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Preface

At the CISM course “Vehicle Dynamics of Modern Passenger Cars”, a team of six
international distinguished scientists presented advances regarding theoretical
investigations of the passenger car dynamics and their consequences with respect to
applications.

Today, the development of a new car and essential components and improve-
ments are based strongly on the possibility to apply simulation programmes for the
evaluation of the dynamics of the vehicle. This accelerates and shortens the
development process. Therefore, it is necessary not only to develop mechanical
models of the car and its components, but also to validate mathematical-mechanical
descriptions of many special and challenging components such as e.g. the tire. To
improve handling behaviour and driving safety, control schemes are integrated,
leading to such properties as avoiding wheel locking or torque vectoring and more.
Future developments of control systems are directed towards automatic driving to
relieve and ultimately replace most of the mundane driving activities.

As a consequence, this book and its six sections—based on the lectures of the
mentioned CISM course—aim to provide the essential features necessary to
understand and apply the mathematic—mechanical descriptions and tools for the
simulation of vehicle dynamics and its control. An introduction to passenger car
modelling of different complexities provides basics for the dynamical behaviour
and presents the vehicle models later used for the application of control strategies.
The presented modelling of the tire behaviour, also for transient changes of the
contact patch properties, provides the needed mathematical description. The
introduction to different control strategies for cars and their extensions to complex
applications using, e.g., state and parameter observers is a main part of the course.
Finally, the formulation of proper multibody code for the simulation leads to the
integration of individual parts. Examples of simulations and corresponding vali-
dations will show the benefit of such a theoretical approach for the investigation
of the dynamics of passenger cars.

As a start, the first Chapter “Basics of Vehicle Dynamics, Vehicle Models”
comprises an introduction to vehicle modelling and models of increasing com-
plexity. By using simple linear models, the characteristics of the plane vehicle
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motion (including rear wheel steering), driving and braking and the vertical motion
are introduced. Models that are more complex show the influence of internal vehicle
structures and effects of system nonlinearities and tire—road contact. Near Reality
Vehicle Models, an assembly of detailed submodels, may integrate simple models
for control tasks.

Chapter “Tire Characteristics and Modeling” first presents steady-state tire for-
ces and moments, corresponding input quantities and results obtained from tire
testing and possibilities to formulate tire models. As an example, the basic physical
brush tire model is presented. The empirical tire model known as Magic Formula, a
worldwide used tire model, provides a complex 3D force transfer formulation for
the tire—road contact. In order to account for the tire dynamics, relaxation effects are
discussed and two applications illustrate the necessity to include them.

Chapter “Optimal Vehicle Suspensions: A System-Level Study of Potential
Benefits and Limitations” starts with fundamental ride and handling aspects of
active and semi-active suspensions presented in a systematic way, starting with
simple vehicle models as basic building blocks. Optimal, mostly linear-quadratic
(H2) principles are used to gradually explore key system characteristics, where each
additional model DOF brings new insight into potential benefits and limitations.
This chapter concludes with practical implications and examples including some
that go beyond the traditional ride and handling benefits.

Chapter “Active Control of Vehicle Handling Dynamics™ starts with the prin-
ciples of vehicle dynamics control: necessary basics of control, kinematics and
dynamics of road vehicles starting with simple models, straight-line stability. The
effects of body roll and important suspension-related mechanics (including the
Milliken Moment Method) are presented. Control methods describing steering
control (driver models), antilock braking and electronic stability control, all
essential information for an improvement for the vehicle handling, are provided.

In Chapter “Advanced Chassis Control and Automated Driving”, it is stated first
that recently various preventive safety systems have been developed and applied in
modern passenger cars, such as electronic stability system (ESS) or autonomous
emergency braking (AEB). This chapter describes the theoretical design of active
rear steering (ARS), active front steering (AFS) and direct yaw moment control
(DYC) systems for enhancing vehicle handling dynamics and stability. In addition
to recently deployed preventive safety systems, adaptive cruise control (ACC) and
lane-keeping control systems have been investigated and developed among uni-
versities and companies as key technologies for automated driving systems.
Consequently, fundamental theories, principles and applications are presented.

Chapter “Multibody Systems and Simulation Techniques” starts with a general
introduction to multibody systems (MBS). It presents the elements of MBS and
discusses different modelling aspects. Then, several methods to generate the
equations of motion are presented. Solvers for ordinary differential equation
(ODE) as well as differential algebraic equation (DAE) are discussed. Finally,
techniques for “online” and “offline” simulations required for vehicle development
including real-time applications are presented. Selected examples show the con-
nection between simulation and test results.
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The application of vehicle and tire modelling, the application of control strate-
gies and the simulation of the complex combined system open the door to inves-
tigate a large variety of configurations and to select the desired one for the next
passenger car generation. Only conclusive vehicle tests are necessary to validate
and verify the simulation quality—an advantage that is utilized for modern car
developments.

To summarize these aspects and methods, this book intends to demonstrate how
to investigate the dynamics of modern passenger cars and the impact and conse-
quences of theory and simulation for the future advances and improvements of
vehicle mobility and comfort. The chapters of this book are generally structured in
such a way that they first present a fundamental introduction for the later investi-
gated complex systems. In this way, this book provides a helpful support for
interested starters as well as scientists in academia and engineers and researchers in
car companies, including both OEM and system/component suppliers.

I would like to thank all my colleagues for their great efforts and dedication to
share their knowledge, and their engagement in the CISM lectures and the con-
tributions to this book.

Vienna, Austria Peter Lugner
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Basics of Vehicle Dynamics, Vehicle )
Models s

Peter Lugner and Johannes Edelmann

Abstract For the understanding and knowledge of the dynamic behaviour of
passenger cars it is essential to use simple mechanical models as a first step. With
such kind of models overall characteristic properties of the vehicle motion can be
investigated. For cornering, a planar two-wheel model helps to explain understeer—
oversteer, stability and steering response, and influences of an additional rear wheel
steering. Another planar model is introduced for investigating straight ahead accel-
eration and braking. To study ride comfort, a third planar model is introduced. Con-
sequently, in these basic models, lateral, vertical and longitudinal dynamics are sep-
arated. To gain insight into e.g. tyre—road contact or coupled car body heave, pitch
and roll motion, a 3D-model needs to be introduced, taking into account nonlineari-
ties. Especially the nonlinear approximation of the tyre forces allows an evaluation of
the four tyre—road contact conditions separately—shown by a simulation of a brak-
ing during cornering manoeuvre. A near reality vehicle model (NRVM) comprises
a detailed 3D description of the vehicle and its parts, e.g. the tyres and suspensions
for analysing ride properties on an arbitrary road surface. The vehicle model itself is
a composition of its components, described by detailed sub-models. For the simula-
tion of the vehicle motion, a multi-body-system (MBS)-software is necessary. The
shown fundamental structure of the equations of motion allows to connect system
parts by kinematic restrictions as well, using closed loop formulations. A NRVM also
offers the possibility for approving a theoretical layout of control systems, generally
by using one of the simple vehicle models as observer and/or part of the system.
An example demonstrates the possibility of additional steering and/or yaw moment
control by differential braking.

Keywords Vehicle dynamics * Vehicle handling + Basic models
Non-linear models

P. Lugner (=7) - J. Edelmann
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1 Introduction

Important features of modern passenger cars with respect to vehicle dynamics are
easy handling for normal driving, appropriate ride comfort, and support of the driver
by control systems e.g. for lane keeping or in critical situations.

In addition to investigate the fundamental dynamic behaviour of the vehicle, the-
oretical methods support the engineer in an early stage of vehicle development in
order to define basic vehicle layout properties, where no experiments are available,
and also for understanding detailed dynamic properties of (sub) systems. Thereby the
use of models of different complexity comprises the understanding of basic proper-
ties as well as the interaction with (human) control systems, by applying simulations
with multi-body-system (MBS) programs, see Lugner (2007), Rill (2012). With the
obtained results, the overall characteristics of the car can be interpreted and recom-
mendations for details of components can be given, as well as the potential for future
developments and improvements demonstrated.

Which kind of mathematical-dynamical vehicle model is needed/will be used
is obviously a matter of the demanded degree of detail with respect to the investi-
gated ride/handling quality. For the understanding and characterization of the basic
behaviour with respect to the longitudinal and lateral dynamics and vertical motion,
different linearized models may be used, see e.g. Mitschke and Wallentowitz (2014),
Plochl et al. (2015).

More complex models, including proper nonlinear descriptions of the tyre
behaviour, are necessary to describe the spacial carbody motion and tyre—road con-
tact to consider higher accelerations.

For the layout of vehicle components and their kinematic and dynamic interaction,
detailed MBS-models including full nonlinearities are used to establish a near reality
vehicle model (NRVM). Such a model also provides the possibility to investigate the
behaviour of control systems in a theoretical environment—a necessity for the tuning
of structures and parameters for a later realisation.

2 Simple (linear) Vehicle Models

By using basic (planar) linear models with a low number of degrees of freedom
(DoF), the equation of motions may decouple with regard to lateral, longitudinal and
vertical vehicle motion. Thus, cornering, longitudinal dynamics and vertical dynam-
ics can be investigated independently.
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2.1 Cornering, x-y-plane Motion

This well known simplified model of the vehicle is based on merging both wheels
of an axle to a substitutive wheel (axle characteristics) in the centre of this axle, see
Fig. 1. Furthermore, it is assumed that the whole model—called two-wheel model
(or bicycle model)—may move in the x-y-plane only. Since the model is planar, the
CG will also move in this plane only, e.g. Plochl et al. (2015), Plochl et al. (2014),
Abe (2009), Popp and Schiehlen (2010). For the nomenclature and explanation of
state variables see also DIN ISO 8855 (2013).

The relevant DoF for this model are the longitudinal and lateral motion and the
rotation about a vertical axis, represented by the velocities v, and v, (or v and side
slip angle of the vehicle ), and yaw rate ys = r, see Fig. 1.

With front and rear steering angles 6, and 6, as inputs to the vehicle, the kinematic
description of the motion of the car provides the side slip angles of front and rear
substitutive wheels with

oy + ey
Ap =0p = ————
U)(
v, — lRW
ag =g — —r (0
vX
Fig. 1 Planar vehicle model 6F X
fixed direction
KZ
I
77777 I
Ur A ,I

K
trajectory of CG

I
N
=2)1- |
G

%
ZR
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A linear model as basic description of the lateral tyre/axle forces

F,' = Ca

yi = Gy i=RF (2)

is applied, where the cornering stiffness C; comprises properties of the tyres and the
suspension stiffnesses.

With the aerodynamic forces W;, Wy and the aerodynamic moment M, the equa-
tions of motion are

x:  m@—a,p)= (Fy—Fybp) + (Fg — Fypdg) — W, (3)
yi  mla,+Bv) = (Fpbp+ Fyp) + (Fpdp + F ) + Wy )
z: I = (Fopbp + Fyp) lp = (Fogbg + Fig) g + My 5)

The lateral acceleration can be expressed by using the radius p of the curvature of
the path of the CG

a, = — (6)

Considering the steering angles 6, 65 and the longitudinal tyre/axle forces F,p, F,
(provided by the drive train and brake system) as input quantities, Egs. (1)—(5), will
describe the motion of the car by v(r), y (), p(?).

With the restriction of the linear description of the lateral tyre forces, neglecting
the influence of the longitudinal force transfer and assuming small accelerations v or
steady state conditions, Egs. (4) and (5) are sufficient to describe the in-plane-motion
of the vehicle.

For basic investigations of the cornering behaviour a constant longitudinal veloc-
ity is considered, leading to

vy =konst ; v=(f+y)p 7
a,=a, = v(f + ) ()

Moreover, for constant velocity v the longitudinal tyre forces will be small. Thus
the expressions F;0; in (4) and (5) can be neglected. and the linear matrix equation

of the linear two-wheel model is derived by

¥=Fx+Gé €))
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GG _UrCrliCy) G G
_ my, my, x _ m m
F= _ UpCp—IgCp) _I,Z:CF"'I,Z;;CR ., G= rCr _ 1gCg
Iy, Iy, 1, I,

Another way to describe the system is to transfer (9) into a second-order-system,

Kortiim and Lugner (1994)

Cp . Cpllpmv: — Crlgh

i+ 2K, f+ K,p= —6
4 1+ Kb my, © I,mv?
&5 B CR(—lRmvi — Cplpl)
myv, X I,myv2
IoCp .  CpCgl
i+ 2K i+ Kyr = L6+ £ X5,
I, I,mv,

ZRCRS CrCyl
- RS, -
1, I,my,

OR

with

b 2I,my,

lZCFCR + (CRlR - CFIF)mVJZC

0
Imv?

AV

2

Here it becomes immediately obvious that the expression

(Cglg — Cplpymv?

_Qwﬂwp+mq@+q@>o

F

og

(10a)

(10b)

1)

12)

13)

is responsible for the sign of K, and the possibility for larger velocities v, that K, < 0.
This is indicating an unstable steady-state motion of the system. To increase the range
of stable behaviour, it will help to put CG closer to the front [ < I, and/or ‘softer’
substitutive tyres at the front C, < Cy, (e.g. applying a stiffer torsion bar at the front

axle).

2.2 Steady State Cornering Without Rear Wheel Steering

(612 =0)

In general the common passenger car layout does not have additional rear wheel
steering, but this feature may be used for control purposes in the near future. An
essential information regarding the vehicle behaviour with respect to the influence
of the cornering radius and the velocity is provided by the steady state condition,
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where the cornering radius is equal to the curvature radius p = R and

Vv = const. (14)
w=r=v/R (15)
a, =v*/R (16)

The steady state values for the steering angle and the side slip angle of the car
derive directly from (10a) and (10b) with (14) and with 6, = 0:

Crlg — Cplp
Op g =0p,+ ————ma, 17
F st F CRCFI .8t
lp
by =P0,— =—ma (18)

Cel

Using the condition v — 0 the corresponding values of side slip angle and steering
angle (also denoted Ackermann angle ¢,,) are, see Fig. 2:

I l l I
ﬂo = E’ 511 = 5F0 = E = an,st’ ﬂo = 75170 (19)

X

To characterize the steering behaviour, an understeer gradient is used:

m(Cplp = Cplp) o
=——FF—F=20 20
us CrCpl = 0

Consequently (17) can be modified, and with the sign of K¢ the increase/decrease
of the necessary steering angle with increasing values of velocity or acceleration can
be explained.

5[-1 st

o Opu = Opy + Kysa

st (21
Asindicated in (21) also the hand wheel steering angle 6 ,, together with the steering
system ratio i  is introduced. Thus, (21) and K¢ may be used to characterise the

steering behaviour of the vehicle:

K¢ > understeer behaviour
K¢ = neutral steering

K¢ < oversteer behaviour

For a graphical presentation of a typical behaviour two kinds of figures are common.
With the data given in Table 1 for an oversteer vehicle A and an understeer vehicle B
the Fig. 3 shows the change of steering angle 6 for constant velocity as function of
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Fig.2 Driving condition
forv — 0

7
U
v=>0
CcG l
lg
'}

Table 1 Vehicle data for the linear 2-wheel models used for the demonstration examples: two

different steering characteristics

Vehicle A B

m 1900 kg

I 2900 kgm?

Iy 1.44 m

Ir 1.36 m

Cr 90 000 N rad™! 60 000 N rad™!
Cr 80 000N rad™! 110 000N rad™!
Kys —1.95-10- s2xm- +6.50-10-3 s2m-t
Steering characteristics oversteer understeer

lateral acceleration a,, (for variation of R) and constant radius R as function of lateral

acceleration a, (for variation of v), Lugner (2007).

For the oversteer vehicle A with increasing a, the necessary steering angle 6
decreases. Consequently an increasing sensitivity of the driver is necessary for
proper steering. The understeer vehicle B needs increasing steering angles 6, with
increasing a,, a property that for the driver fits to the expected behaviour. Though
the steering behaviour is quite different for vehicles A and B, the side slip angle g
characteristics do not show greater differences with increasing a,. For both vehicles
the § < 0 indicates an inward turned attitude during cornering.
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(a) (b)
o
5 rad
: = or 26p0
[rad] 7y
0.03 %
0.07=6r0¢ \LKUS =0
A Kys <0
0.02 U8
S
0 1 2 3 4 50ym/s?
0.01 A Kys <0
© g
[rad]
0.034=0,

0 1 2 3 4 5 0y[m/sY 0

—fo

Fig. 3 Steady state steering characteristics, data corresponding to Table 1: a for v = constant =
80 km/h; b for R = constant = 40 m; ¢ side slip angles to (b)

2.3 Steady State Cornering with Rear Wheel Steering 6, # 0

The effects of additional rear wheel steering, representing an additional system input,
make it possible to change/improve the steering behaviour or the side slip angle of
the car.

For cornering with very low speed (v — 0), Fig. 4 provides

l
== 0y, @2)
lR lF lR
ﬁRo = 76170 + 76R0 = E + 6Ro (23)

according to the relation of these two steering inputs. So 65, may be chosen in such
a way that fp, = 0 for left/right cornering.

For velocities or accelerations larger than zero the equation corresponding to (17)
becomes
Crlr = Crlr

CoCil ma, 24)

Op . — Opg = Oy — 5R,,

It is obvious that for constant 65, — dg, and no further change of the rear wheel
steering angle (e.g. oz, = 0), the characterisation for under-, neutral- and oversteer
behaviour is the same as before. On the other hand, if (6z ;, — g, ) is used as a variable
input—e.g. by a control system—one may achieve an arbitrary steering behaviour.
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Fig. 4 Additional rear
wheel steering: steady state
cornering withv — 0

Assuming that there is no change of the initial rear wheel steering angle 6, and
Ops = 0, the side slip angle of the vehicle will become

I
ﬂR,st = ﬂRo + (SR,sr - 5R0) - CFl may,st (25)
R

Compared to (19), this relation indicates a shift in f§, only.
In contrast to (10a) it can be shown that, with a proper control, the side slip angle
p of the car can be hold at §, = 0—as considered to be desirable in literature.

l Crlpmv? l Crlpgmv?
ﬂst=0=5F<_R_L>+5R<_F+L> (26)
I~ 2C.Cy 1 T BC,c,

Especially in tight curves with v, — 0 this control aim may help the driver regarding
the orientation of the vehicle motion and the direction of his/her view. If it is wanted
to have both a given steering (wheel) characteristic for the driver and the side slip
angle f = 0, an additional front wheel steering Ady or a variable steering ratio i
need to be used.

2.4 Stability

Under certain conditions the motion of the car—represented by the linear dif-
ferential equations (9) or (10)—can become unstable. Even small disturbances at
steady state driving conditions will result in uncontrolled motions, e.g.
Mitschke and Wallentowitz (2014), Rill (2012).
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The eigenvalues of the equations of motion characterize the stability behaviour.
As well known, the eigenvalues 4, , can be derived from the homogenous part of the
differential equations (9) or (10) by

det(F — AE) =0 (27
(where E represents the unity matrix) or
P +2KA+K, =0 (28)

From (28) the eigenvalues follow immediately with

Mo =-K £\/K>-K, (29)

In general, stability is given as long as the real parts of the eigenvalues are smaller
than zero. The system will show an unstable behaviour if K, < 0. To determine the
sign of K, Eq. (12) leads to

PCpCyq + (Cylg — Cplpymv,2 Z 0
(Crlg = Crlp) 55
R w2z

I+
ICoCr %

0 (30)

So it is immediately obvious that the expression (see (13))
(Crlg — CFlF)mv,% GD

is responsible for the sign of K, and the possibility for larger velocities v, that K, < 0
indicates the instability of the system.
Using (20) Eq. (30) can be expressed by

5F0 + KUSay,st

2 0; (32)
which is identical with the right hand side of (21). So the sign of the understeer
gradient Ky is also informative regarding the stability. An oversteer vehicle can
become unstable for higher velocities/accelerations.

Since only the homogenous equations are employed for the determination of the
stability, the criterion (32) for a car with additional rear wheel steering needs to be
modified due to (24) to

8o — Oro + Kysay g Z 0 (33)

y.st

Since 8z, Z 0 the lateral acceleration a, , for the stability limit can be changed com-

y,St
pared to pure front wheel steering.
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Fig. 5 Steering step input
limits defined by ESV
(Experimental Safety
Vehicle): with two examples T
of a passenger car (step input T'st
8y = 500° /s, final steady
state lateral acceleration
a, ., =0.4g)

Test speed
40 km/h < v, < 110 km/h

v, = 110 km/h

0.8 F vy =40 km/h

0.4

0 1 2 3 S

Time since steering input

2.5 Step Steering Input

In critical situations it may happen that the driver will introduce a step like steering
input. Then the response of the vehicle can be characterized e.g. by the yaw velocity
r which will reach the steady state value r, after the transient phase following the
input. Figure 5 shows accepted limits for r(z).

The corresponding steady state straight ahead driving yaw velocity gain (see

(10b)) is defined by
r Vy
= 34
r,st 5H/l€ /Sl ( )

I+ K2
where the denominator is already introduced with (30).
For an understeer vehicle K¢ > 0 the gain G, ,, will have a maximum at a char-
acteristic speed v, that can be obtained by

G

r,st

9G,,,  1-Kyg?,
o, (+Kypt)?
), _ 1
V= ——, Kyg>0 (35)
" KUS v

In contrast, the oversteer vehicle K¢ < 0 will have an unlimited yaw response

for the critical speed v,
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G'r' st .
58 |
[Q} :’Ur:wir,.A =136 km/h
rad !
1
1
A, Kys <0 1
1
20 \
1
1
1
1
L~ Kys =0

1
1
10 | !
1
1
1
V Uen = T4 kmjh

1 B, Kys >0
! [
! 1

i L ; | : -
0 40 80 120 160 Vg [km/h]

Fig. 6 Behaviour of oversteer, neutral and understeer vehicle with respect to the static yaw velocity
gain; vehicle data for A, B according Table 1

G, >
l
2
=l k. <0 36
Vo = "g o Kus (36)

Figure 6 shows for the already introduced vehicles A and B (see Table 1) the yaw
velocity gains. The understeer vehicle B shows a nearly equal response for 40 km/h
and more—a driver friendly behaviour. The increasing response of vehicle A will be
a challenge for the driver even for velocities smaller than the critical one.

The corresponding acceleration response is shown in Fig. 7. With the steady state
acceleration

Ay =TV,
the lateral acceleration response
S /,=G % (37)
Sy /is" T T T I Kygv 2

has the same structure as the yaw response. The understeer vehicle B has a limitation
for the a, , while even a neutral steering vehicle tends to have nonlinear increasing

values of G, ;.
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Gay,st
2
(2]

rad

400

A, Kys <0 Verit,A = 136 km/h

300

200 | Kys = e
rad

Gayost.B vy —oo = 153

100 f B, Kys >0

i i

0 40 80 120 160 T, [km/h)

Fig.7 Steady state lateral acceleration gain for oversteer K¢ < 0, neutral steer K¢ = 0 and under-
steer vehicle K¢ > 0; vehicle data for A, B according to Table 1

2.6 Frequency Response

To provide an information for an alternating steering the vehicle reaction to harmonic
inputs of different frequencies can be considered. It is assumed that the driver starts
the harmonic input at straight ahead driving; no rear wheel steering is taken into
account.

The yaw velocity frequency response for frequency v results again from Eq. (10):

, r 1+ T, (iv)
G ) = (N =Gry— (38)
F I+ =(@Gv)- =
, w;
with
_ mVXlF
2T Gyl
CrCrl2  Kyg?
=K, = +-X 1+ R
¢ I;mv2 l
Dw, = K,

The response for the lateral acceleration can be calculated using also (10) and

a, =v,(r+ 7))
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Magnitude

v N\ BB

-90°

Phase

CA108 K/

B,180:km/h

_1800 B B B B B B B
0.1 0.2 04 06081 Hz 2 3 5 5~

Fig. 8 Normalized acceleration frequency response of the oversteer vehicle A and the understeer
vehicle B (Table 1). No response of vehicle A for v > v,,;, = 136 km/h

a,(V)  r(iv) + ivBGiv)
) 5Gv)

1+ T,Giv) — T,V?

2D . 1%
1+ w_o(l\/) - E

0

(39)

ay,st

LN a, _
Gy = () =G
F

with | /
==, 1=
Vv, Cyl

and D, w, corresponding to (38).

With Fig. 8 it can be noticed that for the lateral acceleration gain in the region
of normal steering till about 1 Hz the oversteer vehicle shows a strongly frequency
dependent response with large phase angles compared to the driver friendly behaviour
of vehicle B. The low steering response behaviour about 1-2 Hz is a generally
accepted feature.

Examples for measured frequency responses are shown in Fig. 9 for an understeer
vehicle.
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Fig. 9 Measurements of yaw velocity and lateral acceleration responses of an understeer vehicle
(Kys = 0.0062 s’m™!, v, = 76 km/h) similar to vehicle A for different driving velocities, Lugner
(2007)

2.7 Longitudinal Dynamics, x-z-plane

To investigate the influences of braking or accelerating a plane vehicle model like
Fig. 10 is introduced, Plochl et al. (2015), Lugner (2007). Thereby no heave and pitch
motions are taken into account.

If the individual rotations of the wheels are included further extensions with
respect to the configuration of the drive train (four-wheel drive, electric hub drive,

Fig. 10 Plane vehicle

model for longitudinal z
dynamics; symmetry to b
central x-z-plane \
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Fig. 11 Model of a wheel z

Mp—-Mp —Mp

etc.) and at least the sticking and slipping of a wheel can be considered. Correspond-
ingly Fig. 11 shows the essential features of the wheel motion. It is assumed that in
the wheel hub—also the CG of the wheel—the forces X, Z are transferred to the axle.
The normal force F, has an offset, the pneumatic trail &, which represents the rolling
resistance. My, My, M., are driving torque, braking torque and friction moment by
the wheel bearing.

For the kinematics, the simplification that the tyre radius r is equal to the rolling
radius is assumed.

The equations of motion for the vehicle Fig. 10 now can be established:

ma, = 2F . + 2F , — W, — Gsin 9 (40)
0=2F; +2F 4+ W, — Gcos 9 (A1)
2Uptvp + 2givg = 2F 1l — &) — 2F il + Ep) = 2(Fop + F)h + My (42)

With the aerodynamic components W, , W, M, the moments of inertia I, I of
the wheels with respect to their axes and the whole vehicle mass m. The angular
acceleration of e.g. the rear wheel can be calculated by

Igtrg = Mpr — Mpg — Mpg — F glg — Fogig (43)

with the drive torque M, the braking moment My, and possible small friction
effects with Mg =~ 0.

To determine the effects of the drive train configuration by Egs. (40)-(43), the
longitudinal acceleration a, initiated by the drive/brake forces has to be considered.
Assuming pure rolling of the wheels and

FRWp = Fp@p = 1w =V,
ro =a, 44)
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Fig. 12 Structure of a drive ; Mpr dutch M ; Mpr
train with axle and central _ £
differentials * YR pou —| l— engine * wr
| [ |
central
RD wrr | differential WKE FD g

| |
*WR *WF

the longitudinal acceleration of the vehicle becomes

20, 2 My, M
e+ —F+ —Pa, = =2 = —= =W, (45)

with the substitutes

MF
Wges:T+WR+WL+WG

Sp/r=_Er/T =g
Wi = fxQF g + 2F 1) = fr(G cos 9 — W)
W = mgsind
My = 2(Mgg + Mpp) = 0
Mp = 2Mpg + 2Mpp
My = 2Mpp + 2M .

A drive train configuration with symmetric structure, angular velocity ey of the
engine and wgg, Wk for the front and rear drive shafts is established with Fig. 12.

With the transmission ratio N, of the gear box and the ratio N, of the axle differ-
entials and the torque splitting of the central differential with v, vj, the kinematics
become

0 = 0gNG,,
WG = VpWgp + VpWgp

wgg = Npwg, wgp = Npop (46)

and the torques for the different kind of drives
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2Mpp = Mpvp,  2Mpg = Mpvg

with vp +vp =1

forrear wheeldrive : vy =1
for front wheel drive : vy =1
for4WD with equal distribution : vy = v =0.5 (47)

The torque transfer from the engine torque My (@) to the wheels, using (44), can
be written by
Mp = QMpp +2Mpg) =

ON? N e+ Ipg + IDF)N2

nMg(wg)N — 1 3 2 cn |Gy

(48)
with
N = Ng,Np

n coefficient of efficiency
©; substitutive moment of inertia for the engine
I moment of inertia for parts of gears and central differential
Ipp, Ing moments of inertia: parts of differentials and shafts.

Consequently (45) can be transformed to

nMpogN My

(m+m.)a, = .

W (49)

ges

with the reduced mass for the rotational parts:

1
m, = = |ON 4 U+ Igp + Lp)Ngy + Qg +211)

¥

To determine the normal forces F,; and further on the friction limits for the force
transfer of the tyres, again Eqgs. (41) and (42) are used. With the simplification of
pure rolling (44) and equal values &, = & = &, these equations can be written in the
form

2F p+2F p =Gcosd — W,

21, 2, ,
_21FF1F+2lRFz = T+T ax+(max+WL+Gsm19)h

+ My + EGcosd — WZ)] (50)

Linearization and neglecting small terms and aerodynamic components leads to
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M,=0, W,=0
E(Gceos ) <« (ma, + W, + Gsind)h
QI +2I)/r < mh

F l
% = TRCOSS—a*% (51
F [
L icosl‘)+a*ﬁ
G l l
. a, . WL
with a" = = +sind+ — (52)
8 mg

g =100-tand in%

If the inclination angle 9 is small (road grade ¢ less than about 10%), then the sin-
function can be linearized too.

With the determination of the normal forces, the rolling resistance Wy, see (45),
can be calculated. Corresponding to Fig. 11 without M}, My, M and no grade 9 = 0,
the longitudinal force due to tyre flexibility and energy dissipation can be written
with

F, = —%Fz = —fpF, (53)

Some examples for typical values of the rolling resistance coefficient f are shown
in Fig. 13, see e.g. Plochl et al. (2014). As expected the energy dissipation increases
at higher speeds, but in the limits by traffic regulations it is nearly constant.

0.04
T T ;
speed index S, H, V; winter tyre SW
0.03

fr 0.02 - 7 47 /f
SW | /

0.01

0 20 40 60 80 100 120 140 160 180 200 km/h 240
v

Fig. 13 Rolling resistance coefficient f; for different types of passenger car tyres
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L2

YT W, /2

Fig. 14 Aerodynamic forces W,, W, and moment M, by running speed v, and ambient wind vy,;
plane motion

The consequences of the aerodynamics for a vehicle running with v and ambi-
ent wind vy, are shown in Fig. 14, Mitschke and Wallentowitz (2014), Kortiim and
Lugner (1994).

With the cross section area A and aerodynamic coefficients c;, the forces are pre-
sented by

v, 0
W, =Wy =c/(1)A- >
v,%0
Wy = cy(r)A '3 (54)
vrzo

M, = cy(0)A - 5
The coefficients are determined by experiments in a wind tunnel or/and also by soft-
ware packages calculating the aerodynamic flow.

To take into account the angle of attack z, the coefficients are considered to be
functions of 7. Defining the coefficient for calm air with c¢,, = ¢, (r = 0) as an exam-
ple, Fig. 15 shows the normalized value c,(7)/c,,, Kortiim and Lugner (1994). The
values of the coefficient vary depending on the shape of the car body and will be
about c,, ~ 0.3 for passenger cars. The position for point D can be estimated with
I, = 0.3[ for passenger cars and /;, = 0.17! for more squared like shapes.

To provide driving performance information with respect to available engine
torque M, transferred to the wheels or corresponding longitudinal forces, the engine
characteristics and drive train structure have to be known.

Figure 16 shows the typical maximal driving torque Mg, ,,,..(n¢) and power P, (np)
of a gasoline engine as function of the engine speed n; = 60(wy/27) for steady state
conditions, Lugner (2007).
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Fig. 15 Normalized drag 1.6
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Considering the influence of the throttle position A, and the engine drag My, ,(nz)
an approximation for the available engine torque can be formulated. For low veloci-
ties/engine speeds, due to the fuel injection, at Ay = 0 the drag Mg ;(ng) > 0. In the
range of operation, M ; is approximated by a linear function of ng.

Mp=WMpgp —Mg)f(Ap) + Mg, 0<f(i7) <1 (55)

So with the knowledge of f(4r) and the characteristics for My, and Mg, the
whole performance volume of the engine can be presented. Furthermore the trans-
mission ratio N can be introduced. With the effective driving force Ky and W,,,—
see (49)—the vehicle driving performance becomes

mia, =Kp(v,N) — Wges(v, N) (56)
_m+mp
T oom
nMy(ng)NpNg, Mg,...(ng)
K, = M, Ky = nuNDNGn (57)

r r



