputs assumed to act on a rigid disc withtiaigroperties
equal to the undeflected tire.
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F
o X
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Magic Formula M X
Y Version 5.2
F M,
z M .

Figure 2.4: Input and output vector of the Magic Formula Tire Model.

The Magic Formula is built around the general sine-type tionc
Y (x) = D sin(C arctan Bx— E (Bx— arctar{Bx)))) (2.5)

WhereY(x) is either lateral tire forcdy, as a function of side slip angle or longitudinal
tire force R as a function of longitudinal sligc,. Each of the paramete®& C, D andE are
furthermore functions of specific tire parameters whicketbgr with the model inputsy, s, y
andF;, completes the formula. The self aligning mom#ftis calculated by using the lateral
force Fy and the pneumatic trarlp, which is calculated with the second general formula, the
cosine-type:

Y (x) = D cos(C arctan Bx— E (Bx— arctar{Bx)))) (2.6)

Both pure and combined slip conditions are treated in the N2F Bhe transient tire behavior
with respect to handling is moreover represented by a sefffefehtial equations [51]. Ap-
proaches to handle ply steer and conicity have also beeremggited. The reader is referred
to the manual [51] for further descriptions of how the MF 5i&2TModel works and how each
parameter effects the shape of the curve.

The MF 5.2 comply with two main standards developed by carufsanturers, tire suppliers and
research laboratories since 1991 [51]. The first standalessribed in the TYDEX-Format [52]
and defines an interface between tire measurements anditelsn This standard also specifies
tire measurement procedures in a way that it contains afissry items to fit tire models to the
data. The second standard developed specifies an intedagedn tire models and simulation
tools and is called the Standard Tire Interface (STI) [43]isTstandard allows a wide range of
tire models to be used in many different simulation tools.

Furthermore, MF 5.2 is created using coordinate systenmdiog to the ISO orientation and
all parameters, inputs and outputs are defined in Sl unitshisl builds a solid foundation for

sharing tire model parameters and future model updateghwhione of the main reasons for
using this tire model in this investigation.

2.5 The used reference vehicles

Two types of vehicles have been chosen as reference vehidéscle Ais a midsized sedan
with an average tire and a common tire size. As a contijcle Bis a sporty roadster
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with low profile tires and different tire size front and redable 2.1 gives an overview of the
reference vehicles.

Both reference vehicles are simulated with the CASCaDE-DA 1nbde also CASCaDE-
Classic models are available for cross reference simukatidiigure 2.5(a) depicts a double
wishbone suspension and Figure 2.5(b) shows its animatetbuiefrom the CASCaDE-DA
simulation model. A similar presentation for the multi liskkspension can be found in Figure
2.6(a) and 2.6(b). The model of the McPherson front suspargdivehicle A is built up by the
same procedure.

Vehicle A Vehicle B
Vehicle type Midsize sedan Roadster
Front Suspension McPherson Double wishbone.
Rear Suspension Multi link Double wishbone.
Tires 205/55 R16 ot 229655/§§ 5213
Steering hydraulically power as-hydraulically power as-
sisted rack-and-pinionsisted rack-and-pinion
steering steering
Drive train Rear wheel drive Rear wheel drive
Anti-roll bar front and rear front and rear
Vehicle mass 1840 kg 1796 kg

Table 2.1: Reference vehicle overview.

(@) (b)

Figure 2.5: lllustration of a double wishbone suspension and an animatitsrsofiulation model equiv-
alence.
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(b)

Figure 2.6: lllustration of a multi link suspension and an animation of its simulatiorehssplivalence.
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Chapter 3

Direct and indirect factors influencing
vehicle steering behavior

Vehicle steering behavior depends on several factors irstispension design as well as the
tire properties and can be measured in for instance the aaAstdius test method. This test
method requires driving the test vehicle at several speeelsaocircular path of known radius.
The steering behavior is determined from data obtainedavaniving the vehicle at successively
higher speeds on the constant-radius path. Figure 3.1 shovexample of three different
possible steering behaviors during the constant-radgisTée most common case is the under
steering vehicle, where more steer angle is required inr@aod&tay on the constant radius path
at higher lateral accelerations. A neutral steering vehigbuld require the same steer angle
during the whole range of lateral acceleration and the aesrsg vehicle would even require
smaller steer angles with increased lateral acceleraBorce an unwanted rear axle drift (due
to an over steering vehicle set-up) can lead to criticalasituns, most modern vehicles are
designed to be more or less under steering during steatdy-canering [14]. However, at
very high lateral accelerations, the steering behavioldctouin into neutral and even over steer,
especially for a rear wheel driven vehicle driven on ice,éschke [36].

S
_ .—=—+=under steer
"'i'-"'.':'.':'_'_' """"""""""" neutral steer
""" over steer
a
>

Figure 3.1: Explanation of over, under and neutral steering behawiorgiconstant radius steady-state
cornering.

If a modification of a factor leads to an increased necesdasriag wheel angle to reach a

21



22 Chapter 3  Direct and indirect factors influencing vehicle steering behavior

certain driving state during cornering, this modificatiersaid to have caused more under steer.
Conversely, a modification leading to a decreased necestmnng wheel angle causes less
under steer, i.e. works in an over steering direction (etiengh the vehicle still is defined to
be under steering).

Different design factors influence the vehicle steeringavedr directly and indirectly. Hence,
one single factor not only produces a direct under or ovesristg effect, but it also has an
influence on other factors. As a result, these other factadyze under or over steering effects
as well, which either assist or oppose the direct effectslagctfore either increase or decrease
the resulting change in steering behavior. This will be exiérad with the front axle anti-roll
bar: A stiffer anti-roll bar will increase the front roll #ftness, with a resulting increased weight
transfer on the front axle during cornering, and consedyenbducing an under steering effect
due to the non linearities in the tire characteristics (seti@n 3.6.2). The change of vertical
load transfer is the direct effect. Simultaneously, thegased roll stiffness results in reduced
vehicle roll. If the vehicle has a built-in roll under steseé Section 3.2), the reduced vehicle
roll will inevitably result in less roll under steer, couraeting the direct effect of more under
steer due to a stiffer anti-roll bar. As a matter of fact, aiglehequipped with tires insensitive
to vertical load change, i.e. making the vehicle less seasib vertical load transfer during
cornering, in combination with a considerable amount of wolder steer, the final combined
effect produced by an increased anti-roll bar stiffnesslésa under steering vehicle.

Since all design factors give rise to both direct and inditewler or over steering effects, that
complement or oppose each other, the resulting effect camder steering, over steering or
even neutral. The direct and indirect influence on under-stezr due to different design factors
will be discussed in the following sections.

3.1 Static toe angles

0,1 0,2

— O 2]

S, 5 -8
ERNEL
o e

Figure 3.2: Static steer angles on the front axle with no steering wheel alpatcalled toe angles. The
static steer angle is called toe-in when the wheels converge towards thd.gothe steer angle of the
right wheel is positive in a right orthogonal reference frame.
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Figure 3.3: For static toe-in: At corner entry, the change of the stedeshgft and right due to the
steering action of the driver are approximately eqdaicer~ &2 steer These steer angles together with
tire.

Section 3.1 Static toe angles
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the static toe-in angleg 1 anddg 2, makes the inner tire trace an arc with larger radius than the outer

The static toe angle is an alignment parameter that deschib& the wheel is oriented with
respect to the longitudinal x-axis in straight ahead dgviilf the wheels are pointing toward

both the front and the rear wheels.

each other observed from a top view, they are said to basen If they are pointing away
from each other, they atee-out see Figure 3.2. The same definitions of toe angles apply for

Static toe influences how a car behaves upon corner entrin Méte toe-in on the front axle,
it will be harder to make the wheels turn into a corner. Thesoedor this is exemplified by
observing a vehicle with toe-in on the front axle. As the dribegins to turn the vehicle to
the left, the left and right tires will be turned initially thi the same steer angdgsteer with
the consequence of the left front tire pointing only slight the left while the right-front tire
is pointing much more to the left, see Figure 3.3. Howeverpeting to geometry of a free
rolling vehicle, the left front tire needs to be turned witgraater angle than the right-front tire
since the left front tire is on the inside of the corner anddegemust trace an arc with a smaller
radius than the outside tire, see Figure 3.4. On the othat, vaith toe-in, the left front tire is
in fact trying to trace an arc with a larger radius than thatrfgont tire, see right side of Figure
3.3. This means that the left front tire will be fighting thght front tire and make it difficult to
make the car turn into the corner. The opposite yields forracle with toe-out as this will be
more similar to the ideal steering condition illustrated-igure 3.4. As the vehicle is already
in the turn, the vertical load transfer from the inside to dloéside tire will diminish the effect

of static toe, i.e. the effect is only observable upon coemry.

In addition to corner-entry handling, static toe influenstaight line driving. The same rea-
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Figure 3.4: Ideally, the inner wheel has to steer more than the outer tiraggdiminering.

soning as for corner entry can be applied to explain this amtdé, toe-in will improve (while
toe-out worsens) straight line driving.

3.2 Front steer angles

Due to steering gear compliance and front end
structure flexibility, the front steer angles will

be influenced by the tire lateral forces dur- %

ing cornering. A simplified model of this is

shown in Figure 3.5. The result of this is that

the outer wheel in general will flex towards j

toe-out and the inner towards toe-in result- C; °
ing in reduced side slip angles on the front < n,
tires and consequently less lateral tire force. F i

Hence, more compliance on the front axle
will cause a more under steering vehicle.

Due to suspension kinematics, the steer an-

gles change over wheel travel, i.e. in jounce

and rebound (front roll steer). These kind-igure 3.5: Simplified illustration of compliance
matic steer angles add to the steer angles ctgrer.

to compliance and can either be an additive

or reductive factor. If the geometrical toe-

change (on the front axle) gives toe-out in jounce and toe-iebound, the side slip angles
will be further reduced (due to the different wheel travetidg cornering) and it will add to
the direct under steering effect from compliance. The kiatrs may, however, be designed to
oppose the compliance toe-change (toe-in in jounce andubet rebound) and consequently
cause less under steer.

Indirect effect: If the summarized toe-change on the frofe & toe-out in jounce and toe-in
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in rebound, this will cause less side slip angle front andseqgaently less aligning moment.
Hence, the direct under steering effect of compliance $teet will be followed by an indirect
effect causing less under steer, the reduction of alignioghent (explained in Section 3.8).
This makes the total effect of steer angle changes on the dda less effective than on the
rear.

3.3 Rear steer angles

In the case where the rear wheels due to kinematics turn tontoejounce and toe-out in
rebound (rear roll steer), the rear wheels will turn in thengairection as the front wheels
during cornering, see Figure 3.6. The direct effect of thign increase in side slip angles at the
rear tires and consequently increased lateral tire fordeshatend to reduce the vehicle yaw
moment, i.e. causing an under steering effect.

-

Straight ahead driving 5 Cornering
3

A 4

Figure 3.6: Steer angle change on the rear wheels due to kinematics domiegicg, i.e. rear axle roll
steer.

An indirect effect of the increased side slip angle is anaase in aligning moment which also
works against the vehicle yaw moment and hence, providei@ual under steer.

Simultaneously, more lateral force means an increaset ¢dhiifre normal force towards the
outer tire which on the rear axle is causing less under s#édsw, in addition to the geometrical
toe-change, the increased lateral tire forces and aligmoments will cause additional toe-
changes due to compliance. Depending on the rear axle déisigimdirect effect may work in
either an under steering or over steering direction.

The relative effect of a change in rear axle steer angles igeneral, more significant then at
the front axle. This can be explained by observing the lated® force characteristics in the

2-wheel model, see Section 4.4. The lateral axle force cheniatic of the rear axle is normally

stiffer than the front and a change in steer angle will trmeeitause more change in lateral
force on the rear axle than on the front.
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3.4 Camber angles

The camber angles of the wheels in relation to the road seiyfeare generating lateral forces
according to the left side in Figure 3.7 which either will veeé or add lateral force to the lateral
tire force created by the pure side slip angle.

Y

y ’,YL

Figure 3.7: To the left: Definition of the camber induced lateral fdfge To the right: Example of
camber angles during cornering and how the camber angle in relation tcetihg relates to the vehicle
roll angle¢ together with the camber angle in relation to the vehicle pdy

On individual suspensions, these camber angles can berbduven to a geometrical camber
angle in relation to the vehicle bodyand a camber angle influenced by the vehicle body roll,
see Figure 3.7. Observe that the camber angle in relatidmetbadye; is defined positive as
the top of the wheel leans towards the outside of the vehidhe camber angle in relation to
the body changes due to kinematics and compliance as theleéhicornering and how this
camber angle changes can be influenced by suspension dasitire vehicle leans towards the
outside of the turn during cornering, the resulting camiogiain relation to the road surface
is (here exemplified for the rear axle):

Y3=0 —¢€3 (3.1)
Ya=0 +€4 (3.2)

Assuming that the camber angle in relation to the road leamartls the outside of the turn as
they do in Figure 3.7, the camber force will counteract therkd tire force created by the side
slip angle. On the front axle, this corresponds to an unarstg effect and on the rear axle
the opposite.

To analyze the influence on steering behavior when changggngamber angle in relation to the
body ;), the outer tire during cornering will be observed sincs thie will have more vertical
load and hence, have the largest lateral force contributitime axle. Reducing the geometrical
camber contribution on the front axle will reduce the late&mber force (which counteract
the lateral tire force generated by the side slip angle, spar€3.7) and as a result, the front
axle will produce more total lateral force, i.e. an over stepeffect. The opposite discussion
applies for the rear axle.
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3.5 Track width change

The roll center height is also related to how the track chang# wheel travel, i.e. jounce and
rebound. For instance, changing the suspension desiguse caore tread change at the front
axle, the roll centre will be located higher. This will inaisee the amount of vertical tire load
shifted towards the outer wheel during cornering and resuttore under steer, as explained in
Section 3.6.2.

Simultaneously, raising the roll center height will alscaase the roll lever arm. Hence, an
increase of tread change causes a reduction of the momesihgaoll and thus a decrease of
vehicle roll angle.

3.6 Vertical tire load

3.6.1 Static weight distribution

As the axle load increases, the cornering stiffness of tklatraises as well. Due to the non-
linearity of the tire characteristics, the cornering sif$s will increase less than proportional to
the increase in vertical load. By shifting the weight disitibn towards more front axle weight,
the cornering stiffness front is also increased but witls lesrcentage as the static front axle
weight changes. The opposite will happen on the rear aglethie cornering stiffness decreases
due to the decreased static vertical load. This decreas&oéigng stiffness on the rear axle is
however closer to proportional compared to the increasaeiront axle (in relation to the axle
load change), and hence, the total result of shifting morghteowards the front is therefore
an under steering effect. This is the direct effect.

A very important issue in the above conclusion about weiggttibution is that it is based on
the assumption of negligible changes of, for instance,steér due to changed axle load. The
discussion is thus only completely valid when discussimgdésign weight distribution, where
the suspension kinematics (toe angles and camber angle®edeept constant. If the weight
distribution is changed by means of loading, an indireaafappears due to a change of roll
steer and changed camber angles with an under steering rosteeeing effect as a result. The
indirect effect might in some cases be more important thandirect effect, with a resulting
total effect opposite than the above mentioned direct effec

3.6.2 \Vertical load transfer during cornering

During cornering, the tire normal force is shifted towartle buter wheels. How the shift
in tire normal force is distributed between the front and @de is mainly dependent on the
roll stiffness distribution and the roll center heightsrt@and rear respectively. Due to the
nonlinear dependency of lateral tire forces as a functiamr@hormal force, an increased shift
in tire normal force during cornering will inevitably redeithe sum of lateral tire forces at the
considered axle, see Figure 3.8. If the front-rear distiglouof the tire normal force shift is
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changed to increase at the front axle, the sum of the lateeafdrces at the front axle will

experience more decrease than at the rear which correspmaddirect under steering effect.
Conversely, an over steering effect would be produced if #récal load transfer distribution
would be changed to be increased at the rear axle.
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Figure 3.8: Non-linear relation between lateral force and vertical tireflmaconstant side slip angte.
This non-linearity in combination with the vertical load transfer during canggrcause the total lateral
force of the axle to be smaller than if no load transfer would occur.
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Figure 3.9: Lateral tire force plotted as a function of vertical load in the tireage plotted for the axle
side slip angle and for the side slip angle of the inner and outer tire (mainlyatifiated due to static
toe-in). The filled black dots display the resulting lateral forces if no statigntag present and the
circles if including static toe-in. The result is an increase in the averagell&ece due to static toe-in.

If the tires are operated in the range where the vertical tigmendency is still fairly linear, an
indirect effect to load transfer can be observed due tocstaé-in. This effect will be more
evident on the rear axle due to the fact that the rear tiresrexce smaller side slip angle than
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the front, making the change of side slip angle due to stagcnore significant. Figure 3.9
displays the lateral force as a function of the vertical liv@d for the rear axle side slip angle
a” and the side slip angle of the outer and inner tirg,; andai,, which are different mainly
due to the static toe angle. The mean value of the tire fofaes $tatic toe angle is present is
shown with the filled black dots and including the influencestatic toe is shown with circles.
Hence, if the axle has significant static toe-in and the @resin a linear region in relation to
vertical load, the result of tire normal force shift will coteract the direct effect by creating
more lateral axle force.

3.7 Driving/Braking forces

The direct effect of longitudinal tire forces is a reductwithe lateral tire forces according to
the friction ellipse at combined slip conditions, see Fg8rl0. Hence, increasing the amount
of the longitudinal force at a certain side slip angle willluee the lateral force. Power ap-
plication on a front wheel driven vehicle consequently tuthe lateral tire forces front, i.e.
an under steering effect. The reverse yields by power aic on a rear wheel driven vehi-
cle. The changed steering behavior due to power applicaiparticularly present at limit slip
conditions.
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Figure 3.10: Example of how the longitudinal force influences the lateraéfduring combined slip
conditions. The figure shows simulated tire characteristics of a perfoaaac¢255/40 R18) using MF
5.2 at steady-state conditions with constant vertical tire fgad 4500N.

There are some indirect effects of power application. Tingitodinal acceleration due to the
longitudinal tire forces will cause vertical load transbetween the front and rear axle. The
change in vertical load will influence the lateral tire fos@nd result in under steering and over
steering effects. In addition, pitching of the vehicle vallange the kinematic steering effects
and, again, produce a certain amount of under or over stdwr.lohgitudinal tire forces will
also change the steer angles of the wheels due to compliadckesmce, change the side slip
angles and consequently the steering properties of theleehi

Different longitudinal forces on the inside and outside allduring cornering are for instance
created as a differential fails in completely compensatiregrotational velocity difference be-
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tween the inner and outer wheel. Hence, the outer wheel ngel faster but is decelerated due
to friction effects in the differential (the friction is irome cases intended by design or caused
by an active differential). The inner wheel, on the contramgeds to go slower but becomes
accelerated. The consequence is that the differentialtraitisfer more moment to the slower
(inner) wheel. A non-ideal differential is a differentiaittv locking effects due to friction or
with built-in differential lock. It will provide the inner Wweel with more driving torque (longi-
tudinal force) and due to that, will create an under steeyeng moment. Simultaneously, the
different longitudinal forces left and right will cause atalchal steer angles due to suspension
compliance, either supporting or depressing the direceustkering effect.

Brake forces influence the lateral forces in the same way adriveeforces. However, the brake

forces are normally determined by a fix brake force distrdsubetween the front and rear axle,
whereas a front or rear wheel driven vehicle only apply dfivees to one of the axles. This

fix brake distribution normally cause more brake forces @nftont than on the rear axle (due

to stability reasons). Consequently, the direct effect aekimg during steady-state cornering
is under steer since the lateral forces on the front axle ame meduced than on the rear. An
indirect effect of brake forces is the shift of vertical lo@dvards the front axle, causing more
lateral force at the same side slip angle. Hence, an effesing less under steer. Furthermore,
the suspension compliance due to longitudinal forces cbaldesigned to either increase or
decrease the under steer during braking in the corner.

3.8 Aligning moment

Since the lateral force is applied at a distance behind thieedae of the wheel, an aligning mo-
ment is produced which adds an anti-yawing moment on thecleeuring cornering. Hence,
the aligning moment is trying to turn the vehicle in an undeesng direction. A further effect
on the aligning moment is the changed steer angles due tolieomo@. The steer angles are
reduced due to the aligning moment, which on the front axteggan under steering effect and
on the rear axle the opposite.
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2-wheel vehicle model

The most important task of vehicle behavior models is thétplaf reproducing the vehicle
body movements due to typical driving inputs. For this psgdhe vehicle body can be con-
sidered to be a rigid body responding to forces and momentiffefent sources. An aim
will be to describe these acting forces as far as possibleowita modeling of the force trans-
fer properties in the tire road interface or a thorough dpson of the suspension kinematics
and compliance properties. They have to be modeled withnaglsiformulations as possible
like those partially already known in behavior models (¢4%, 34, 20, 1]. Consequently, the
behavior models do not need to be extended with additiogal bodies which are transfer-
ring forces to the vehicle body over additional mechanidadlimgs. During strict translational
movements, the whole vehicle mass can be used whereas tieang motions only the sprung
mass is moved, which normally is about just less than 90 % etdlal vehicle mass. In the
frame of this modeling, it is sufficient to use the total mass &or heave motions of the model
and to adjust the total heave behavior by use of other modehpeters.

The linear 2-wheel model from Riekert and
Schunck [46] is the first model presented in an
attempt of describing the vehicle movements
due to the inputs steering wheel angle and
longitudinal speed. The theory behind this
model builds on the assumption that the lat-
eral forces of each axle are summed together
in one linear axle force element located in the
middle of the track, see Figure 4.1. The sub-
script f andr will define the front and rear
axle respectively. Subscrigtis used when
both front and rear are intended. The equa-
tions of motion in the model of Riekert an%

Schunck are linearized and the vehicle centadure 4.1: Vehicle seen from above describing the
. . . . -wheel model concept.

of gravity height is neglected, i.e. the center
of gravity is set at ground level. Due to these

assumptions, this model’s validity range is limited to a maxm of about 4n/s” lateral accel-

eration.

31
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This 2-wheel vehicle behavior model is based on the integraif the physical properties of the

wheel suspension in the simplest form as possible. Constgube significant effects of many

different vehicle components are summarized into certe@nall relations. A consideration of

single effects would increase the model complexity as welhe testing program needed to
parameterize it.

Several vehicle models based on this principle can be foutiterature, e.g. [20, 34, 55, 1] to
mention a few, where important non-linearities have beateddo extend the model’s validity
range. For clarity and since an extended version of this inddss serves as a starting point
for the investigations, the model equations will be deriwethe following.

Figure 4.2: Definitions and geometry of the simplified 2-wheel vehicle model.

4.1 Equations of motion

Figure 4.2 displays the forces and distances used in thenioly equations of motion.

m-ay = Fyf-c080+Fxr —Fyf-sind 4.1)
m-ay = Fyf-cos0+ Ky + Fy f -SiNd (4.2)

Consequently in the linear 2-wheel model, the substitutioos = 1 and si® = o are in-
troduced, assuming small angles in general (see also kirexnaln many applications, the
equation for the longitudinal motion is neglected by settime longitudinal velocity as an input
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to the model and thus, leave out Equation (4.1). As a conseguéhe influences d¥ ; in
Equation (4.2) and (4.3) are neglected.

4.2 Steering system

The lowest mechanical eigenfrequency of a steering systitnowt power steering is signifi-

cantly higher then those relevant for the vehicle handIB#j pnd is therefore neglected. An
introduction of an additional steering elasticity is alsoided in this model. A power steering
however, can influence the dynamical properties of the \ehiso at lower frequencies which
can not be depicted with a rigid steering system.

The steer anglé is often assumed to have a proportional relation to the isgerheel angle
OH, i.e. d = 0y /is Whereis is the steering ratio. Generally for the 2-wheel madéd assumed
to be constant. In reality, this steering ratio is dependétite steering wheel angie=is(dn ),
see Figure 4.3, [20].
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Figure 4.3: Steering ratio as a function of the steering wheel angle.

4.3 Kinematics
Kinematics gives the longitudinal and lateral acceleregio
a.X — VX_Vy".lJ (4.4)
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The lateral force at each axle is given as a function (or asllp table) of the side slip angle
a; of the axle. From the kinematics and the geometry in the 2elvin@del, the side slip angles
at the front and rear axle are given in linearized form by:

. |fl.]J+Vy

of = 0 (4.6)

4.7)

4.4 Lateral force characteristics

In the original 2-wheel model of Riekert and Schunck [46], kaeral force was modeled to
have a linear relation to the side slip angle. This is one efrtfain reasons why the validity
range of this model is limited. In the model extensions magéob instance Meljnikov [34],
this relation was extended to be non-linear. One way of ifieng this relation is to measure
the vehicle in a steady-state maneuver where the yaw aatieleis() ~ 0. In doing this, the
lateral accelerationy, the yaw rata, the steer angl® and the vehicle longitudinal and lateral
velocity, vy andvy, have to be measured. More about the measuring setup carube ifo
Kobetz [20].

If neglecting the influence of the longitudinal forces anthwiod ~ 1, the Equations (4.2) and
(4.3) can be combined to give:

Iy
Rt = ma/I— (4.8)

I
Fr = mag,l—f (4.9)

For the measured lateral acceleration, correspondingstijgl@ngles exist, see Equation (4.6)
and (4.7), which finally builds the lateral force characttics of each axlefyj = Fj(a;) —
principally a nonlinear relationship. This axle force daeristics can be fitted with an empiri-
cal formula. However, in this investigation it is alwaysret as a look-up table as displayed in
Figure 4.4.

4.5 Lateral force dynamics

The simple relation between lateral axle force and axleastigle as presented in Figure 4.4 is
only entirely valid during steady-state driving. Duringn@ymics, the lateral force for each tire,
and consequently the whole axle, will have a time delay dukdduild up of the lateral force.
This effect will be explained in the following.

In comparison to the longitudinal forces, the time delayaittbup of the lateral tire forces plays
a more important role in vehicle handling. At a rolling titke cleats of the tire tread enter the
tire patch un-deflected and have to be laterally deflectedrbdfansmitting lateral forces to
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Figure 4.4: Lateral axle force characteristics of the 2-wheel model{lgotable).

the vehicle. Therefore, a change in lateral slip angle wildoice the complete effect when the
cleats have moved through the tire patch. Consequentlyirésawiill be reacting faster on slip
angle changes at higher speeds. The distance requiredeftirétto build up lateral forces is
defined as the relaxation lengtly. In addition, at larger slip angles, the tire is reactingdas
then at smaller slip angles. At a vertical load increase Jdtexal force build-up will also be
delayed since the cleats have to be additionally deflectéatd&ransmitting an extra lateral
force but this smaller effect will be neglected.

In order to capture this lateral force build-up, a simplerapph from Boéhm [5] is used de-
scribed by a first order differential equation:

Ca,j pdyn, dyn stat
Eg;;T;;Fﬂ +_Fj — ij (4.10)

whereFjStat is the static force discussed earlier aﬁfd "defines the actual force to be used in the
equations of motion. The relation between the cornerirftne8sCqy j and the lateral stiffness
C,,; provides the relaxation length; which is a part of the first order system’s time constant
T

Ca,j lej

_lej _ 4 4.11
Cyj - W Vx : (4.11)

The faster tire reaction at higher lateral forces, i.e. ghér slip angles, will not be depicted
with this approach, Ammon [1].

The vertical load transfer during dynamic maneuvers witlegr time delayed in comparison to
the vertical load transfer at steady-state cornering. iBhtswused by the vehicle’s roll dynam-
ics, i.e. a combination of inertia properties of the vehiately, shock absorbers, anti-roll bar
stiffness, spring stiffness and suspension kinematice.dBerease in total lateral axle force due
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to an increased vertical load difference between insidecantside tire, is already included in
the 2-wheel model steady-state axle force characteristieggure 4.4. However, the influence
of the dynamic vertical load transfer is not explicitly fankated since it can not be separated
from other effects at steady-state cornering. The reductidhe total lateral axle force is more
important at higher lateral accelerations since the \art@ad transfer to the outside tire will
be large enough for the tire properties to reach their noeali range.

4.6 Roll degree of freedom

Up until now, the height of the vehicle’s center of mass hanbeeglected. In order to capture
the vehicle’s roll movement, the vehicle center of masstiasthe heighfAh above an assumed
horizontal roll axis located in RC (roll center) see Figurg. 4.

Figure 4.5: Roll model seen from behind.

The roll momentMy is modeled by a roll stiffness and roll damping. The follogeguation of
motion results for the roll movement defined around the eeoitigravity (CG):

Jo-® = Fyrc-Ahcosp + Frre-Ahsing — (dy - ¢ +ky - §) (4.12)

and with neglecting the un-sprung mass VA -+ Fyout = Fytot = Fy,rc = May; Fzin +Fzout =
F.rc = mg and small roll angled, it follows:

Jp-& = maAh+mgAhd — dy-d — Ky - 0 (4.13)
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The total roll stiffnesky is made up from the vertical spring stiffness of the susensprings
together with the anti-roll bars in combination with the gearical influences of where these
springs are acting.dy is the total roll damping made up of the damper charactesisind
geometrical influence where they are actidgis the roll moment of inertia around the center
of gravity. Moreover, the roll moment due to lateral masplisement can be included in an
effective roll stiffnes.sk$ff = ky —mgAh giving the following simplified roll equation.

Jp-0 = mash—dy-d—Kk5' - (4.14)

In order to describe the roll motion’s influence upon theritdynamics, the kinematics have
to be modified, i.e. the following side slip angle calculatis used [1]:

Vi

af = (4.15)

l-W—w—Ah-¢
ar - VX

Hence, the roll rate has an influence on the contact calonlathich is an important effect
during strongly dynamical maneuvers.

(4.16)

Important assumptions in this roll model are:

e The roll center (roll axis) is fixed. This is not completelyethase, especially not for
independent suspensions.

e The roll axis is horizontal, i.e. the coupling between raitiazaw motion is neglected.

e The spring stiffness and damping rates of tires and suspefigim front and rear axle
respectively, are concluded in an applied overall vehiclernoment.

4.7 Simulation results with the 2-wheel model

To conclude this chapter, a few simulation results with tvetizel model will be demonstrated.
The 2-wheel model parameters have been identified fromngdrimeasurement data using an
in-house developed tool at Daimler AG. This tool handlesyng from pre-processing of
measurement data to the automatic parameter identificafiorearly stage of this tool is de-
scribed in [20] and further literature can be found in [244 §21] .

The resulting model quality is illustrated by comparing gulation results with the mea-
surements in a double lane change maneuver. The measueedgtwheel anglép and the
longitudinal velocityvyx were used as inputs to the simulation model. Figure 4.6&plays the
lateral acceleration and Figure 4.6(b) the yaw rate, botlwsig a very good correlation de-
spite the severe lateral maneuver. The small deviationhicieeside slip angle seen in Figure
4.7(a) is mainly due to the strong level of noise in the sensaisuring the lateral velocity. The
accuracy of the roll angle is confirmed in Figure 4.7(b).
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Figure 4.6: Measurement data in comparison with simulation results with the @-wioglel in a double
lane change maneuver, lateral acceleration in CG (a) and yaw rate (b).
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Figure 4.7: Measurement data in comparison with simulation results with the @-wiloelel in a double
lane change maneuver, vehicle side slip angle in (a) and roll angle in (b).



Chapter 5

A common base of comparing the
2-wheel with 3D-vehicle models

A central topic of this chapter is to calculate the laterdedrrce characteristicEy’Aj (aA) of
the 2-wheel model assuming known tire forces and momenisglarsteady-state maneuver.
Reference vehicle A described in Section 2.5 has been usaatiout all investigations in this
chapter.

5.1 A first example of comparison

Figure 5.1: The lateral forces acting on the 2-wheel model in comparisthre tiateral tire forces of a
full vehicle model.

A simple vehicle model like the 2-wheel model can in many sasdculate the vehicle motion
states nearly as accurate as a sophisticated MBS model apptdawever, due to the limited
amount of outputs in comparison to the detailed MBS model 2theneel model will never
provide the same analysis potential as the detailed MBS mddmlertheless, when focusing
mainly on the motion states of the vehicle body during haryjlthe 2-wheel model will still
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A common base of comparing the 2-wheel with 3D-vehicle models

Simulation with :Simulation  :
CASCaDE-DA ioutnuts: Comparison:
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Figure 5.2: Block representation of the procedure for deriving the camrase for comparing a 2-wheel
model with a 3D-vehicle model.

provide the sufficient outputs during the maneuvers of @gerDespite the fact that the proper-
ties of the two tires and the suspension of an axle are lunggether into one single axle force
element in the 2-wheel model, the two model classes; the &invinodel and the full vehicle
model CASCaDE-DA, will be compared here by using the axle feleenent in the 2-wheel
model as a base. In a very simplified manner this means thatthef the left and right lateral
tire forces of an axle in the MBS model will be compared to theesponding lateral axle force
characteristics in the 2-wheel model, see Figure 5.1.

The investigation described above is simple to carry outnwigng a complex MBS vehicle
model as a reference. Figure 5.2 shows a block represantaftithis investigation. Start-
ing to the left in the figure, a full vehicle simulation is panined using the reference model
CASCaDE-DA equipped with the tire model MF 5.2, both descrilme@hapter 2. A number
of states in this full vehicle simulation are recorded aneduis this investigation: The lateral
acceleratioray, lateral velocityvy, longitudinal velocitywy, rack displacement in the steering
systemy; and the yaw ratés, are used to identify the lateral force characteristichefa-wheel
modeIFyA (O(A) according the Equations (4.8), (4.9), (4.15) and (4.1& us®er path in Figure
5.2. Moreover, the inputs to the tire model during the fuliiede simulation: side slip angie,
tire camber anglg;, vertical tire load~,; and longitudinal sligs,; are also recorded in order to
be used when simulating the tire model separately and imthisner calculate the tire forces
and moments independently, see lower path in Figure 5.2llzithe lateral force characteris-
tics from the 2-wheel modeF,yA (O(A), and the lateral force characteristics calculated from the

two tires, i.e.R?T (a®), are compared, see right block in Figure 5.2.

The maneuver used for this investigation is a steady-staiteedng maneuver driven at constant
velocity. In this maneuver, the vehicle is driven straigiead at a constant velocity of 80 km/h.
The lateral acceleration is increased by increasing tlezistewheel angle slowly so that time

dependent effects can be neglected, until the vehicle esattfe maximum possible lateral

acceleration. The steering wheel angle and the axle sidastle front and rear are displayed
as a functions of lateral acceleration in the Figures 5.&(a)5.3(b).

When observing the equations of motion of the 2-wheel modehdisteady-state cornering,
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Figure 5.3: Reference figures for the maneuver used in the sensitidtysé Figure (a) shows the
steering wheel angle as a function of the lateral acceleration. Figudeijts the side slip angles for
the front and rear axle in relation to the lateral acceleration.

and without aerodynamic forces, the sum of the lateral axlesfs acting on a vehicle is directly
related to the lateral acceleration of the vehicle. The yesekeration is subsequently associated
to the relation between the lateral axle forces acting atrthre and rear axle together with the
distances these forces are acting from the center of gra@g/Equations (4.8) and (4.9). With
this in mind, it is easy to believe that the lateral axle fozharacteristics in the 2-wheel model
will correspond to the sum of the lateral tire forces of thaigke in question during the same
steady-state cornering maneuver.

By using the simulation inputs and outputs of the referencdeh@ASCaDE-DA during a
steady state maneuver, the lateral axle force charaatsridtthe 2-wheel modeF,yA (O(A), can
be identified as described in Chapter 4. Equations (5.1) 4) [[Sts these relations again where
the simulation outputsy, vy, a, and ) from the simulations with CASCaDE-DA are used to
compose the lateral axle force characteridﬁﬁiaA), which are also shown in Figure 5.4. Note
that the rack displacement is used when calculating the ateged used in Equation (5.1).

e+ w
of = 6(Yr)_%xy (5.1)
[ — W
P — %Xy (5.2)
|
Fyy = ma (5.3)

Ry = may-- (5.4)
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Figure 5.4: Front (a) and rear (b) lateral axle force characteristitei@-wheel model (from a different
vehicle than in Figure 4.4). Since these force characteristics have beerated from simulation results
with an absolutely symmetric simulation model on a flat road surface, the paaitiveegative branch are
mirror symmetric and therefore only the positive branch is displayed heitb. dWing measurements,

the positive and negative branches are not necessarily symmetric sitgle gactors like for instance

loading condition, ply-steer effects in the tires and assymmetric suspenkientd e.g. tolerances in
suspension components) could cause a hon-symmetric vehicle behavior.

The lateral tire forces calculated in the reference model C&A3E-DA during the same steady
state maneuver are furthermore summarized to get the titdal force acting at the front

Rt (a’?) and reaiR7 (af) axle. This is made assuming small steer angles and negjehtin
influence of longitudinal forces:

|:y2'f|' = Fy,l + Fy72 (55)

The forces} <a’f*> andRZT (of) will be referred to as thequivalent lateral force character-

isticsand are always calculated using the tire forces in the CASCaABEimulations. Hence,
FyA corresponds to the lateral axle force in the 2-wheel moddle&ﬁ is an equivalent lateral
axle force calculated from tire outputs. As will be seenrldtee lateral axle force in the 2-wheel
model is not simply equal to the sum of the lateral tire foraed an approach to calculate a
correct equivalent lateral axle force characteristicenftoe forces will therefore be derived.

Aerodynamics also influences the lateral axle force charitics in the 2-wheel model. How-

ever, in order to simplify the comparison in this investigat the aerodynamic forces are ne-
glected by simply turning off the aerodynamics in both siatiolh models. This is also done
under the assumption that the aerodynamics has a smallno#éia the velocities driven in this

maneuver and eliminating it makes the evaluation of othfeccef more evident.

Another important effect to exclude at this point is the iaflae of elasticity in the steering
system. This is done by using the rack displacement as iopthiet 2-wheel model instead of
the more commonly used steering wheel angle when calcgldimlateral force characteristics
of the 2-wheel model. This means that a ratio between thediapkacement and the mean front
steer angle of the front wheels is used, instead of the caoioveh ratio between the steering
wheel angle and mean steer angle of the front wheels.
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Figure 5.5: Lateral force characteristics of the 2-wheel model aguptd the Equations (4.6) to (4.9),
in comparison to the summarized lateral tire forces in the Equations (5.5) @)d K®te that the side
slip angle of each axle (Equations (4.6) and (4.7)) is used on the x-agifoalthe 4-wheel model.

Figure 5.5 shows the difference (for both the front and rede)ebetween the sum of the lat-
eral tire forces according to the Equations (5.5) and (51l the identified lateral axle force
characteristics in the 2-wheel model according to the Eqost(5.1) to (5.4). The difference
is always calculated in relation to the solid line repreismﬂFyA (O(A) and is 456N (7.31 % of
Fﬁmag on the front axle and-393N (—6.62 % of Fﬁmax) on the rear. The relative values in
percent are always set in relation to the maximum value ottimeesponding lateral axle force
characteristics, i.65, .= max(F").

5.2 Method to consider important effects

As already discussed in Chapter 3, there are numerous efiflaesncing the steering behavior
of the vehicle. One significant effect that has been overadwm simply adding the lateral tire
forces together, and assuming they act at the center of tagigthe aligning moment at the tire
contact point. The aligning moment will try to turn the vdhiout of the turn and it is caused
by the fact that the lateral tire force actually acts behireltire contact point. Instead of having
the lateral force act at a point behind the contact point dees in reality, the force is reduced
to the contact point. This conversion involves the addibbthe aligning moment, see Figure
5.6(a) and 5.6(b).

In order to take this aligning moment into consideratior, #tigning moments from the four
tires are summarized to a free moment acting on the vehiag. b®his free moment is fur-
thermore converted into a force couple acting at the frodtraar axle using the wheel base,
since this is the location of comparison with the laterakdrice characteristics of the 2-wheel
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Figure 5.6: The lateral tire fordg, as it acts on the tire in reality (a). In (b) the lateral tire force is reduced
to the tire contact point producing the self aligning tordie

model. This results in the following equation to be used whbensidering the effect of the

aligning moment:

4
(5.7)

1
R =Ra+FRet T _Zlei
1=
2T 1
Fr =Rst+ha—y _ZMZJ (5.8)
1=
The aligning moment is negative when the lateral force istpeswhich explains the positive
sign before the aligning moment in Equation (5.7).

Figure 5.7 shows the result when considering also the alggmoment. This correction brings
the result closer to the target with the difference fronhge260N (4.17 % of Fy’fmax) and rear

being—198N (—3.33 % 0f /1)
As discussed in Section 3.7, locking effects due to innetiém in a differential will cause
slightly different fore and aft forces on the inside and @ésvheel while propelling during
cornering. Equation (5.9) and (5.10) takes this into caersition when calculating,”| and

Figure 5.8 displays the results in comparisorF)t,??. The difference is now down to 166
(2.66 % Of 15 ON the front axle ane-104N (—1.74 % of i}, on the rear.

o7 12 1 bt br
Fof =Ra+Raty ZLMLi +7 (B2 =Fxa) = + (Faa—Fea) 5 (5.9)
i=
oT 18 1 bt br
Fr =FRstRa— T ZMz,i 1 (Fx2— FX,1)7 + (Fea— Fx,3)§ (5.10)
i=

So far, the steer angles have been neglected. Hence, thal kate forces were assumed to
act perpendicular to the vehicle body. When considering teeraangles, the lateral forces
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Figure 5.7: Lateral force characteristics of the 2-wheel model in casgato the summarized lateral
tire forces when considering the effect of aligning moments.
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Figure 5.8: FAJ in comparison tdzzjT when including the effect of the yaw moment caused by the
longitudinal forces, Equation (5.9) and (5.10).

mainly on the front axle will also have a longitudinal compahcausing a yaw moment. The
significantly larger lateral force on the outside front whe#l thus cause a counteracting yaw
moment. A small angle approximation is possible, i.e. &as 1 and si; ~ §;. Equation
(5.11) and (5.12) define the approach considering the stegesawhen calculatlnﬁy2T and
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Figure 5.9 shows the resulting comparison withNi8.69 % ofFﬁmaX) difference on the front
axle and—23N (—0.38 % ofFfmaX) difference on the rear axle.

1
|

bf br

((Fx,z —F1) =+ (Fa— Fx,3)—) (5.11)

1 4
2T _ .
Ff = RitReo+ T i:E Mz + 5 5

1 b b
T ((Fy,151 — |:y.,252)7f + (Fy,303 — Fy,454)§r)

1
|

br

((FX,Z - I:x.,l)b—zlc + (Fx,4 - Fx,3>_) (5-12)

FZT = Fya+ R S Mg —
y7r - y73+ y~4 | Z Z7I 2
1=

1 b b
- ((Fy.,lal - Fy.,252)7f + (Fyads— Fy,464)5f)
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Figure 5.9:F} in comparison td=7 when including the steer angle contribution when calculafifijp

Despite a very small disagreement bethépandejT in Figure 5.9, a final error contribution
will be analyzed - the yaw inertia. When deriving the exprass$or the lateral axle forcdﬁfj,

a steady-state condition is assumed with the yaw accedarbging small, i.el) ~ 0. This is
not completely true, especially when observing real measant data. If not assuming the yaw
accelerationp to be negligible, the equations of motion in Equation (4r&) &.3) will give the
following expression for the lateral axle forces:

| 1
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£ L1
Ff} = majl——JwLpl— (5.14)

In this investigation, simulation results are used inst&fadeasurements, allowing the maneu-
vers to be run with extreme accuracy. The steady state ¢ogneraneuver can also be driven
over a much longer time in simulations, assuring a well addesteady-state condition to be
reached. Figure 5.10 illustrates the comparisoﬁyﬁf and Ffj when including the yaw inertia

into the calculations. The difference falls to R50.56 % ofFfmaX) on the front axle and-14N
(—0.24 % of R/},,5,) on the rear axle.
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Figure 5.10: F in comparison toRZ] when including the contribution to yaw moment fraip(,
Equation (5.13) and (5.14).

The remaining difference could be related to several effditcussed in Chapter 3. On the
other hand, most remaining effects presented in Chapter Betated to how the tire inputs
are influenced, like for instance the vertical load or thengjgaof camber angle, and how these
changes influence the self steer of the vehicle due to thdtiresdifferent forces. However,
these effects are not relevant in this investigation sihedite outputs from the simulation are
used. One remaining effect however, is the movement of teetintact point in relation to the
vehicle body due to kinematics and compliance. This corsettyumoves the point at where
the tire forces are acting. During the steady state corgetire roll movement of the vehicle
caused by the lateral acceleration will make the outer vghgelinto jounce and the inner to
rebound. Due to the fore and aft movement of the wheel overgewand rebound, the lever
arm over which the lateral tire force will create a yaw momeiit change. Since the lateral
forces of the outer tires become significantly more impdrtiaan the inner lateral forces due to
increased vertical load, this will have the net effect of iInguvthe effective lateral force of the
axle rearward with increasing lateral acceleration. Hettus effect causes an under steering
effect due to the fact that the lateral force on the front gat less lever arm to turn the vehicle
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into the turn, and the lateral force on the rear will get adalgver arm to counteract the yaw
movement of the vehicle. This is illustrated in Figure 5.11.

The effect of the changed tire contact position due to kirtenaad compliance is however too
small to be taken into consideration. Accordingly, the apgh to calculate the lateral axle
forcestj in Equation (5.13) and (5.14), as well as the approach tautatk the equivalent
lateral axle forcer?jT in Equation (5.11) and (5.12), will be used in the furthereistigations
presented in Chapter 6.

=

=

-
1

Figure 5.11: The fore and aft movement of the wheels due to kinematicoamuliance moves the point
at where the lateral tire force acts. Consequently the corresponditidatetal force in the axl& Ff
will act at a distancél®ff behind the centre of the axle.



Chapter 6

Sensitivity analysis of suspension
properties

This Chapter builds on the method developed in Chapter 5 arsgpi®a sensitivity analysis
of the suspension properties in relation to the lateraldattaracteristics of the 2-wheel model.
The sensitivity investigation classifies the suspensiap@rties and serves as a foundation for
the required accuracy in the suspension model that is to bieedein Chapter 7. Reference
vehicle A described in Section 2.5 has been used throughlont@stigations in this chapter.

The objective of this investigation is to develop a suspemsnodel which uses the vehicle
motion states as inputs, in order to calculate the inputshfeitire model (in this case the tire
model MF 5.2 presented in chapter 2). The tire model furtloeencalculates the forces that
are used in the equations of motion to calculate the movenfdhe vehicle. In order to know
how accurate different parts in the suspension model have tamodeled, it is important to
know how a model error in the suspension module influencesethdts. For that reason, this
Chapter presents a sensitivity analysis of the suspensipefres in regards to the lateral force
characteristics of the 2-wheel model using the method ofpaoison derived in Chapter 5.

The procedure of this investigation is presented in Figule $tarting to the left with a full
vehicle simulation of a steady-state cornering maneuviegube reference model CASCaDE-
DA with the tire model MF 5.2, both described in Chapter 2. $&lvgtates in this full vehicle
simulation are recorded as simulation outputs in order tauded in this investigation: The
lateral acceleratiomy, vehicle side slip angl@®, rack displacement in the steering systgm
yaw rate) and the yaw acceleratiaf, are used to identify the lateral force characteristics of
the 2-wheel mode‘Ff (ch) according to Equations (5.13) and (5.14). Moreover, thetspo
the tire model during the full vehicle simulation; side sdipgleq;, tire camber anglg, vertical

tire loadF,; and longitudinal slips, are also recorded in order to be used when simulating the
MF 5.2 tire model in a second simulation step. The receiveddirces and moments from this
second simulation step are furthermore manipulated bygubie method derived in Chapter 5
to get the equivalent lateral force characteristics of teh2el model, i.er2T (O(A) as defined

in Equation (5.11) and (5.12). Finally, the equivalent dakdéorce characteristicsF,y2T (O(A),

are compared to the identified lateral force charactesisifche 2-wheel modeFFf (O(A). By
disturbing the tire inputs when simulating the tires sefgdyan the second simulation step, the

49



50 Chapter 6  Sensitivity analysis of suspension properties
Simulation with Slmulatlon outDuts 2-wheel model Comparlson ..........
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Figure 6.1: Investigation procedure for the sensitivity analysis of theesisson properties.

resulting change in the equivalent 2-wheel model Iatenah‘co:hawacteristicgy2T (O(A) can be
observed and evaluated in comparison to the originallytified lateral force characteristics of
the 2-wheel modefy* (a*).

The disturbances added to the tire inputs of the MF 5.2 tirdehbave to be related to what
a model error in a suspension model would cause. By only affeme tire input and keeping
the other tire inputs intact, the influence of this virtuathgated model error can be seen in the
equivalent 2-wheel model force characteris¢s . If a disturbance is causing a large change,
it will also have a large impact on the self steer behaviohef\tehicle as well and hence, the
corresponding part of the suspension model has to be modetgéccurately.

This way of investigating the influence of different tire uip is very simple to perform. If the
suspension in the reference model would have been alter@di@n to obtain the same change
as the disturbances added to the tire inputs in this inwasbig, it would have been a very dif-
ficult task not to change other tire inputs unintentionathpwever, this way of performing the
investigation also does not completely correspond to hanattie force characteristics would
change if the suspension in the reference model would bestedjuo create the same change
in tire input. A steer angle change due to roll would, for amste, also change the vertical
load at a certain tire side slip angle. Hence, the result dvbela generally different set of tire
inputs at a specific driving state with a slightly differeesulting force vector. Nevertheless,
the amount of difference between the equivalent laterakf@haracteristics and the identified
lateral force characteristics of the 2-wheel model willeavthe sensitivity of that particular
part of the suspension model.

Also, the inputs to the tire models are consequences of thergted tire forces and moments. A
change in a tire input will therefore create different tioedes which furthermore will influence
the tire inputs. Therefore, the disturbances added in tivigstigation have to be relatively
small in comparison to the actual inputs if the output of thesstivity analysis should be valid.
Consequently, as with most sensitivity analysis, the reasuiinly valid around the specific
driving state and for small disturbances.

The calculation of the vertical load is a very good exampléa# the tire input disturbances



Section 6.1 Sensitivity of side slip angle 51

have to be related to a possible model error: The static wbaelof each tire is easy to measure
using a scale, i.e. the model parameters regarding stageMbad can be considered confi-
dent, whereas the load transfer during cornering has to loalated using a model approach.
Therefore, it makes sense to add the vertical load distadbtmthe load transfer only, without
changing the static tire load. By doing this, the resultingiegjent lateral axle force charac-
teristicsR?" will show the result of an error in the modeled load transéher than examining
the load dependency of the tires.

Anincrease in vertical load transfer on both the front araat exle would correspond to an error
in for instance center of gravity height or track width. léthertical load transfer is increased on
the front axle when simultaneously decreased at the reey i could for instance correspond
to a model error in roll stiffness distribution between thent and rear axle.

This investigation includes number of different disturbasto:

¢ the side slip angles
e the vertical load transfer

e the camber angles

In all investigations, the maximum difference between titerl force characteristics of the
2-wheel modeFf (Equation (5.13) and (5.14)) and the equivalent lateraddarharacteristics

Fy2T (Equation (5.11) and (5.12)) developed in Chapter 5 are atedu The axle side slip angle
O(J-A (Equation (5.1) and (5.2)) is furthermore used as the reterehannel in all investigations.

The spot where the maximum difference in lateral axle formics is marked in the figures with
black dots. In addition, the resulting maximum force difieces are also normalized with the
maximum lateral axle force of the front and rear axle respelgtto obtain a relative measure.

6.1 Sensitivity of side slip angle

The tire side slip angle; is a very important tire input regarding the lateral forcagmtion
and is defined in the magic formula tire model version 5.2 glilepend on the lateral and
longitudinal velocity of the tire contact point, i.@,; andvy; (see also Figure 6.2(a)):

V .
a; = arctan—2- (6.1)
Vi

During e.g. steady-state cornering, the vehicle longitadvelocityvy, the vehicle lateral ve-
locity vy and the yaw raté), can be used to create a simplified expression of the sidarsjfe
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Figure 6.2: (a): Definition of side slip angle in MF 5.2 witf; being the lateral velocity of the tire
contact point andy; longitudinal component of the tire contact point velocity. (b): Illustratiorthef
distances and vehicle kinematics used to derive a simplified expressiontioétsiele slip angles. Due to
the steady-state cornering condition, the influence of the roll velocity eareflected in the calculations
of the side slip angles in Equations (6.2) to (6.2). The lateral displacem# e GG due to the roll angle
has also been neglected.

of each tire (see also Figure 6.2(b)):

—0.5bs

+1
ap= — (52 — arctany—fLIJ

Vyx + 0.5b¢

a; = —(61—arcta y+|pr ) (6.2)
) 6.3)

Oz = — <63 — arctanTbr) (6.4)

Og= — (64 — arctano—Lg:w) (6.5)
Hence, the steer angle of each whéghas a direct influence on the side slip angle. The
steer angles; contain static toe-idgj, steer angles due to suspension jounce and rebgynd
compliance steed.; and steer angles due to driver steering indigts Due to the steady-state
cornering condition, the influence of the roll velocity haseh neglected in the side slip angle
calculations. The lateral displacement of the CG due to thamngle has also been neglected.

By disturbing the side slip angle with measures related to daierror in computing the steer
angle of each wheel (and keeping the other tire inputs iptdoe influence of a steer angle
model error can be seen in the equivalent 2-wheel modelalaterce characteristics. It is

important to remember though, that changing the side slgleanvith the consequence of a
change of tire lateral force, will change the vehicle movetrand consequently the side slip
angle, i.e. they are coupled. This investigation builds eoadipling the tire inputs and will

therefore only give an indication of how significant the ajpains decoupled from other effects.
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Table 6.1 presents the different disturbances applieddcsitie slip angle together with the
resulting maximum difference betwe@gf (Equation (5.13) and (5.14)) ar1$T (Equation

(5.11) and (5.12), both with the axle side slip angfeas reference (Equation (5.1) and (5.2)).

The investigations in this Chapter will be labelgd S2, ..., Snin ordered to ease the reading
and viewing of figures and tables. The sensitivity analysgarding the side slip angles are
labeledS1, S2andS3

S1 The first investigation adds a 10 % increase of the latera slgh angle to each tirg;,
resulting in the different equivalent lateral axle foﬁ;%T (C(A) in comparison to the orig-
inally identified lateral axle forcl?yA (O(A) depicted in Figure 6.3. Relative to the maxi-
mum of the original lateral axle force, the 10 percent inseda tire side slip angle causes
about 6 percent increase in the equivalent lateral axlegorc

S2 The change in steer angles due to kinematics and compliamceconsequently the side
slip angles) is the objective of the second investigatibassuming the side slip angle at
each tire to be equal to the side slip angle of the correspgralle, the effects of static
toe angles, roll steer and compliance steer are all elimthiattheory. The result of this is
shown in Figure 6.4. In order to put the result$S@into prerspective, Figure 6.5 displays
the steer angles during this steady-state maneuver withxieeside slip anglea; and
o, used as reference variables in order to ease the comparidoRigure 6.4.

S3 In the third investigation the static toe angle is subtrddtem the side slip angle at each
tire in order to examine the effect of toe-in on the laterdedrrce. As seen in Figure
6.6, this decrease!7§,2T both at the front and rear axle. The cornering stiffness endlar
axle is also decreased when removing toe-in.

Label Description Formulation Delta (relative gy
S1 : , Front: 391N (6.27%)
0 A LA
Fig. 6.3 1_0 Yo |r_10rease ofthetirea; = 1.1-q; Rear: 35N (5.96%)
side slip anglesi;.
S2 Axle side slip angler® a; — { af =12 Front: 836N (13.39%)
. | - A - . . - 0
Fig. 6.4 used as input to the re- ol =34 Rear:—251N (—4.23%)
spective tires.
aj = aj &= Opji
S3 : _ - e Front: —55N (—0.88%)
Fig. 6.6 otatictoeangiéo; sub- 0, =0.14 Rear:— 244N (—4.11%)

tracted from the tire 0p4 = 0.45
side slip angle.

Table 6.1: Results for disturbing the side slip angles during steady-statercmy showing the difference
between the lateral axle force characteristics of the two wheel anfd@dA) and the equivalent lateral

axle forcer2T (oh).
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8000
[Caber 52 ’REAanax.mﬁ;—251|u(—4239@omew)
7000+ -
= 6000+ -
£ . ,"
() I’/
© 5000+ i
£ AN
) .’
2 4000} G
3 A4
B 3000! 4 FRONT max. diff.: 836 N (13.39% of F__ )
15 i
© /24
— 2000+ ’
1000 Fs
-
y
0 1 1 1 1 1 1
0 1 2 3 4 5 6 7

Axle side slip Angle ol [°]
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6.2

Sensitivity of vertical load transfer

As already discussed in Section 3.6.2 and illustrated imrféi@.8, the vertical load transfer
during cornering will decrease the total lateral axle foodehe axle due to the non-linear
vertical load dependency of the tire. Sensitivity analg@andS5investigate how the vertical
load transfer influence the lateral axle forces:

S4 In the investigation labeled S4 the vertical load transteah axle is increased by 10 %.

This results in a clear decrease of the front lateral axlegfovhich correlates to theory,
see Figure 6.7. The rear axle does not change much which cerdi@ined by the
fact that the vertical load transfer on the front axle is m&igmificant than on the rear;
at maximum lateral accelerati@)mayx the outer front tire will experience a 90 percent
increase in vertical load in comparison to straight-lineidg whereas the outer rear tire
will only experience a 55 percent increase. However, thisoisthe only explanation as
will be seen in the next investigation.

S5 Figure 6.8 shows the result of having no vertical load trandfiring cornering. As can be

seen for the front axle, this investigation again confirnesttieory of a decreased total
lateral axle force due to the vertical load transfer sineedbuivalent lateral axle force
F7f (which was produced excluding the vertical load transfefpiger tharF; which
mcludes the vertical load transfer. On the rear axle, henehe equivalent Iateral axle
force F?T has been decreased in the absence of vertical load trafi$isrresult makes
the influence of the indirect self-steer effects evidenguie 6.9 illustrates how the lateral
forces,Fin andFy oy, depend on the vertical tire loaéigin andF, oyt (here linear). This
has been plotted for two side slip angles; the outer and ther,imifferentiated mainly
by the static toe angle. In the case of no load transfer, ther dateral tire forcer o
and the inner lateral tire fordey;,, will have the mean valugF, vaxle (filled black dots in
Figure 6.9). Taking the vertical load transfer into accotﬂnm Iateral force of the outer
and inner tires, i. er.n andFy,out, Will have a mean valué yaxle (circles in Figure 6.9),

1
Where? Fy7ax|e > 2 Fy axle®

Table 6.2 concludes the investigations made on vertical seasitivity.

Label Description Formulation Delta (relative Fgax)
S4 : e . Front: —264N (—4.23%)
Fig. 6.7 Vertical . load tra_ns- Fi=Fpi+11-AF; Rear:—96 N (—1.63%)
fer during cornering
increased by 10 %.
S5 . 1A Front: 1583N (25.35%)
Fig. 6.8 ][\(I; vertical load trans- Fj = 5F; Rear: 25N (4.28%)
Table 6.2: Resulting difference between the lateral axle force chasiicgof the two wheel model

R (0”) and the equivalent lateral axle forE¢" (a*) when disturbing the vertical load transfer during
steady-state cornering.
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Figure 6.7: Resulting equivalent lateral axle foR¢a

(o) due to a 10 % increased vertical load transfer,

in comparison to the originally identified lateral axle fofge (a”).

8000

ILabeI SSI

’REAR max. diff.: 254 N (4.28% of F__ )

7000

5000

4000 s

(o2}
o
o
o
T
\

3000 # |FRONT max. diff.: 1583 N (25.35% of F__)

Lateral axle force [N]

2000+

1000

i i

=)

i i

o

0 1 2 3

4 5 6 7

Axle side slip Angle o’ [°]
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Figure 6.10: As in Figure 6.9 but with lateral tire characteristics operatingemtim-linear range of
vertical load dependency. This non-linearity results in decreasing fihet ekplained in Figure 6.9.

This effect, 3y axie > %F)Zaxle’ is not as evident on the front axle due to several reasonmst, Fi
the static toe angle on the front axle is smaller than on tag &g 1 = 0.026" anddyr = 0.14°,

l.e. the static toe angle on the rear axle is about 4 % of tharmar axle side slip angle
Omaxrear ~ 3.4°, whereas the front static toe angle corresponds to only tabdu% of the
maximum axle side slip angleimay front = 6.6°. Also, the non-linear vertical load dependency
decreases the effect of different side slip angles due tic $te, see Figure 6.10 illustrating the
same as Figure 6.9 but with the tire characteristics opgyati the non-linear range of vertical

load dependency.

The effect described in Figure 6.9 gives an additional exgtian to why the rear axle doesn'’t
show as much decrease as the front axle in lateral axle feraecansequence of more vertical
load transfer (Labeb4, Figure 6.7).
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6.3 Sensitivity of camber angle

The tire camber angle is the angle between the road Z-axithendheel plane, see Figure 3.7,
defined in a right orthogonal reference frame. How this inflgethe lateral axle forces will be
investigated in sensitivity analys&6, S7, S8andS9

S6 In the investigation labele86 the camber angles are increased by 10 %. Figure 6.12 dis-
plays the resulting lateral axle force characteristics anexpected this has only a very
small influence on the total lateral axle force.

S7 Completely ignoring the camber angles is however not judtdiecan be seen in investiga-
tion S7, illustrated in Figure 6.13. The camber angles have theteffedecreasing the
total lateral axle force on both axles.

S8 InvestigationS8 examines the possibility of using the vehicle roll anglelastire camber
angle, i.e. to neglect static camber and camber angle cltrgg® kinematics and com-
pliance. As Figure 6.14 illustrates, this causes a very lsenadr on the front axle and a
smaller error on the rear axle in comparison to ignoring tmaleer angle totally as i87.

S9 Subtracting the static camber angle from the total cambgeas in investigatio®9creates
a small but, on the rear axle yet an important effect on tha tateral axle force, see
Figure 6.15.

In order to better follow investigatio86to S9, Figure 6.11 displays the tire camber angles in
the CASCaDE reference model during the steady-state manesivgrthe axle side slip angles
o anda, as reference variables. The static camber apgjes on the front axlej ¢ = 0.28°
and on the rear axig, = —2.14°.

5

Tire camber angle y [°]
Tire camber angle Y, [°]

1 1 I I I I i 1 1 1 1 1 | i
0 1 2 3 4 5 6 7 0 05 1 15 2 25 3 35
Axle side slip Angle u? [°1 Axle side slip Angle af\ 1

(@) (b)

Figure 6.11: Tire camber anglgsas a function of axle side slip angig during the steady-state maneu-
ver, in (a) the front and in (b) the rear axle.

Table 6.3 presents a summary of the investigations madeeoamber angle sensitivity.
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Label Description Formulation Delta (relative Fgay)

- _ 0
S6 Tire camber anglg in- yvi=11-y; Front: —33N (-0.52%)

. L Lo

Fig. 6.12 creased by 10 %. Rear:—65N (—1.1%)

S7 Tire camber anale ne-v — 0 Front: 639N (10.23%)

Fig. 6.13 9 Yi= Rear: 387 (6.52%)
glected.

S8 Front: 37N (0.6%)

Tire camber angley,=¢
equals vehicle roll
angle.

S9 Front: 61N (0.98%)

. Static camber anglgo Vi = %Vio L B 0
Fig. 6.15 subtracted from the tire Rear:—195N (-3.28%)

camber angle.

Fig. 6.14 Rear:—250N (—4.22%)

Table 6.3: Concluding table of the difference in lateral axle force cleniatics of the two wheel model
R, (0”) and the equivalent lateral axle forgg" (a”) when disturbing the camber angles during steady-
state cornering.
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Figure 6.12: Resulting equivalent lateral axle foFg?é (a”) due to a 10 % increase in tire camber angles
in comparison to the identified original axle forgg (a*).
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Figure 6.13: Resulting equivalent lateral axle foFg’é (O(A) when the tire camber angles are set to zero.
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Figure 6.14: Resulting equivalent lateral axle foR (a*) when the tire camber angle of each tire is
set to be equal to the vehicle roll angle.
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Figure 6.15: Resulting equivalent lateral axle fol='g{I (O(A) when subtracting the static camber angle
Yo, from the total tire camber angle, caused by vehicle roll.

6.4 Summary

The results presented in this sensitivity analysis areacsyt very depending on the vehicle
design, the wheel suspension set-up and foremost the tpepres. If repeating this investi-
gation with the same vehicle but with a different type of tseme results would be similar and
some would change drastically. A wider tire is for instanagrensensitive to camber angles,
l.e. generates more camber force, which would have a lafgeence in investigatios6, S7,
S8andS9 Tires can also be more or less vertical load dependent winiehd cause different
results in investigationS4and S5

The vehicle loading condition as well as the kinematics amdmiance setup of the suspen-
sion also influence how and in what extent the lateral axleefavill be influenced in these
investigations.

Also when repeating the investigations made in this chapitr other vehicles and with dif-
ferent tires, it is clear that the investigations regardimg side slip angle and the tire normal
force always play a very important role. It will also be apgarthat the camber angles will
also gain in importance if a tire with more camber sensitiistused. The camber angle impact
will, however, never become as important as the side slipeaangd the tire normal force. It can
also be concluded though, that the camber angles can noglextesl in the suspension model.
Even if setting the tire camber angles equal to the vehidlearmle would not be sufficient
when modeling the suspension.

This investigation also confirmes the common knowledgettiasteer angles have to be mod-
eled very carefully due to their direct influence on the tidesslip angles. Secondly, the tire
vertical loads are the second most important part of theesuspn model followed by the tire
camber angles.



Chapter 7

The extended 2-wheel model

The 2-wheel vehicle model described in Chapter 4 is a productamy years of research and
development since Riekert and Schunck first presented thelnsodcept in 1940 [46]. The
investigations in this chapter introduces a further dgwelent of the model concept, where
the axle force characteristics described in Section 4.deglaced by a suspension-tire element.
Figure 7.1 shows the principle of this element where a suspemodel uses the vehicle motion
states in order to calculate inputs for a tire model. Therael, Magic Formula MF-Tyre
model version 5.251], furthermore calculates the horizontal tire forced amoments for the
left and right side tire respectively, which are summaris@@¢ompose an overall axle force
and moment. Consequently, the suspension and tire praperilicoe separated in the model
presented here in contrast to the conventional 2-wheel mddere the axle force characteristics
Is a combination of vehicle, tire and suspension properties

Vehicle motion
states & driver inputs™ """« A

o 2xSuspension
W > model

% Tire inputs

2x2 N
Tire model | /

Tire forces &
& moments ¢

Q
Q
Q
Q
O

Synthesis
element

Figure 7.1: Outline of the tire suspension model.

This new model will be called thextended 2-wheel modahd will be described including its

63
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subcomponents in the simplified suspension model. Thesssyimnents must be complex
enough to capture all important effects yet at the same timple enough to allow the model
parameters to be identified in a parameterization proceisg oseasurements from driving ma-
neuvers and a suspension test bench. Within this processiréhcharacteristics for a given
road are assumed to be known at all times, i.e. the frictionitimns are assumed constant and
the tire model parameters are giveiihe objective of this model is to enable a straight forward
identification of the vehicle and the suspension in ordertilze simulation when predicting
the vehicle’s handling with different sets of tires.

The suspension model uses steering inputs as well as themsbétes of the vehicle body when
calculating the inputs for the tire model. This requiresghspension properties to be separated
into sub models that for each tireompute:

e Vertical tire load,F;
e Steer angled;
e Tire camber angley;

e Wheel to road contact kinematics

Both suspension kinematics and compliance will be consibieréhese subcomponents.

It is very important to remember that the motion states oftacke are a result of mainly the tire
forces, which are a reaction of the state in which the tiresogrerating. The operating states
of the tires furthermore depend on the suspension propedgether with the vehicle motion
states . Hence, the properties of the vehicle, suspensiwhsras are strongly interrelated and
consequently, an error in one of the subcomponents in a atranlmodel (vehicle, suspension
or tire model) will produce a chain of incorrect states inesteubcomponents. Accordingly,
the simulation models for vehicle, tire and suspensionetioee have to be considered as one
complete system.

The key to success it that the structure of the developed hstdagly relates to the structure

of areal vehicle. Hence, all important effects like for arste roll steer or changing vertical tire
loads during cornering are included in the model. Consedyéhé structure of the model de-

pict the vehicle behavior in all relevant motion states anly parameter variation is necessary
in order to match the behavior of the extended 2-wheel modklthve behavior of the reference

vehicle. With an insufficient model structure, the strategynatching the vehicle behavior by

parameter variation would fall, i.e. only with a well balascmodel structure the strategy will

succeed.

The model parameters for the simulation model developethighahapter will be identified

in a process described in Chapter 8. This will be followed byeuthentation of the model
validity in Chapter 9 as well as examples in Chapter 10 on hove&otie model for parameter
variations, such as different loading conditions, différéres and other anti-roll bar setups.

1The tire parameters are identified from test bench measutsrbg the tire supplier. Both the extended 2-
wheel model and the reference simulation model CASCaDE-@Asanulated with the same set of tire model
parameters.
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The investigations in Chapter 8 to 10 will in this way justifyetapplied simplifications and
assumptions presented here in Chapter 7.

7.1 Structure of the model for lateral dynamics

The model structure of the extended 2-wheel model is verylaino the model presented in
Chapter 4. As described in Equation (7.1) and (7.2), only e gquation of motion has
been modified by adding the axle aligning moments front aad M2} andMZ{. Figure 7.2
illustrates the model structure regarding the yaw, lataral Iongltudlnal dynamlcs including
the model geometry (to simplify the expressions, small @@aglproximation has been applied,
l.e. cod~ 1 and sid ~ J).

Figure 7.2: Definitions and geometry of the extended 2-wheel vehicle model.

m-a, = F? +F?I (7.1)
Jy- ¥ = ¢ - R — IR +MZF +MZ] (7.2)

In the same way as in the conventional 2-wheel model predant€hapter 4, the vehicle
longitudinal velocity will be an input to the model insteadoeing a motion state in the model.
Hence, the longitudinal degree of freedom is neglected twedeby, this model only considers
pure lateral dynamics.

The steering wheel anglép, is the second model input in the conventional 2-wheel model
presented in Chapter 4, which subsequently is translatecifitbnt steer anglé, to be used in
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the model equations. Instead of this, the model presentedwi# use the rack displacement,
Yr, @s an input in order to separate the suspension from thengtesystem. As a result, the
dynamics of the steering system is completely separated fible suspension model. Section
7.5.1 describes how the steering rack position is used irextended 2-wheel model. If the
steering wheel angle would be needed as a model input, ftamios if driving this model on a

driving simulator, a separate steering model as describgq with the rack displacement and
rack force as interface to the suspension model, could bieedgee also [24]).

7.2 Structure of the roll dynamics model

The structure of the roll model, however, has changed sagmifly in comparison to the model
presented in Chapter 4. First of all, the sprung magshas been separated from the unsprung
mass? of each axlemysj, hencem = ms+ 5 mys. Secondly, the vehicle roll anglg, has
been divided into a suspension roll angpe,, and a roll angle caused by tire vertical deflec-
tion, ¢¢j. The third and final modification in the roll model is that tleactional roll moments
from the springs and dampers are calculated separatelgiddrdnt and rear axle respectively.
Accordingly, the roll moment of axlgis defined as:

Myj = Mg,j (suj) +Ms,j (dsuj) (7.3)

where the non-linear function for elastic roll momeMt, j (¢su ). can be derived mainly from
the suspension springs and the anti-roll bar but it inelytatso includes the elasticities in the
rubber bushings and the bump stops in combination with tepeswsion kinematicddg j (¢suj)

is a non-linear function which summarizes the roll dampiriginating mainly from the shock
absorbers (as well as suspension friction effects).

Figure 7.3 illustrates the structure of the roll model witresimplification: The front and rear
axles are concluded to one axle (this simplification is oelpporary when deriving the roll
model). Small angle approximation is applied for the roljleni.e. co®$ ~ 1 and sinp ~ ¢, so
the height of the sprung maksremains the same during vehicle roll as in a non-roll coaoditi
Heave motion of the vehicle body is also neglected and thartis between the (sprung mass)
center of gravity and the roll centers front and rear arerassito be constant, i.e. the roll lever
armAh = hs — hrc is a constant parameter. This is an noticeable simplifinagspecially for
conventional independent wheel suspensions. The rem&ation 7.4 puts the simplification
of neglecting vehicle heave/dive during roll into perspeci

The equation of motion for the roll degree of freedom can béveé using the free body dia-
gram in the upper right corner of Figure 7.3.

Jos'® = ms-Ah(ays+9d) — (Myt +Mxy) (7.4)

Note that the equation of motion for roll is derived aroune thass center of the sprung mass,
ms, using the moment of inertia for the sprung maks, In oder to use the lateral acceleration

2The unsprung mass is the weight of the various parts of a Metfiat are not carried on the springs, e.g.
wheels, axles and brakes
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Figure 7.3: Roll model seen from behind and the cut system with cuttingddccthe right. The vehicle
roll angle¢ is divided in suspension roll angdg, and roll angle caused by tire vertical deflectimn

of the sprung massys, as an input to the roll model, the following relation wasdise

Msdys = Z Fy.j —Musjdyus] (7.5)
J=1,r

Figure 7.4 show the mass geometry for the roll model withedéht axle geometry front and
rear. Splitting the total vehicle mass into a sprung and aprumg mass also require a slightly
different mass geometry. The difference in mass geometnoidarge and could in some
cases even be neglected but since all necessary paranmretathand, Equation (7.6) to (7.10)
presents the necessary calculations. The center of gitaight,hcg, will normally be smaller
than the height of the sprung maks, and is given by the following relationship:

hcem = hsms+ Z hus jMus j (7.6)
j=t,r

hus j is the height over ground for the unsprung masses. In the sayehe longitudinal center
of gravity position for the sprung mads,s, can be calculated using the mass distribution for
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Figure 7.4: Mass geometry of the vehicle roll model with an inclined roll axis.

the total vehicle.

lf — |
lts = mealt — Musr! (7.7)

ms

With different roll center heights front and rear, the radinter height under the sprung mass,
ms, IS calculated by the linear relationship:

lr sh l+sh
hre = S RC,f‘:' f.sNRCr (7.8)

and accordingly, the roll lever arm in the roll modeNB = hg — hrc.

The moment of inertia for the total vehicle (including thegprung masses) around the x-axis,
Jx, can be calculated using the parallel-axis theorem (alswvkras Huygens-Steiner theorem)
to be (see also Figure 7.5):

b\ 2
I = Jps+ms(hs—hcg)®+ Z Mys | <(hce—hus,-)2+ (Ej) ) (7.9)
j=tr
The moments of inertia for the unsprung masses have beeeated!

All geometric parameters required in order to calculateekrations and velocities in different
positions in the roll model are hereby defined. The centerafity lateral acceleratiomy, will

for instance be calculated by Equation (7.1) but the roll edodeds the lateral acceleration of
the sprung massy;s, which is given by:

ays = ay+P(ls —lrs) —d(hs—hce) , ay=aycc (7.10)

The lateral acceleration of the unsprung masses are fortdrersimplified to be equal to the
lateral acceleration of the corresponding roll centere lexamplified for the front axle:

ayust = ays+Ults+P(hs—hret) , (7.11)
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Figure 7.5 presents the roll model as a whole, i.e. when dictpalso the front and rear
axle. A similar roll model can be found in Mitschke [36]. Hoveg, the model from Mitschke
summarizes the roll stiffness of tires and suspension txkarall stiffness and it only considers
the tire normal forces at steady-state cornering.

front axle
Ah
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rear axle

Figure 7.5: Full view of the vehicle roll model featuring an inclined roll axdssprung mass for the
vehicle body, unsprung masses at each axle, separate roll anglesp@msion rollgsyj, and tire roll,
¢1i,j, at the front and rear axle respectively.

A vehicle only has the roll angl¢. However, the suspension and tire roll angles on the front
and rear axle are separate states in this model approade tBmroll moment of inertia of the
unsprung masses are neglected in this model, the momeiibeigan around the roll center for
the front and rear axle read:

Myt + (Fy,f +Ms 1901 1) hre t — Musayusf (href — hust) = Co i, 1 1 (7.12)

My + (Fy,r + ms,rgq)ti,r) hrer — Musray,usr (hRC,r — husr) = Ccl;,ti,rfl)ti,r (7.13)
The sprung mass resting on each of the axles is here demgieshd is defined as:

| |
M ¢ = Meg-* Mg, = msgfl—’S (7.14)

My j denote the front and rear axle roll moments from springs @mdgrs as defined in Equa-
tion 7.3. The suspension roll anglds,, j, are furthermore derived from vehicle roll angle and
tire roll angle, i.e.¢suj = ¢ — ¢t j. Consequently, Equations (7.12) and (7.13) represent two
first order differential equations which have to be solved.
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7.3 Axle force and moment element

In Chapter 4 the lateral axle force element makes use of tleesaokd slip angleo(jA, as an input

to calculate the static lateral forcE”. The axle side slip angle®, is calculated using the
axle steer angle) (at the front axlé); the vehicle longitudinal velocity, the vehicle lateral
velocity, vy; the yaw ratep; and the vehicle geometry parametdssandl,. In contrast to
this, the axle force element in the extended 2-wheel mod&kmase of a larger set of vehicle
motion states as inputs but the principle of an axle forceneld remain the same. Figure 7.6
displays the workflow in this element.

Axle Force Element

a,V
. c _ ”
v 35 L\ 8 F 25 .
c . o i [CIN) YsJ
v,V e i 7S E
y Ve [86 E €6 |/M
. R . o Mzi G z,j
(p (p (?) z,i = Ul n
Yr

Figure 7.6: Axle force and moment element in the extended 2-wheel model.

The vehicle motion states are used as input for the suspensdel which calculates the tire
side slip anglesq;; tire camber anglesy r; and vertical loadsk; as inputs to the tire model,
MF 5.2. Simultaneously, the tire lateral forcés;, and aligning momentsyl,;, are used as
inputs for the compliance elements in the suspension modgllting in an algebraic loop
which can be solved by a quasi-static approach. Finallytitadorces and moments (left and
right) are converted to an equivalent lateral axle fofg#,, and aligning moment/Z?, to be
used in the equations of motion for the extended 2-wheel inode

It is important to mention that the axle aligning momehmgT is not simply the sum of the
aligning moments in the left and right tire. As shown in Chaﬁteunequal longitudinal forces
left and right due to locking effects in the differential @lsreates a vehicle yaw moment which
can be summarized in a differential yaw momexil, = (F4— Fyx 3)br /2. However, the impact
of the differential will here be neglected (virtually in tsemulations by using an ideal differ-
ential) since this investigation focuses only on the pureréd dynamics. The lateral tire forces
also have a component in vehicle longitudinal direction tuéhe steer angle§, causing a
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vehicle yaw moment as well. Both these yaw moments will be ddidi¢he aligning moments.

Ryt =Fuat Ry (7.15)

R =Fuia+Fa (7.16)
of

Mzz,-l; =Mz1+Mzo+ (F101 — Ry 28) > (7.17)

M2l =My3+M R, 303 — Fy.40 b 7.18

71 = Mz3+Mzg+ (Fy 303 — Fy404) > (7.18)

Figure 7.7 shows the contributions from the different congrds in Equation (7.17) and (7.18)
when the reference vehicle is driven in a steady-state nvaneOnly the rear axle is propulsed
and the contribution from longitudinal forces on the frorkeacan be explained by the rolling
resistance, which on the outer tire (with more vertical toad) will provide more negative
longitudinal force and in this way cause a yaw torque, i.@seaan under steering contribution.
As can be seen in Figure 7.7, the term from lateral force inlmpation with the steer angles
can be neglected on the rear axle. In case of a vehicle witlpan but non-ideal differential,
i.e. a differential with inner friction causing it to pattialock during cornering, this effect has
to be considered in Equation (7.17) and (7.18) respectigdggending on which is the driven
axle.
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Figure 7.7: Yaw torque contributions from the components in Equation (AAd)(7.18) over lateral
acceleration during a steady-state maneuver. In (a) the front axle goyitire rear axle.

Note that Equations (7.15) through (7.18) directly preseatlynamic lateral force and aligning
moments. Hence, the dynamic tire force calculation is é@ompletely by the tire model
MF 5.2 as described in [51]. This is a notable difference ®dbnventional 2-wheel model
presented in Chapter 4 where a dynamic lateral axle force alaslated separately.
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7.4 Approach for tire normal force

The roll model presented in Section 7.2 already providesuhdament for calculating the tire
normal forces. With this roll model, both elastic and dangpghements as well as suspension
kinematics have been considered. Also a tire change is eshabth this roll model since the
tire roll stiffness is separated from the roll stiffnesshie suspension.

After using Equations (7.12) and (7.13), the tire roll asgiéthe front and rear axle are known.
Equation (7.19) to (7.22) presents the approach used innyestigation to calculate the tire
vertical load during lateral driving dynamics.

Fz1=Fz01—Cyti,r i f b—lf (7.19)
Fro=Fz02 +Cq>,ti,f<1>ti,fb—lf (7.20)
Fr3=Fz03— Czp,ti,rd)ti,rb—lr (7.21)
Fra=F04+ C<|>,ti,r<|>ti,rb—lr (7.22)

F,0, is a parameter in the extended 2-wheel model corresponditigttire vertical load when
the vehicle is standing still on a flat surface.

A remark regarding the simplification of the tire normal forc e calculation:
As the vehicle is driving a steady-state cornering manetivertire normal forces will increase

Meed,
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Figure 7.8: Vertical load transfer during steady-state cornering ohialegrear side). The vertical load
on the inner and outer wheel pair are concluded in the vertical IBadsandF, 24 respectively.

on the outer wheel pair and decrease on the inner wheel pais Will be referred to as a
vertical load shift

If denoting the sum of the inner and outer wheel paiFas andF, 24 respectively, see Figure
7.8, and with small angle approximation, it can be shown thatsummarized tire load of the
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inner and outer wheel pair are:

mg  mahcg+mghecd

Fa3= - b (7.23)
mg mahcg+m
Fyou— 7g+ ahce . ghecd (7.24)

Figure 7.9 displays the sum of tire normal forces of the inmed outer wheel pair during
a simulated steady-state cornering maneuver (constanisréest) with the reference model
CASCaDE-DA in comparison to the results from the estimatiartsquation (7.23) and (7.24).
The quantities used in the estimations are the same asfiddnii Chapter 8.
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Figure 7.9: Summarized vertical tire load of the inner and outer wheel pairgdsteady-state cornering
in comparison to the approach presented in Equation (7.23) and (7.24).

In this case the linear approach is sufficient. However, @ne vehicles the vehicle body
heaves (or dives) during roll due to jacking effects, i.earajing the center of gravity height,
hce, which cause a non-linear increase (or decrease) of vktitiedoad at higher lateral accel-
erations. The track width will also change during roll andhis way influence the tire normal
forces but this effect is secondary in comparison to bodyéieA change in vertical load due
to non-linear stiffness in the suspension springs will re@seen here as this would only change
the ratio of roll moment supported by the front and rear axle.

Figure 7.10 displays how the center of gravity heigids, changes as a function of lateral
acceleration in an different vehicle, also during a stestdye cornering maneuver. In order to
improve the estimation, the body heave (or dive) could begirgted in the tire vertical load
estimation as a function over lateral acceleration, heg = hcg(ay). However, the gain in
accuracy does not motivate the increase in complexity withraore parameter to be identified.
The center of gravity height is therefore considered to bastant parameter and vertical body
motion (heave/dive) is neglected. The same reasoning igcapfe for the track width change
as a function of vehicle roll angle.
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Figure 7.10: Change of center of gravity heigat depending on lateral acceleratiapduring steady-
state cornering (not with the reference vehicle).

If the effect of heave (or dive) during cornering is to be adased, a more detailed suspension
model is required, like for instance CASCaDE-DA. A good suspanset-up will, however,
cause a minimal ammount of heave/dive during corneringai@nstanhcg = hcg(ay).

7.5 Approach for suspension kinematics and compliance.

As already mentioned, the positioning of the wheels in ie@fato the road influences the gen-
erated tire forces and consequently the handling of thecleehi he linkage attachment points
determine the pure kinematic behavior of the suspensien,how the steer and camber an-
gle changes with wheel travel (jounce and rebound). Monelasticities in mainly rubber
bushings, but also in the vehicle body and suspension pélttallow the suspension to deflect
under load resulting in additional changes in steer and eamnfigles. The amount of deflection
(for a specific load case) due to compliance depends on a catidn of the suspension kine-
matics and the elasticities of the suspension componehtssiispension kinematics influences
how the forces are distributed over the different elas¢isiand the total suspension deflection
results from a combination of the deflections in the difféi@mponents.

When deriving approaches to calculate steer and cambersanglee extended 2-wheel model,
it is not necessary to perform a thorough analysis of theacten between suspension kine-
matics and the compliance in different suspension compen#ran extensive model for kine-
matics and compliance is needed, a model class similar t6 A&CaDE-Classic model should
be used instead, see Section 2.3. For the extended 2-whdel,;general functional approaches
are required which are able to capture the most importapesisson properties regarding vehi-
cle handling.
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7.5.1 Steer angles and tire side slip angles

The suspension steer angles are important due to theirt dimbeence on the tire side slip
angles. In order to separate the suspension from the gjegratem, the rack displacemsyt
will be used here as an input to represent the driver’'s stgenputs, instead of the steering
wheel angledp as in Chapter 4. Hence, the dynamics of the steering systexclisded from
the suspension model and could be treated in a separatengtesvdel as described in for
instance [7] with the steering rack displacement and fosdatarface to the suspension model.
The steer angles are approximated with the following apgroa

O = —0¢(—Yr)—00,1+8c1(Fy1,Mz1) — 8¢, (—sut) (7.25)
& = O Yr)+00,t+3c2(Fy2,Mz2) +8 ¢ ( dsur) (7.26)
O = —80,r +0c3(Fy3,Mz3) — 8¢ r (— Gsur) (7.27)
04 = o +0c4(Fya,Mz4) +8¢r( sur) (7.28)

The steer angled; are defined positive according to a right hand orthogonaregice frame.
As a consequence, the parameter for static to&if, which by definition is positive when the
wheels converge towards the front, is here defined positivine right hand side and negative
on the left.
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Figure 7.11: In (a) the front steer angl@sandd; in relation to the rack displacemewt (reference
vehicle A). Note that the characteristics for is symmetric to origin withd,. (b) shows a zoom of
(a) with rack displacements corresponding to steering wheel inputse@atiring normal handling
maneuvers, i.edp = [-120 120.

01 (Yr) is the steer angle caused by a steering wheel input and isededs a function of rack
displacementy,. Figure 7.11(a) shows the relation between the rack dispiaat and the front
steer angle®; andd; in reference vehicle A. The left and right side wheel susjpgrzsare in
general designed to be symmetric, allowing both the leftragid side to be described by a sin-
gle function regarding the steer angle over rack displacénidis is also the case in reference
vehicle A which explaines the minus signs in Equation (7.28) —¢(—Y;). Furthermore,
Figure 7.11(b) shows a closeup of Figure 7.11(a), with raskldcements corresponding to
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steering inputs reached during normal handling maneuver$p = [-120 120 degrees. Itis
evident that even within this range, a linear relationshquia not be sufficient.

Suspension compliance gives rise to further changes in ateges under load. The approach
for calculating the compliance steer angl&g;, is illustrated in Figure 7.12. During lateral

Figure 7.12: Basic illustration of the compliance steer approach.

forces, the wheel will pivot around poiAtwith the torsion steering stiffne€} ;. The collective
steering arm length; ;, make up the lever arm for the lateral forces. The pivotingipé can
also be located behind the center of the wheel dependingesubpension kinematics and
compliance properties, causing the lenggh to be negative. Equation (7.29) concludes the
approach for the compliance steer angés,

1
Oci(Fyi,Mzi) = (Mz,i - |67ij,i) g (7.29)
)

The compliance steer anglég; are superposed on the steer anglewith a quasi-static ap-
proach. This has been realized by using results from theyséwme step.

Finally, 8¢ j(¢suj) describes the kinematic steer angle change during wheel tige. jounce
and rebound, and is also called roll steer. Figure 7.13 shmwthe steer angle change as a
function of vehicle roll angle calculated from the steer lasgduring alternating jounce and
rebound at a test bench (more about how to calculate thetsal $unction can be found in
Section 8.3.4). Only the right wheels were plotted herenffrayht wheel in (a) and rear right
wheel in (b)) since the left wheels will behave axis-symiuedty the plots for the right wheels
(for a vehicle with symmetric suspension). Depending onstiepension design, a non-linear
approach might be necessary. The front axle on the refenegtuele for instance require a
non-linear approach whereas the rear could be approximatbd linear approach. Since the
test bench measurements already contain all necessamnettion to parameterize a non-linear
roll-steer approach, such an approach will be used her@amtkent of the suspension design.
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Figure 7.13: In (a) the steer angle at the front right wideds a function of roll angle in the test bench
maneuveAJR and in (b) the same for the rear right whégl

The tire side slip angleay, is simply defined

as the angle between the wheel plane and the
tangent to the trajectory of the center of tire  tujectory of tire

contact point. Hence, the side slip angle is ~ ®"™»™ ™, vk
the difference between the steer angle of the direction
wheel and the angle at which the tire con-

tact point is moving in relation to the vehi-
cle’s direction of travel, see Figure 7.14. The
velocity of the tire contact point defined in
the vehicle reference framey, andwy,, is
achieved by a transformation of the center of

)

Tangent of tire
contact point
trajectory

gravity velocity to the tire contact point. In X
this model, only the yaw and roll rate are
taken into consideration in this transforma- Y

tion and the distance between the center of

gravity position and the tire contact point is

assumed to be fixed. Hence, effects in the sus-

pension kinematics influencing the tire con- Figure 7.14: Tire side slip angle.

tact velocity, such as camber angle change or

lateral movement of the wheel during jounce and reboundnagtected. Equation (7.30) to
(7.33) presents the approach to calculate the side sligaaglsee Figure 7.5.

Wy + 1P+ (heg — hre) Psu+ hreri

o1 =01 — m (7.30)
o=y Vy+|qu+(hCG;hRC)¢Su+ hrchti (7.31)
s — 84— vy — Ik P+ (heo ;Xth)¢su+ hrchti (7.32)
dam g W™ i b+ (e —Xth)¢su+ hrcri (7.33)

Vi
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7.5.2 Tire camber angle

For normal passenger tires of today, lateral tire forcesanoohents produced by camber angles
are small in comparison to the forces generated from sigeasigles of the same magnitude.
Nevertheless, tire forces due to tire camber angles stiltatean important contribution to the
handling of the vehicle. To examplify this, the front righb@el in the reference vehicle during
a steady-state cornering maneuver at abouf & lateral acceleration generates approximately
5 kN lateral force (atx = 5.3deg,y = 4.9deg and~, = 7.5 kN). In the same operating state
but with neglected tire camber angle, iye= 0deg, the tire would generate 500more lateral
force. This would then have to be compensated for in the sisspe model by for instance
incorrect steer angles or vertical tire loads.

Generally, the suspension camber anglas defined as the angle between the vehicle z-axis
and the wheel plane and is positive when inclined outwarative to the vehicle body [17].
However, the approach here refers to the camber angle oiréh@ relation to the roady, i.e.

the angle between the wheel plane and the normal to the rndds a@efined positive according
to a right hand orthogonal reference frame. This definitionsed since the tire camber angle,
y, will be used as a direct input to the tire model.

Figure 7.15 show how the tire camber anglgsare related to the vehicle roll angle, and
the body camber angleg, in an independent wheel suspension. The suspension camiier

Figure 7.15: lllustration of the tire camber anglgs,and the camber angles in relation to the vehicle
body,¢; (rear axle).

&, can furthermore be described by a static camber aageand camber angle depending on
vehicle roll,gg j(¢syj). The tire camber angles can now be described as:

Vi =0—€ =0¢— (€5 +& f(—bsuf)) (7.34)
Y2 =0+& =0¢+ (€0 +€1( Psur)) (7.35)
Y3 =0 —¢€3 = ¢ — (€0 +E&p,r(—Psur)) (7.36)
Va =0+€4 = O+ (Sor +€pr( Psur)) (7.37)

In addition to the camber angle change due to vehicle rollearthe camber angles on the
front axle are influenced by steering inputs as wglk (yr) describes the change in tire camber
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angle caused by steering wheel inputs and is defined as aduraftrack displacementy;.
Figure 7.16(a) shows the relation between the rack dispiané and the tire camber angles
at the front axle, i.e.y; andy» in reference vehicle A. Figure 7.16(b) presents a closeup of
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Figure 7.16: In (a) the tire camber angles at the front aglandys,, in relation to the rack displacement
y; (reference vehicle A). (b) shows a zoom of (a) capturing rack dispheents corresponding to steering
wheel inputs reached during normal handling maneuversyj.e- [-120 120.

Figure 7.16(a) with rack displacements correspondingdersig inputs reached during normal
handling maneuvers, i.&p = [-120 120 degrees. The tire camber angles achieved at large
steering inputs are large enough to be considered in thessgm model.

If including also the tire camber angle change due to stgdriputs, the final approach to
calculate the tire camber angles reads:

Vi =0 —& =0~ (g0t +E,f(—Psut)) — Va1 (~Yr) (7.38)
Yo =0+e =¢+(eor+epr( Psuf))+Var( Vr) (7.39)
Y3 =0 —¢€3 = ¢— (EO,r +5¢,r(— ¢sur)) (7.40)
Va =0+€ = O+ (sor +€pr( Psur)) (7.41)

7.6 Summary of Chapter 7

The suspension model presented in this investigation hegetith the Magic Formula tire
model MF 5.2, form the so calleslispension-tire elementhich replaces the axle force char-
acteristics used in the conventional non-linear 2-wheealehol'he suspension tire element is a
part of the extended 2-wheel model featuring the posgitititchange tires within the 2-wheel
model concept. Another benefit is the possibility of usingwzel model when investigating
how changes in the vehicle set-up (like different anti-bal stiffness or other loading condi-
tions) will change the vehicle handling. Prior to the exteth@-wheel model, such investiga-
tions would have required more detailed vehicle modelsfbkénstance the CASCaDE-Classic
or the CASCaDE-DA model (see Sections 2.2 and 2.3).
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The extended 2-wheel model could also be used for simulaiaghicle with an active roll
stabilization (ARS) system without changing the model dtrec The only change required is
to add an active roll moment front and reAMars;j, to the total roll momeniy ; in Equation
7.3.

The identification process for the extended 2-wheel modilbsipresented in Chapter 8 fol-
lowed by a documentation of the model validity in Chapter 9.e Possibility of using the
extended 2-wheel model when extrapolating the vehicle beha&n different loading condi-
tions, other anti-roll bar setups or with different tire pesties will be investigated in Chapter
10.



Chapter 8

The extended 2-wheel model —
parameter identification process

This chapter presents a method to identify the model paemgt the extended 2-wheel model.
Simulations with the vehicle model CASCaDE-DA are used heeraference instead of real
life measurements with a test vehicle, i.e. the simulatwitls the CASCaDE-DA model can be
seen as a sort of virtual measurements. In this investigatioth the CASCaDE-DA model and
the extended 2-wheel model use the exact same MF 5.2 tirelmwitiéhe same tire character-
istics, i.e. the same tire model parameters. The objecfileecidentification process is to get
the extended 2-wheel model to simulate the same vehicle/lmetes the virtual measurements
with CASCaDE-DA.

The core of the identification process is described in Se@&i8 but first the used identifiation
maneuver and the tire characteristics will be described.

8.1 The identification maneuver

In the identification process for the extended 2-wheel madeide range of driving maneuvers
are required where all possible lateral motion states argegk This includes steering wheel
inputs causing the vehicle motion to be:

e steady-state motion — covering the whole range of possibbg-state lateral accelera-
tions,

e oscillating motion — covering the frequency range achievdly steering wheel inputs
(approximately up to B H2z),

e transient motion — including the after oscillations.

In addition to this, these driving states have to be drivahfedgrent longitudinal velocities since
this influences the vehicle response as well. Vehicle aeraaycs is one effect causing different
vehicle response at different velocities and becomes &djyeicnportant at higher velocities.

81
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Another effect which is more important at lower velocitisghe tire transient behavior (also
included in the transient tire model approaches in [5] arid)[5

Instead of using a number of differ-
ent standardized driving maneuvers, one
identification maneuver incorporating all 207
the above mentioned driving states is
suggested. Figure 8.1 displays the rack
displacementy;, and the vehicle lon- £
gitudinal velocity, v, (both inputs to %
the extended 2-wheel model) during the
identification maneuver. The maximum
amplitude ofy; ~ 16 mm corresponds  _jo

Y,

20 40 60 80 100 120

to a steering wheel angle amplitude of

Op = 120 degrees. The first part of the =

maneuver, i.e. the steering swégthe % 100r /

two step steer inputs and the steady state s —— . . . .
cornering maneuver, is driven ata con- Y dmee

stant speed of 60 km/h. The second part

is a repetition of the first part regarding _ _ _

the steering inputs but the driving spe _dgure 2_3.1: Rgck_dlsplacement and vehicle velocity dur-
Is increased to 120 km/h and the steerir‘l@g the identification maneuver.

wheel angle amplitudes are decreased in

order to reach similar lateral acceleration levels as irfitsepart.

The steering wheel amplitudes during the steering sweeps been selected to achieve a
medium lateral steady-state acceleratiorapk 4 m/€. The steering wheel angle amplitude
at the two step steer inputs has been chosen in order to achimedium lateral steady-state
acceleration ofc 4 m/< followed by a higher lateral acceleration @f~ 7 m/<. The lateral
acceleration in the constant velocity steady-state corgaanges withink 0— 7 m/s. The
resulting vehicle motion, including the lateral accelemnatwill be shown in Section 8.4.

Note that no steering inputs are made during the accelargtot between the two velocity
levels. This is made deliberately since the invetstigatipresented here only consider the
lateral dynamics of the vehicle.

8.2 The selected tire characteristics

It is very important to study the tire model behavior withiretintended use case before per-
forming vehicle dynamics simulations. For this purpose, gt calledire fingerprint presented

in for instance [44], has been applied. In this fingerpring, tire is evaluated at different loads
and the results are presented in a set of standardized plots.

1This was done only to simplify the implementation, a numbkeditierent standardized driving maneuvers
would have worked as well

2Steering sweep: Sinusoidal steering wheel input with asireg input frequency and constant steering wheel
amplitude.
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Figure 8.2 and 8.3 present the parts of the fingerprint whiehraportant for vehicle handling
simulations. Figure 8.2(a) shows according to MF 5.2 therédtforce characteristicy(a),
and Figure 8.2(b) shows the aligning momemt,(a), at pure side slip conditions. The cor-

i , as a function of vertical tire load is shown in Figure 8.3(a)

nering stiffnessCq = 5 o

a
Conclusively the tire dynamics is exemplified with a step oese in Figure 8.3(b). The tire
vertical load is kept constant at 4000 N during a side slipestep input of 3 degrees at 40

km/h longitudinal velocity. 90 % of the steady state latéoate is reached after 110 ms.

Aligning moment MZ (Nm)

Lateral tire force Fy (N)
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Figure 8.2: Lateral tire force and aligning moment characteristics at jplgeskp condition. The char-
acteristics are generated at the vertical tire Idgds 2000, 4000, 6000 and 8000

Cornering stiffness Tire dynamics
1400 30001 :
12001 2500k
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Figure 8.3: In (a) the tire cornering stiffness as a function of verticalaad and in (b) a step response
examplifying the tire dynamics (tire vertical load 4000 N during a side slip angfesf 3 degrees and
40 km/h longitudinal velocity). 90 % of the steady state lateral force is rebatter 110 ms.
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8.3 Parameterization process

The process of parameterizing the extended 2-wheel modethensuspension-tire model is
described in this section. Many parameters can be measussdlyland a few are left to be
identified in an identification process described in Sulise@.3.6.

8.3.1 Geometric and mass properties

The first parameters to decide are the wheel bggbge track width on each axlé; andb,
and the static corner loads; o, which should all be measured as the vehicle is standirlg stil
on a flat horizontal surface in the base loading conditionis Tépresents the base condition
when identifying the rest of the parameters in the suspansiodel. From the static loading
condition of each corner and the wheel base, the longitlideraer of gravity postion can be
derived and described by the distance from the front anderdarrespectively.

Fos+F
_ 20,3+ F20.4 N (8.1)
Fo1+Fo02+Fo03+Fo4

o =1—1I (8.2)

In these investigations, the center of gravity has beereglactthe middle of the vehicle laterally
in order to simplify the calculations but the model is notited to this condition.

't

The total vehicle mass is derived from the static cornerdoaiad is furthermore divided in
a sprung and unsprung mass, i.8.F0i/g = mcg = Ms+ Mys. The unsprung mass is the
weight of the varius parts of a vehicle that are not carriedhensprings, e.g. wheels, axles
and brakes. Other parts of the suspension, like for instanspension linkages, dampers and
springs are all partially part of the sprung and the unspraagses since they follow both the
body motion as well as the motion of the wheels. Neverthelbgsweight of the latter parts
will be neglected in the 2-wheel model and the unsprung nsasgerefore defined as the total
weight of the wheel (tire and rim), the wheel carrier, thekerdisk and the brake calliper unit.
Since these components are different on the front and rdey tive unsprung mass is divided
in two different parameters, i.e0cg = Ms+ Myst + Myusr. The weight of the unsprung masses
are normally known in the development process but couldiz@smeasured or estimated. Since
most of the unsprung mass is gathered around the wheel cémeneight of the unsprung
masseshys + andhysr, are here estimated to be equal to the radius of the wheels.

The roll lever arm Ah; the yaw inertia,Jy; the roll inertia of the sprung mas$; s; and the
roll center heights of each axlbrc ¢+ andhrcy, are all possible to measure but will here be
identified using driving measurements. The process folshdescribed in subsection 8.3.6.

Table 8.1 summarizes the identified length and mass paresrestavell as the derived parame-
ters (from Section 7.2) fovehicle A described in Section 2.5.
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Parameter Value Unit Source

I 2.720 m Measured

bt 1.484 m Measured

by 1.480 m Measured

Fro1 4417 N Measured

Fz02 4417 N Measured

Fz03 4213 N Measured

F204 4213 N Measured

hus f 0.293 m Measured

husr 0.294 m Measured

Mys f 62 kg Measured

Musr 56 kg Measured

Ah 0.54 m Identified in Subsection 8.3.6
Jy 2708 kgn? Identified in Subsection 8.3.6
Jo.s 486 kgn? Identified in Subsection 8.3.6
hrc 1 0.011 m Identified in Subsection 8.3.6
hrcr 0.075 m Identified in Subsection 8.3.6
nMce 17595 kg Derived from other parameters
| ¢ 1.328 m Derived from other parameters
[ 1.392 m Derived from other parameters
Mg 16415 kg Derived from other parameters
It.s 1.330 m Derived from other parameters
v s 1.390 m Derived from other parameters
hrc 0.042 m Derived from other parameters
hs 0.581 m Derived from other parameters
hco 0.563 m Derived from other parameters
Ix 584 kgn? Derived from other parameters

Table 8.1: Mass and geometry parameters/gdricle A described in Section 2.5.

8.3.2 Parameters for the elastic roll moment characteristics

The elastic roll momentVl ; (¢5uj), can be derived mainly from the suspension springs and
the anti-roll bar but it inevitably also includes the elesigs in the rubber bushings and the
bump stops in combination with the suspension kinematicsagdrements from a suspension
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test bench (not including the tires) will be used to explaie tomposition of the roll stiffness.
In these measurements, the vehicle body is held fixed wleleitieels are moved in jounce and

rebound, providing the required force at the wheel Iiil,ni, over suspension deflectiofyz;,
in two load cases:

e SJR SynchronizedJounce andRebound of both left and right wheels simultaneously,
I.8. AZett = AZight .-

e AJR AlternatingJounce andRebound of the left and right wheel, i.8z¢ tt = —AZign.

In the first load caseSJR, only the suspension springs are activated (plus the camgsi of
rubber bushings) and in the second load cAI&, the anti-roll bar is also contributing to the
required force.

Figure 8.4 show the resulting vertical force at the wheel Idhy,i, over suspension deflection
Az, during the maneuvelSJR andAJR. The force aiAz, = 0 mmcorresponds to the vertical
tire load when the vehicle is standing still on a flat surfacthe base load condition. The coil

springs are normally linear and the non-linearity seef, i (Az ) is created by the additional
jounce and rebound stops.

10000 10000

9000
8000

(N)

8000

[o2]
o
o
o

7000
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4000
5000
20001 40001

3000

Vertical load, Fz,hub,z
Vertical load, FZ’hub’4 (N)

o

2000

===AJR ===AJR

-100 -50 0 50 100 -100 -50 0 50 100
Wheel travel, A zZ, (mm) Wheel travel, A zZ, (mm)

-2000—

1000

(@) (b)
Figure 8.4: Vertical force at the wheel hub over suspension defle&liqai (Az), during the maneuvers

SJR andAJR; front right corner in (a) and rear right corner in (b) f@éehicle A described in Section
2.5.

The left and right characteristics for vertical force ovesggension deflectiorf, hyni(Az), can
be converted to a roll moment over suspension roll andig; ((I)suj). This is here examplified

for the front axle by inserting a range of suspension deflastiAz;, to get the suspension roll
moment:

Mot = Fz.,hub;Z(AZf) -0.5bf — Fzhun1(—Azs) - 0.5bs (8.3)

with the corresponding suspension roll angle:

(8.4)
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Figure 8.5 shows the resulting front and rear suspensibmayhent over suspension roll angle,
Mo, (q)suj), for the maneuverSJR andAJR. The gray box defines the range of suspension
roll angles achieved with reference vehicle A during thentdization maneuver described in
Section 8.1 driving on a flat road, i.e. the range relevantiferobjective of this vehicle model.

80001 40007

6000+ 3000}

40001 2000t

20001 10001
-2000¢ -1000+

-4000+ -2000

Roll moment front (Nm)
o

Roll moment rear (Nmy)
o

-6000+ -3000+

-8000 ; ; : : : : : : ; ; ] : : ; : : : ; | ;
-5 -4 -3 -2 -1 0 1 2 3 4 5 5 -4 -3 -2 -1 0 1 2 3 4 5
Suspension roll angle, q;suf (deg) Suspension roll angle, ¢su ; (deg)
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Figure 8.5: Suspension roll moment over suspension roll aiyg,($sy;), from the maneuverSJR
andAJR; front axle in (a) and rear axle in (b).

Only the roll moment derived from th&JR maneuver is required for the roll model in the
extended 2-wheel model, i.e.:

Mo,j (dsuj) = Mo AIRj (Psuj) (8.5)

is sufficient for simple simulations. However, in a vehiclghout ride height control system (as
in most vehicles with coil springs), the suspension will Beedently deflected at different load-
ing conditions. Consequently, the initial position on theveuor force over wheel travel in the
SJR maneuver will be different and therefore also cause a @ifferoll moment characteristics,
Mo j (¢suj). This is examplified in Figure 8.6(a) and 8.6(b).

In addition to this, the anti-roll bar need to be a separatarpater in the extended 2-wheel
model in order to enable an anti-roll bar change. Since theneled 2-wheel model should
enable extrapolation to different load conditions and wayydegrees of anti-roll bar stiffness,
the elastic roll moment will be divided in a roll moment frohretsuspension springs only, here
defined asMly syrj(Psuj), Since it originates from th8JR maneuver, and a roll moment from
the anti-roll bar:

Mo,j (dsuj) = M sarj(dsuj) +Cop.AREjDsuj (8.6)

The roll moment from the suspension springs is furthermere&zed from the force over wheel
travel characteristic$;, syr;j(Azj), and will therefore change depending on how the suspension
is deflected at different loading conditions, i.sjrf (Azf) givesMy sirf (Psu ) according to
Equation 8.3 and 8.4. The anti-roll bar stiffneSgrgj, Will be derived from the difference in

roll moment between th&JR andSJR maneuvers, i.e. betwedy ojrj andMy siR;.

As described in the roll model and illustrated in Figure Th®, tire deflection during cornering
also contributes to the overall roll angle. The tire radidireess,C,+j, can be converted to a tire
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Figure 8.6: In (a) the different starting points when derivating the roll ndrobaracteristics for the
two load casesbi@aseand +500N) and in (b) the resulting roll moments from tf&IR maneuver,
My sarr (Psur); here examplified for the rear axle.

roll stiffnessCy i by:

Cz,ti : bJZ
i = 2

(8.7)

Table 8.2 conclude the parameters in the extended 2-whea¢lmelated to the elastic roll
moment characteristics.

Look-up table  Shown in Figure:  Unit Source

Frsare(zf) 8.4(a) N(m) Measured on test bench
Frsirr(Z) 8.4(b) N(m) Measured on test bench

Mo sirf(Psuf) 8.5(a) Nm(deg Derived from other characteristics
Mg sirr(Psur)  8.5(b) Nm(deg Derived from other characteristics
Parameter Value Unit Source

Cargf 7565 Nm/deg Derived from other characteristics
CaRBr 3153 Nm/deg Derived from other characteristics
Coti,f 36310 Nm/deg Derived from tire parameters

Co tir 36139 Nm/deg Derived from tire parameters

Table 8.2: Parameters for elastic roll moment characteristicgdbicle A described in Section 2.5.
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A remark regarding separating the
tire roll stiffness The overall axle roll
stiffness is given by the suspension roll
stiffness, Cy su, in series with the roll
stiffness from the tire radial stiffness,
Co ti» See Figure 8.7:

1_1 .1
C¢_C¢,su C¢,ti

To exemplify the involvement of the tire
deflection in regards to vehicle roll an-
gle, the resulting total roll stiffness of an
axle Cy is calculated using typical pa-
rametersp = 1.46 m, C.ii = 189 kN/m Figure 8.7: Total vehicle roll angl¢ composed by sus-
andC,ajr = 38 kN/m. Equation (8.7) pension roll angleps, and roll angle due to vertical tire
and (8.8) gives a total roll stiffness offeflectiongy;.

5882 Nm/degwhen including the influ-

ence of the tires, and 7N m/degwhen neglecting tire influence, in this case a 20 % differ-
ence.

(8.8)

A remark regarding the anti-roll bar stiffness:

Using a roll angle dependent roll stiffness for the antl-lalr, Cy argj, is sufficient for the
extended 2-wheel model. However, this approach does naidexthe possibility to estimate
the torsional stiffness of the anti-roll bar itself. Via thespension kinematics, the roll stiffness
Cy.ARR, Can be translated into a pure torsion stiffness of the atitoar.

By defining an anti roll bar lever arm

|arg as the distance between the anti roll
bar attachment point and the anti roll bar—
center line, see Figure 8.8, and in addi-

tion definei,arp as the translation ra- X
tio between vertical wheel travelyheel
and vertical displacement of the anti roll

bar attachment poirntarg, i.€. zarg =
iz ARB" Zwhee} @ translation ratio from roll
angle to anti roll bar torsion angle can be &
estimated as:

IARB

anti-roll bar

. bj
lp—ARB= - J (8.9)

[ -
#ARBTARB Figure 8.8: Anti roll bar lever arm.

With the ratioiy_arg, the axle roll stiff-

ness originating from the anti roll b&y ars can be converted to a pure torsion stiffness of the
anti roll barCarg:

Co.ars (8.10)

CarB=:
l$—ARB
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8.3.3 Parameters for the roll damping characteristics

The suspension roll damping characteristigg, j (¢suj), can be derived from the shock ab-
sorber characteristicBy j(Az)) and the suspension kinematics:

: . bj.
Mp.j = (Fd,j(Zd,j)—Fd,j(—Zd,j))Ejld,j (8.11)
iq,j is the damper ratio on the axjeand describes the ratio between wheel travel (when holding
the vehicle body fixed) and damper deflection. This ratio carexpressed in a simplified
manner as:

| .
igj =L (8.12)

lw,

wherelq j is the distance between the inner at-
tachment point of the lower control arm and the
damper attachment point, see Figure 819, is

the distance between the inner attachment point
of the lower control arm and the contact point of
the wheel. If neglecting body heave motion, the
damper velocity (while driving on a flat road) can
be approximated as:

bi .
= ¢§Jld,j (8.13)
—=

2y

|24

Figure 8.10(a) shows the damping characteristics
for the front axle shock absorber in the reference
vehicle A and Figure 8.10(b) shows the resulting
roll damping characteristics derived using Equa-
tion (8.11) to (8.13). The gray box in Figuréigure 8.9: Approximated geometry for calcu-
8.10(b) defines the suspension roll rate achieV@ing damping ratio and damper velocities.
with reference vehicle A during a range of flat road

handling maneuvers, i.e. the range relevant for the

objective of this vehicle model. Figure 8.11(a) and

8.11(b) show the same characteristics for the rear axlefararece vehicle A. This example
shows the difficulty in finding a generalized approximationthe roll damping characteristics.
At the rear axle, a linear roll damping approach would be sefiit for vehicle A, whereas
the front axle requires a non linear roll damping approacimceésthis depends on the shock
absorber damping characteristics, the extended 2-wheéélnvall use a look-up table as in
Figure 8.10(b) and 8.11(b).

Table 8.3 sum up the parameters for the roll damping chaisiits.
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Damper characteristics (front axle) Roll damping characteristics (front axle)

400 8001 PR I e ERTI e SRR

600
2001
4001

200

Damper force (N)
N
8
Roll damping moment (Nm)
o

-2001
400
-4001
-600 500k
Db E e © dynamics maneuvers :
-800 ; ; ; ; ; ; ; ; 800 ; i ; ; i
-08 06 -04 -02 o] 0.2 0.4 0.6 0.8 -80 -60 -40 -20 0 20 40 60 80
Damper velocity (m/s) Roll rate (deg/s)
(@) (b)

Figure 8.10: In (a) the damping characteristics in the front axle shoakladrsand in (b) the resulting
roll damping characteristics for the front axMy ¢ (reference vehicle A).
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Figure 8.11: In (a) the damping characteristics in the rear axle shockbapsnd in (b) the resulting
roll damping characteristics for the rear axy , (reference vehicle A)

Look-up table  Shown in Figure:  Unit Source

Fa.(Za,f) 8.10(a) N(m/s)  Measured

Far(Zir) 8.11(a) N(m/s)  Measured

Mo, t (dsut) 8.10(b) Nm(deg/s) Derived from damper parameters
Mg.r (dsur) 8.11(b) Nm(deg/s) Derived from damper parameters
Parameter Value Unit Source

id,f 0.95 — Measured

id,r 0.8 — Measured

Table 8.3: Parameters for roll damping characteristicM&dricle A described in Section 2.5.
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8.3.4 Parameters for the steer angle approach

A steering test bench is required in order to measure thengeas related directly to steering
inputs, e.g. front steer angle as a function of rack inputy; ). In this steering test bench, the
front wheels are standing on turntables supported by baitibgs which enables the wheels
to turn and slide in the horizontal plane almost frictioslesiring steering maneuvers. This
construction minimizes front axle deformations due to chamge and as a result, the kinematic
behavior can be measured more accurately.

Only one measurement on the steering test bench is requeredlim this maneuver, the steering
wheel angledp, is turned slowly §p ~ 20 deg/s) all the way to the left limit stop, then back to
the right limit stop and finally back to the straight aheadifpms. At the same time, the steering
rack positiony;; the front steer angle$;; and the tire camber angleg, are measured.

301

Steering wheel angle 6D =[-119 119] deg

Steering wheel angle BD =[-400 400] deg

= N
o o
Steer angle (deg)
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Figure 8.12: In (a) the front steer angl@sandd; in relation to the rack displacemewt (reference
vehicle A). Note that the characteristics fr is symmetric to origin withd,. (b) shows a zoom of
(a) with rack displacements corresponding to steering wheel inputse@atiring normal handling
maneuvers, i.edp = [—-120 120.

Figure 8.12 shows the resulting front steer angle charatitey as a function of steering rack
position,d+ (Y ), which here will be approximated with a sixth degree poly@nThe polyno-
mial coefficient describing the offset at zero steering riagkit, p; 5 , will here always be zero
since this steer angle is considered by the static steee digl. Table 8.4 lists the polynomial
coefficients for the characteristics shown in Figure 8.12.

7 .
Ot (Yr) = Z pi,éy'yr7_l (8.14)

The static steer angledg j, and the roll steer charachteristiés,j($syj), are extracted from

the AJR maneuver. As can be seen in Figure 8.13(a), the steer angitgetover suspension
deflection is different in th&JR maneuver than in th@JR maneuver. Due to the vertical force
required to compress the suspension springs, neither oivthmaneuvers will provide the true
kinematic suspension characteristics — it will always beba ohkinematics and compliance.
However, more or less the same vertical forces will act onstiepension during vehicle roll
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as in theAJR maneuver. In addition to this, roll steer describes thersiagle change due to
vehicle roll which is not necessarily defined to be a strikihematic occurrence. Consequently,
the roll steering characteristics optained with &R maneuver will here be used to define the
sought after roll steer characteristlsj(dsuj), see Figure 8.13(b).

Analogously, Figure 8.14 show the rear axle steering charatics. The difference between
the SJR and theAJR maneuver is not as appearant on the rear axle as on the frientae
to the stiffer rear axle design. In this case, the rear axgeeghenore symmetric roll steering
behavior than on the front axle, i.e. the steer angle chamgeunce and rebound are quite
similar. This highly depends on the suspension design acanittherefore not be concluded
that the rear axle always has a linear roll steer charatitstis
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Figure 8.13: Front axle steering characteristics. In (a) the steer amghgye over suspension deflection
and in (b) the corresponding roll steer characterisdgs(¢sut)-
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Figure 8.14: Rear axle steering characteristics. In (a) the steer aragigebver suspension deflection
and in (b) the corresponding roll steer characterisbgs(dsur).

Steer angle change due to lateral tire forces and momernite iBnal part to be identified in
the steer angle approach . This could also be measured apansisn test bench but would
require a more complex test procedure than provided inStl&/AJR maneuvers. Due to
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this, the parameters for the compliance steer apprdg¢@ndCs ;, will be found through the
identification process described in Subsection 8.3.6.

Parameter Value Unit Source

Of (Yr) Polynomial degmm Measured on test bench

P13, —7.9559.10 12

P23, 8.4128-1010

P33, —3.7393.10°8

Pa3, 7.7893-10°°

P53, —4.8379-10*

Pe.3, 0.4750

P75, 0

o, f 0.0757 deg Measured on test bench

dor 0.0846 deg Measured on test bench

O, (dsuf) Polynomial degdeg Measured on test bench

P13, 5.5387-10°

P2.54 6.6425. 104

P35 ¢ 0.0010

Pa,5, ¢ 0.0048

p5,6¢’f 0

O,r (dsur) Polynomial degdeg Measured on test bench
P15y —2.9546.10°°

P25, 4.1039-10°%

P35, 8.2130-10°*

Pa,5, 0.0172

p5,5¢7r 0

FX; 0.087 m Identified in Subsection 8.3.6
|5 —0.170 m Identified in Subsection 8.3.6
Cs 1 527 deg/Nm Identified in Subsection 8.3.6
Csr 3370 deg/Nm Identified in Subsection 8.3.6

Table 8.4: Parameters for the steer angle approacteioicle A described in Section 2.5.

8.3.5 Parameters for the tire camber angle approach

Vehicle steering inputs also influence the tire camber angled they are described in the
suspension-tire model by a function depending on steednl position. Figure 8.15 shows
the tire camber angle as a function of rack int; (yr ), resulting from the steering test bench
maneuver described in Subsection 8.3.4. A linear appraabhbre applied to capture the cam-
ber angle change depending on steering rack posiioyr) = kyy, yr. This is sufficient since
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the camber angle change is fairly linear within the rangewvagit for handling maneuvers on a
flat road, see Figure 8.15(b), and since the lateral tireefogenerated from tire camber angles
are small in relation to the lateral forces due to side sligiem.
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Figure 8.15: In (a) the tire camber angles at the front gglandys,, in relation to the rack displacement
y: (reference vehicle A). (b) shows a zoom of (a) capturing rack dispheents corresponding to steering
wheel inputs reached during normal handling maneuversyj.e- [—-120 120.

Figure 8.16(a) and 8.17(a) show the suspension camber ahglfegge due to suspension de-
flection for the front and rear axle. The static camber angtgs are parameterized from the
suspension camber angle at zero suspension deflectiontwitame arguments as for the roll
steer approach, th&JR maneuver is used when calculating the tire camber angle asca f
tion of suspension roll angle;i(¢psuj). For this calculation, the relation between vehicle roll
angle,¢; suspension camber angkg; and tire camber anghg, as illustrated in Figure 7.15
and defined in Equation (7.34) to (7.35), has been appligiir€i8.16(b) and 8.17(b) show the
resulting tire camber angle as a function of suspensiorangjle, sy ;.
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Figure 8.16: In (a) the front right suspension camber angle as a faraftivheel travelg,(Az), during
the maneuverSJRandAJR. In (b) the resulting tire camber angle as a function of suspension rdé,ang
Y2(Psu ), derived from theAJR maneuver.
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Figure 8.17: In (a) the rear right suspension camber angle as a funétidmeel travel g4(Az,), during
the maneuverSJRandAJR. In (b) the resulting tire camber angle as a function of suspension rdé,ang
Ya(Psur), derived from theAJR maneuver.

Parameter Value Unit Source

Ky, f 0.092 deg/mm  Measured on test bench
€0,f 0.34 deg Measured on test bench

€or -1.8 deg Measured on test bench

Vs, 1 (Yr) Polynomial deg(mm) Measured on test bench
PLy, ~4.8193-10°°

P2y, 8.7092-10~4

P3.y, —0.0919

p4,yy 0

€, f(Psuf) Polynomial deg(deg) Measured on test bench
p17g¢’f 00246

P2.64.¢ —0.2178

p3,€¢7f O

€p.r(Psur) Polynomial deg(deg) Measured on test bench
p178¢,r —00116

P2.e4, —0.3458

p3,8¢,r 0

Table 8.5: Parameters for the tire camber angle approadfeficle A described in Section 2.5.
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8.3.6 Identification process

Tables 8.1 to 8.5 list 9 parameters difficult to measi®g;Jy, Jy s, hre f, hrers 15,15 |55y Co f
andCs,. These parameters, which here will be refered to ap#revector, will be identified
using an optimization tool with the objective of getting thdended 2-wheel model to simulate
the same vehicle behavior as the reference simulationsthetlCASCaDE-DA model. Section
8.1 already described the driving maneuver used when gamgtie virtual measurements with
the CASCaDE-DA model. Subsequently, the extended 2-wheethwatl be simulated using
(as model inputs) the same steering rack posityprand longitudinal velocityyy, as measured
in the virtual measurements with the CASCaDE-DA model. Thedbje in the optimization
process is to minimize the functid®(par):

(ay7ref - ay,mod)Way
; i (Wret — L]Jmod)Wl]J
TAPG(paI’) B rFElﬁllp (Bref - Bmod)WB (8.15)
(q)ref - ¢mod)W¢

where the indexd.e ¢ refers to the reference model and the inG&y,q to the extended 2-wheel
model. Hence, the difference in lateral acceleratan,yaw rate,|; vehicle side slip angle,
B; and vehicle roll anglep, form the objective function for the optimization tool whiénding
the optimalpar-vector. The resulting differences are furthermore weaadhwith the weighing
factorsWay, Wy, Wg andWg, which have been chosen to normalize the different outpitlstie
respective maximum value from the virtual measurement.cielgime weight factors are defined
as:

Way=max(|ayre) (8.16)
Wy = max(|Wref|) (8.17)
Wg =max(|Bref|) (8.18)
Wy =max(|dref|) (8.19)

This is done since the different simulation outputs are Gieknt magnitude and in this way,
the difference of all objectives will be considered equallyhe optimization process.

The optimization toolsgnonlinfrom The MathWorks, Inc. has been used here, which makes
use of Gauss-Newton and Levenberg-Marquardt methods fdmear least-squares optimiza-
tion [33]. The use of such methods has already been discliysKdbetz [20] and a detailed
description of these methods is therefore left out here. stag values and the resulting end
values are listed in Table 8.6.
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Parameter Start value End value Unit

Ah 0.5 0.54 m

Jy 2500 2708 kgn?
Jo.s 500 486 kgn?
hre f 0.05 0011 m

hrcr 0.05 0075 m

|5, ¢ 0.1 0.087 m

FY: -0.1 —0.143 m

Cs. 1000 556 Nm/deg
Csr 1000 2528 Nm/deg

Table 8.6: Start and end values in the optimization process.
8.4 Resulting accuracy

The upper part of Figures 8.18 to 8.21 display the simulatiotputs lateral acceleraticag,
yaw rateW, side slip anglg3 and vehicle roll angleb, generated with the reference model
CASCaDE-DA and the extended 2-wheel model after the idertificgorocess. The lower
part of the figures furthermore show the corresponding idiffee between the reference model
CASCaDE-DA and the extended 2-wheel model, displayed in peafethe maximum values
Aymax Pmax Bmax and dmax respectively, see Table 8.7. This way of presenting the inode
accuracy has been choosen since the differences betweenmahmeodels are too small to be
recognized without presenting numerous figures zoomed thifterent driving states. A more
thorough examination of the differences between the extg2dwheel model and the reference
model CASCaDE-DA is provided in Chapter 9.

When observing the figures presenting the difference betwle®models, it is easy to see
that the steady-state cornering behavior is captured veog @nd that the most errors occur
in the transients. Especially the oscillating transienés, during the steering angle sweep, is
challenging for the extended 2-wheel model. Quite sunpgiyi the extended 2-wheel model
even captures the steady-state behavior at high lateralesations better then the oscillating
transients at medium lateral accelerations. Only for thacke side slip angle the largest error
occurs at the step steer input where the lateral acceleraaches aboutif/s?, but also here
the error occurs during the transient part of the maneuver.

Table 8.7 presents the statistical difference betweenututs of the extended 2-wheel model
and the reference model CASCaDE-DA. The root mean square(&k) is defined as (here
examplified for the lateral acceleration):

- \/Z.l( y.,refr,1| y,mod,l) (8.20)

wheren is the total ammount of samples
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Max value Mean. diff. in % Max. diff. in % RMS differ- Max. absolute

of max value of max value ence difference
a, 7.38m/s? 0.75 % 448 % Q09 m/< 0.33m/s?
¢ 2887deg/s 0.45% 286 % 022deg/s  0.8ldeg's
B 4.05deg 0.64 % 453 % Q04 deg 0.18deg
¢ 4.87deg 0.56 % 332% Q04 deg 0.16deg

Table 8.7: Root mean square (RMS) error and maximum error listed for thelratputs during the
verification maneuver.
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Figure 8.18: Lateral accelerati@y in comparison between the CASCaDE model (solid line) and the
extended 2-wheel model (dashed line) together with the correspondipgrtional difference in relation
to the maximum lateral acceleratica,max.
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Figure 8.19: Yaw ratab in comparison between the CASCaDE model (solid line) and the extended
2-wheel model (dashed line) together with the corresponding propattifierence in relation to the

maximum yaw rateWmax
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Figure 8.20: Vehicle side slip angfein comparison between the CASCaDE model (solid line) and the
extended 2-wheel model (dashed line) together with the correspondipgrtional difference in relation

to the maximum side slip ang[&nax.
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Figure 8.21: Roll anglg in comparison between the CASCaDE model (solid line) and the extended
2-wheel model (dashed line) together with the corresponding propalttbifierence in relation to the
maximum vahicle roll anglémax.
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Chapter 9

The extended 2-wheel model — model
verification

The performance of the extended 2-wheel model developedapt€h7 will be evaluated in this
chapter using a verification maneuver. As in the identifozaprocess, the same tire parameters
are used in both the extended 2-wheel model and the refesenatations with CASCaDE-DA.
The tire model behavior has already been presented in 8&&@0 The model parameters for
the extended 2-wheel model are the same as extracted inghigfiichtion process in Chapter 8.

0.1 The verification maneuver

As discussed in Chapter 8, the simulation model has to be alsienulate an accurate vehicle
behavior in all possible lateral motion states and at diffietongitudinal velocities. However,
showing simulation results for all these different drivistates would be too much for this
investigation and the step steer input maneuver has be@sehas the verification maneuver.
This maneuver includes transient and steady-state steeputs as well as a part where the
oscillations are dying out inbetween. To cover the wholgeaof possible lateral accelerations,
the step steer maneuver is driven with six different stgewheel amplitude® = 15, 30, 45,
60, 75 and 90 degrees at a velocity ofl8a/h.

The inputs longitudinal velocity and rack displacementhia identification maneuver are ex-
amplified in Figure 9.1. In this example, the maximum raclpldisement corresponds to a 90
degree steering wheel input which is reached at a maximuenistewheel rate of 600 degrees
per second. The longitudinal velocity in the reference $ations is kept constant as far as
possible by controlling the throttle position with a PIDrtmller. Due to the additional resis-
tance during cornering, the throttle position has to bestdpiduring the maneuver. However,
too much throttle position is also not good since the lordjital tire forces effect the steer-
ing behavior of the vehicle and the investigations preseh&re foremost deal with the lateral
dynamics. Hence, the tuning of the controller is a comprenbistween keeping a constant
velocity and not introducing too much longitudinal dynasmic

103
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150 SR SRR
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Figure 9.1: Rack displacement and longitudinal velocity during the verificati@neuver. The maximum
value of the rack displacement in this figure corresponds to a steerired armhelitude ody = 90 degrees

and the target longitudinal velocity is &n/h.

0.2 Simulation results

Figure 9.2 and 9.3 show comparisons of the vehicle motidestateral acceleratioay; yaw
rate,; vehicle side slip angld€}; and vehicle roll anglep; calculated by the reference model
and the extended 2-wheel model while simulating the vetiicamaneuver with the steering
wheel angle amplitude®= 15, 30, 45, 60, 75 and 90 degrees at a constant velocity lfr30.

Lateral acceleration (m/sz)

Yaw rate (deg/s)
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Time (s) Time (s)
(@) (b)

Figure 9.2: Comparison between the CASCaDE model (solid line) and thedextéhwheel model

(dashed line). In (a) lateral accelerati@nand in (b) yaw ratep.
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Figure 9.3: Comparison between the CASCaDE model (solid line) and thedextéwheel model
(dashed line). In (a) vehicle side slip an@lend in (b) vehicle roll anglé.

The results in Figure 9.2 and 9.3 will be further analyzedfbutlarity, only the results for the
steering wheel angle amplitudés= 45 and 90 degrees will be observed. Figure 9.4(a) show
the resulting lateral accelerati@g followed by a zoomed in view in Figure 9.4(b). Figure 9.5
to 9.7 follow the same pattern with a zoomed view(ln when analyzing the yaw ratp, the
vehicle side slip angl@ and the vehicle roll anglé.
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Figure 9.4: Comparison between the CASCaDE model (solid line) and thedextérwheel model
(dashed line). In (a) lateral acceleratignand in (b) a zoomed view of the figure in (a).

The extended 2-wheel model captures the behavior of theerefe vehicle except for a differ-
ence in the lateral acceleration for a short time periodrdytie transient part in the maneuver
driven with a steering wheel angle amplitude of 90 degre&s.dccuring difference of approx-
imately Q2 m/s?> can be explained by the simplified vehicle roll model usechim éxtended
2-wheel model which amongst other simplifications neglédatsody heave motion that occur
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during severe lateral maneuvers. The difference in rolleaag the very same point in time
supports this explanation, see Figure 9.7.

The vehicle side slip angle also shows a small differencenduhe same time period as the
difference seen in the lateral acceleration, see FigureTh& difference is a consequence of
the error in lateral acceleration (the vehicle side sliplamgcalculated from the vehicle lateral
velocity which is a product of the lateral acceleration).
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Figure 9.5: Comparison between the CASCaDE model (solid line) and thedextetywheel model
(dashed line). In (a) yaw ratk and in (b) a zoomed view of the figure in (a).
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Figure 9.6: Comparison between the CASCaDE model (solid line) and thedextexwheel model
(dashed line). In (a) vehicle side slip an@@nd in (b) a zoomed view of the figure in (a).
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Figure 9.7. Comparison between the CASCaDE model (solid line) and thedextetiwheel model
(dashed line). In (a) vehicle roll angeand in (b) a zoomed view of the figure in (a).

A summary of the resulting model accuracy can be found in€f&al where the root mean
square (RMS) error (between 4 an& 8) and the maximum error is listed for the lateral accel-
erationay, yaw ratey, vehicle side slip anglf and vehicle roll angl@ during the verification
maneuver. In this case, all steer angle amplitudes aresexpied.

3 (deg  ay (m/s?) | (deg/s) B (deg ¢ (deg

RMS max. RMS max. RMS max. RMS max.
90 0.058 0.18 0.179  0.56 0.034 0.11 0.036 0.13
75 0.041 0.16 0.127 0.45 0.029 0.10 0.027 0.10
60 0.035 0.13 0.077 0.37 0.019 0.05 0.025 0.09
45 0.031 0.11 0.064 0.29 0.011 0.04 0.025 0.07
30 0.027 0.10 0.058 0.22 0.007  0.03 0.018 0.04
15 0.019 0.14 0.041 0.14 0.004 0.02 0.008 0.02

Table 9.1: Root mean square (RMS) error and absolute value of the maye@mantisted for the model
outputs during the verification maneuver.

The model accuracy reached with the extended 2-wheel madaebe considered very good.
Although, state of the art measurement equipment would berate enough to measure the
maximum differences occuring between these models, dstwe factors like for instance road
roughness would (even on the best test track) cause larg#atsns in the motion outputs then

the differences seen here. Figure 4.7 and 4.6 examplifieaswvell.
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9.3 Test-to-test variation in real vehicle testing

In Section 9.2 the model accuracy was demonstrated usingg§gRMS errors and maximum

errors. To put the achieved model accuracy into perspedting section examines measure-
ments from vehicle dynamics tests. The vehicle measuredis@ot the same vehicle as being
simulated in the previus section. However, the main purposeshow the test-to-test variation

in vehicle response in order to better grasp the meaningegbithsented model accuracy.

In order to drive the vehicle the same way (as close as pe$dibleach test, the so called
controlled automated drivingvas applied, where a path-controlled vehicle is driven glan
specified path and is able to repeatedly perform the samesstdepmaneuver at the same posi-
tion. To realize this, actuators to control steering, brakd throttle have been installed in the
test vehicle and an Inertial Measuring Unit (IMU) backed ypalDifferential Global Position
System (DGPS) make sure to drive the vehicle along a preatefiath with an accuracy éf 2
cm, [49]. Figure 9.8 shows the implementation of the driviolgot in the test vehicle. Thisis is
one of the best technologies known today regarding precigig with excellent repeatability
and has been developed by Daimler AG in a cooperation proj#ctAnthony Best Dynamics
(ABD) and TU-Graz. More about this technology can be foundLi pnd [49].

inertial

motion local GPS
measuremt. base station
emergency brake system,  throttle and brake control and
spring loaded robots status display

Figure 9.8: Driving robot implemented in test vehicle, from [49].

This technology enables the best possible repeatabitjgrdeng steering inputs, vehicle longi-
tudinal velocity and road conditions (since the maneuvérbegiperformed at the same location
every time). However, test-to-test variation still exidtee to a few factors: Tire wear and tire
temperature change during testing causing a differentclehésponse. This does not play a
major role here since the step-steer maneuver is too shoauge significant tire wear or tem-
perature increase. In addition to this, the test vehicle dvagn on a warm-up round prior to
the tests for the tires to reach operating temperature whiaimizes the influence of tire tem-
perature variations as much as possible. The weather comgiiwere also very good for vehicle
testing, almost calm and 25 degrees Celcius. Despite thabbwe vehicle is able to perform
the step-steer maneuver at almost the exact same placeteweryt is still an open-loop ma-
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neuver and the tires will not always drive over exactly thmsaoad surface every time. Hence,
the road surface irregularities will be slightly differeartd so will the dynamic vertical tire load
variations. Finally, signal noise in the measurements amda inaccuracy also contribute to
the observed test-to-test variations.

Figure 9.9(a) shows the lateral acceleration and Figur@PtBe yaw rate for the 8 different
tests. The black thin lines correspond to the differentstasid the thick gray lines show the
maximum and minimum envelopes. The IMU is located in thekrure. Q7 m behind the
rear axle, which explains the negative lateral accelanatidhe beginning of the maneuver. All
measurement data were filtered with a 15 Hz low-pass filtelingreate signal noise.
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Figure 9.9: Resulting outputs during 8 step-steer maneuvers. In (a) Eteederatiora, and in (b) yaw
ratel. The thick gray lines represent the maximum and minimum envelopes.

The resulting vehicle side slip angles for the 8 tests arsegmied in Figure 9.10(a) and the
vehicle roll angles are shown in Figure 9.10(b). Table 9ri&cbades the resulting envelope max
deviation and RMS deviation for the 8 tests and when compdhisgwith the corresponding
errors to demonstrate the model accuracy in Table 9.1, iemr ¢hat the test-to-test variation
spreads significantly more than the achieved model accuiidug supports the statement that
the model accuracy can be considered very good.

Envelope max deviation Envelope RMS deviation
a, 0.702m/¢ 0.351m/s?
W 1.036deg/s 0.482deg/s
B 0.26deg 0.185deg
¢ 0.343deg 0.235deg

Table 9.2: Resulting envelope maximum deviation and RMS deviation during 8&epmaneuvers.
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Figure 9.10: Resulting outputs during 8 step-steer maneuvers. In (@jevstue slip anglg and in (b)
vehicle roll angled. The thick gray lines represent the maximum and minimum envelopes.

Since the driving robot has been programmed to not incréesthtottle position too much as
soon as the steering maneuver starts, the longitudinatigl@alls slightly over time due to the
increased cornering resistance, see Figure 9.11. Theotésst variation regarding longitudinal
velocity is less than ® km/h when comparing the 8 tests.
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Figure 9.11: Vehicle longitudinal velocity during the 8 step-steer maneuvers.



Chapter 10

Extrapolation using the extended
2-wheel model

The most significant disadvantage with the conventionah2etmodel is its inability to predict
the vehicle response after a change in vehicle set-up. Foclange in the vehicle set-up, the
conventional 2-wheel model requires the model parametettaderal axle force characteristics
to be identified again from driving measurements with the wehicle set-up. Even different
loading conditions require a repetition of the model part@meentification process. The lateral
axle force characteristics for different loading condisaould, however, be approximated by a
simplified approach as in [25] but this requires driving meaments to be performed at a few
different loading conditions as well.

This chapter presents how the extended 2-wheel model casdukta predict the vehicle be-
havior with different anti-roll bar set-ups, tires and logaglconditions. The only prerequisite
is that the model parameters for the extended 2-wheel ma& been identified once with
known tire characteristics. All investigations presentetthis chapter use the model parameters
identified in Chapter 8. It is always assumed that the tireaitaristics are known and for that
reason, both the extended 2-wheel model and the referendel @@ simulated with the same
tire model (MF 5.2) and tire parameters.

As in Chapter 9, the step steer maneuver is used when veritiimglifferent extrapolation
approaches.

10.1 Extrapolation to different anti-roll bar setups

10.1.1 Investigated anti-roll bar setups

The five different anti-roll bar configuratio®sRB 1 to ARB 5 are listed in Table 10.1 with the
ARB stiffness factor describing how the stiffness of the amitibars are changed in relation to
the base vehicle, e.g. an ARB stiffness factor & dn one of the axles denote a 50 % increase
in anti roll bar stiffness on that axle. Equation (8.8) fenmmore calulates the resulting total

111



112 Chapter 10  Extrapolation using the extended 2-wheel model

roll stiffness,Cy,j, of axle j. For this calculation, Equation (8.8) requires the tiré stiffness,
Co.ti,j Which is calculated using Equation (8.7) and the suspensibstiffness,Cy sy, j which
is received after linearizing the roll moment charact@ssMy j(¢syj) (described in Equation
(8.6)), around zero roll angle. The corresponding rolfrstiés distribution@y 1 /(Cy t +Cop.r))
complete the information about the investigated antitsal set-ups.

Nine possible configurations results from alterating the ARiI#ness between 0,50 and
+50 % on the front and rear axle respectively. Only five of thesefigurations are shown
here. The ARB configuration IARB 5 had to be adjusted to change with less then 50 % (ARB
stiffness factor front B and rear 1) to keep the vehicle from skidding out at higher lateral
accelerations.

Label Description  ARB stiffness factor Roll stiffneddrf/deg  Roll stiffness

Front  Rear FrontCy ¢+ RearCy, distribution

ARB 1 Basevehicle. D 10 8837 6048 594 %
ARB 2 Roll stiff. 15 15 10948 7144 605 %
ARB 3 Rear weak. D 0.5 8837 4864 675 %
ARB 4 Front hard, 1.5 0.5 10948 4864 736 %

rear weak.
ARB5 Front weak, 0.8 13 7889 6714 55 %

rear hard.

Table 10.1: Investigated anti-roll bar set-ups for verifying the extrdipolapproach.

The resulting vehicle response with the different antidsal configurations can be seen in Fig-
ure 10.1 to 10.4 where simulation results from the referetecle CASCaDE-DA are com-
pared. Only the step steer response for the steering whgld 86 degrees is shown here and
the figure in (b) always shows a zoom of the figure in (a). Ther@gun this comparison show
the spread between the different ARB configurations and ses\s&ereference when evaluating
the accuracy of the extrapolation resu&B 4 show the most spread overall when comparing
with the base configuratio®RB 1) and the simulation results for this configuration will ter
fore be studied in Subsection 10.1.3. The simulation redaltthe other configurations have
been moved to Appendix B.1.

As expected, the resulting vehicle response withARB 2 set-up is very similar to thARB
1 set-up except regarding the vehicle roll angle which is ##naARB 2 is obviously stiffer
but the roll stiffness distribution is more or less the samenaARB 1, with a very similar
under-steer behavior as a result.

The set-up#ARB 3 andARB 4 are both more under steering in comparisoARB 1, which
can be seen in the decreased yaw rate and side slip angle.olTbehavior is however very
different due to the stiffer set-up RB 4. The overall large difference betwe&RB 1 and
ARB 4 makes these two set-ups especially adequate for evalubéragti-roll bar extrapolation
approach.
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Figure 10.1: Comparison of the lateral acceleration achieved with theneerehicle (CASCaDE-DA)
for the different ARB configuration&RB 1 to ARB 5. Step steer response with a 90 degree steering
wheel amplitude. (b) shows a zoomed view of the figure in (a).
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Figure 10.2: Comparison of the yaw rate achieved with the referenceledBiBSCaDE-DA) and the
different ARB configuration®ARB 1 to ARB 5. Step steer response with a 90 degree steering wheel
amplitude. (b) shows a zoomed view of the figure in (a).

In ARB 5 the roll stiffness distribution is very extreme in comparigo what is normal in a
production vehicle. This results in vehicle with almost titibe under steer which would make
it very nervous to drive.
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Figure 10.3: Comparison of the vehicle side slip angle achieved with theneerehicle (CASCaDE-
DA) and the different ARB configuration8RB 1 to ARB 5. Step steer response with a 90 degree
steering wheel amplitude. (b) shows a zoomed view of the figure in (a).

Roll angle (deg) Roll angle (deg)

Figure 10.4: Comparison of the roll angle achieved with the referendelgdltASCaDE-DA) and the
different ARB configurationARB 1 to ARB 5. Step steer response with a 90 degree steering wheel
amplitude. (b) shows a zoomed view of the figure in (a).
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10.1.2 Extrapolation approach for different anti-roll bar setups

The non-linearity in the roll moment characteristics presd in Section 8.3.2 is mainly caused
by the non-linear jounce and rebound stops. A small cortidbus also received from the

suspension kinematics and non-linearities in rubber nwuhte anti-roll bar can be assumed
to be a part with linear stiffness. However, the kinematiabe anti-roll bar, i.e. it's attachment

points to the wheel carrier and how these move in jounce dooured, as well as non-linear

rubber mounts (if used) where the anti-roll bar is attacleethé vehicle body can add a non-
linear contribution to the overall roll stiffness relatea the anti-roll bar. Nevertheless, the
overall roll stiffness caused by the anti-roll b&, arg, Will be assumed to be a strictly linear
parameter in this investigation.

Since the translation ratio between the vehicle roll angtethe torsion angle in the anti-roll bar
ip—ARB See Equation (8.9) and (8.10), is assumed to be constardyérall ARB roll stiffness
Co.arB Will increase with the same ratio as the torsional stiffnefsthe anti-roll bar. The ARB
roll stiffnessCy arg subsequently influences the total roll stiffness chareties according to
Equation (8.6).

10.1.3 Extrapolation results for anti-roll bar setup 4 — ARB 4

Figure 10.5 and 10.6 presents the resulting simulationutsitfor the verification maneuver
when the reference model CASCaDE-DA is simulated withARB 4 setup and the 2-wheel
model parameters are extrapolated to correspond tAR& 4 setup. Table 10.2 furthermore
presents the corresponding root mean square (RMS) error arinm error for the 2-wheel
model in comparison to the reference model CASCaDE-DA. Tharacyg of the extrapolated
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Time (s) Time (s)

(a) (b)
Figure 10.5: Extrapolation results f&RB 4. In (a) lateral acceleration and in (b) yaw rate.
2-wheel model is as good as the originally identified modéhaut anti-roll bar modification.

This is evident when comparing the results from the verifbcatnaneuver summarized in Table
9.1 with the extrapolation results in Table 10.2. As a mattéact, the extrapolated results show



116 Chapter 10  Extrapolation using the extended 2-wheel model

even less error for some of the results which can be seen adiaation that the difference seen
is a matter of model complexity and not a matter of parameateng. Hence, in order to receive
a better accuracy, the simulation model would have to bééudeveloped.

Roll angle (deg)

Vehicle side slip angle (deg)
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Figure 10.6: Extrapolation results f&BiRB 4. In (a) vehicle side slip angle and in (b) roll angle.

3 (deg  ay (m/s) § (deg/s) B (deg ¢ (deg
RMS max. RMS max. RMS max. RMS max.

90 0.042 0.21 0.124 0.45 0.023  0.07 0.039 0.13
75 0.045 0.18 0.098 041 0.020 0.06 0.030 0.10
60 0.050 0.15 0.101 0.38 0.015 0.05 0.018 0.07
45 0.048 0.12 0.101 0.32 0.010 0.04 0.011  0.05
30 0.037 0.11 0.082 0.25 0.006 0.03 0.011  0.03
15 0.023 0.14 0.051 0.15 0.003 0.02 0.005 0.02

Table 10.2: Root mean square (RMS) error and maximum error when cimgplae model outputs of
the reference model CASCaDE-DA and the 2-wheel model with extraplohatelel parameters to fit the
ARB 4 setup.
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10.2 Extrapolation to different tire characteristics

The objective of this investigation is to extrapolate th&igke behavior with different tires.
In order to show this, the CASCaDE reference model is simulaidda number of different
tire characteristics in a suggested verification maneuvss. same maneuver is simulated with
the extended 2-wheel model from Chapter 7, with the modelpaters identified in Chapter 8
using tire 1. It is always assumed that the tire characiesiate known and for that reason, both
the extended 2-wheel model and the reference model areaedulvith the same tire model
(MF 5.2) and tire parameter sets.

10.2.1 Investigated tire characteristics

The tires have been selected to have a wide range of differeperties, i.e. different sensitivity
to vertical load and camber angle as well as different camgestiffness and maximum force
potential. At the same time, the tire diversity has been ketttin the spread of real life tires.
This has been accomplished by selecting tire parameterdastsfied from measurements of
tires designed for the specific reference vehicle.

As a quality assurance it is very important to study the teledvior within the intended use case
before performing any vehicle dynamics simulation. An assent of the tire characteristics
also serves as a tool when selecting the different tires tmethis investigation. For this
purpose, the so calldtte fingerprint presented in for instance [44], has been applied. In this
fingerprint, the tire is evaluated at different load cases e results are plotted in a set of
standardized plots.

Tire 1 and 2 presented in this section both have the dimei2§i6f65R16 but Tire 1 is mounted
on a 65 inch wide rim and the rim for Tire 2 is 1 inch wider. Figure 2@nd 10.8 present the
parts of the fingerprint important in this investigationpgearing two tire parameter sets:

e Tire 1 (solid lines in Figure 10.7 and 10.8) was used whentifj@ng the extended 2-
wheel model, i.e. this tire was used in both the referenceeainadd in the extended
2-wheel model when the vehicle and suspension parametdre ifatter model were
adjusted to fit the vehicle motion states of the simulateérezfce model.

e Tire 2 (dotted lines in Figure 10.7 and 10.8) is the extrajparetire. Hence, this tire was
used in simulations with both the reference model and theneled 2-wheel model in
order to investigate how the latter model performed withfeecent set of tire parameters
without changing any of the earlier identified vehicle anspgnsion parameters.

Figure 10.7(a) compares the lateral force characteriatigaire side slip conditions for tire 1
(solid lines) and tire 2 (dotted line). Tire 2 shows largeetal forces than tire 1 as the vertical
load increases. The aligning moment, however, is very amahen comparing tire 1 and 2 at
smaller side slip angles, see Figure 10.7(b). At larger siigeangles, tire 2 shows slightly less
aligning moment than tire 1.
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Figure 10.7: Lateral force and aligning moment characteristics of tire 2 atgure side slip condition.
The characteristics are generated at the vertical tire IBags2000, 4000, 6000 and 8000
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Figure 10.8: Comparison between tire 1 and 2. In (a) the tire corneringestdffas a function of vertical
tire load and in (b) a step response examplifying the tire dynamics (tire veldmal4000 N during a

side slip angle step of 3 degrees and 40 km/h longitudinal velocity). 90 % sfeley state lateral force
is reached after 106 ms for tire 1 and after 96 ms for tire 2.

The most significant difference between tire 1 and 2 appeatisel cornering stiffnes€y =

% o which for tire 2 is significantly larger than for tire 1, seiglie 10.8(a).

Also the transient behavior is very different between the tines as Tire 2 responds almost
15 % faster then tire 1, see Figure 10.8(b). The non zeroalatiee force prior to the step
response despite zero side slip angle and zero tire cambks, @ caused by conicity and/or
plysteer effects which are also captured by the tire modgl [5

Figure 10.9 and 10.10 compare the vehicle response received simulating the reference
vehicle model CASCaDE-DA with tire 1 and tire 2. Especially thsulting vehicle side slip
angle is influenced by the different tire characteristidsdieo the steady-state values for lateral
acceleration and yaw rate are different. These differeimceshicle response depend mainly on
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the difference in tire cornering stiffness.

The difference in dynamic response can also be seen in ttez fasld-up of lateral acceleration
for tire 2, see Figure 10.9(a).

The roll angle steady-state values are very similar despéehigher lateral acceleration re-
ceived with tire 2. This indicates that the overall roll Btéss has increased when changing the
tires. This is also confirmed the radial tire stiffness whichtire 1 is 189kN/m compared to
201kN/mfor tire 2.
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Figure 10.9: Comparison in vehicle response with tire 1 and tire 2. In (aplaeceleration and in (b)
yaw rate.
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Figure 10.10: Comparison in vehicle response with tire 1 and tire 2. In [agleeside slip angle and in
(b) roll angle.
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10.2.2 Extrapolation approach for different tire characteristics

The tire roll stiffnes<Cy ¢ is the only parameter in the suspension model influenced by a t
change, all other suspension parameters remain the sanadready defined in Section 8.3.2,
the tire radial stiffness of the tires can be converted toeartll stiffnessCy 4.

Cz.,ti : bJZ
i = 2

(10.1)

If applying Equation (10.1) followed by Equation (8.8) usithe radial tire stiffness 18eN/m
for tire 1 and 201kN/m for tire 2 together with the vehicle parameters (track widtid sus-
pension roll stiffness) presented in Chapter 8, it can be shbat the total vehicle roll stiffness
increases with approximately28 % with tire 2 in comparison to tire 1 (whereas the radial tir
stiffness of tire 2 is about.85 % stiffer than tire 1).

10.2.3 Extrapolation results for different tire characteristics

Figures 10.11 to 10.12 compare the resulting vehicle resptor the extended 2-wheel model
and the CASCaDE reference model when extrapolating the eeheatavior with tire 2. The
steady-state driving conditions are captured very gooéxior the roll angle where a small
deviation can be seen. A small difference can also be detéotell outputs in the transient
part when the steering wheel angle amplitude transcends@@es.

Table 10.3 concludes the difference between the simulaiidputs of the reference model
CASCaDE-DA and the 2-wheel model, both using tire 2. A smallrdéation in model ac-
curacy can be detected when comparing with the results fhrenverification simulations pre-
sented in Table 9.1. Only the roll angle keeps approximdtedysame accuracy as in the verifi-
cation simulations but the other outputs, though smallyanese especially at the larger steering
wheel angle inputs, i.e. at higher lateral accelerations.

Yaw rate (deg/s)

Lateral acceleration (m/sz)

301

8 -
d =90 deg
s H L
6H =75 deg 25
6r =
d  =60deg
I H 201 =90 deg
5 6H—45 deg =75deg
4t 15} =60 deg
S '=30deg =45 deg
3r 10F
=30deg
2 -
8 ;=15deg 5F o =15deg
l -
0 —— CASCaDE 0 —— CASCaDE
= = =2-Wheel = = =2-Wheel
-1 : . . . . -5 . . . !
4 5 6 7 8 6 7 8 9
Time (s) Time (s)

(@)

(b)

Figure 10.11: Extrapolation results for tire 2. In (a) lateral accelerationira(b) yaw rate.
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Figure 10.12: Extrapolation results for tire 2. In (a) vehicle side slip anglera(b) roll angle.

3 (deg  ay (m/s) § (deg's) B (deg ¢ (deg

RMS max. RMS max. RMS max. RMS max.
90 0.067 0.28 0.188 0.74 0.050 0.17 0.039 0.14
75 0.069 0.24 0.166  0.66 0.039 0.14 0.035 0.14
60 0.064 0.19 0.136  0.48 0.024  0.07 0.038 0.13
45 0.052 0.15 0.112  0.37 0.013 0.05 0.040 0.11
30 0.039 0.13 0.084 0.26 0.007 0.04 0.031 0.06
15 0.023  0.17 0.050 0.17 0.003  0.02 0.016 0.03

Table 10.3: Root mean square (RMS) error and maximum error when cimgplae model outputs of
the reference model CASCaDE-DA and the 2-wheel model extrapolateding parameters from tire 2.
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10.3 Extrapolation to different lodading conditions

10.3.1 Investigated loading conditions

Table 10.4 shows the mass geometry and principal momentexid used for the different load

variations investigated here. The location of the massepr@vided in the design reference
frame which is located in the middle of the front axle at whasiter height when the vehicle
Is standing on a flat surface in the design loading conditibhe design reference frame is
furthermore oriented in the same direction as the vehidkreace frame (positive-direction

is forward,y to the left andz upwards). The base vehicle is denotddand includes the vehicle

with three passengers (driver with passengers front rigtitraar middle).

Mass Moment of Inertia Location L1 L2 L3 L4 L5
m, (k) [Ix, Jyys T, (kgnt) Iy, 1y, 1], (m)
Base Vehicle ~ 1759.5 [542 2411 2777 [-1.33, 0, 0.25 X X X X X
Passenger RL 68 [1.3, 1.0, 0.6] [-2.28, 0.38, 0.22] X X
Passenger RR 68 [1.3, 1.0, 0.6] [-2.28, —0.38, 0.22 X X
Trunk load 100 [6.9, 2.5, 6.9] [-3.37, 0, 0.38 X X
Roof load 200 [12.6, 21.4, 31.4] [-1.79 0, 1.25 X X

Table 10.4: Mass geometry and principal moments of inertia of the loads usezhte the load variations
L1 (base vehicle),.2 andL3, see also Table 10.5.

In the loading condition denoteld?, two rear seat passengers and a k@@runk load has
been added to the base vehicle condition. This causes ther cdrgravity position to move
significantly towards the rear. In the final load conditibB, a 200kg roof load is added to the
base vehicle which increases the center of gravity heigleindd, the two load variationk2
andL3, represent two fairly extreme load conditions. Figure 3&Ghows the loads used in the
investigated load variations.

l&— Roof load

S

Passenger rear

Figure 10.13: Loads for the mass variations.

For the load variationg,2 andL3, the vehicle is equipped with an automatic ride height adntr
system, i.e. the suspension deflection is zero at straigdgchtiriving independent of loading
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condition®. The load variation4 andL5 are loaded the same way asli# andL3 respec-
tively, but the vehicle is on the other hand not equipped aitrautomatic ride height system.
Consequently, the suspensions in the load variatignandL5 are deflected due to the addi-
tional load. The loading for the base vehitlé corresponds to the design loading condition,
I.e. the initial suspension deflection is per default zertiis vehicle.

The principal moments of inertia for the additional loadsl @assengers listed in Table 10.4
have been estimated from boxes with an even mass distnibulibsome cases, the principal
moment of inertia for the loadly;, could be neglected in comparison to the contribution from
the point mass in the parallell axis theorem:

Adyx = Juxi + My (Ari)z (10.2)

The point mass of the roof load, for instance, contributethéototal sprung mass roll inertia
with about ten times more than the principal inertia of thadl@alone. Regarding the roof
load’s contribution to the yaw moment of inertia, the twoneéts in the equation above will
contribute about equally but it is a small contribution ifaten to the total yaw moment of
inertia. In most cases when it comes to simulating vehictelhiag for different load variations,

it is sufficient to only consider the moment of inertia copition from the point masses.

Table 10.5 in the next subsection show the resulting vehiess and masss distribution for the
different load variations.

Figure 10.14 and 10.15 compare the vehicle motion statefieedn all load variations for the
virtual measurements, i.e. CASCaDE-DA simulations, whewvetrin the verification maneu-
ver with with a steering wheel angle amplitude of 90 deg. Thtiom outputs of the variants
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Figure 10.14: Comparison of simulation outputs for the different load vanstiaé-L5. In (a) lateral
acceleration and in (b) yaw rate, reference simulations with CASCaDE-DA.

with the same additional loads (one with and one without daraatic ride height control sys-
tem), e.g. L3 andL5, show very similar results. The difference between thesams are

1To ease the investigations, a virtual ride height systenbbas applied here by simply increasing the pre-load
of the springs in the simulation model. If using an air spriagontrol the ride heigt, the increase in suspension
spring stiffness with increased load would also have to Imsicered.
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attributed to the changed initial suspension deflectione difference in motion outputs be-
tween the load variants2 andL4 (also with the same additional loads) are more significant
than forL3 andL5. This is attributed to the vertical axle load increase orrélae axle, which in

L2 (andL4) is about twice the increase 8 (andL5). Thus, the change in initial suspension
deflection is more significant in load varidot than inL5.

Vehicle side slip angle (deg) Roll angle (deg)

‘,

Figure 10.15: Comparison of simulation outputs for the different load vanistid-L5, reference simu-
lations with CASCaDE-DA.. In (a) vehicle side slip angle and in (b) roll angle.

10.3.2 Extrapolation approach for different loading conditions

For the virtual measurements made with CASCaDE-DA, the Igatigllin Table 10.4 are sim-
ply added to the vehicle parameter file and the vehicle madelnaatically calculates the new
mass geometry and inertia properties of the vehicle bodjhdrextended 2-wheel model, how-
ever, approaches for changing these parameters are mesent

To start with, the mass geometry reference frame for the belsiele, i.e. load variatioh.1,

Is determined, see Figure 10.13 and Table 10.4. The heighea$prung masgy, has to be
tranformed to the vehicle reference frame, which for theehehicle is located in the middle of
the front axle at the same height as the center of the fronelsh&he distance between wheel
center and road is the same as the height of the unsprungimeabgs 1 = rqynt —Azi(Fi), see
Figure 10.13. Consequently, the coordintates of the spruagsmiven in the design reference
frame ishg = hs — hys ¢ (this is an approximation since it in reality is a combinataf the front
and rear tire deflections).

With the mass geometry of the base vehicle as the starting, minple relations can be used
to calculate the new sprung mass, and it's mass geometriig, |t s andl; s, when adding the
different loads.

Mg 1hg 1+ 3 mily;
Mg 2

h5o = (10.3)
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The moments of of inertia for roll and yaw are calculated gsive parallell axis theorem. For
the roll moment of inertia, the sprung mass and the diffeaelditional loads are considered in
the calculation.

Joro = Jpratmsia (Mgs— hg,Lz)zﬂL > (Jxx,i +m <(|£,i - ;LZ)Z + |3|>> (10.4)

lyi andl; are the distances of the additional loads from the desigmeate frame, as presented
in Table 10.4. For the yaw moment of inertia, the total vehitlass (and geometry) is used in
the parameter extrapolation:

2 2
Jpr2 = JpLi+neerr (If 11 0) +> (Jzzi+m ((|£,i —1%12) +|§i>> (10.5)

The final step in extrapolating the parameters for the loaidtransL2 andL3, is to consider
the new sprung mass height due to the additional tire deflecthused by the new tire loads,
i.e. adjusthysj andhs with the additional tire deflection. This effect is, howewary small and
could be neglected. Conclusively, the neyy can be calculated using Equation 7.6.

For the load variations4 andL5, the
vehicle is equipped with coil springs and
is lacking an automatic ride height con-
trol system. Thus, the spring deflec-
tions due to the additional vehicle loads
have to be taken into consideration when
extrapolating the parameters for the ex-
tended 2-wheel model. For this, the
vertical load over suspension deﬂe.cuol—nlgure 10.16: New sprung mass height due to suspension
from the SJR maneuverf; sjrs(zs), is deflection.

used when estimating the new suspen-

sion deflection. Subsequently, the new suspension deftasticsed to calculate the new sprung
mass heighths, followed by the new center of gravity heiglikg.

Table 10.5 summarizes the most significant mass paramétanged in the extended 2-wheel
model for the different load variations. Note how the cenfiegravity height is smaller for the
load variations without the automatic ride height contg@tem, i.e.L4 andL5 in comparison
with L2 andL3. This is not necessarily the case for real life vehiclesesthe algorithm of the
ride height control system could be implemented to changeitle height at extreme loading
contitions. In the virtual measurements for load variati@andL3, the ride height is simply
adjusted to be zero for all all load conditions.

As already mentioned in Subsection 8.3.2 and examplifiedgarg 8.6(b), the suspension de-
flection will also influence the front and rear elastic rollment characteristic$4y sir;j(Psu;j)-
Likewise, the static steer angléy,j, and camber anglesg j, as well as the roll characteristics,
0p,j(dsuj) andey j(dsuj), for steer and camber angles are to be adjusted for the n&al ini
condition regarding the suspension deflection.
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m (kg) I+ (m) Iy (M) heg (M) Ah(m)  Jy (kgn?) Jy (kgn?)
L1 17595 1328 1392 Q563 Q539 2708 486

L2 19955 1495 1225 Q567 Q542 3223 517
L3 19595 1375 1345 0664 0646 2763 657
L4 19955 1495 1225 0541 0514 3223 517
L5 19595 1375 1345 Q642 0622 2763 657

Table 10.5: Most relevant extrapolated mass parameters in the extendeskPmodel for the different
load variations.

10.3.3 Extrapolation results for load variation L2 and L3

The results for the load variations are separated in twedfft subsections sin¢® andL3
are simulated with an automatic ride height control systdence, the same load variations but
without the automatic ride height control system will beastigated once again in Subsection
10.3.4.

Load condition L2:

Figure 10.17 shows a comparison of the resulting lateraélacation and yaw rate from the
virtual measurements with the CASCaDE-DA model and the ex@r&dwheel model using

the extrapolated parameters for the new load conditidn The corresponding vehicle side
slip angle and roll angle are furthermore compared in Fid@x&8. The model accuracy is in
par with the other extrapolation results regarding exti@pw to other anti-roll bar and tire

properties. The statistics of how accurate the extendethé&:ivmodel manages to copy the
behavior of the virtual measurements are concluded in THh&

Lateral acceleration (m/s) 20 Yaw rate (deg/s)
8r _
Y
m 5, =90deg 25
6l 6H =75deg
6 =60 deg 20}
H
St 90 e
6H =45 deg 75 de
4t 15 60 deg
3 5,;=30deg 45 deg
1o =30deg
2 i —_
8= 15 deg 5 5 =15deg
1 L
0 —— CASCaDE 0 —— CASCaDE | \&7
= = =2-Wheel = = =2-Wheel Z
. ; ; : : ; - ; ; : : ; ;
4 5 6 7 8 9 4 5 6 7 8 9
Time (s) Time (s)

(@) (b)

Figure 10.17: Extrapolation results for load variatldéh In (a) lateral acceleration and in (b) yaw rate.
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Vehicle side slip angle (deg) Roll angle (deg)
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Figure 10.18: Extrapolation results for load variatia?. In (a) vehicle side slip angle and in (b) roll
angle.

3 (deg  ay (m/s?) | (deg/s) B (deg ¢ (deg

RMS max. RMS max. RMS max. RMS max.
90 0.080 0.25 0.239 0.78 0.045 0.14 0.060 0.18
75 0.056  0.20 0.190 0.64 0.039 0.17 0.041 0.11
60 0.041  0.17 0.097 0.52 0.020 0.07 0.032  0.09
45 0.041 0.13 0.074 0.43 0.009 0.03 0.047  0.09
30 0.040 0.12 0.083 0.32 0.011  0.03 0.040 0.08
15 0.030 0.13 0.069 0.19 0.004 0.01 0.021 0.04

Table 10.6: Root mean square (RMS) error and maximum error when cimgplae model outputs of
the reference model CASCaDE-DA and the 2-wheel model extrapolatldoad variationL.2.

Load condition L3:

Figure 10.19 compares the resulting lateral acceleratiornyaw rate between the virtual mea-
surements with the CASCaDE-DA model and the extended 2-whedkehwith extrapolated
parameters for the new load conditibB. The corresponding vehicle side slip angle and roll
angle are furthermore compared in Figure 10.20. Also hezesiimulation outputs provided
by the extended 2-wheel model can be considered to be soffigsults for such a significant
change in loading condition. Only the transient part of thguitts provided in the maneuvers
driven with steering wheel angle amplitudes of 75 deg and &9 abuld be criticized. Ta-
ble 10.7 summarizes the statistics of the differences inanaiutputs between the extended
2-wheel model and the virtual measurements.
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Figure 10.19: Extrapolation results for load variatldh In (a) lateral acceleration and in (b) yaw rate.
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Figure 10.20: Extrapolation results for load variatio®. In (a) vehicle side slip angle and in (b) roll
angle.

B (deg  ay (mys?) b (deg/s) B (deg ¢ (deg
RMS max. RMS max. RMS max. RMS max.

90 0.094 0.34 0.387 1.26 0.065 0.26 0.116 0.44
75 0.067 0.28 0.239 0.75 0.041 0.12 0.077 0.34
60 0.048 0.23 0.157 0.68 0.022  0.08 0.067 0.22
45 0.049 0.18 0.131  0.59 0.018 0.06 0.067 0.17
30 0.048 0.13 0.115 045 0.014 0.05 0.049 0.12
15 0.034 0.14 0.081 0.24 0.007  0.03 0.023 0.06

Table 10.7: Root mean square (RMS) error and maximum error when cimgplae model outputs of
the reference model CASCaDE-DA and the 2-wheel model extrapolatkdoad variationL3.
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10.3.4 Extrapolation results for load variation L4 and L5

The same load variations as in Subsection 10.3.3 are igatsti here as well but without
the automatic ride height control system, i.e. the effeekated to different initial suspension
deflection as a result of other static axle loads are includduk load variations4 andL5.

Load condition L4:

Figure 10.21 presents the resulting lateral acceleratiohyaw rate in a comparison between
the virtual measurements with the CASCaDE-DA model and thenebed 2-wheel model with
extrapolated parameters for the new load conditidn The corresponding vehicle side slip
angle and roll angle are furthermore compared in Figure2lOrPthis case, the model accuracy
for the maneuvers driven with steering wheel angle ampdisudrger than 60 deg can not be
considered sufficient. The difference in motion outputsMeenn the extended 2-wheel model
and the virtual measurements are summarized in Table 10.8.

Several reasons can be listed regarding why the model ipatda of providing the correct
simulation outputs when extrapolating th¢ load case.

e The compliance approach used in the extended 2-wheel matjetonsiders the lateral
tire forces and aligning moments. Hence, the parametenssiapproach have been tuned
to be the best compromize for the driving states in which these parameterized. In the
load conditiornL4, the initial suspension deflection will be very differerggecially at the
rear axle) and therefore also the compliance response slgpension at similar lateral
tire forces and aligning moments.

¢ With the suspension springs being compressed much more de higher vertical loads
(especially on the rear axle), the suspension springs egad in the progressive part of
the force characteristic(Az), causing a very non-linear response of the axle. This
causes additional vertical force components in the suspemghich excites a heave mo-
tion of the axle and consequently also different vertigaltorces. The only way to depict
the same behavior would be to introduce heave in the roll ifmdehis would also ques-
tion the necessity of staying within the 2-wheel model cgeea model similar to the
CASCaDE-Classic model (see Section 2.3) would then be morepppate.

e The roll centers are assumed to be fixed in the extended 2twiwekel. This is a signifi-
cant simplification, especially at different initial susg@n deflections.
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Figure 10.21: Extrapolation results for load variatloh In (a) lateral acceleration and in (b) yaw rate.
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Figure 10.22: Extrapolation results for load variatioh. In (a) vehicle side slip angle and in (b) roll
angle.

B (deg  ay (m/s) b (deg/s) B (deg ¢ (deg
RMS max. RMS max. RMS max. RMS max.

90 0.284 0.85 0970 4.48 0.244 1.16 0.179 0.56
75 0.154 0.37 0.459 2.04 0.074 0.30 0.141 0.43
60 0.070 0.21 0.216 0.81 0.033 0.17 0.112 0.29
45 0.056 0.21 0.123  0.60 0.029 0.10 0.082 0.18
30 0.071  0.19 0.162 0.47 0.016  0.03 0.056 0.10
15 0.044 0.14 0.104 0.24 0.005 0.02 0.021 0.04

Table 10.8: Root mean square (RMS) error and maximum error when cimgplae model outputs of
the reference model CASCaDE-DA and the 2-wheel model extrapolatkdoad variationL4.
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Load condition L5:

Figure 10.23 compare the resulting lateral acceleratiahyamv rate between the virtual mea-
surements with the CASCaDE-DA model and the extended 2-whedkehwith extrapolated
parameters for the new load conditibb. The corresponding vehicle side slip angle and roll
angle are furthermore compared in Figure 10.24. The acgwfate extended 2-wheel model
is in this case not as questionable as forltHebut it is also not as good as in the rest of the
extrapolation investigations. For the smaller discrepEmseen here, the same explanations re-
garding the model structure as given for th# load condition can be applied here. The only
difference in theL5 load condition, is that the additional mass has been spliatpeen the
front and rear axle (ih4 practically all additional mass was added to the rear axid) hence,
the change in initial suspension deflection is not as sigmfibere.

The statistics of how accurate the extended 2-wheel modeages to copy the behavior of the
virtual measurements are concluded in Table 10.9.
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Figure 10.23: Extrapolation results for load variatldsh In (a) lateral acceleration and in (b) yaw rate.

3 (deg  ay (m/s?) | (deg/s) B (deg ¢ (deg
RMS max. RMS max. RMS max. RMS max.

90 0.158 0.43 0.420 1.52 0.067 0.26 0.204 0.44
75 0.119 0.32 0.317 1.09 0.056 0.18 0.169 0.32
60 0.082 0.28 0.216 0.72 0.038  0.08 0.133 0.24
45 0.049 0.23 0.117 0.62 0.024  0.08 0.101 0.21
30 0.049 0.16 0.097 0.46 0.014 0.06 0.072 0.16
15 0.032 0.14 0.066 0.24 0.008 0.03 0.038  0.09

Table 10.9: Root mean square (RMS) error and maximum error when comgple model outputs of
the reference model CASCaDE-DA and the 2-wheel model extrapolatkdoad variationL5.
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Figure 10.24: Extrapolation results for load variatios. In (a) vehicle side slip angle and in (b) roll
angle.



Chapter 11

Conclusions

This work focuses on the further development of the alreadstiag non-linear 2-wheel model
as described in Chapter 4 and also in Ammon [1], Kobetz [20]Metjnikov [34], featuring

a vehicle roll model and non-linear lateral axle force charastics with a first order differen-
tial equation to capture the lateral force dynamics. Thennabijective of this work’s further
development is to overcome the model’s drawbacks regamditrgpolation to different vehicle
setups such as different tire properties, anti-roll bdfingss and loading conditions (mass and

mass geometry).

Vehicle motion
states & driver inputs™ """« A

7 2xSuspension
S e > model

"-__Tire inputs

2x2

- Tire forces ;.-
& moments

o
o
g
5
o

Axle forces Synthesis
& moments element

g
.
.....

Figure 11.1: Outline of the tire suspension model.

In the proposed model, the lateral force characteristimstfand rear (in the 2-wheel model)
are replaced with auspension-tire-behavior modelhere the properties of the tires and the
suspension have been separated into submodels, see FigliréAtcordingly, vehicle motion
states are used as inputs to the suspension submodels, eahicitate the vertical tire loads,
tire camber angles and lateral side slip angles. The outgutse suspension submodels are
furthermore used as inputs in the tire moddhgic Formula MF-Tyre model version 5[21].

In a final step, the lateral tire forces;j, and tire aligning moments/,;, calculated by the tire
model are concluded in a synthesis element to a front anchsé@ilateral force, to be used in
the 2-wheel model’s equations of motion.
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In order for the extended 2-wheel model to represent thecbwehicle behavior, the suspension
subcomponents must reproduce the most important effe¢heisuspension. If, however, the
subcomponents are too detailed, the model parametersatiienpossible to identify through
measurements. Hence, the model must follow the rule of thasdetailed as necessary and
as simple as possihle

As an alternative to real driving measurements, virtualsueaments created with the detailed
MBS model CASCaDE-DA (see Section 2.2) were used in this workgstigations. The
use of virtual measurements allow an expedient and thorauggstigation of how different
suspension setups influence the vehicle behavior, wherairdriving tests would take more
time. Moreover, unwanted influences from the environmemtedbas problems connected with
measurement data may be avoided or, if wanted, they can leal ayaithetically. The results
are also reproducible.

One of the main results in this work is the extended 2-whealehmcluding thesuspension-
tire-behavior mode(presented in Chapter 7), accompanied by a description oftbasentify

its model parameters (Chapter 8). This is followed by a moakdiation to show the accuracy of
the model (Chapter 9). Last but not least, the model’s caifiabito be used in vehicle dynam-
ics investigations is verified in a few investigations wheredel parameters are extrapolated
(Chapter 10). First, it is shown that even very severe afitbar setups can be extrapolated
with the suggested model. In a second step, the extrapolatidifferent tire properties is car-
ried out successfully. In a final step, extrapolation toedi#ht load variations has been tested.
For vehicles equipped with an automatic ride height corgystem, the suggested approaches
for extrapolation to different load conditions are as sss@d as for the previous extrapolation
investigations. In case of vehicles without an automatie teight control system, e.g. sus-
pensions with normal coil springs and conventional dampgbesextreme load extrapolations
are only successful to a steady-state lateral acceleratiapproximately 3 m/s. This model
defizit can be explained by the change in initial suspensalection due to the different load-
ing condition, causing not only different roll center hefgbut also a change in the suspension
compliance due to the different points of action for the é&sracting in the suspension. The
kinematic changes due to the different initial suspensieftedtion at different vehicle load
conditions already have been taken into account by usingethdts from the kinematic test
bench. However, the parameters regarding the suspensioplieaace (steer and camber an-
gles) as well as the roll center heights would have to be tefju®r the different suspension
deflections and this could not be included in these invetstiga and has therefore been left for
future work.

It can therefore be concluded that the model can be used tapeXate the vehicle behavior

with different tires. This saves a significant amount of timéhe development process where
new vehicles have to be tested with all certified ttteT'he model can also be used to predict
how a suspension setup needs to be changed in order to repehificsvehicle handling, e.g.

how the anti-roll bar stiffness front and rear need to be gkdrto reach a certain under steer
gradient and roll behavior. In addition, possible side @H#alue to a certain change in vehicle
setup can also be detected in the simulations. Consequilyrototype vehicles can be built
more target oriented, saving both time and money. Also, gweldped model can be used to

1This does not replace vehicle dynamics testing but can speé¢le process as critical driving states can be
targeted in the testing justified by simulation studies.
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predict the behavior of the vehicle at different loadingditions and, again, this can help speed
up the testing process in the same way as described for ¢hextirapolations.

Within this work, little effort has yet been spent on the lgadinal dynamics of the vehicle.
To further benefit from the model presented here, it is recentrd to continue the work by
including also the longitudinal behavior in the model. Aogdusly to the vehicle roll model
presented in this work, a pitch model could be included tdwapthe pitch dynamics of the
vehicle. In addition to this, the present suspension campg approach needs to be extended to
also include the longitudinal forces. The drive train effewould also need to be investigated
further, e.g. all-wheel drive, torque vectoring, etc. Om tither hand, kinematic steer and
camber angles due to pitch angle change are not expectedstgrigcant. However, this also
needs to be investigated further.

The model as it is today could already be used to simulate tweaoll stabilization (ARS)
system. This can be implemented by simply adding the actitetoments front and rear,
AMaRrsj, to the total roll momenky ; in Equation 7.3.

To further improve the model’s useability, the possibilitysimulate the vehicle driving over
an uneven road could be implemented. For this, the unevahaaa be described with for
instanceOpenCRG40]. As the vehicle progresses over the surface, the ledtraght tire
contact point can be used to calculate a road roll anglgg j, at axlej, which are to be used
as a further input to the vehicle roll model. With this modetemsion, the vehicle comfort
behavior regarding roll dynamics can be evaluated and, pfiegble, the benefit of an ARS
system could be investigated.
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Appendix A

Nomenclature

The main part of all definitions in this thesis are primaribuhded on the international stan-
dard 1SO 8855 [17] and DIN 70000 [8] However, since many symbols and corresponding
indices have had to be added or changed, this section psesdist of the used axis systems,
nomenclature and abbreviations.

A.1 Common definitions and terminology

e Matrices and vectors are denoteald, e.g. the forcd = (K, Fy, ).
e ltalics are used when introducing new terms.

e Mathematic properties are writteshanted

A.2 Abbreviations

ABS Antilock Braking System DOF Degrees Of Freedom

AJR A|ternating jounce and rebound ESP Elektronische StabllltatsprO'
gramm, in english Electronic Sta-

ARB Anti-roll bar bility Control (ESCY

AWD  All Wheel Drive max Maximum

CASCaDE Computer Aided Simulation ofnin Minimum

Car Driver and Environment MBS Multi Body System
CG Center of Gravity RAG Roll Angle Gradient

IDIN 70000 comprises an additional appendix with extra teants definitions.

2ESC is a technology that improves the safety of a vehiclasikty by detecting and minimizing skids. When
ESC detects loss of steering control, it automatically igsghe individual brakes to help "steer" the vehicle where
the driver intends to go.
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142 Chapter A Nomenclature

RMS Root mean square SJR Synchronized jounce and rebound

A.3 Notation

F Force [N] Y Tire camber angfe[rad)]
M Moment N £ vehicle camber angidrad]
h Height [m] B Vehicle side slip angfe[rad]
Ah Length of roll lever armifn] H tire-road adhesion coefficient|
c Sp(;ing stijfnes%[N/m] i Translation ratio ], e.g. between
and Nm/°] wheel travel and spring deflection.
m Mass kg $,0,¢ Roll angle, rate and acceleration
t Time [g] [rad, rad/s, rad/s’]
At Simulation time stepq g, 4,  Yaw anglé, rate and acceleration
. [rad, rad/s, rad/s?]
v Velocity [m/s or km/h]
J Inertia [kgn?
a Acceleration fn/s?] kgl
w Angular velocity [rad /g AX, Ay, Az Dlsplacement in X, y and z direc-
tion [m]
g Gravitational acceleratiomj/s?]
ol Cq Cornering  stiffness ‘;—EV
I Length jn] (wheel base wher IN/rad] a=0

without subscript)
B,C,D,E Parameters in tire model MF 5.2

b Track width m]

a Tire side slip angl@[rad] P Pneumatic trail

S Longitudinal tire slip [-] 13 Polynomial coefficients in the non-
linear compliance approach for the

0 Steer angl&[rad] CASCaDE-Classic modeH]

A.4 Subscripts

[ Wheeli wherei = 1,2,3,4 equals f Front axle
front left, front right, rear left and

rear right in the mentioned order ' Rear axle

] Axle |, wherej = f,r equals front

3For better readability, all numbers in tables and figurespaesented based on the unit degrees instead of
radians, e.gN/° instead ofN/rad. However, in the presented equations the radian basedsvaéwe to be used
instead of degrees.
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and rear axle. Y

X,Y,Z Components of a vector pointing irg
in longitudinal, lateral and vertical
direction. 0

su Suspension

ti Tire CG

D Driver, e.g.0p is the steering wheel
angle. RC
Ackerman steering angfe d

w Wheel K

r Rack in a rack-and-pinion steering
system C

¢ Vehicle roll direction out,in

A.5 Supercripts

dynstat Dynamic and steady-state 2T

Axle, e.g. axle side slip angle®

Vehicle yaw direction
Steering direction

Static condition or parameter, e.g.
dp - Static toe angle

Center of gravity, e.g. center of

gravity heighthcg
Roll center
Damper
Kinematics
Compliance

Outer and inner side

Denote an equivalent axle force
created by the sum of the axle’s two
tires, e.g. equivalent lateral axle
force R7T.
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Appendix B

Additional extrapolation results

The following three pages show the figures of the simulatesults left out in Section 10.1.
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B.1 Anti-roll bar extrapolation results

B.1.1 Extrapolation results for ARB 2

Lateral acceleration (m/s?) %0 Yaw rate (deg/s)
8 i
7r 6H =90 deg 25}
6l 6H =75deg
3.=60d L
st H %920 =90 deg
8 =45deg =75deg
4l H 151 =60 deg
_ =45deg
3l S, =30deg 10t
=30deg
2 -
6 =15 deg 5r =15 deg
l -
0 —— CASCaDE 0 —— CASCaDE | \
= = =2-Wheel = = =2-Wheel
-1 ; i ; ; i — i ; ; ; i ;
4 5 6 7 8 9 4 5 6 7 8 9
Time (s) Time (s)
(@) (b)
Figure B.1: Extrapolation results f&RB 2. In (a) lateral acceleration and in (b) yaw rate.
Vehicle side slip angle (deg) 5. Roll angle (deg)
35 R
3r 4
2.5} \
- 3
ol 6H =90 deg
d =75deg
. 2
15¢ 3, =60 deg
1F 6H. =45.deg 1
d ' =30deg
H.
05 3, =15deg 0
0 —— CASCaDE | N —— CASCaDE
= = =2-Wheel 4 = = =2-Wheel
_05 i i 1 1 i J _1 1 1 1 1 1 J
4 5 6 7 8 9 4 5 6 7 8 9
Time (s) Time (s)
(a) (b)

Figure B.2: Extrapolation results f&fRB 2. In (a) vehicle side slip angle and in (b) roll angle.



Section B.1 Anti-roll bar extrapolation results

B.1.2 Extrapolation results for ARB 3

Lateral acceleration (m/sz)

Yaw rate (deg/s)

8- 307
m 5,=90deg = 25f
6F 5, = 75deg
5 :=60deg : 20f
i “ gt
d =45de = eg
4t H 9. 15 =60 deg
_ =45de
3t 6H =30deg 10t 9
=30deg
2 L
A 5H‘— 15 deg 5 6H =15 deg
0 —— CASCaDE 0 —— cAscaDE | §
= = =2-Wheel = = =2-Wheel
a1 ; ; ; ; ; — ; ; ; ; ;
4 5 6 7 8 9 4 5 6 7 8 9
Time (s) Time (s)
(a) (b)
Figure B.3: Extrapolation results f&RB 3. In (a) lateral acceleration and in (b) yaw rate.
Vehicle side slip angle (deg) 6r Roll angle (deg)
35r
- 5 -
3 A gH =90 geg
I =75deg
25 ar 6: =60 deg
2r 8= 90 deg al 5, = 45 deg
d =75deg
1.5} H 5.=30d
,,=60deg 2t H 9
1k 5H- =45 deg
05 3,=30deg 1
5H =15deg
0 —— CASCaDE 0 —— CASCaDE
= = =2-Wheel = = =2-Wheel
_05 1 1 1 1 i Jj _l 1 1 1 1 1 J
4 5 6 7 8 9 4 5 6 7 8 9
Time (s) Time (s)
(a) (b)

Figure B.4: Extrapolation results f&RB 3. In (a) vehicle side slip angle and in (b) roll angle.
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B.1.3 Extrapolation results for ARB 5

Lateral acceleration (m/s?) %0 Yaw rate (deg/s)
8 sl [
S ,=90deg
7t H L
6H =75 deg 25
6 Z
6H-60deg 20} =90 deg
° 3 .= 45deg =75deg
st H 15+ ' =60 deg
al 6H230 deg 1ol k =45 deg
™\ =30deg
2 -
A 6H‘=15 deg 5F ‘,\ =15deg
0 —— CASCaDE 0 —— CASCaDE
= = =2-Wheel = = =2-Wheel
1 ; ; : : ; - ; ; : : ; ;
4 5 6 7 8 9 4 5 6 7 8 9
Time (s) Time (s)
(a) (b)
Figure B.5: Extrapolation results f&RB 5. In (a) lateral acceleration and in (b) yaw rate.
Vehicle side slip angle (deg) Roll angle (deg)
5r 6
S 0 deg
5deg
ar 0 deg
3t =45deg
ol 30 deg
1+ 15 deg
—— CASCaDE 0 —— CASCaDE
= = =2-Wheel = = =2-Wheel
-1 i . : . i i -] i i : . i i
4 5 6 7 8 9 4 5 6 7 8 9
Time (s) Time (s)
(a) (b)

Figure B.6: Extrapolation results f&fRB 5. In (a) vehicle side slip angle and in (b) roll angle.
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