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Nomenclature

The nomenclature used in this work follows ISO standard 8885l [21] for
the vehicle dynamics terminology. The notations for theodgnamic forces are

adopted from SAE standard J1594 [54].

1Sum of wheels on that axle if force or stiffness or averagetwdais on axle if angle
2Relative to vehicle, unless otherwise stated
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Nomenclature

Super-
/subscript

Description

Reference

Front left wheel

Front right wheel

Rear left wheel

Rear right wheel

Front axle!

Rear axle

Front to rear

Left to right

Counter index

Input from power source

Value at which variable saturates or peaks
Steady-state

Longitudinal, positive forward

Lateral, positive to left

Vertical, positive upward

In wheel coordinate system

Derivation of variable with respect to time
Second time derivative

Table 1: Indices



Nomenclature

Vil

Variable | Unit Description

Q@ [rad] Tire slip angle

16 [rad] Body slip angle

y [-] Ratio between front and total roll stiffness

) [rad] Wheel steered angle

oy [rad] Steering-wheel angle

op [rad] Ackerman steering anglé/(R).

Y [rad] Roll angle

0 [rad] Pitch angle

Y [rad] Yaw angle

T [s] Time constant

K [-] Longitudinal tire slip

i [-] Ratio between peak tangential force and normal fo
the friction coefficient.

o [-] Relative tire slip

£ [-] Ratio between front and total drive force

W [rad/s] Rotational velocity

Q [rad/s] Rotational velocity of (vehicle) reference frame relat

to a inertial system.

rce,

ve

Table 3: Greek variables



Vil Nomenclature
Variable | Unit Description
A n/a Jacobian respect to state variables
a [m/s?] Acceleration
b [m] Track width; distance between left and right whee
B n/a Jacobian with respect to input(s)
C n/a State variables- output transformation matrix
Cq [N/rad] Cornering stiffness
Ca [-/rad] Cornering stiffness normalized with vertical force
d [Ns/m] or | Damping
[Nms/rad]
F [N] Force
p [N] Drag force
g [m/s? Gravitational acceleration
is [-] Steering ratio
k [N/m]  or | Stiffness
[Nm/rad]
Kus [rad £/m?] | Understeer gradient
M [Nm] Moment
l [m] Wheelbase; distance between front- and rear axle
lp [m] Distance from front axle to center of mass (CoM)
lr [m] Distance from rear axle to CoM
R n/a Transformation (rotation) matrix
R [m] Corner radius
h [m] Vertical distance from CoM to ground
ho [m] Vertical distance from CoM to roll- & pitch axis
n [-] Gear ratio
u n/a Input variable(s)
v [m/s] Speed
x n/a State variables
Y n/a Output variables

Table 4: Latin variables
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Chapter 1

Introduction

1.1 Background

Vehicle dynamics, is the theory of how tire and aerodynamicds acting on a
vehicle affect the vehicle’s motion, response, stabibatyd other characteristics.
Ever since motor vehicles started traveling on roads, #search field has in-
creased in importance for road vehicles. In its infancy, rifen focus was on
improving brakes and tires due to the demands of increadadlgespeed. Early
developments include preventing the rear wheels from tagkirior to the front
wheels (a common cause of vehicle instability up to that )dimough brake
proportioning. Later, electronic control of the vehiclendynics was introduced
through anti-lock braking systems (ABS), which preventexiwheels to lock dur-
ing hard braking thereby improving stability and shortexking distance, as well
as permitting the driver to maintain steer-ability. From@&Bystems, traction con-
trol systems (TCS) were developed, which prevent wheelwshite accelerating.
This is particularly useful on surfaces with different fras on each driven wheel.
This electronic control of the brake system eventually leadlectronic stability
control (ESC) systems. ESC uses autonomous brake intesudntsteer the ve-
hicle with the brakes in a situation when too large a deviatiom the intended
direction is detected by the system.

In its most recent development, vehicle dynamics has exghtal include
active control of steering, driveline, and suspension sggiems. Among these,
this thesis focuses on the the study of controlling actievakel drive (AWD)
systems. Even though AWD systems are almost as old as thmabiie itself,
they have so far been passive, i.e. not electronically olable. Moreover, the
purpose of these systems have changed from a pure tradtidoraiff-road con-
ditions to the introduction in passenger cars for the impdowse of the available
grip on standard roads [28]. One current development in &ie &f drive force

1



2 Chapter 1. Introduction

distribution, is the advent of electronically controlledveline systems. These
active driveline systems enable the drive force distrdiuto be optimized for a
much wider range of operating conditions when compareddsipasystems with
fixed characteristics.

As much as active driveline control offers opportunitiesctange and im-
prove the vehicle characteristics, it is an area which hadeen systematically
analyzed to any great extent, as is discussed further irckf@pter. This present
work is motivated by the need to further explore the subjécbombined longitu-
dinal (drive/brake) and lateral (cornering) forces for phuepose of improving the
control and design of active driveline systems.

1.2 The Importance of Understeer and Lateral Grip
Limits of Road Vehicles

The subject of vehicle dynamics is of great interest to thesldgpment of road
vehicles in general and also for its active subsystems. drfighd of vehicle dy-
namics, vehicle handling deals with the study of a vehiale&ponse to input(s)
from the driver. Two important aspects in the field of vehicindling are the
understeer and lateral grip limits of a vehicle. The unaensof the vehicle can
be defined as how much the driver needs to change the stegpuigd® maintain a
constant radius as the vehicle speed is increased. Uneleistberefor an impor-
tant feedback to the driver. A different way of viewing thedensteer, but leading
to the same result as with the previous definition, is how nthehcornering ra-
dius changes with vehicle speed when the steering inputlésdonstant. The
understeer of the vehicle itself is determined by the ravehath the lateral forces
are generated at the tire contact patches of each axle atichéesl by tire/road
capacity, the latter defined as the grip or friction limit.rthermore, as much as
the understeer is important for the driver, the vehiclélfiisdimited by the uti-
lizable lateral grip. The lateral grip is of great importargince it, for instance,
determines if an obstacle can be avoided [6], or if the vehian successfully
negotiate a given road curve.

For the purpose of vehicle control, it is essential to alwWaysw the desired
(or target) vehicle behavior based on driver inputs. Hiefh&} notes that the an-
ticipation of average drivers to a vehicle’s response ttheisinput can be viewed
as the handling characteristics of a vehicle where the &éresn the linear range
of operation. This anticipation can be modeled with a lirdaramic model, often
referred to as the linear bicycle model. This linear modal Aaonstant under-
steer and no lateral grip limit. Many researchers and deestoof active safety
systems use this linear model as an interpretation of themdiintention based
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on his/her steering input, so also in this work.

Even though constant understeer is desired, the understeeal vehicle is
generallynot constant, but changes with speed and the amount of utdizati
the lateral and longitudinal grip. To overcome this changeharacteristics of a
“passive” vehicle with a given understeer and maximum &tgrip, the grip lim-
its and understeer can be changed by actively controlliegtiering, suspension
and traction/braking systems. ESC systems use the bicyatielhas a reference
to control the vehicle motion [67, 66, 13, 72, 51]. ESC systemork on an in-
tervention basis, i.e. they only operate when a pre-setatlewifrom the desired
system output is exceeded. In contrast to these intervebtised systems, it can
be shown that real vehicle behavior is able to follow thedimacycle model up to
the grip limit, by fully utilizing steering, suspension atrdction/brake actuators.

In this research it is shown how active drive force distridmtcan be used
to accomplish the aim of constant understeer. Apart fronmgimg the vehicle’s
understeer, the grip limit can also be expanded by driveefogedistribution. This
is possible since a passive vehicle cannot fully utilizdiedls potential under all
operating conditions. Also, the ways to optimize the ldtgrgp by active drive
force distribution is dealt with in this work. The focus ofglesearch is thus how
drive force distribution can be used to improve lateral gmgl provide consistent
handling characteristics over a wide range of operation.

Drive forces have the primary purpose to accelerate theckeer to maintain
a constant vehicle speed. However, when accelerating im&Gdhere is a strong
influence on the lateral grip and understeer of the vehidhés iffluence is due to
the acceleration itself but is also dependent on how thedorces are distributed.
For maximum lateral grip, (1) the lateral force capacity thesmaximized while
(2) maintaining a balance between the lateral force capfoin the front and rear
axle. The second requirement is important, since an imbalaatween the front
and rear axle will either tend to increase or decrease theyrate of the vehicle.
The drive forces and how they are distributed on all four idhegluence the two
factors mentioned previously. Of interest in this studyhierefor to understand
and describe this influence.

Concerning the understeer of the vehicle, a further motivatto adhere to
predefined understeer for any given operating conditionasthe often dramatic
change in understeer near the grip limit could potentiagiidito loss of directional
control or loss of vehicle stability. Accidents which aresgult of the driver hav-
ing lost control are the type of accidents that ESC systerastioned earlier, have
been known to reduce by 25-40% [46, 31]. Miura et al.[44]jfstance, indicates
that consistent understeer, regardless of the operatimgjtean, is desirable from
the perspective of driver comfort .
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1.3 Existing Research on Drive Force Distribution

Given the importance of the influence of drive force disttid on vehicle han-

dling for the control and design of active driveline system$horough literature
review was conducted in order to identify the state-of athis field. Of the com-

monly used literature in this field, such as [2, 14, 26, 40481 49, 51, 74], none
give details regarding the effect of the combined driving@king with cornering

on the understeer and lateral grip on a vehicle level. Thisrfaay seem some-
what surprising since the effects of combined driving/bigkand cornering are
well described on a tire level in both the previously mengidiiterature as well
as recent work by Svendenius [63] and many others. One aimfdsearch is
to make a contribution to closing this gap between the kndgéeavailable on a
tire level to its implication on vehicle level characteigst The focus of this work
is thereby to explain the implications of drive force, and/eliforce distribution

to the specific and important vehicle characteristicsydhigrip and understeer.

Studying the available literature in more detail, an ovemwof various means
to actively control the vehicle characteristics by meansteér angle, drive/brake
force, and vertical load control can be found in [4, 30, 33, Mhere are further
scientific papers that study the cross-coupling betweenrdhtind longitudinal
handling properties such as Pacejka [48], Uffelmann [6®e /L], Shibahata et
al. [62] and Furukawa and Abe (1997) [12]. These papers argever, mainly
limited to simulation results and the theory explaining gleenomena is brief.
Shihabata et al.[62], nevertheless, noted how longitu@ioeeleration and decel-
eration in a corner can be seen as a yaw-momenf;. Furukawa and Abe [12]
further explains the result of Shihabata et al. by showing titbss moment tends
to increase or decrease the cornering radius from the lotigél load transfer
caused by braking or acceleration in a turn. Based on thediadis, Shibahata et
al. proposed a feed-forward control of the left/right brakeportioning to coun-
teract this yaw moment. This load transfer is not generalhsaered in analytical
studies of vehicle dynamics and is therefor an importanaegn of the theory
for the combined longitudinal and lateral motion.

Most studies of vehicle dynamics have focused on understgritie lateral
dynamics of the vehicle decoupled from the longitudinalaipics, as previously
mentioned. Even though the cross-coupling between lodigi#li forces and lat-
eral forces is well understood on a tire level, methods on tooshirectly evaluate
the influence of drive force distribution on the total vehidharacteristics are
brief, incomplete or only based on empirical results.

As a conclusion, a considerable gap, concerning the the@yahle to de-
scribe the implications of drive force and drive force disition, was identified
when reviewing the available literature in this field. Itisstgap which therefor
should be addressed in this work.
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1.4 Objectives of this Study

This following work was on one hand motivated by the gap iatkd in the avail-
able literature and, on the other hand, by the relevancéhisdtnowledge has for
the design and control of active driveline systems. Basethisnrmotivation, the
objectives for this work were divided into,

* the problems to be addressed,
* the requirements on the solution to these problems,

e a proposed solution, supported with the supporting théoay solves the
problems indicated, while fulfilling the stated requirertsmand,

* the verification of the solution using computer simulason

Based on the previously indicated areas of interest, thetoums to be an-
swered in this project could be formulated as:

* How is the lateral grip affected by drive forces and how thsg distributed

— front/rear and
— left/right?
* What is the optimal front/rear and left/right drive forcestibution? Opti-

mality here defined as the distribution that provides theimam possible
lateral grip.

* How does the drive force distribution change the undersitae vehicle?

* How s constant understeer maintained during differeetafing conditions
by means of drive force distribution?

» What drive force distributions are produced in particalaveline configu-
rations what implications do they have on the lateral grigp andersteer?

In order to limit the scope of the project, and to further bt some min-
imum requirements for the solution to be valid, the follogiirequirements are
listed:

* The theory must be valid for steady-state trim conditiongvall as steady-
cornering combined with steady braking/acceleration.

» The solution should be usable for design of driveline haidwand the as-
sociated feed-forward control.
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» The lateral grip limit should be predicted assuming thattite forces and
the friction are known. For work on friction estimation tedues, see for
instance [3, 36, 34, 35].

Subsequently, the proposed solution, and supportingyhsieould result in:

* a tool which graphically shows the effect of possible difioece distribu-
tions on the lateral grip limit.

* a tool useful for the design a drive-force distributiontth@aximizes the
lateral grip for any given condition.

 an analysis tool and expressions for the effect of the daxee distribution
on the vehicle understeer.

Finally, the proposed solution is verified using computemngations. These
computer simulations are based on industry standard tese@ures. The sim-
ulations are, first aimed at verifying the developed theohyclv is based on a
simplified modeling approach to describe the phenomenatefast. The use of
more sophisticated vehicle models can confirm to the assangof the simple
models. A second use of the simulations was to identify timédi to which the
simple models were valid. These simulations are based on

» Steady cornering test such as the 1SO4138:2004 [23] tesepure with
constant steering angle. This test intends to verify theipted understeer
and predicted lateral grip limit.

» Cornering tests with various levels of constant accal@nétraking such as
[24, 25]. The purpose of these tests are the same as the ypsaeii with the
modification that the effect of the drive force and the drime€ distribution
is included.

» Transient maneuvers with step-steer such as [22]. Theigewith this
test is, to evaluate predictions of the steady-state limagswell as limita-
tions in the theory with regard to overshoots possibly edoegethe pre-
dicted limit. The limit is detected by successively inciagghe amplitude
of the steering input until the lateral acceleration no lemigcreases.

» Evaluate the generality and limitations of the develogezbty with fully
dynamic maneuvers such as the NHESSC test as defined in [47]. Since
this test is designed to induce oversteer, a vehicle wherestédady-state
lateral grip is determined by the front axle will show a lartseral accel-
eration than predicted by the steady-state theory in tbis Tde purpose of
the test is to verify that assumption.

INational Highway Traffic and Safety Administration — httpasvw.nhtsa.gov
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Apart from the tire/road capacity or friction, longitudirfarces generated by
the tires are also limited by the engine’s power. The driveddistribution is
further determined by the driveline configuration. This kaiso investigated
how a specific drive force distribution can be realized wiahg specific driveline
configurations.

1.5 Delimitations

The boundaries and scope of this work are given by the camditihat
« the tire/road friction is assumed to be given.

 only vehicle level modeling of drive force distributionirsvestigated. Com-
ponent level realization such as engine, transmissionieeldre modeling
are outside the scope of this work. However, the control@itshof certain
driveline concepts are discussed.

* the characteristics of the vehicle under steady-stateecorg and constant
longitudinal acceleration while cornering (quasi-steatite), are of pri-
mary interest. Transient and dynamic maneuvers are usealicage limi-
tations in the design methods valid for steady-state ctomdit

« the only limits which are considered are the tire frictionits. Limits which
are imposed by engine performance and drag forces are oieffjyldlis-
cussed.

* The road surface is assumed to be equal on all four tiresdinsituations,
the surface could vary in transients, which is not a topidigttin this work.

The modeling delimitations are further discussed in Chahte

1.6 Main Contributions

As previously mentioned, the subject of combined slip (corad lateral and lon-
gitudinal forces) for tires is throughly discussed in therature. The objective
of this research has been to explain the implications otitatbraking in gen-
eral and the drive force distribution, specifically in comdttion with cornering on
vehicle level characteristics, namely the lateral grip andersteer. The aim has
been to simplify the theory so that, wherever possible,ede®rm expressions
between dependent and independent variables could be dgivether, the theory
has been applied on specific hardware concepts or drivingagos. The main
outcome of this work can be summarized as
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» Closed form expressions for lateral grip versus the lamtital drive force
are developed for four specific front/rear drive force disttion concepts.

* A lateral grip margin which is useful for the computationtb& maximum
lateral acceleration for a given drive force and drive faligribution.

» A developed lateral grip margin which can be used to optnie drive
force distribution for maximum lateral grip.

» The influence of the front/rear drive force distribution thre lateral grip
and understeer. A mainly unknown method by Kato et al. 2&]further
developed.

* It is shown how load transfer, due to longitudinal accelerg has a large
influence on both the understeer and lateral grip.

» The influence of left/right drive force distribution on thedersteer and lat-
eral grip as is shown using a further developed version otkassic “han-
dling diagram” [48].

* The ability of a variable left/right wheel speed ratio ore ttear axle to
keep the understeer constant for operating conditionsiwitie limits of
the available speed ratio.

1.7 Thesis Outline

After this introductory chapter which was intended to pd®/background, moti-
vation and objectives for this work, Chapter 2 introducdsdsle, tire and driveline

models and associated theory and analysis methods for tieezeynamics and
handling characteristics. The main contributions of thiskiare described in the
subsequent Chapter 3, dealing with the influence of the doikee distribution on

understeer and grip limits as well as the lateral grip marg@ime work is divided

such that the influence of (1) front/rear and (2) left/righte force distribution is

separately presented. Further, the validity and limitegiof the previously devel-
oped theory are verified by the means of computer simulatio@iapter 4, which

contains the results of the evaluation of the developecatenvce distribution and
lateral grip margin definition using various drive casesahe specific vehicle
configurations. Finally in Chapter 5, issues which neechirtlevelopment are
identified and some conclusions and final remarks are made.

2Cited only twice and only in other Mitsubishi papers accogdio Google Scholar. The paper
is not even indexed in Web of Science, Scopus or Compendex



Chapter 2

Vehicle Modeling and Handling
Analysis

The aim of any modeling should be to use the simplest possiblgel that still
captures the relevant characteristics which are to be atedu The goal of the
following study is to study the influence of the drive forcestdbution on the
understeer and lateral grip in steady-state (SS) and gteaity-state (QSS) con-
ditions. This study requires the modeling of the influencdrofe force on

* the lateral grip and

 cornering stiffness of the front and rear tires,
« the equations of motion and

 the normal forces.

Further, when studying the influence of left/right disttibn on understeer and
lateral grip, the following additional effects need to basidlered:

« yaw-moment produced by different left/right forces and
* the influence of a forced speed difference between leffi’ridheels.
Following the above requirements, the modeling is consider

* The planar motion dynamics represented by the longitudlateral and
yaw degrees of freedom.

* The vertical forces on all four tires accounting for thestat and longitudi-
nal load transfer in SS and QSS conditions.

9
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* The (non-linear) lateral force to slip angle relationstaiking into the con-
sideration the influence of longitudinal forces.

* The tire dynamics for transient maneuvers are modeledj@sgingle-order
low-pass filter on the steady-state tire outputs [17].

Again, based on the requirements stated previously, itemshnare not consid-
ered are for instance:

Roll, pitch and heave dynamics

» Steering system compliance

Driveline dynamics (inertia and compliance)

Wheel dynamics (inertia)

» Suspension kinematic- or elasto-kinematic charactesist

From the above list it can be concluded that some dynami@ctexistics are left
unmodeled. This is a consequence of the focus on SS- and Q@&icns. One
aspect that could be considered in more detailed studidseafindersteer is the
steering system compliance, see for instance [69].

The term “operating conditions” refer to the road surfagetitsn, ;. and the
amount of longitudinal- and lateral acceleratiary; and ay respectively. At
steady-state and quasi steady-state operating conditf@assumptions are that
ax ~ FIN/m anday ~ vxt¢ = v%/R. The curve radius is related to the state
variables af? = vx /7.

2.1 Tire Modeling

In this study, what is required from the tire modeling is tadfthe effect of the
drive force on, (1) the cornering stiffness{y /0«), and (2) the peak lateral force.
The reason is that these two aspects of the tire level cleustots relate directly
to the vehicle level properties which will be studied, nayneidersteer and lateral
grip respectively. As a result, the following requiremefutisthe tire model are
that:

e v =C,aasa — 0
e Iy = ukFyasa — oo

» the model shall be valid for combined longitudinal and fakeslip, with
either the longitudinal forcef’y, or the longitudinal slipx as independent
parameter.

Here,« is the tire slip angle, defined in Eq. (2.2).
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2.1.1 Model A—Inputs: o, Fx,,, Fz, . . Output: Fy,,

One of the tire model used in this research treats the lodigiali force F'x,, as
an input. This is natural if the longitudinal force is dirgctontrolled and is a
common approach when studying quasi-steady state cogng®). The lateral
force is then computed using the following simple relattops

Co
Fyy = \/(nFz,)? = F},, tanh (;a) , (2.1)

whereFy,, < uFyz, cos(o) and where the slip angle,

a® —tan™! ( Uiy ) . (2.2)

|UXW|

The change in sign convention compared to ISO8855:1991 §2kjures that pos-
itive slip angles result in positive lateral force (along i, -axis). The use of
the absolutévy,, | in the denominator will avoid numerical problems wheg,,
changes sign (vehicle is traveling backwards) and that tdysign ofvy;, will
determine the sign of the force. Additionally, this definitirestricts the maximum
possible slip angles t&90°, which simplifies the tire model implementation.

Algorlthm 1Fy = ftireffA(C(a Fx, Fz, ,LLO)
1. Read tire parameters, ¢, 1, and Fizg.
2: c=co[l —c1(Fz — Fyp)

3 pu=puo[l = pa(Fz — Fzo)]

Ensure: Fx < ufFy

4: Fy = /(uFz)? — Fx)?tanh (ﬁa)

2.1.2 Model B—Inputs: x, o, Fz,,, . Output: Fx,,, Fy,,

The combined slip model using the longitudinal stipnstead of the longitudinal
force Fx is the one proposed in [5]. In the work herein isotropic tiregerties
are assumed, meaning that the friction and stiffness aral éqall directions.
Even though the friction usually is about 10-30% greatehim [bngitudinal di-
rection compared to the lateral, it is the lateral capa@gak friction) which is of
interest here. In this case it is convenient to limit the itudjnal capacity to be
equal to the lateral capacity. With the slip anglelefined as in Eq. (2.2) and the

longitudinal slip,
0
A UXw — Ux
EX % , (2.3)
Xw

K
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with fu%w being the speed of the free-rolling wheel. The combineddligntities
used to compute the forces are

N 1 R
7= 14k { tan(a) } ’ 24

from which the tire forces are computed as:

FXW:| (o) (Ca )
= ——ukFy,  tanh [ —||o . 2.5
R | = e o (ol 25)

Algonthm 2 [Fx, Fy] = ftlre——B(/f Q, Lo, Fz)
1: Read tire parameters, c;, ;11 and Fy.

2: C—CQ[]_—Cl(FZ—FZQ)]
3 = po[l — 1 (Fz — Fzo)]
4 ox =k/(1+ k)

5: oy = tan" ' a/(1 + k)

6: 0 =+\/0% + 0%

7. F = pFyztanh(c o/p)

8 Fy =Fo,/o

9 Fy = Fo,/o

Model B is a modified version of Model A where instead of thegibndinal
force being given as an explicit input, the longitudingbss in combination with
the slip angle used to compute both the lateral and longitddiorces.

2.1.3 Tire model comparison

Many different ways to model the tire behavior are availableurrent literature.
The method employed in Models A+B is a very simple one, bureadlily found

in the literature. In order to establish some credibility flse chosen method a
comparison to more established methods are shown in FigTBelresults shown
in this graph are for pure lateral slip conditions of the msde Section 2.1.1 and
Section 2.1.2, and normalized witf};. Some of the industry standard models
to which the “tanh-tire” model (Models A+B) is compared atke brush tire
model [49], the “magic tire” model [5], and an exponentiahdtion [76]. From
this comparison it can be seen that the tanh model is a googroonmse of the
different accepted models.
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1 -
0.8 1
-
g
5 0.6 .
e
k=]
S
E
5 04
4
0.2 1
— — — Magic - f = psin (% arctan (%%a))
tanh - f = ptanh (%a)
O 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

Tire Slip, o [-]

Figure 2.1: Comparison of the force/slip relationship of the “Tanletimodel to three
other tire models

2.1.4 Tire/road properties

Both the tire cornering, rotational stiffness, and the piakforce increase with
normal force, but at a decreasing rate. In this work, the Withhormalized tire

stiffness,, Is here computed as
Co — Co[]_ — CI(FZ — Fg)] (26)
which relates to the cornering stiffness

Ca = a—a = CQFZ . (27)

a=0

Further the peak friction coefficient (which is the peak tmigal force divided by
the normal force) is computed as

max
— FY

_FZ

Fy =0

max
a2 IX

Fy = po[l — i (Fz — F)] (2.8)

Fx=0

1

wherey, andy; are road condition and tire type dependent. In both cdsgss
chosen as approximately equal to the average normal forak tokes.
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2.1.5 Tire Dynamics

For the dynamic and transient simulations, reported in @haf the tire dynam-
ics are modeled using a first order filter. In the Laplace darttas can be written

as:
1

F; = ESS7 1=X,Y (29)
75+ 1
with
L.
T, = — (2.10)
Ux

andL; the dynamic relaxation length.

2.2 Vehicle Models

The complete vehicle model developed for this work, futidjithe requirements as
outlined in the introduction to this chapter, are descriibetiis section. The main
model nomenclature is presented in Fig. 2.2. For more cdasplamenclature list
in the beginning of this thesis.

2.2.1 Planar dynamics

The vehicle’s planar dynamics has three degrees of freetlemtranslational
(longitudinal and lateral) and one rotational (yaw). Basadurve-linear motion
of a vehicle-fixed coordinate system, where

ay = Ux — vy

, . (2.11)
ay = Uy + ’Uxi/J

are the equations of motion according to Newtons second l@ttew on the state-
space forme = f(x, u) are

d Ux EFx/m + Uy?li)
| =] Sy /m—uvxip | = f(z,u), (2.12)
(G YXMz/lzz

with w = ¢ andx = [vx vy @Z}]T. The driveline will require more inputs and states
and will be discussed further.
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Figure 2.2: Two-Track Model
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2.2.2 Quasi-steady state approximation

The application of the quasi-steady-state approximaf@®3A) involves the re-
placement of some of the differential equations by algebegjuations, by as-
signing some of the state variable derivative} ¢f the state-space model to zero
[57, 58, 68]. The solution of this differential-algebraystem of equations should
be real, positive, and in good accordance with the solutidheoriginal system
of ordinary differential equations.

From Eq. (2.12), we have a non-linear dynamic model withetstate vari-
ables. Many of the vehicle characteristics such as stghiiitdersteer and lateral
limits are commonly studied for the steady-state case,at.e- « = 0. In this
work, however, also constant longitudinal acceleratiocoissidered, i.ex # 0.

It would therefor be useful if the theory developed for steathte cornering could
be expanded to cornering with constant braking or accéberain this case, the
lateral dynamics are in this case assumed to vary slowlys [Elaids to the QSSA
of the lateral state variables to be approximately zero. BSA has also been
used previously in the study of the understeer and lateijahgth constant brak-

ing or acceleration while cornering [1, 8, 32, 69].

In summary, for this work, QSS cornering in this work is defiseich that the
states derivatives in the lateral and yaw direction are @pprately zero during
constant braking and/or acceleration, ixe.~ 0 andi) ~ 0 in this case.

How well does this QSSA represent the real behavior duringnadccelerat-
ing the vehicle along the curvature of the vehicle path? is¢hse the yaw-rate
increases proportional with the increase in speed if theectadius is constant.
In this work, the longitudinal (or rather, tangential) alecation is assumed to be
constant as being the definition of a QSS maneuver. One quéstithis research
is if the lateral- and yaw- equations still can be considereequilibrium condi-
tions? First let's assume that the tangential acceler&iequal to the longitudinal
acceleration/ is small). We have further that
= 7 (2.13)
Taking the time derivative of) and vy in the body-fixed reference frame and
further assuming that the curve radiug, is constant, we have, together with
Eqg. (2.11), that

~0

=
d . ax @X —Uyw . ?.JX
—p====_"T N . 2.14
FTAdT R Y% (2.14)

This yaw-acceleration multiplied with the yaw polar momehtnertia, /;, and
should be negligible compared to the yaw moment producetidiateral forces
if it can be ignored. The conclusion is, however, that the gaoeleration is much
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less than the change in vehicle speed since it is divideddéyguive radius. As a
result, it is therefor assumed in this work thiat= 0. Even though it is not equally
straightforward to evaluate the effect@f on vy, this effect is also assumed to
be small. One purpose in the final evaluation of a theory basetthe QSSA is
to ensure that the effect botl and are small compared to the other terms in
Eq. (2.12).

2.2.3 Understeer Gradient
TheUndersteer Gradienis in ISO 8855:1991 [21] defined as

L Oul 9 88 —1/R)

Kys 2 -
Us 8ay ig 8ay 8CLY

: (2.15)

wheredp, is the so-calledlynamic reference steer theAckermann steering angle
andisop = I/ R, whereR is the curve radius. It is essentially the radius the vehicle
will turn at very low speed for a given steering angle.

2.2.4 Linear reference model

As indicated in the introduction, a model which represeh&swtehicle behavior
in the tires’ linear operating range, with a constant unersgives the relation-
ship between the drivers input and his/her expected outphis model can be
derived from the model described by Eq. (2.12) by treatinggitudinal veloc-

ity as an independent variable and assuming a linear reltip between lateral
force the cornering stiffness and the tire slip angle. Addglly, the track widths
are collapsed to zero, hence the name “bicycle” model, showig. 2.3. When

< [
< I = lp
X
YI WE
v )
Iy 4 VY? vh '}ﬁ o
é'-’-, ———————— > >
F X, O \/ Vx X
v

Figure 2.3: The “bicycle” model
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assuming, ~ 0, 6Fx, ~ 0 andFy = C,a in EQ. (2.12) the following model
can be derived:

{vy}: 1 {m 0 }_1{ —Cyp — Ca, lRCaR—lFCaF—mvg(]{vy}

w ‘UX‘ 0 jZZ lRCaF - ZFOQF _l%{OaR - Z%Cap
~ ~~ I N——
T A x
-1
m 0 Caf
+ o
[o IZZ} [chaF]i,L
N — g u
B
(2.16)

Rewriting to separate out the vehicle speed we rewrite timeatvix as:

A= _L (CQF +CQR)/m (ZFCQF — lRCaR)/m } - |: 01 } v
x| [ rCap = 8Cap)/Izz (13Can +13Cap) /122 00]"
(2.17)
For the analysis of the steady-state characteristics ofehecle, the steady-
state gain of the vehicle is of interest. From the input tbesggain, conditions for
stability and the relationship between the understeer ahiche/tire parameters
of can be derived.
The transfer functions from steering), to the two states;,y and+) are given
by:
G=(sI-A)"'B, (2.18)
wheres is the Laplace operator. The steady-state gain is found when0 in
Eq. (2.2.4) which gives thadt — 4 is

s CopCaplvx

— = 2.19
0 CopCopl? — (IpC,, — IrRC,, )mv3% (2.19)
Since the steady-state lateral acceleratigis vx v, we have that
ass 'SS
7’” = 1/’5 vx (2.20)

When re-writing Eq. (2.20) it can be found that the undersgeadient according
to Eq. (2.15), expressed in tire and vehicle parameters, is

m ZFCocF - lRCaR

Kys = — 2.21
=T (2.21)

From this result follows that Eq. (2.19) can be rewritten as
LA (2.22)

5 l—l—KUs’Ug(
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Finally, the steady-state gaén— vy is, according to,

SS

vy Vy m lp ,
— = _ |lp— — . 2.23
5 1+ Kuso <R Cor z“X) (2.23)

From the three steady-state gain functions derived in #gs@n, two impor-
tant results are: (1) the relationship between the undarggadient and vehi-
cle/tire parameters, and (2) a stability criteria f6ps < 0, namely thatvy <
\/—l/Kys. This speed at which the steady gain goes to infinity is reéeto as
the critical speedy$'® where the steady-state gain goes to infinity. These two
results will be used in Chapter 3 when the influence of theediawce on the un-
dersteer, and further when the stability of the vehicle s€dssed for cases when
Kyg < 0.

2.3 Driveline Modeling

Modeling a driveline is one step down from the abstractioraovehicle level
where each drive/braking force is treated individually.wewer, in order to un-
derstand how a given driveline concept realizes a specifie fsrce distribution,
it was determined to elaborate on this issue in this secfidre driveline of the
studied vehicle configuration is assumed to have a singlepsaurce providing
a force Fi¥ to the wheels. This drive force is distributed to the wheeit wif-
ferent types of hardware. The drive force is first distriloute the front and rear
axles, and from there to each individual wheel.

2.3.1 Front/rear drive force distribution

The relationship between the drive force distribution dredlongitudinal acceler-
ation can be approximated as:

maX%FXF—I—FXR:F)I(N, (224)

which can be re-written as

FY'=¢Fy +(1-§Fx (2.25)
~—~— N——
Fx Fx

F R

if we define¢ as a parameter showing the front drive force relative to ¢ t
drive force
Fx,

[ Tt —
Fx,+ Fx,

(2.26)
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In this work, four different specific front/rear drive fordestributions are dis-
cussed in more detail. The first three of these can furtheohsidered as basic
configurations which, when combined, realize more generat dorce distribu-
tions. One can note that the driveline configurations in @gbll are not able

Driveline Drive force distribution
Front wheel drive E=1

Rear wheel drive £E=0

Locked center differential/clutch ExFy./(Fg, + Fz,,)
Optimal drive force distribution that maximizes 0<é<l

the lateral grip

Table 2.1: Driveline concepts for the distribution of drive force t@timont- and rear axle.

re-distribute forcebetweerthe front- and rear axles. In order to do this, the ra-
tio between the front- and rear wheels should be variableh as described by
Tomari et al.[64] or as proposed by Wheals et al.[73]. In tindsk, only variable
ratio between the left- and right rear wheels is considededcribed in the next
section.

Locked Center Differential

The special case which will be considered is when

_ MFFZF _ FZF
prpFz. + prFz,  Fz.+ Fz,

(2.27)

which means that the drive force distribution is proporébto the size of the
tire friction circles. In this work the friction circle is na@ét to be the maximum
combined lateral and longitudingdrce

Taking into account the longitudinal load transfer, themalforces are given

by

Fz, =m(lrg — hax)/l

2.28
FZR:m(ng+haX)/l ( )
, which inserted in Eq. (2.27) simplifies to
g lr _Dax (2.29)
[ [ g

The above case is interesting since this is the drive forsteillition which is ap-
proximately achieved by forcing the front and rear wheelstate synchronously,
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in this work referred to as rigid all-wheel drive. Elt is eeiut the wheel slip for

this case must be equal since the average front and rear gpeedls are equal.
This is under the assumption that the effect of steeringrina fvheels is negli-

gible. Secondly, the driving/braking stiffnes2Hx /0x) changes approximately
proportional to the normal load. If additionally the peaiction is nearly equal

front/rear, the front/rear drive force distribution mustléw the change in driv-

ing/braking stiffness which was proportional to the norinad.

2.3.2 Left/right drive force distribution

The left/right drive force distribution can be generaligdaforcedifference, itis

in many cases more convenient to usespeeddifference as parameter. For ex-
ample when the wheel speed is known, but not the actual dviee distribution.
The wheel speeds of each wheel are

vx — bip/2 + (vy + 1;20)6

vx + b /2 + (vy + 1p3h)o
vx — b)/2 ’
vx + by /2

(2.30)

’UXW:

where the details are found in Section A.2. Using the definiof the wheel slip
given in Eqg. (2.3), we can find that when restricting the spdifdrence across
the rear axle, there will be a positive slip on the inner wieeel a negative slip
on the outer wheel. Superimposed on this slip is the appdieditudinal slip s,
resulting from the drive torque on the rear drive shafts.h# tatio between the
left and right wheels can be varied, the outer wheel couldbeefl to run faster
than it's “nominal” speed as given by Eq. (2.30). It will theave a positive slip
and the inner wheel will then have an equally large negatipe Again, a drive
torque on the rear axle will add a slipg, to the slip caused by the forced speed
difference.

An open differential directs equal drive force between #i#'right wheels,
but imposes no restrictions on the wheel speed differenclacked differential
on the other hand forces both left and right wheels to rotiafeeesame speed, but
imposes no restrictions on tkeve forcedifference. A special type of differential
is one that imposes a fixed speed difference (rather thanspered difference)
between the left/right wheels. These various conceptséar, frestricted and su-
perimposed wheel speed difference are given in Table 2.2.

The constraints imposed on the speed ratio of the concepisnsim Fig. 2.4
and an open differential are
LR & 41 Jwr . (2.31)

n
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Differential Condition

Open FXg_FX4:O

Locked (eLSD) kr=kr+b/2R)[1 —1]T

Variable ratio (TV)| kg = kg + (b/(2R) — (1 — nYR))[1 —1]T

Table 2.2: Driveline units that distribute drive force between the-leind right (rear)
wheels

As mentioned, the concept shown left in Fig. 2.4 is a variadie TV-differential
having a fixed left/right speed difference across two cdlaiiote clutches, which
connect the left and right drive shafts [55, 56, 70] when geda When(1 —
n*®) > b/(2R) the outer wheel has a higher slip than the inner wheel which
enables force to be transferred from the inner wheel to therourhe system
shown in Fig. 2.4.a) re-distributes drive force betweenldifiie and right wheels
by controlling the speed difference across the differéyacontrolling one of
two clutches. Locking one clutch imposes a fixed speed éiffeg across the
differential. Locking the other clutch gives an oppositairection, and equally
large, speed difference. If for example the nominal speédrdnce across the
differential is 2%, andy¥ = 0 (xr = 0) and the fixed speed difference imposed
by the differential is further, say 10%, the wheel slip onitheer wheel becomes
-4% and +4% on the outer wheel. This then means the inner vidhbedked and
this brake force is transferred to the outer wheel as a dyifance. This force
pair generates a yaw moment in the direction of the turn, whauld be called
an oversteering moment, since it reduces the understedeofethicle. Shown
in Fig. 2.4.b) is an electronic limited slip differentialL@D). By engaging the
eLSD clutch, the speed difference between the rear wheelbe&liminated. If
from the previous example, the nominal speed differencer{ajfferential) was
2%, the wheel slip on the outer wheel will become -1% and +1%heninner
wheel when this speed difference is eliminated. This willsegan understeering
moment proportional to radius of the curve taken by the vehic

2.4 Vehicle Handling

Several methods, commonly used to assess vehicle handiasgevaluated as a
background for this present work. The usefulness of thesleads were evaluated
based on the following criteria:

1. Does it show the lateral grip limit?

2. Can the method be used to evaluate the understeer gradient
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b.) Limited slip differéal

a.) Torque vectoring differential

Figure 2.4: Examples of two different rear differential units

3. Does it show the influence of the drive forces on 1 and/or 27?
4. Is the yaw moment required to fully utilize the lateralgof all tires shown?

The methods which have been reviewed are listed in Tabld2 &der to easier

Method Independent variable(s)| Dependant variable(s)
Handling diagrams | ay (g — ag)

Phase plane diagramTime B& Bor[ &
MMM-diagram 0& f3 ay & M,

Beta method ) 6 & My

Dynamic square Fx, & Fx, alm

Table 2.3: List of methods used to evaluate vehicle dynamic properties

compare the methods against each other, they are (whercaplpl plotted for

the same conditions.

2.4.1 Handling diagram

The method of the so-called handling diagram [48, 26, 49hslar to the exper-
imental results which are obtained from a vehicle test ssdha 1SO-4138 [23]
steady-state cornering test. The handling diagram retagedifference in front-
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and rear slip angles to the lateral acceleration. Insteadwahicle experiment,
the lateral force of each axle is normalized by the normald@nd plotted versus
the slip angle is the same diagram. From this diagram, tpeasigle difference
of the front- and rear axles is plotted versus the normaliaetal force, i.e. the
lateral acceleration. The axle with the least friction ¢pkederal force divided by
the normal force) then also the maximum friction of the véhic

From Fig. 2.5 it can be seen that- [/R = ar — ag. As can be seen from
Eq. (2.15) the partial derivative of the difference in slipgée with respect to the
lateral acceleration is the understeer of the vehicle andwdan directly be seen
in the handling diagram.

0

P

op

Figure 2.5: Relationship between wheelbase, slip angles, steerirlg and the cornering
radius

As shownin Fig. 2.6, both the understeer and the lateralignipare available
from this test. Itis therefor a method which reveals bottheftariables of interest
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in this study in a single diagram. Even though the yaw momeoutired to fully
utilize both axles’ lateral capacity is not explicitly shown the diagram, from
the left diagram the difference between the peak forcesraers. From the left
diagram in Fig. 2.6 the yaw momen{, required to fully utilize both axles can

be derived as

Mz =lpprFz, — lrRpurE 7, .

Normalized Axle Characteristics

1t S
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Figure 2.6: The handling diagram showing the understeer of the vehicle

One issue with the diagram in Fig. 2.6 is that it is not uniquevirious drive
force distribution conditions. Recent work by Frendo et[all, 10] generalizes
the method of the handling diagram to a wider range of opegatbnditions, such

as locked differentials.

2.4.2 Phase plane diagrams

Phase plane diagrams are useful if one is interested towellesolutions of a
specific operating condition (e.g. steering angle, speéitiirma range of initial
values of two state variables as shown in Fig. 2.7. This ntettues however not
show the lateral grip limit of the vehicle and neither the erstieer of the vehicle.
The steady-state solution is simply a single point in thegdam. The method
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could be refined to show how the steady-state solution @igeand yaw rate)
moves with vehicle speed and steering angle. Referencesageof this method

can be found in [9, 15, 19, 20, 59, 65].
10

-20 -15 -10 -5 0 5 15 20

d = 5°, vx=T2km/h

& /s

Figure 2.7: Phase-plane diagram

2.4.3 MMM diagram

The so-called Milliken Moment Method [39, 42] was developedng the 1970's,
building on the research done during the 1950’s at the CloAsebnautical Lab-
oratory on behalf of General Motors. It applied existingeft dynamics theory
to the dynamics of automobiles [38]. The purpose of this m@tlas that by only
performing a series dftatictests (or simulations), the response to disturbances
(stability) and steering angle (controllability) could bederstood. From the di-
agram, it can be seen how much yaw moment a specific steergig produces
and at which steady-state lateral acceleration the vehitleettle at (zero yaw
moment). The maximum steady-state lateral acceleratishas/n at the bound-
ary of the diagram where it intersects the-axis. Also, the limit behavior can be
seen from the diagram. It can be seen that along the top edbe dfagram, the
front axle saturates and the rear axle along the bottom délgen this, the limit
behavior can be seen from the diagram. Milliken describéscles where the
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top edge intersects the-axis as “final plowers”, sometimes referred to as termi-
nal understeer. Similarly, vehicles where the rear axleraggs prior to the front,
I.e. where the bottom edge intersects theaxis are denoted as “final spinners
and when the vertex lies on theg -axis they are called “final drifters”. A natural
guestion arises when reviewing the limits of the diagramari@n additional yaw
moment be produced that allows the vehicle to utilize botlesafor maximum
lateral acceleration?”. One answer to this question isugregctoring, where lon-
gitudinal force is transferred from inner rear wheel to théeo rear wheel, or vice
versa. These differential forces result in a yaw moment,ingpthe steady-state
equilibrium to the point where both axles fully utilize théateral capacity. For
the purpose of evaluating the effect of front/rear driveéodistribution, this is not
a very efficient method since the diagram needs to be re-peatior every given
drive force distribution and/or longitudinal acceleratiolhe diagram in Fig. 2.8
produced by computing the unbalanced yaw momégtand the lateral accel-
erationay for fixed angles while increasing the body slip anglantil rear axle
saturates. The front- and rear slip angles and the bodys$iplengle are related
as

ap = 0 — ﬁ — lF/R
2.33
ar = —0B—Ig/R (2.33)
Fig. 2.8 is generated witk — oo and withF’x = 0 using Eq. (2.12).
8k
| 6=10°

5= ¢ p=2
6F 0=26

p=-2
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Figure 2.8: Milliken Moment Method diagram
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2.4.4 Beta Method

The Beta Method was developed by Shibahata [61, 62, 60, &#ganspira-
tion from MMM-method described in the previous section.Histmethod, rather
than plotting the stabilizing yaw moment versus the latacaleleration for vari-
ous steering angles, the stabilizing yaw moment was plaig@ihst the body slip
angles. From this beta diagram it can be seen that as the slip angleresased,
the unbalanced yaw moment first increases, but then saflabéeconstant level.
If the unbalanced yaw moment is positive and/or increasesnwite slip angle is
positive, it stabilizes the vehicle, forcing it to returngteady-state (zero unbal-
anced yaw moment). In other words, the rear axle is in this aate to produce a
larger yaw moment than the front. The yaw moment as a resigftafight drive
force distribution which forces both axles to saturate $iameously at steady-
state is the unbalanced yaw moment which remain8 as co. The understeer
gradient is not directly available from this diagram, but e derived as

m GMZ

Kus (2.34)

" 1Ca,.Cay, OB

E]\/fz/.[zz [842]

-10 -5 0 5 10 15

Figure 2.9: M, versusi diagram

This method could be used in this study to analyze the yaw moneguired
to balance both front- and rear axles. On the other hand,ripepies of interest
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in this study, the understeer and/or lateral grip limit aoé neadily given by this
method. The conclusion is therefor that the method is noakla for this work.

2.4.5 Dynamic Square

This method plots the available lateral acceleration asciswes in a diagram
with the front and rear respective longitudinal force onteaxle. It was a further
development from a method well-known for brake proportigniThe method of
a dynamic square was developed by Matsuo and Sekido [37] ataléf al. [27]

for AWD system development. The method is however, not fonrahy of the

mainstream literature such as [14, 40, 74, 41, 2, 43, 26, ¥9,Bnly one more
paper from Matsuno et al. [36] using this method was foundhi/author.

The dynamic square is composed by plotting the front/remedor brake)
force distribution which permits a given maximum laterateleration. Since
the details of how to compute this diagram was left out in theva mentioned
papers, an algorithm is given at the end of this section. &lleurve of constant
maximum lateral grip results in a quadrilateral in this dérg with the front- and
rear drive force on the abscissa and ordinate axes, regplgciihe quadrilaterals
become deformed near the center of the diagram if the vehitlesaturate the
front axle prior to the rear when, < \/,u%{ — (Fx,/Fz;)* Along the top and
bottom edges of the quadrilateral, the rear axle saturatestp the front axle.
The opposite is true for the left and right edges. At the gesj both axles saturate
simultaneously. The front/rear drive force distributiohieh allows the maximum
possible longitudinal acceleration for a given latergbgsithe top right vertex for
acceleration and the bottom left vertex for braking.

An example of a complete dynamic square is shown in Fig. 2Tk light
gray areas shows where the rear axle will saturate first amdiéink gray area
where the front axle limits the lateral grip. Along the edgéveen the two areas,
both axles saturate simultaneously, providing the bedipleslateral grip for any
given longitudinal acceleration. In a sense, the “optintai’e force distribution
is along these ridges.

The “normal” operating regions are the first quadrant foreterating and the
third quadrant for braking. The second and fourth quadraaisbine braking
on one axle with accelerating on the other which are not contynatilized in
applications. Also, the previous discussion about opiiymné valid only in the
first and third quadrants.

Shown in Fig. 2.10 are also diagonal lines whékg, + F'x,, ~ may, along
which the longitudinal acceleration is constant.

The dotted line is the drive/brake force distribution whéte, /(upFz,) =
Fx,./(urFz,). In other words, this line describes the drive/brake distion
which is proportional to size of the friction circle,/’;. This drive force dis-
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tribution is closely followed when forcing the front- andarewheels to rotate
synchronously.

Since the topic of this research is on describing the inflaesfcdrive force
distribution, only the first quadrant is considered in fetdrscussions.

Cax =-lg o "aX:A—O.'E)"g EREE ‘\'
~ N N

=8 -6 4 -2 0 2 4 6
Fxp/m [m/s?]

Figure 2.10: Dynamic square assuming constant and equal friction fieant/

2.4.6 g-g Diagram

The method of plotting the maximum possible longitudinatederation versus
the lateral acceleration in a so-called g-g diagram [5346,shown in Fig. 2.11,
was developed prior to the dynamic-square method. As destim the introduc-
tion, this method is easy to understand, but reveals mushriésrmation than the
dynamic square method. One can see the g-g diagram as angbctiogh the dy-
namic square diagram. Since the g-g diagram does not add amyinformation
than the dynamic square method it is not further used in thidys A typical g-g
diagram for four different driveline configurations is showm Fig. 2.11.



2.4. Vehicle Handling 31

Algorithm 3 Dynamic square method, computing a matt{¥* for range of front-
and rear longitudinal forces froffiy™™ to e,

—_ . 1 nXn
1: FXF = . :
R
— . . 1T nXn
ST
2: FXR == .
R
3: FZF = (lng - h(FXR + FXR))/Z
4: FZR = (lFmg + h(FXR + FXR>>/Z
5 pp = po(l — i (Fg — Fz,))
6: g = po(1— i (FY — Fy.))
7Y = \/(MF ¢ Fy. ) —(Fx,)’

8 Fit = \/ (0 F )" — (Fx,)’
9: fori =1tondo

10: for j =1tondo '
1 Mpm=1p (FyY), — v (FYy)

g i

12: if My™ <0then

13: (ay™)y; = L(Fyy),, /(mlg)
14: else '

15: (ay™)y = L(Fyy),, /(mlr)
16: end if

17: if (ai™);; € Cthen

18: (al)l/m)ij =0

19: end if

20: end for

21: end for
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Figure 2.11: A g-g diagram showingbgi/m as function ofa x for four different drive-line

configurations
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2.5 Summary

This chapter first established some modeling and modelingiderations of tire,
vehicle and driveline behavior. In the following chapteese models will be used
to describe the implications of the drive force distributrealized by the modeled
driveline concepts on vehicle level characteristics basetre level characteris-
tics. Further, various (graphical) methods that could kelus show these rela-
tions were discussed. The dynamic-square method, fornostavas identified
as useful to illustrate the implications of the front/drieece distribution on the
lateral grip. In order to demonstrate the effect of the figfitt force distribution,
however, will require more development of the existing meth Further, meth-
ods that illustrate the implications of the drive force digition on the understeer,
also require development. Combining the required modelutiined in this chap-
ter with the review of existing methods and their deficieadre relation to the
objectives of this work, a base for further development reenlkestablished.






Chapter 3

Effects of Drive Force Distribution on
Lateral Grip and Understeer

In this chapter the main contributions of this study are @nésd. First the in-
fluence of the drive force on the tire characteristics areevesd based on the tire
modeling from Section 2.1. Secondly, a lateral grip margioresented which can
be used to evaluate the available lateral grip for a givevedorce distribution.
In the next section, this lateral grip margin is used to show khe lateral grip
is related to the longitudinal acceleration for the drimelconfigurations modeled
in Section 2.3.1. Additional to the effects of the frontfreisive force distribu-
tion, the influence of the left/right drive force distribomi is described. Finally,
the influence of the drive force distribution on the undestd the vehicle is dis-
cussed. At the end of that section, it will be shown that ttigright drive force
distribution has a large authority to change the undersietire vehicle for any
given operating condition.

As a further introduction to this chapter, the differencéwsendirect and
indirect actuators are defined. Andreasson [4], defined the influehecarmus
actuators on the generation of lateral force in these twegcaites. Three items,
where the item numbers refer to sub-figures a), b) and c) inFigrespectively,
and which influence the lateral force generation, are

a.) — Slip angle,x, control — has alirect influence on the lateral forcesy
through the tire’s characteristics. Slip angle control ysAndreasson [4]
confined to steering actuators. In this work, this definigatended to also
include the effect of

(a) different drive force left/right)l; oc AF;

(b) or drive force on the steered wheels$; « Fxd,

35
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which really are &”-effects.

b.) — Normal force Fz, control using suspension control — hasiadirect effect
on Fy. This is because the peak lateral force and cornering stiffns
approximately proportional to change#iz. Even though Andreasson [4] in
this context mainly mentions suspension actuators, thealdorce control
in this work is due to the load transfer caused by accelaratidraking.

c.) — Longitudinal force F'x, control — anindirect influence on the lateral force
given, by Fy oc \/1 — (Fx/(uFz))2. This is a result of combined slip on
the tire. This type of control is naturally directly relatexthis work.

The purpose of this discussion was to broaden the scopeveffdrice distribution
control effects. Drive force distribution does not only ughce the lateral force by
reducing the cornering stiffness and peak lateral forceer@ls further the effect
of load transfer which needs to be considered, and finallygxpdicit appearance
of the drive force in the lateral and yaw equations of motidrew considering
different left/right drive forces and/or the lateral comeat of the drive force on
the steered wheelg9).

Iy Iy Afy

[ & an

i o M o Jx
a.) slip angle control b.) normal force control c.) contrdl longitudinal
force

Figure 3.1: Control of lateral force generation [4]

The influence of the drive force at a tire level are thus diyelated to the
effect on the vehicle level characteristics of interestfos study; understeer and
lateral grip. Therefor, some basic principles on the infageof the drive force
drive forces on a tire level are reviewed in more detail.

The lateral force versus slip angle is described in Sectidra@d is modeled
as a linear relationshigyy = C,a when the slip angle is near zero. Further, the
tire is modeled to saturate or peak at a valuépf= py Fz, when the slip angle
reaches a certain value & 10°).

Both the cornering stiffness as defined in Eq. (2.7) and tlad pegteral force
are assumed to relate to the longitudinal force by the dedéiction circle con-
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cept. This is illustrated in Fig. 3.2 which shows versusF'x for different levels
of constantc anda. The outer edge of this diagram illustrates the so-callied fr
tion circle, marking how the maximum possible lateral anthitudinal forces are
related.

Kk = 20%
k= 5%
Kk = 2%
z = = = & A
Co I I [
go[ 10 ! ! !
k= -2%
K =-5%
Kk =-20%
0
Fy [N]

Figure 3.2: Fy & Fx for different levels of constant anda

Alternatively, Fy can be plotted va for various levels of constarty, which
clearly shows the influence on the peak lateral force (sturaalue) and the
cornering stiffness (slope through zero) as shown in FRj. 3.

The effect of F'x on C,, influences the understeer of the vehicle as described
in Section 3.3. Further, the effect 6% on 1y has implications on the lateral grip
as discussed in Section 3.2.

3.1 Lateral Grip Margin

In order to determine how much grip is utilized in relatiorthe maximum avail-
able grip (at a vehicle level), a lateral grip margin was sioried. Examples of
usage of the lateral grip margin are

¢ As a limitation for
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Figure 3.3: Fy vs « for different levels of constant’y

— maximum desired lateral acceleration (for model referecmetrol)
equal to maximum possible lateral acceleration;

— maximum lateral acceleration before warning the driver.
on a desired lateral acceleration

* As an optimization constraint to maximize the lateral gugh the way the
drive force is distributed.

In previous work by this author [29] it was proposed that araltgrip margin
A should relate the current vehicle speed, to some limit speed™ as

AL X 3.1
o (3.)

which at steady state ( = \/ay R) can be re-written as:

lay|
lim

ay

A=1-

(3.2)

It can be seen from Eq. (3.1) that= 1 asvx = 0 or phim — oo. The latter
condition occurs when going straight sincg® = o™ /¢) andy — 0 when driv-
ing in a straight line. Further it can be seen that- 1 asvy — v'i®. Fig. 3.4
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Figure 3.4: The proposed lateral grip margin, versus the absolute lateral acceleration,
lay |, normalized with the limit lateral acceleratiogi™.

shows the relationship between the proposed lateral grigimeersus the lateral
acceleration normalized with the limit lateral accelerati

For the purpose of computing the limit lateral acceleratibis of interest to
understand if the front or rear axle is limiting the maximuatelal acceleration.
In order to determine which axle is limiting the lateral decation, the limit yaw
moment)/ ™ is computed from the maximum possible lateral forces onribret f
and rear axle respectively as:

2
INAESY \/(Mz‘in)Q — I,
i=1

(3.3)

4
FXI’I;H £ Z\/(MiFZi)2 _F)2(7-, )
1=3

given thatF'y, < u;F, cos(a;), which is the maximum longitudinal force possi-
ble. Further, the difference in all left and right longitodl forces,

4

AFx £ (=1)'Fy,sign1) . (3.4)

=1
We can here note that Eq. (3.4) is positive for a curve to thé ke forces on the
right side are greater than on the left; i.e. this quantifyasitive if the difference
in longitudinal forces produce a yaw moment in the direcobrthe turn. Next,
using Eq. (3.3) and Eq. (3.4) the limit yaw moment,

My™ £ IpFy™ — [pFy™ + sAFx | (3.5)
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wheres = b/2 (half track-width). Herel/i™ thus is the sum of the yaw moment
contributions when saturating all tires in the directionled turn, for a given drive
force distribution. M™ indicates which axle is setting the limit for the lateral
acceleration, since a yaw moment balance/; = 0) is required at steady-state.
If the M™ > 0 (terminal oversteer), the rear axle is limiting and the fraxle

is limiting if Mi™ < 0 (terminal understeer) [39]. In order to determine the
maximum lateral acceleration, the relationship betweke;lateral forces at the
front- and rear axle; and the lateral acceleration; neede tstablished. For this
purpose it is common to simplify Eq. (2.12) to the simple lbleymodel as shown
in Fig. 2.3. The dynamic equilibrium (quasi steady-statg)agions for assuming
small steer angles are here

FXF + FXR = max
FYF + FYR = may (36)
lFFyF — ZRFYR -+ SAFX =0

We now have two equations in Eg. (3.6) that establish theioelship between
the lateral forces and the lateral acceleration. Now ordeletermine the limit
lateral accelerationi™, one more equation is required (two equations and three
unknowngay, Fy,., Fy,). We know, however, that at the limit one or both axles are
saturated, i.eFy, = Fg“ and/orFy, = Fg;“. As indicated previously, the sign
of MJ™ give the condition for which axle is limiting the lateral @beration, i.e.

Fy, = F{™if Mj™ < 0 whenay = ay™. Combining this insight with Eq. (3.6)
we have that, in QSS conditions,

| (IR 4+ sAFx) /(mlg) ,itME™ <0
= (IE — sAFy) [(mip) iME" >0 (37
(Fim 4 FimY) /m MM =0

The above equations conclude this section on the latenalngarrgin. In or-
der to determine the lateral acceleration, a method that@mphe concept of a
limit yaw-moment was introduced. If the friction coefficteaind the drive force
distribution is known, these expressions provide a toobtopute the lateral grip
margin. In the continuation of this chapter the influencehs tront/rear- and
left/right- drive force distribution is shown in detail, itding on the methods in-
troduced in this section. It will also be shown how the resintthis section can
be use to find the optimal drive force distribution.

3.2 Drive Force Distribution and Lateral Grip

The lateral grip has been defined as the maximum possiblalaeceleration,
aim, at steady-state. It was seen that the lateral grip is ngtaependent on the
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maximum lateral grip of each individual tire, but also on jfasv-balance of the
vehicle. At steady-state all moments around the verticisl gaw-moments, must
result in a state of equilibrium. If the longitudinal forcase equal on the tires
of each respective front and rear axle, the maximum poskitdeal acceleration
is determined by the axle which is able to produce the leasuatmof yaw mo-

ment from the lateral capacity of their tires. This is assdrteebe the case in
Section 3.2.1, and the influence of the drive force distrdvubn the lateral grip
is described. If instead the longitudinal forces on eithde are not equal, the
yaw moment contribution from the different drive/brakedes are able to force
the axle with more lateral capacity to increase it's yaw moimehis can increase
the lateral grip to the point where both axles fully utiliteir lateral capacity as
is further dealt with in Section 3.2.2

3.2.1 Effect of front/rear drive-force distribution

When analyzing the effect of the front- to rear drive forcgtdbution, equal drive
forces on the left and right wheels on each axle are assunmeth [Eqg. (3.6) and
if AFx = 0, the lateral force on each axle is

_ lp (3.8)

Further, neglecting the coupling between the lateral acaBbn and the longitu-
dinal load transfer as given by Eq. (A.10) we have:
m
FZF = T(le - haX)
FZR = %(lpg+hax) (39)

By combining Eq. (3.8) and Eg. (3.9) we can see that the atlliateral friction,
defined asFy /Fz, is dependent on the longitudinal acceleration. This isnan i
portant result since it determines the over- and undersfebe vehicle and is not
mentioned explicitly in the literature. By comparing théinéd lateral friction
between the front and rear axle, we have that

FYF FYR (IXa,yhl
— = — . 3.10
FZF FZR (axh+glp)(axh—gl3) ( )
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From the above result the conclusion can be drawn that thieedtifriction is
larger on the front axle compared to the rear axle when aat&lg and vice versa
for braking. If, for a moment, we assume that the lateratifyitis not dependent
on the longitudinal force (which is true for small longitadi forces) the vehicle
grip will be lost on the front axle prior to the rear when aecating and vice
versa for braking. This is the explanation why vehicles gain-sut close to the
grip limit when subjected to sudden changes in normal foimeinstance when
releasing the accelerator pedal.

The so-called dynamic square mentioned in Section 2.4.8, useful tool
to evaluate the influence of the drive-force distributiontbe lateral grip limit.
Building on the model introduced in this section, the foctican be less on the
front axle than on the rear. This assumption is a modificadibtine results ob-
tained in Section 2.4.5 and is typical for a front biased Wwedjstribution.

N
ax =0m/s?

Figure 3.5: The Dynamic Square Method for evaluating the influence aitfrear drive
(or brake) force distribution on the lateral grip margin

One question one could ask when studying the dynamic squagead is:
“Given a specific desired longitudinal acceleratian,, which front/rear drive
force distribution results in the maximum possible latgrg)?” A section through
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the dynamic square diagram for a constagt ~ F3/m can be defined as
alm(¢) }aX_FIN/m. The highest point on that section is the drive force distrdn
X

that maximizes:i™, which is our definition of optimality. Thus, the front/rear
drive force distributiong, that minimizes

: lim
min —ay (Fy.)| (3.11)
FXFE[—MFFZF#FFZF] v " }axiF)I(N/m

is the optimal drive force distribution. However, sincestBection is discontinu-
ous wherel/i™ = (, it is not straightforward to solve Eq. (3.11). When studyin
Fig. 3.5 it can be seen that the maximum lateral grip for argleagitudinal ac-
celeration is along the “ridge” between the area where that faxle first saturates
(dark gray) and the area where the rear axle saturates ifyist gray). Along the
“ridge” between the two areas, both axles saturate simeitasly, where

™ =/ [i2g% — a% (3.12)

The optimalF'y,. for a givenF'}¥ appear to be solutions wheké™ = 0, except if
Fx,.Fx, <0,i.e. notboth front and rear drive forces are positive. listppears
that, the amount of front drive forcgy ., that minimizes

min [ [(1F 2, )" = Fx ) = UR[(1F2,)? = (FX' = Fx,)!]| (3.13)
FXFG[*#FFZF,MFFZF S——

FXR

is a candidate for the optimal drive force distribution. e tabove distribution,
Eq. (3.13) being zero can be interpreted as traversing tlgerin Fig. 3.5. On
the other hand, it can be shown that the above condition dategive the optimal
solution for smallax. When reviewing Fig. 3.5 more closely we can, however,
see that for smaltx, the optimal solution isot where M ™ = 0.

It can be shown that all solutions &f,. < 0to Eqg. (3.13) are non-optimal if
FI¥ > 0. Without exhausting this matter, it can be seen that poimttBé Fig. 3.6
is where the constant longitudinal acceleration line (ived dashed line) tangents
the level curve wherel™ = 9m/<’ in Fig. 3.5. This tangent point results in the
greatest:i™ for a given longitudinal acceleration, i.e gives the opfifnant/rear
drive force distribution and which is whefy, = 0. It also agrees with the
intuition that as long as the front axle is limiting the lategrip, i.e. Mi™ < 0, the
optimal front/rear drive force distribution is to only deithe rear wheelg (= 0)
up to point C in the figure. The bold solid line in Fig. 3.6 shaWws solution to
Eq. (3.13) with constraint thafy,, must be in the interval of'y, € [0, urFyz,].
The bold dashed line shows the drive force distribution #reises without this
constraint, which gives in a lowet™ than would be the case if that constraint is
added.
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Fxp/m [m/s’]

Fx,/m [m/s?]

Figure 3.6: Optimal front/rear drive force distribution that minim&e
Fx peomrFz,] |MJm| shown with a bold solid line. Non-optimal solutions

with Fx,. < 0is indicated with bold dashed line.

min[

A step further from the simple vehicle equilibrium as ddsed in Eg. (3.6)
is to also include the explicit effect of the front drive fern lateral force and
yaw-moment balance. When assuming only front-wheel stegisenall steering
angles) we have

FYF -+ FXF(S + FYR = muxy (3 14)

lF (FYR+FXF5) - ZRFYR :O '
This effect can be included in the creation of dynamic squargen the steering
angle is known. The effect is not further explored in this kydout it can be seen
from the equations that a positive longitudinal force dases the tendency for
the front to saturate when steered in the direction of the. tidowever, even at
rather extreme steering wheel angles suchyas- 180° the steered angle of the
front wheels is only ~ 10° =~ 0.2rad. This means that 20% of the front drive
force contributes to turning the vehicle.
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3.2.2 Effect of left/right drive-force distribution

Following the study of the front/rear drive force distrilmut, the effect of the
difference between the left- and right drive forces areistlith this section. It was
shown in the previous section that for equal left/right difierces, the yaw balance
is primarily determined by the yaw moments caused by thedbterce of front-
and rear axles. From this requirement of balanced yaw mant#r maximum
possible lateral acceleration was determined by the axlehndould provide the
least yaw moment. It was also concluded previously that tagimum possible
lateral acceleration is achieved M 1™ is minimized for¢ € [0, 1] for a given
drive total drive force /Y. On the other hand, the best solution iSifi™ = 0
for ¢ € [0,1], which was not reachable for smdlkN. The reason is that for
small Fi¥¥, the optimal drive force distribution is to only drive thearewheels,
but even when doing so, there is still unutilized lateralazagy at the rear axle.
In order to achieve//i™ = 0 for all F1, one more control variable is needed; a
additional yaw moment caused by different left/right farc8ince only one more
degree of freedom is required, a decision is required, véndtte left/right drive
forces are to be varied on the front wheels, the rear wheet, lmoth axles, with
a single control? As previously concluded, the lateral iyt for small 73~ and
an optimal front/rear drive force distribution is deterewiby the front axle. Since
the difference in drive forces reduce the lateral capattig/rear axle is the better
choice as long a87™ < 0.

It can be shown, for a given front/rear drive force distribnte € [0, 1] for
which MJ™ < 0; that the optimal difference in left/right drive force& Fx,, that
solves

2
argap, e Y \/(Mz‘FZi)Q — 1%, /4
=1

4

=3 (tav/iF2)? = (Fxu/2+ (F1)AFx, ) + sAFx, =0,

(3.15)

given that

. 2 2
R
AFx, < \/(mln(ungs,u4FZ4)) P /4. (3.16)

In order to find the optimal combined front/rear and leftitigrive force distri-
bution; first thef'y,. € [0, urFy,] that minimizeg M ™| as given by Eq. (3.13) is
found. Then ifM ™ after this first step still is less than zero, Eq. (3.15) ived|
using theFx,. found in the previous step, or otherwise. This final optiriaa
step can also be used for systems that have limitations isgaee of possiblé
that yield aM/ ™ < 0 for the minimum possiblé.
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3.2.3 Special cases

Based on more general method of computit¥g given in Section 3.1g}™ for the
four different special cases given in Section 2.3.1 arergiaethis section. The
special cases were:

» Front-wheel drived{ = 1)
* Rear-wheel driveq = 0)
* Fixed all-wheel drive{ ~ Ig/l — hax /(lg))
» Optimal all-wheel drive

By a fixed all-wheel drive is meant that the front- and reafedéntial units are
fixed to rotate synchronously. This is commonly achievedviehicles with a
locked center differential, or a locked transfer clutchliang-on all-wheel drive
systems. For all configurations the assumption is ghat ;.zr whenFx = 0.

Front-wheel drive

For a FWD vehicle it is assumed thatix ~ Fy,, we then have that/}™ < 0,
i.e. the front end of the front axle will saturate prior to tiear. From the Eq. (3.7)
we can now derive the limit lateral acceleration for thisighconfiguration:

i = L (i)
[

= m_lR\/(uFFZF>2 —F%,

= L\/ (uF?(le — haX)>2 — (max)? (3.17)

mlR

= (g — axh/ln)? — (axl/in)

under the condition that

prglr
< ) 3.18
axl < 75 hur sign (ax) (5.19)

The above condition restricts the longitudinal accelerato be less or equal to
the ax that causes!™ in Eq. (3.17) reduce to zero, i.e. the maximum possible
longitudinal acceleration.
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Rear-wheel drive

Analogous to the FWD case, we can, derid& for a RWD vehicle/max ~
FXR) as

A = (g + axh/lp)? — (axl/lp)? | (3.19)
whenMi™ > (. However,Mi™ < 0 for small Fx,, which for this case gives that
ay™ = LFY™ /(mlg) = lppFz, /(mig) = pr(g — axh/lg) . (3.20)

From the above, we can see thgt for the RWD case depends on which of
Eg. (3.19) and Eq. (3.20) is valid, i.e. depends on the sigh/if. Combining
these two equations it is evident that the limit lateral smeion is given by the
one that gives the least limit lateral acceleration:

ay™ = min (MF(Q —axh/lg), \/M%{(g +axh/lp)* — (GXZ/ZF)Q) (3.21)

The limit for the maximum possible longitudinal accelevatis whenF'y, =
wrFz,, which requires that

prglR
< . 3.22
lax] < [ — hug sign (ax) (3.22)

Synchronous front and rear differentials

As can be seen from Section 2.4.5 is that as longas: 1.g, the front axle limits
the maximum lateral acceleration for this configuratiom, A/™ < 0V ax < ug.
Now mayx =~ Fx, + Fx, = F{' as introduced in Section 2.3.1 and the front/rear
drive force distribution is approximately equal to the nafrforce distribution.
From Section 2.3.1 we have that

which inserted into Eq. (3.7) derives to

[
= o/ (WFz)? = Fx,

= L\/(MF?(ZRQ — hax))2 = (§max)?

mlR

1
— /13 (lng — hax)? = (Irg — hax)*(ax/9)?
R

le—hCLX /
RY

(3.23)
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Optimal front/rear distribution

In this section the optimal drive front/rear drive force tdlsution that fulfills
Eq. (3.13) is shown. The restriction is on the drive forcdrthation which is
required to be positive on both axles meaning ¢ < 1. This results in that the
optimal drive force distribution is to drive only on the re@neels up to the point
when MJ™ = 0. Thereafter the drive force is distributed to keep the liyaitv
moment zero. Up to this transition point, the front wheell @t the limit for the
lateral acceleration capacity due to the load transfefloaffiing the front wheels
and increasing the normal force on the rear wheels. From&m) it thus follows

that
a1§i’m = min (MF(g - a’Xh/lR)u \/ :uQLqQ - (I%{) ) (324)

given that the condition
min | ’Mgm’ (3.25)

FXFE[O,,LLFFZF

is minimized for all0 < axy < jg.

Authority of some specific driveline configurations

The control authority of some driveline configurations whigperate between
the above special cases by controlling the slippage in anew® clutch(es) are
described in Fig. 3.7, based on the previously describedBynSquares method.
Table 3.1 describes configurations with one clutch. Thesdiguarations are of
interest since they exist in a number of vehicle application the market today.

Description Clutch open | Clutch locked | Subspace of possibée
FWD = Fixed AWD | ¢ =1 E=Fyz./(mg) | € € [Fz./(mg),1]
RWD =- Fixed AWD | £ =0 E=Fz./(mg) | €0, Fz./(mg)]
35:65= Fixed AWD | ¢ = 0.35 §="Fz./(mg) | £ €[0.35, Fz,./(mg)]

Table 3.1: Driveline configuration that operate between two differdinte force distri-
butions by controlling a clutch.

The final configuration is not a configuration existing on aethicle sold on
the market, but is interesting since it operates betweaettifferent “modes” as
given by Table 3.2

For all configurations in Fig. 3.7 it is important to considee “rigid” AWD
case, which was described in Section 2.3.1. In all these gumaiiions, locking
the front and rear axles together will yield the drive forecgtribution denoted as
“Rigid” in the figure.
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Front Clutch | Rear Clutch | Drive force distribution
Locked Open E=1

Locked Locked £ =Fyz,./(mg)

Open Locked =0

Table 3.2: Driveline configuration that operate between three diffedive force distri-
butions by controlling two clutches

From Fig. 3.7.ait can now be seen that this vehicle, whichWdFn it's basic
configuration (open clutch), can only operate at an optimaltfrear drive force
distribution at upper right vertex of the diagram. Howeweis vehicle configura-
tion is not able to accomplish a drive force distributionadthe “rigid” line. This
vehicle should therefor have excellent take-off capahititit could lack cornering
capacity relative to an optimal AWD system under combinextbecation/corner-
ing. The advantage of this system, however, is that it alve@gsates in the “safe”
area where\/j™ < 0.

The configuration shown next in Fig. 3.7.b, on the other hand RWD
based vehicle is the inverse of the previous case and hawutheriy to opti-
mize the torque transfer to the front axle such that the apétion criteria given
in Eq. (3.25) is fulfilled. On the other hand, operating in lilgat grey area where
MI™ > 0, by improper control, can lead to instability.

The third configuration shown in Fig. 3.7.c is what often iBezhpermanent
AWD, with center differential providing a fixed front/reari¢k force distribution.
This system has no particular advantage over the systermshdwvig. 3.7.b when
it comes to controllability. The advantage is mainly tha tlemand on the clutch
is less, since only a smaller amount of the total torque isstexred through the
clutch. This configuration one of the most common on AWD vigsicwhen also
vehicles without a controllable clutch are considered.

The final configuration, shown in Fig. 3.7.d is able to openatée entire first
quadrant of the dynamic square diagram (however, not ingbersl, unless the
brakes are used) and is therefor an interesting concepg.syetem combines the
benefits of both the configurations in Fig. 3.7.a) and Fig..7The disadvantage
of this configuration is that two clutches are required arat tioth need to be
packaged near the transmission. In vehicles with a trasslyemounted engine
with the configuration in Fig. 3.7.a), the clutch is oftendted near the rear axle
where there is more package space. In these vehicles, iteis bt possible to
package two clutches near the transmission.

The results ofei™ as function ofay for these four configurations are also
shown in a g-g diagram. This method shows, as described ito8et4.6, sec-
tions through the dynamic square for special drive forc&ribigtions. These re-
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sults are shown in Fig. 3.8. As can be seen from Fig. 3.8 far plarticular

O P v

ax [m/SQ]

||||||
|||||||||||||||
vy 1y
\ "y,

= = =Rigid AWD — ¢ = (Ig — h ax/g)/l
Optimal AWD — Fx, Fx, >0

-10 -5 0 5 10

ay [m/s?]

Figure 3.8: g-g diagrams for four different drive force distributions

weight distribution, the FWD vehicle has a larger longitadiacceleration capa-
bility than the RWD vehicle. The acceleration capabilifi@san arbitrary weight
static front/rear weight distribution is shown in Fig. 3.9he maximum lateral
acceleration is given by the conditions Eg. (3.18) and EQ1(Bfor the FWD and
RWD vehicle respectively. In order to get a feel for theserguit is often useful
to take look at the extremes. For a FWD vehicle, the more weighthe front
axle, the better the maximum forward acceleration undeictralition that en-
gine power is unlimited. The maximum weight possible wouilert be the entire
weight of the vehicle, which is only possible if the centendss would be placed
in front of the front axle. Analogously for a RWD vehicle, nearveight on the rear
axle is better. Since the forward acceleration moves we@tite rear axle, there
is a point where moving the center of mass even would causkedahewheels to
lift from the ground when accelerating.

3.3 Drive Force Distribution and Understeer

This section describes the effect of the drive force digtidn on the understeer
of the vehicle. As earlier described in Section 2.2.4, théeusteer gradient is

'Example of a fixed front/rear distribution
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Figure 3.9: Maximum longitudinal acceleration versus the static fheatr distribution

defined in [21] as
(6 —1l/R) O(ay— )

8&)/ 8ay

A
Kys =

It will be shown in this section that the front/rear the effean the understeer can
be divided in parts, namely the effect of the

* load transfer caused by acceleration or braking,
* drive force on the cornering stiffness and
* yaw moment caused by different left/right longitudinaides.

The first two effects will be discussed in the Section 3.3.4 the third effect in
Section 3.3.2 dealing with the effect of left/right driverdée distribution.

3.3.1 Effect of front/rear drive force distribution

For the study of effect of the front/rear drive force disttion on the understeer,
we recall that the understeer in vehicle parameters as giy&ig. (2.21) is

m ZFCa - lRCa
K - F R
Us I CapCa,
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By introducing,C’,, as the effective cornering stiffness for a given drive éorc
Fx as

E
= %—a’” , (3.26)
a—0
which combined with Eq. (2.1) becomes
r 2
C! = coFzy|1— (MTXZ) . (3.27)

By replacing the normal force with the expression as givekan (3.9) and by
using thatC,, is the cornering stiffness at tis¢aticnormal force we have that

, haX) ( Fx,l )2
O =Cop (12 )1 = : 3.28
o ( l g \/ pm(lrg — hax) (3.28)

which can be further simplified for smally as

O ~Cl, (1 - @“—X) (3.29)
F l g
and similarly
Cl & Cay (1 + %“—X) . (3.30)
g

By further replacing the cornering stiffness,, in Eq. (3.3.1) with the approxi-
mations of the effective cornering stiffnegs, given by Eq. (3.29) and Eq. (3.30)
we have that

mlpC., —1gC
1 C,C
ar ~ar (3.31)
lFOaF(lg - hax) - lRCaR(lg + hax)

CaFOaR (l292 - h2a§()

Kys = —

This modified expression of the understeer is an importantlr@and can be
used to explain why a vehicle can become oversteered whémgréux < 0)
and that acceleratiom ¢ > 0) explicitly increases understeer. By using the above
result, Fig. 3.10 shows the understeer gradient as a funcfitongitudinal accel-
eration.

As the above result is a very simple way to take into accountdad transfer
caused by acceleration and braking, it does not take intouetdhe drive force
distribution. Since the dynamic-square method describe8leiction 2.4.5 is an
effective way to show the influence of the drive force disttibn on the lateral
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Figure 3.10: Understeer gradient as function of longitudinal accelenat

grip; the idea was that it also could be used to show the effe¢he understeer.
Given that proposal, the understeer was plotted versuoafliple combinations
of front/rear drive force distributions. The understeadient atzy = 0 is plotted
under the assumption that the cornering stiffness chargesding to Eq. (3.27).

In Fig. 3.11 the results of this modified dynamic square carsden. The
diagram shows the effect of the rear wheels saturating alea¢pp- and bottom
edges. Along these edgesys — —oc asC;,, — 0 because’x, — urlz,;
similarly, along the left- and right edges where the froneeds saturatellys —
%) as(J;F — 0whenFy, — upFyz,.. Further, the diagram is divided into three
different areas; the light-gray areas at the top and bottemageas where the
understeer gradient is negative, i.e. oversteeer; coslyeithe dark gray areas
indicate (positive) understeer. Based on these discrpfithe edges between
the dark and light areas mark the neutral steer boundargeeswherekys = 0.
Finally; as in the previous usage of the dynamic square, ttedi line is where
the drive force distribution is proportional to size the mat force as given by
Eq. (2.27).

3.3.2 Effect of left/right drive force distribution

Now having discussed the implications of the front/reavelforce distribution on
the understeer of the vehicle; the next topic of interesieseffect of the left/right
drive force distribution. Or rather, it is the effect of théerence between the left
and right drive forces which are the subject of this sectlarthis research there
was an interest to evaluate the effect of controlling theedpdifference across
the rear axle. By restricting the nominal speed differerfab@rear axlén) (see
Eq. (A.7)) by locking the differential, an understeeringment is added to the
vehicle. If instead, a fixed speed differenseby is imposed on the axle, the
added moment decreases the understeer.

One further contribution of this research is to show how thedling diagram,
described in Section 2.4.1, can be used to evaluate thdie#fieess of an torque
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Figure 3.11: Modified Dynamic Square method which shows the influence efdtive
force distribution on the understeer gradiefi;s atay = 0.
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vectoring differential or a limited slip differential. Fdnis purpose, knowing the
maximum speed difference which can be imposed by the torgaring differ-
ential when fully locked, the handling diagram for this cguofiation is drawn.
The assumption in this research was that a constant undevess desirable, so
if the optimization criteria

2 4
nil/lfi{TGlR Kuysay — (ZZI a; — ; Oéi) ; (3.32)

is minimizedV ay < @l™ the understeer is constant up to the lateral grip limit.
Here Kyg is a tuning parameter which here is assumed to be the undedtie
vehicle whemy — 0 andax — 0. The above result is based on the understeer
definition Eq. (2.15), i.e. if the difference between therage slip angles on the
front and rear axle increase linearly with the lateral am@lon, the understeer is
constant.

3.3.3 Critical speed considerations

In Section 3.1 the limit spee@’™, is computed for the speed at which the front
or rear axle reach saturation. As briefly discussed in Ch&ptidne vehicle could
become unstable at a lower speed than the saturation lintiteofront and rear
tires. One such a scenario is when the slip angles at the xkabuaild up faster
than at the front. This scenario defines an oversteeredleeligch will become
unstable when reaching theitical speed The vehicle stability is related to the
understeer coefficienfyys. From Section 2.2.3 we have that

1/‘}55 Ux

5 1+ Kysv'

(3.33)

from which it can be seen that the stability limit is whBRsv% = —I, given that
Kys < 0. The speed at which this occurs is commonly referred to asritieal
speedwhich here is denoted a§'*. Further the transfer function from— vy

IS )
SS
ay Ux

5 1+ [({jgﬂ)g(7
for which the same stability criteria as fqivf’s/é is valid.

The question is now, when is th&'® < vlim j.e. when is the speed at which
the vehicle becomes unstable is less or equal comparedspéiee at which either
axle saturates?

Since we have that at steady state that the critical speed,

: l
(’Ugglt)Q = ——KUS, if KUS <0
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and the in limit speed from Eq. (3.1);

. . . v
lim\2 __ _lim _lim X
(0x")" = ay"R = ay™ | =

we are interested to see at whefi® < v'i, namely when

[
lim

Qy

Kyg < —

Ux

-ﬂw (3.34)

The solution to this issue is to analyze when— +'i. It should be noted that itis
common for the critical speed to decrease very rapidly @figr has changed sign
from positive to negative. In order to maintain a safe distaaf Avy between
the vehicle speed and the critical speed, the conditiorais th

lox — v§"| < Avy . (3.35)

To summarize, ifkyg < 0 it is not sufficient only to study the speed at which the
lateral grip limit is reached. Concurrently, the criticple®d must be computed
based on the understeer of the vehicle. When the currend spepproaching the
critical speed, the intersection between the two speedb&ithe point where the
vehicle becomes unstable.

3.4 Summary

In this chapter, the influence of longitudinal accelera@ma the drive force dis-
tribution on the lateral grip and understeer was shown. Tleets studied were
limited to steady-state analysis with constant longitatiacceleration, defined as
quasi steady-state conditions. Further; drag forces, aschlling resistance and
aerodynamic drag; and steering effects, were neglectezlb&hefit of these sim-
plifications were, however, that the often complex intecacbetween the longi-
tudinal and lateral characteristics could in many casefib@s using close form
expressions. In this way, the various effects could systieaily be analyzed and
guantified.

First, the change in normal force distribution due to (pes)tiongitudinal
acceleration was shown to linearly decrease the lateralatigpon the front axle
and increase the understeer gradient. The contributidn®Work relating to this
phenomena are the expressions which relate the longituaiiealeration to the
understeer. For braking, the results are opposite theeratiein case. Secondly
there is an effect of the drive force itself on the laterapgriThis effect starts
to dominate the influence on the lateral capacity and urelrsthen the drive
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force is sufficiently large £y ~ 0.4uF7). Subsequently how the drive force is
distributed on the front and rear axles is important to adersin the latter case.

A further area of contribution in this work is the developrheha lateral grip
margin was developed which could be used to evaluate thet efféhe drive force
distribution on the maximum possible lateral acceleratierom this lateral grip
margin, conditions for optimality, were given separatedy the front/rear drive
force distribution as well as the left/right drive forcetdisution. Further, the re-
sults used to compute the lateral grip margin for a genenat dorce distribution
was developed for four special cases; front-wheel drivar-veheel drive; all-
wheel drive with synchronous front- and rear differentialsd finally, an optimal
front/rear drive force distribution. Subsequently, th@ressions that relate the
longitudinal acceleration to the lateral accelerationtliwere shown to be useful
when generating g-g diagrams (showirlg}* versusax) for the above mentioned
special cases. Further, the it was shown that these g-gadisgwere sections
in the dynamic square diagram, the latter showing the efietiie lateral accel-
eration capacity for an arbitrary front/rear drive forcetdbution. Expressions
on the optimal left/right drive force distribution were stroand were related to
previously derived conditions for the optimal front/reaived force distribution.
Based on these results, the conclusion is drawn that keépéngndersteer con-
stant while optimizing the lateral grip under all operatocanditions, requires a
combination of front/rear and left/right drive force dibtrtion optimization. Fi-
nally, the implications of the change in understeer by medrdrive force dis-
tribution on vehicle stability was discussed in the caseuheéersteer becomes
negative (oversteer).



Chapter

Simulations and Results

The purpose with the following simulations was to evaluhgevalidity and limi-
tations of the theory developed in the previous chapter.

The evaluation was performed such that it starts with QSSlitons, for
which the theory developed in Chapter 3 was valid, and what&tes the drive
force and drive force distribution to the lateral grip andlersteer. The vehicle
model in the simulations is, however, more comprehensiae the one for which
this theory was developed. It was therefor expected thatejigncies between the
predicted lateral grip and understeer and simulation teselate to these model-
ing simplifications. The purpose of the first part of this stweas therefor to
identify these shortcomings.

Continuing the evaluation, transient steering input wasduated. For these
simulations the lateral acceleration will after some tirfag, a stable solution,
approach a steady state value. As the steering amplitudéneesased until no
further increase in lateral acceleration was possibls, taximum steady state
value should correspond to the predicted lateral grip limihother purpose of
this test was to evaluate if the lateral acceleration dutlegtransient part of the
maneuver can exceed the predicted lateral grip limit.

Finally, a dynamic maneuver was performed at increasedsggaput ampli-
tude. During these maneuvers, the lateral acceleratioarmeaches steady-state
and the theory developed in this work, should therefor notddil in this case.
The purpose of this part of the evaluation was to identifjaar@here the lateral
grip margin computation could be improved to also identifg tateral grip limit
during dynamic maneuvering.

Results are plotted in this chapter and further simulatresslts are provided
in Appendix B.

59
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4.1 Quasi—steady state cornering — fixed steering

The purpose of steady state cornering analysis was to égdheaundersteer, and
lateral grip limit of the vehicle while cornering. The pemfieed vehicle simula-
tions are based on a modified version of the test procedurd1S82004 [23].
According to the test procedure, they can be run in threerifft ways:

1. Constant radius — speed is slowly increased
2. Constant steering angle — speed is slowly increased
3. Constant vehicle speed — steering angle is slowly ineckas

Quasi-steady state (QSS) in this work means steady brakohgeceleration
while cornering with a fixed steering angle or constant cuadgus as discussed in
Section 2.2.2. This method is a natural extension of thelgtstate cornering and
is useful to evaluate the influence of the drive force distidn on the cornering
behavior of the vehicle, which is the objective of this reshaThe idea of using
constant braking and acceleration is that the analysisadsthsed for the steady-
state cornering case are assumed to still hold, which treyair expected to do
when doing dynamic steering maneuvers.

The simulations in this work, using the model described ipémpdix A, were
performed at various levels of constant drive forces; anthardifferent surfaces.
The vehicle speed was then slowly increased until the eftioat- or rear axle
saturated; while keeping the steering angle constant.

4.1.1 Results — front/rear drive force distribution

The front/rear drive force distribution configurations waliniare studied studied
are:

e Front wheel drive
e Rear wheel drive
* All-wheel drive — synchronous front- & rear differentials

The test objectives were to evaluate the effects of the margcehensive on the
lateral grip computation given in Chapter 3. Additionallye understeer of the
vehicle was estimated based on the drive force distributibime results of the
understeer estimation, along with the lateral grip estiomatre shown in Fig. 4.1
and Fig. 4.2. In these figures, six different operating coos are verified on
two different surfaces; dry asphdji, ~ 1) and snow(zo ~ 0.4). The driveline

configurations which are evaluated are the first three asngiv&able 2.1. These
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configurations were evaluated with two different levels ohstant drive force,
as given by the title of each subfigure. The inclined thin lime¢he predicted
understeer; the vertical thin line is the limit lateral decation; and the circle the
maximum lateral acceleration achieved in the detailedolemnodel.

In Fig. 4.1.e and Fig. 4.2.e it should be noted that the velliecomes unstable
before reaching the lateral grip limit. This issue was désed in Section 3.3.3.
The circle in these sub-figures is therefor not a steady$adéral acceleration,
since the vehicle is unstable. The point of instability dicated by a-character.
At this point, the condition in Eq. (3.35) is violated. A difent point indicated
by a square is the point where

§—1/R=0
{ a0 (4.1)

Additional to the results shown in Fig. 4.1 and Fig. 4.2, admrsed param-
eter sensitivity study was performed. The conclusions ftiois parameter study
together with the results shown in Fig. 4.1 and Fig. 4.2 aag& th

* ai™ is predicted to be approximately 10% more, on higburfaces, than
possible with the more comprehensive vehicle model usetearsimula-
tions. On lowy surfaces this error is reduced to apprimately 3%. From
the parameter study results shown in Appendix B, the coraius that the
main descrepancy between " computation and the actual maximum
atainable lateral acceleration is the lateral load trangfbich reduceg:r
andyg.

* the longitudinal acceleration,, and thereby the longitudinal load transfer
is significantly influenced the following resistance forces

— §Fy,./m for high lateral acceleration and

— Fp where the aerodynamic drag dominates at high speeds (>3 km/
and the rolling resistance at low speeds;

both of which are attained at highsurfaces. For low: surfaces, the most
noticeable factor is the rolling resistance, which can baaup0% of the
available friction. This reduction iy relative the predicted”} /m is
significant for the computation of the lateral grip insofaattit influences
the load transfer front/rear.

A final conclusion, which can be drawn from the results giveAppendix B,
is that when the model with which the simulations were paented, was equal to
the one for which the theory was developed (second “blockhéese tables), the
remaining difference in the results could be attributech®®SS simplifications
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Figure 4.1: Plots ofd — I/ R versusay for constant steeringfy = 80°), constant longi-
tudinal force starting at a low longitudinal speed. Theacgfis assumed to be dry asphalt
(1 =~ 1) and the figures show the results of three different drivedalistributions and two
different levels of constant drive force, as indicated by tieadings of each sub-figure.
The inclined thin line is the predicted understeer; theigakthin line is the limit lateral
acceleration; and the circle the maximum achieved latecglaration.
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Figure 4.2: Plots of§ — I/ R versusay for constant steering’ff = 80°), constant lon-
gitudinal force starting at a low longitudinal speed. Theate is assumed to be packed
snow (. ~ 0.4) and the figures show the results of three different drivedatistributions
and two different levels of constant drive force, as indiddby the headings of each sub-
figure. The inclined thin line is the predicted understelee; \tertical thin line is the limit
lateral acceleration; and the circle the maximum achiesgztdl acceleration.
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discussed in Section 2.2.2. Based on the fact that the r@mgagiifferences are
small, the conclusion is that the QSS assumptions hold ésithulated cases and
as long as the vehicle was stable.

4.1.2 Results — left/right drive force distribution

Figure Fig. 4.3 shows the simulation results of the confijomna that were dis-
cussed in Section 2.3.2, namely an

1. Open rear differential
2. Locked rear differential
3. Fixed positive ratio between inner and outer wheel

4. Variable L/R ratio which fulfills Eq. (3.32)

These results are plotted in a handling diagram first deeeldyy Pacejka [48, 26,
49]. The handling diagram is an alternative way of preserttie results obtained
from the cornering test described in this section. Furtihes,method can therefor
be used to evaluate the understeer characteristics assiie# &ateral grip limit for
a given vehicle configuration. It can be then seen from thellragndiagram that
the understeer (the slope of the slip angle difference gdhsilateral acceleration)
increases with increased utilization of the lateral grip dovehicle with equal
left/right drive force distribution. If however the driverce is re-distributed from
one side of the car to the other [55, 70, 16, 56, 64, 50] the nsteler can be kept
constant up to the grip limit. In addition to providing costeint handling, it can
also be seen from the diagram that the maximum grip is ineceay utilizing
both axles to their maximum potential, whereas the froné axhs limiting the
lateral grip for the passive vehicle. Referring to the cbhtmastics of a passive
vehicle, the unaltered dynamics in combination with theeased lateral grip by
using drive-force distribution could lead to a conflict beem performance and
consistent dynamics on the one hand and the need of drivébdek/warning
on the other as previously described. The proposed soltmidhis conflict is
a lateral grip margin which shows the relative distance wl#teral grip limit.
When the lateral grip margin is reduced to a preset levelningrstrategies could
be executed to warn the driver. The details of these warrnmtggies are however
outside the scope of this present work.

4.2 Transient cornering — step-steer

A step-steer maneuver according to 1ISO7401:2003 [22] te\ka vehicle’s re-
sponse, damping and steady-state gain for the given manebwé&ig. 4.5 the
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101

Active
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Figure 4.4: Example of how understeer increases with lateral acceder&tr a passive
vehicle but can be kept constant with torque vectoring {Vat) for any given longitudinal
acceleration. Additionally, the maximum lateral laterat@leration possible is increased.
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yaw-response to a step-input of the steering wheel of thfeht amplitudes at
t = 0 were evaluated. The drive force distribution in this stusly = F',,./mg,
I.e. fixed AWD. It can be seen that initially, there is no diffiece between the two
vehicles, but as the yaw rate increases, so does the fofeeedite between the
left and right wheels for the vehicle with the locked diffetial. This force dif-
ference is against the turn and hagav dampingeffect. Further, the limit lateral
acceleration using three methods are plotted as horizbnés. These methods
are

AP = (R + B fm
ay™|s=o = LFY™/(mlR) (4.2)
ay™[sz0 = L(Fy™ + 6Fx,.)/(mlg)

The first method, computingy max, is the lateral acceleration when both front-
and rear tires are saturated simultaneously. This latecalaration is not possible
at steady-state ifl/J™ # 0. In transients (such as a step in the steer command),
however, the yaw-balance equation in Eq. (3.6) also indutle yaw accelera-
tion, ¢, multiplied with the yaw inertia/;. In fact, it can be shown that>*
can be reached if;,/) = Mi™. Now the second method in Eq. (4.2)d§"

as given by Eq. (3.7) under the condition thdt™ < 0. The results shown in
Fig. 4.5, however, show a clear discrepancy between thdystgate lateral accel-
eration @y ast — oo) and the estimated™|s_,. As discussed toward the end of
Section 3.2.1, for large steering angles and large longialdiorces on the front
wheels, their contribution cannot be neglected. This idiooed by the results
shown in Fig. 4.5. The conclusions that can be drawn fromathéysis is that

* The effect of§ F'x,. should be included in the computationdf® at large
steering angles, as in the case of this study where the maxisteering
amplitude was)y = 180° — ¢ ~ 0.2rad. A simple modification to the
lateral grip computation as proposed in EqQ. (4.2) is one@sajto take this
effect into account.

* As indicateday™ is the steady-state maximum lateral acceleration. If yaw
acceleration is sufficiently large, i.€.= M1 /1, the lateral acceleration
ay = ay™, can be reached.

4.3 Dynamic cornering — Sine with Dwell

From the previous study of the lateral acceleration in fents, it was seen that the
maximum lateral acceleration attainable at steady-statde exceeded when the
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Figure 4.5: At t = 0 a steering input of three different amplitudes was applied a

speed ofuxy = 90km/h. The four sub-figures show the results of four diffedertls of
longitudinal acceleration. The drive force distributigh= Fz,./mg, i.e. fixed AWD.
Further, the limit lateral acceleration using three methag plotted as horizontal lines.
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yaw acceleration is large. The step-steer maneuver, hoytves not reachy™,

as computed in Eq. (4.2) when the vehicle is accelerated. Ndi®nal High-
way Traffic Safety Administration in the United States haggmsed an open-loop
steering maneuver for evaluating ESC systems, describdteifrederal Motor
Vehicle Safety Standard (FMVSS) 126 [45]. This test-pracectalled the “Sine
with Dwell”, described in [47], is designed to induce overst which occurs when
) > Mim/1,,. This maneuver should be a good candidate to generate suffici
yaw-acceleration to reaclj?**, here designated a§**'.

Simulation results shown in Fig. 4.7 indicate a spin-outHigh steering an-
gles, since lateral acceleration is sustained even thdwebtéering is zero (com-
pare with Fig. 4.6). In dynamic maneuvers the lateral acagta should therefor
be able to reachy*** shown by the thin horizontal dash-dotted lines. The lateral
acceleration, however, never reaches this limit, saitffecomputations appears
to have some limitations.

It can be shown that this limitation is, due to an assumptiotinis work that
(with some abuse of notation)

Fim =3\ JuiFr)? = B [ bz = (O Fx)2 . (43)

In other words, the assumption is that the sum of the limérkdtforces on each
tire on one axle can be computed by summing the normal loadcsggitudinal
force separately. This simplification was done in order tnoee the dependency
which the lateral force has on the normal force. To estimate large this sim-
plification is, an attempt was made to compu{&* which takes this effect into
account. In short, the computation of a nel{f*** as given by Eq. (4.2) involves
now involves the solving of

arg,me ay™? — (F%};n(ar;axg) + F&;ﬂ(a?"?)/m =0. 4.4)

The results of the computation af**** in this way, is shown as dashed lines in
Fig. 4.7. These new results show a good correlation betweeadtual maximum
lateral acceleration and the estimatgtt™ whenay = 0. If, however,ax # 0,
there is again a deviation between the computed an actuaamguted:y .

As for the steady-state Iimieﬁ,l;m1 is computed as in Eq. (3.7). This method, as
for a}** in EQ. (4.2), does not take into account the effect of the toaasfer. For
this purposegzl{/m2 is computed analogous t§**. In Fig. 4.8 these two different
limits, ay™ anday™?, are plotted as horizontal lines. As expectef; is never a
good measure of the limit lateral acceleration for this nuaee, since steady-state
cornering is never achieved.

The conclusions from this study is that

e ai™ is not a valid measure in this maneuver which never reaclesglgt
cornering.
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Figure 4.6: Open-loop steering input consisting of a 0.7Hz sine inpti &i500ms dwell
after 3/4 period. The steering amplitude is varied accartin47].

* The computation ot?**, as introduced in the previous section, requires
further development since there is a significant lateradl lvansfer. This
proposal is that each tire must be handled separately whaputing Fii™
instead of computingi™ using the combined normal load and longitudinal
force on the axle.

Finally, this study points the way to future work that neealbé¢ done in order to
create a more comprehensive understanding of the latepdimits.

4.4 Summary

In this chapter, the main purpose was to evaluate the themti®duced in Chap-
ter 3. One objective of this study was therefor to evaluagddteral grip estima-
tion accuracy, given the modeling simplifications which everade. For this pur-
pose, a more comprehensive vehicle model was used thatritm&account more
factors than the bicycle model, which influence were of esger Further, some
transient and dynamic maneuvers were performed. The paigfdbese simula-
tions was to find limitations in the lateral grip estimatiavisich are a result of the
QSS assumption. Even though only a limited number of opegatbnditions and
driveline configurations could be evaluated within the gcopthis work, several
areas for further development of the lateral results frorafér 3 were identified.
Additionally, further evaluations should include even moomprehensive vehicle
models, and eventually real-world measurements. A maiwclasion, however,
is that the developed theory in Chapter 3 takes into acc@umt,explains, most
of the important factors influencing the lateral grip and ensteer of the vehicle.



4.4, Summary 71

max q

o maxsg
Qy

ay [m/s’]

101
___________________________ 6H =45° i CLI;/laxl

8f - = =0y =90°
———————————— == by =180° | max

ay [m/s?]

Figure 4.7 Lateral acceleration versus time for a sine-with-dwell marer for four
different levels of constant drive force. Two different gicted lateral acceleration limits,
ay ™! anday™** are shown as horizontal lines.
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The left/right drive force distribution was also shown tampé a constantiyg
and increased lateral grip limit.






Chapter 5

Future Work and Conclusions

The objective of this study was to show the influence of theedforce distribu-
tion on the understeer and the lateral grip of passengecheshilt was expected
that, if the drive force could be re-distributed freely, tiredersteer could be kept
constant across an expanded range of operating conditaithat the maximum
attainable lateral acceleration would be increased velati a vehicle with fixed
drive force distribution. One objective was further to depea way to measure the
lateral grip margin. This measure was aimed to predict theusanof utilization
of the lateral grip in a given operating condition (corngmadius and longitudinal
acceleration). Moreover, closing the gap in the existingvkdedge regarding the
influence of drive force distribution on the lateral grip andlersteer was another
major objective. This has lead the development of new- amdrered methods
which can be used to analyze the effects of front/rear ariffiggft drive force
distribution on the understeer and the lateral grip of th@ale. Knowing these
effects naturally lead to conditions on the drive force risition for maximum
possible lateral grip.

Drivers are known to adapt the vehicle’s speed to a limit whbe control
response (handling) is familiar [71, 7], therefor the véhispeed would likely
increase, if the range where the vehicle handling chaiatter are constant is
expanded. Since a gradual change in understeer as thergiipsiapproached
changes the response and damping of the vehicle [40], it lsanb&a viewed as
a driver feedback or warning [37]. How to develop this drifezdback is left to
future work, but the lateral grip margin developed in thisgamt work is assumed
to be useful for this purpose.

As indicated, only the understeer and the lateral grip weréiad in this the-
sis. Moreover, other handling characteristics such asdamping and side-slip
control, are not mentioned in great detail in this report. a&drom changing
the lateral grip limits and understeer, drive force disttibn can also be used to

75
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change the response, damping and stability in transientgnamic maneuvers.
Future work should expand to also cover these aspects.

Summarizing the main contributions of this work, the driweck re-distribution
was shown to allow the vehicle to perform consistent withdieers expectation,
i.e. constant understeer, under a large range of operatimgjtcons. Furthermore,
it was shown that the vehicle’s performance in terms of thelwaed lateral- and
longitudinal grip, by proper drive force distribution o falur wheels, is improved
considerably under combined longitudinal acceleratiash@rnering when com-
pared to two-wheel drive vehicles.

Moreover, the dynamic square (which is a fairly unknown,uséful method)
was used to evaluate the influence of front/rear drive forsidution on the lat-
eral grip of the vehicle was described in detail. How to @ehitnamic squares
was namely not clearly described in the paper describirgrtteéthod [27], but
which is done in this work. The method was further developedte purpose of
showing the influence of front/rear drive force distribution the vehicle under-
steer.

Another area which is unsatisfactorily described in curliggrature is a method
to evaluate the capabilities of systems which are able & Hie drive force dis-
tribution between the left and right wheels. When contngjlihe drive-forces be-
tween the left and right wheels the lateral grip performaanoe understeer can be
optimized for any given operating condition. For the pugoevaluating these
effects, this work proposed to expand the well-known hargddiiagram [48].

As a summary, the main findings related to effect of the diaved distribution
in this work are that

* A lateral grip margin was developed which relating the éfiorce distribu-
tion to the lateral grip.

* Further, for the front/rear drive force distribution:

— A method on how the drive force distribution influences theral grip
margin when accelerating was developed from existing nusth®he
connection between so-called GG-diagrams and this metlasdago
developed as part of this work.

— Conditions for maximizing the lateral grip were given.

— Closed-form expressions for four specific driveline confagions were
derived from the developed lateral grip margin.

— The control authority of a selection of hardware realizagiof fron-
t/rear drive force distribution were shown.

 For the left/right drive force distribution:
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— It was shown how the understeer coefficient could be kepttaohsp
to the grip limit and which hardware realizations could awki this
aim.

— Increases the lateral grip to the average of the front arrchsde, rather
than the axle that has the least grip.

— When the vehicle is tuned to understeer in steady state tomslj
left/right drive force distribution is only required at thear axle.

— Can, in contrast to front/rear drive force distributionanlge the vehi-
cle characteristics regardless of the desired longitlidiczeleration.

In order to estimate the lateral grip margin the followingaqtities are required
to be known:

* The tire/road friction. The accuracy of this estimate iedily related to
the accuracy of the lateral grip of the total vehicle. MorBoimation is
available in [3], co-authored by this author.

* Normal force distribution, which can be estimated from skegtic load dis-
tribution combined with the load transfer due to longitadiand lateral
acceleration.

* The influence of the longitudinal force on the lateral clotgastics are as-
sumed be modeled by a friction circle concept, the influenagssto be
significant when they start to become a large part of the taphcity. For
example, 50% utilisation of the total capacity in the londihal direction
means less than 14% reduction in the lateral capacity.

This research has had the aim to contribute to an improvedratahding of
the interaction between drive force distribution and vishtharacteristics. In
fulfilling that objective, this work is another piece in thazzle of understand-
ing road vehicle dynamics, a quest which has been ongoirag $ire invention
of road vehicles. As a further result the improved design iatelligently con-
trol driveline systems. As a result the vehicles equippdti Wiese technologies
would become increasingly capable and predictable, tydrgther contributing
to improved vehicle safety — an over-embracing motivatanthis research.
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Appendix l \

Simulation Model

This chapter contains the details of the vehicle model usedimulations in this
work.

A.1 Equations of motion
The planar dynamics have three degrees of freedom; twdateansal (longitudi-

nal and lateral) and one rotational (yaw). The equationsation according the
Newtons second law become

mdy +oxi) => By, (A.1)

2 4 4
Lot =10 3" By~ 163" Py 0 S (1) Fy,
=1 =3 =1

which can easily be re-writing to state-space fatm= f(x,u), whereu = ¢

andx = [vx vy ¥]" for simulation implementations an where the front and rear
longitudinal forces expressed in the wheel coordinateesysf;;, — Yy, are when
projected onto the vehicle reference fraiie- Y for small) are

4 4 2
ZFXi :ZFXWi _5ZFYW7T
z:41 zzl 12:1
ZFYi :ZFYWi+5ZFXWi
=1 =1 =1
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The drag force Ffp can be divided into rolling resistance and aerodynamic
drag as

. 1
Fp = Crrmgsign vy + §PairAFOD|UX|Ux; ) (A.3)

For practical implementations, thé&n function can be replaced with thenh
function to avoid numerical issues.

A.2 Wheel Speeds

The wheel speeds of each wheel given in the vehicle referieace are:

Vx, = [ 1 00 ]Ri(vO’ + Q x 'I"Wi)

(8

whereryy; for each respective wheel £ 1,2, 3, 4) in the chassis frame is

Ux
Vy

0

Tw, = [ lF bF/2 0 }T
Tw, = [ ZF —bF/2 0 ]T
. (A.5)
Twy = [ —lF bR/2 0 }
Tw, = [ —lF —bR/2 0 }T
andR;, the rotation matrix for each wheel
cosod; sind; 0 1 9; 0
R, = | —sind; cosd; 0 |~ | —0; 1 0 | , (A.6)
0 0 1 0 1

if 9; is assumed to be small. The wheel patch contact speeds nambec

vx — b )2+ (vy + 1)d
oo | vx FOO/2+ (vy + 1))
Kw vy — b /2 ’
’UX—FbQ/.}/Z

(A.7)

when settingd; = 6, = ¢ andds = d, = 0 andby ~ b, = b. Interesting to note is
the speed difference left/rightyu’y/™ = by and front/rear\o’y™ = (vy + 1,4))6,
which is of importance when transferring torque using speedrol of the wheels.
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A.3 Slip Angles

Similar to the wheel speed computation above we have in theeimeference
frame

UVx 0
Vwi = Vo + Q x Tw: = Vy -+ O X Twi; (A8)
Vz ’QD

From Eq. (A.8) to the slip angles are derived according tHmidien given in
Eq. (2.2) as follows:

jox — 0b/2
fox + /2

6 — tan~ 1 (Uy‘l—wlf
§ —tan~! Uy+77Z)lf

R R
=1 e (o — 9/ (o — 0b/2)) (A9)
—tan~!((vy — 91,)/(Jux + ¥b/2]))
A.4 Static load transfer
Givenm, << my, m, ~ m.
(le—hCL)()/Ql (’}/ho‘l—h@FlR/l)ay/b
(l —hax)/2l+( ho—i‘h(pFl /l)ay/b
Fz=m | 100+ hay) /2 — (1 )+ honlefay b |+ A10
(ng+hax)/2l+(( )h0+h¢RlF/l)ay/b

wherev is the ratio between the front- and total roll stiffness. Seetion A.5
for more details.

The distance of the sprung mass to the roll akis,relates to the front- and
rear roll centersh,,,. andh,,,,, andh as

ho =h = (hop = hop)lp /L + hep) (A.11)

A.5 Roll Dynamics

The pure roll dynamics (not considering the coupling betwgaw and roll dy-
namics) can be expressed by the following dynamic equation:

_ . OMy . OM
(Ixx + mshi)d + %X o+ ang © = mgho(ay + gp) (A.12)

Rewriting as a state-space equation and taking he lateralezation,ja,| as
the input vector, the above equation becomes:
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oL /2 A4
-+ dZ”T | kzr
FZﬁI FZ,4I
|

A
S

dle] J1 0 - 0 1 o
dt | ¢ | | 0 Ixx+mgh? mgshog — % _% P
msho

0
+I_XX + mghg l 1 ] lov] 19

At steady-state the lateral acceleratiop,= vy and the roll angle

Y= g XY (A.14)

A.5.1 Roll Center Height

The front and rear suspensions are assumed to have a fixegmtdr heighth,.,
determined by the layout of each suspension. i height of the CoM above the

ground, the height above the roll axig is computed as from the front and rear
roll center heights as:

ho = h — ((Byw — hug)lg/1+ hoy) (A.15)
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A.5.2 Roll Stiffness and Damping

Considering a linear spring stiffnegsand damping coefficieni at the wheel
center the roll stiffness and damping respectively of eatd @éan be computed.
Usually each axle is also equipped with an anti-roll bar \Wwhiull stiffnessk,, is
added to the contribution from the springs. If a roll momemty is applied to
the vehicle body, the reaction moment from the front and seapension can be
expressed as:

b by .. b b, b, .. b,
Mx :2(ka Efgp +d.y f@)_f + koo + 2(k.r E‘P +d.r 590)5 + korp

=~ 22 =~ =~
AZ; 7, AZ, Z,
oo b2+ Ko b2 d. ;02 + d, b2
:(—ff2 +k¢f—|—kw)<p+—f 175 (A.16)
N D ~—_—
DMy /0 OMx /0¢

The roll moment also has a small effect on thexis of the vehicle due to the
inclination of the roll axis which is neglected here.






Appendix B

Evaluation of lateral grip margin
estimation

This chapter contains data obtained from a series of veiditdests described
in Chapter 4. The purpose of this was evaluate the variouselmgdeffects
which are not included in the theory developed in Chapter i8stla fully de-
tailed model was used; including the aero drag and rollisgstance; steer effects
(off-direction forces projected due to steering of the frwheel); and lateral load
transfer. The succeeding rows start with disabling alleéredtects, thereafter turn-
ing them on one at a time. The influence on the maximum latecalaration and
the longitudinal acceleration are collected in Table B.dl @able B.2. Conclu-
sions are given in Section 4.1.
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Asphalt (1o = 1)
FY/m | Drivline | a'f | ap™ | a2 | aP™
Full model

10 FWDb | 89| 79| 0,8 | 0,3
10/ RWD |91| 79| 08| 0,3
10/ AWD |90| 79| 0,8 | 0,3
30/ FWb | 70| 6,1 | 28| 0,2
30/ RWD (86| 74| 28| 19
3,01 AWD 82| 74| 28| 0,3
No lateral load transfer, steer effect or drag
10 FWD | 89| 88 | 1,0 | 1,0
10/ RWD |[9,1| 90| 10| 1,0
10/ AWD |[9,0| 90| 10| 1,0
30/ FWDb |70 6,9 | 3,0 | 3,0
30| RWD |86 84| 31| 3,0
30| AWD |82 81| 30| 3,0
Lateral load transfer considered
1,0 FWD 89| 79| 1,0 | 1,0
10/ RWD |91| 81| 10| 1,0
10 AWD |9,0| 80| 10| 1,0
30, FWwb | 70| 58| 3,0 | 3,0
30| RWD |86 73| 30| 24
30| AWD |82 7,2 | 3,0 3,0

Effect of steering angle considered
10| FWD |[89| 90| 1,0 | 0,5
10/ RWD |[9,1| 90| 10| 05
10 AWD |[9,0| 90| 1,0 | 05
30/ FWb (70| 74| 3,0 | 2,6
30| RWD |86 81| 30| 2,6
30| AWD | 82| 84 | 30| 2,6
Aero drag and rolling resistance considered
10| FWD | 89| 88 | 0,8 | 0,4
10/ RWD |[9,1| 90| 08| 05
10 AWD |90| 89| 08| 04
30/ FWDb | 70| 6,9 | 28| 0,2
30| RWD | 86| 80| 28| 2,8
3,01 AWD 82| 81| 28| 04

Table B.1: Verification of lateral grip margin estimation on a dry sed#u, = 1). Units
are [m/g], where applicable.



Snow (g = 0.4)
FY/m | Drivline | o | ap™ | a2™ | o™
Full model

0,5 FWD |[36| 36| 0,3 | 0,1
0,5 RwD |3,7| 36| 03] 0,1
0,5 AWD 36| 36| 0,3 | 0,1
1,0 FWD |32| 33| 08| 0,1
1,0 RwD |36| 34| 08| 0,6
1,0 AWD 35135 08| 0,1
No lateral load transfer, steer effect or dra
0,5 FWD | 36| 36| 05| 0,5
0,5 RwD |3,7| 37| 05| 0,5
0,5 AWD 36| 36| 05| 05
1,0 FWD |32]| 32| 10| 1,0
1,0 RWD 36| 3,7 11| 0,7
1,0 AWD 351 35| 10| 1,0

Lateral load transfer considered
0,5 FWD | 36| 36| 05| 0,5
0,5 RWD | 37| 37| 05| 0,5
0,5 AWD 36| 36| 05| 0,5
1,0 FWD |32 32| 10| 1,0
1,0 RWD 36| 3,7 11| 0,7
1,0 AWD 351 35| 10| 1,0
Effect of steering angle considered
0,5 FWD | 36| 36| 05| 0,3
0,5 RWD | 37| 3,7 | 05| 0,3
0,5 AWD 36| 3,7 05| 0,3
1,0 FWD |[32| 34| 10| 0,8
1,0 RWD | 36| 36| 1,0 | 0,7
1,0 AWD 35136 | 1,0 | 0,8

Aero drag and rolling resistance considere
0,5 FWD | 36| 36| 03| 0,1
0,5 RwWD | 37| 37| 03| 0,1
0,5 AWD | 36| 36| 03| 0,1
1,0 FWD | 32| 32| 08|01
1,0 RWD | 36| 36| 10| 0,7
1,0 AWD | 35| 35| 08| 0,1

d
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Table B.2: Verification of lateral grip margin estimation on a snowyfage (xop = 0.4).

Units are [m/3], where applicable.






Appendix C

Vehicle Data

This chapter contains the technical data of the vehicle Wwines used for the
various simulations and evaluations.

Figure C.1: Vehicle dimensions

Par. | Value | Unit Description
p 1.204 | [kg/m?3] | http://en.wikipedia.org/wiki/Density of air
g 9.81 | [m/s’] | Gravitational constant
1 1.0 [-] Friction coefficient
Table C.1: Environment
Par. | Value | Unit Description
v | 220 | [km/h] | Top speed (unconstrained)
to100 | 8.5 [s] Acceleration 0 to 100 km/h
teo—100 8.5 [s] Acceleration 60 to 100 km/h (4:th gear)
o120 12.5 | [S] Acceleration 80 to 120 km/h (5:th gear)

Table C.2: Vehicle Performance
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Par. Value Unit Description
m 1675 [kg] Curb weight (full tank, no driver
or pass.)
mp¥lead 450 [kg] Maximum payload (driver not
included)
540 0 50
I 0 2398 0 [kg m?] | Inertia matrix
50 0 2617
[ 2.675 [m] Wheel base
lp 0.4 [m] Distance along X-axis from Co(
to front axle
Ir 0.6 [m] Distance along X-axis from Co(
to rear axle
br 1.517 [m] Track width front
br 1.505 [m] Track width rear
h 0.50 [m] Distance along Z-axis from Co(G
to ground
Ap 2.17 [m?] Front area
Cp 0.30 [-] Air drag coefficient

Table C.3: Vehicle Body

Roll damping & stiffness

ky = kgb®/2+ k™ (C.1)
d, = dzb*/2 (C.2)
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Par. | Value Unit Description
My 185 [ka] Unsprung mass all four wheels
kz. |30.810° [N/m] | Front Susp. Ride Rate (w/o tire)/side
kz, 29.910° [N/m] | Rear Susp. Ride Rate (w/o tire)/side
dz, 4500 [Ns/m] | Suspension damping front, per side
dz, 3500 [Ns/m] | Susp. damping rear, per side
k3> | 16.22 [N/rad] | Front aux. roll stiffness (w/o springs)
kEy> | 7.837 [N/rad] | Rear aux. roll stiffness (w/o springs)
hp 4.4910° [m] Front roll center hight above ground
hp 0.101 [m] Rear roll center hight above ground
Table C.4: Suspension
Par. | Value Unit Description
F) 4000 [N] Force around which tire characteristics are |
earized
[ 6.010°° [N-!] | Friction versus normal load
o 21.3 [-/rad] | Normalized cornering stiffness
e 11.1:10° | [N7!] | Normalized cornering stiffness vs. load
Crr | 0.0164 [N/kg] | Rolling resistance constant
C2gr | 4.010°8 [Ns?/m | Rolling resistance velocity squared term
ka]
Ly 0.6 [m] Tire lag to lateral force buildup
Lx 0.3 [m] Tire lag to longitudinal force buildup
Tayn | 0.316 [m] Static rolling radius of tire
Ju 1.0 [kg Spin inertia for one wheel + brake rotor
m?]
Table C.5: Tire Data
Par. | Value Unit Description
is 15.9 [-] Ratio of steering gear
ks 115 [Nmm/rad] | Steering column stiffness
q 57.8 [mm] King-pin lateral offset @ center
r -0.58 [mm] King-pin lateral offset @ ground
o 0.23 [rad] King-pin inclination angle
T, 14.6 [mm] Castor trail @ ground
T 0.057 [rad] Castor inclination angle

Table C.6: Steering data & geometry

in-
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Gear Ratio [-]
1st 3.385
2nd 1.760
3rd 1.179
4th 0.894
5th 0.660
Reverse -3.166
Final 4.059
Power take-off unit (PTU) 2.782
Rear drive module (RDM) 2.769

Table C.7: Manual transmission, PTU and RDM ratios

0

1000 2000 3000

4000 5000 6000

Engine Speed [rpm]

Figure C.2: Engine map for wide-open (WOT) and closed throttle



Appendix

Gauss-Newton Solver

This solvet was used for solving of all the non-linear problems in thiskvo

% Purpose: Finds and returns an approximate solution X, with in a given
% error tolerance tol, of F(X(i-1)) - F(X(i)) < tol

% using Newtons metod starting from a given initial vector X0

% For over-determined systems, the solver gives the optimal

% solution in a least-square sense.

% Usage: [X,iter] = MyNewtonSysSolver(F, XO0)

% Example: [X,iter] = MyNewtonSysSolver(@(x) [sin(x(1)); X(2)-x(1)"2],[4;0])
function [X,iter] = MyNewtonSysSolver(F, XO0)

h = 1e-8; gamma = 1; tol = sqrt(h); % Use a absolute tolerance

X = X0; dX = tol + 1; iter=0; d = length(X); e = eye(d);

dY = zeros(length(feval(F,X)),d); % Intialize Jacobian

while  norm(dX) > tol && iter < 100
Y = feval(F,X);

for i =1d
dY(.,i) = (feval(F,X+h +e(:,)-Y)/h; % Jacobian
end
c = rcond(dY' =dY); % Check how nice this matrix is...
if (isnan(c) || c<eps), X=NaN *X0; return , end

dX = - (dY' =dY)\(dY' =*Y);
X = X + gammadX ;
iter = iter +1;

end
if iter == 100 % Terminate if the tolerance criteria has not been met
% after a set number of iterations.
disp( 'Warning: not converged! )
X = NaN XO0;
end

http://en.wikipedia.org/wiki/Gauss-Newton_algorithm
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