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Preface

This book is used for lecturing the basics of automotive engineering at RWTH
Aachen University. The automotive lectures in total are organized according to the
different degree of freedom in the vehicle movement. Thus this book is one out of the
series and it is covering vertical and lateral vehicle dynamics.

The vertical dynamics is determined by road roughness. Therefore the road
characteristics are determined first. A mathematical description for different road
qualities is given. The components of suspension systems are described in the next
chapter. Starting with the tire, different suspension systems and the performance of
shock absorbers are described. The mathematical equations for the suspension design
are mentioned in addition. A description of seat performance starts the discussion of
the human feeling for vibration. The co-operation of the suspension elements are
discussed in a mathematical way, when the so called single wheel suspension model is
described. Here above all the two-mass model can be used to determine the right data
for designing suspensions. The application is shown by some parametric studies. The
influences of tires, spring stiffness and shock absorber characteristic are becoming
obvious.

Single and two track suspension models and some remarks about the suspension
investigation methods are closing this part of vehicle dynamics discussion.

The other very essential degree of freedom covers the lateral vehicle dynamics.
Starting with the demands on vehicle behaviour and the control loop between car and
driver, the technical discussion starts with the tire again. The longitudinal performance
with brake and traction slip and the lateral performance with side slip is discussed in
detail. Afterwards the co-operation between longitudinal and lateral tire forces is made
clear. For the understanding of vehicle dynamics, the single track vehicle model is
essential. This is also the basis for the vehicle-control systems of today. The steering
behaviour of vehicles is defined and the evaluation of those characteristics is described.
The mathematical equations support the understanding. Then the four wheel vehicle
model with wheel load changes is discussed. Now the vertical dynamics and the lateral
dynamics are combined and it becomes obvious, that engineers have several
possibilities to influence the driving behaviour of the cars. Examples are used to make
these relationships clear.

The lateral dynamics of cars depend heavily on the steering systems, therefore a
special chapter deals with steering systems. The kinematical data and the steering lay
out of cars are explained. As the wheel behaviour is also essential for the vehicle
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dynamics, different suspension types and the specific performance is dealt with. The
evaluation of important kinematical data for the different axles is shown. So the
theoretical discussion with the four wheel model can be transferred to different axle.
As a summary, this book contains a lot of basic automotive knowledge and hints
for practical application. Thus the book is also beneficial for the engineers during their
practical work in the companies. With this knowledge in mind it will be possible to solve
a lot of other problems. This volume of the series is designed as a reference book for
the lecture “ Automotive Engineering || ” and it was compiled by a team at the institute.

‘Z/' /x/ﬂla rzn /2.

Univ. -Prof. Dr. -Ing. Henning Wallentowitz
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1 Vertical Dynamics ( Suspension)

1.1 Suspension—Demands and Possibilities of Implementation

The roads commonly used by motor vehicles are uneven. This unevenness
causes vertical movements of the vehicle and the passengers during the driving
process.

The vehicle is connected to the road by the tire. Small unevenness in
comparison to the tire contact patch size can be compensated by the tire elasticity,
whereas larger unevenness entails a vertical acceleration or deflection of the
wheels. In order not to transfer these accelerations into the vehicle structure, a length
compensating element [1.1-1] has to be placed between the wheel and the vehicle
structure.

Steel springs are the technologically most simple elements with variable length.
Due to this fact it is also the most common length compensating element, whose
force is a function of the length variation. It is usually used in the suspensions
of motor vehicles. Different parts connected with springs generate oscillating
systems. So there has to be added an energy absorbing element, the damper
[1.12].

The suspension’s job in the motor vehicle is to reduce these vertical movements.
The essential criteria specifying the quality of a suspension can be listed as
follows .

1) Suspension comfort for the passengers ( Effective acceleration affecting the
passengers).

2) Forces affecting the load ( Effective value of structure acceleration) [1.1-3].

3) Wheel load variation ( Effective value of the dynamic wheel load )., which
influences the grip between tires and road (driving safety) and the load appllcatlon
upon the road surface [1.1-4].

The further demands on the suspension in a motor vehicle are various and partially
contradicting (Fig.1.1-1)

Before dealing with the technical details of the spring and absorber elements, first
the road and the mathematical description of its unevenness are presented.
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[1.1-2] Steel springs are the technologically most simple elements with variable
length. Due to this fact it is also the most common length compensating element,
whose force is a function of the length variation. It is usually used in the suspensions of
motor vehicles. Different parts connected with springs generate oscillating systems. So
there has to be added an energy absorbing element, the damper.

F T4 Al B R O A B K B T 1) T AR IR T, AR AR TR R SR, BT
LRE VR e % FH B 2 ) A2 T TR E BB R G . & B304 2 18] 8 o 39055 %
e, WM AERGHE . ik, T4 DI B8R 25 3 Fh Bl 5 W CTT 1 K 34T AR

(UEBE ST B T A A 380 580 R OO i 28 0 200 ) 68 D, 7 000 9 % 7 05 26 O\ 1) 30
TG PR o SRR T o T % T8 /R S 70 4 Sf 50 b o 9 B, 7 b b0 AR P 72
B P 3 75 B by DB AR 25 ke #h )

[1.1-3] 2) Forces affecting the load ( Effective value of structure acceleration)

2) MR, RETEEMNEZHEN,

[1.1-4] 3) Wheel load variation ( Effective value of the dynamic wheel load) ,
which influences the grip between tires and road ( driving safety) and the load
application upon the road surface.
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1 Vertical Dynamics ( Suspension)

1.2 The Road as the Source of Excitation

The unevenness of the road represents the most intensive source of excitation for
the vibratory system of the motor vehicle in the frequency range up to approximately
30Hz. The road’ s unevenness causes vertical movements of the vehicle structure,
and as a consequence, the road is affected by tire load variation itself [1.2-1].

Generally road unevenness appears as an excitation with different amplitudes and
wavelengths at irregular periods of time. This is called a stochastic excitation of the
vehicle. In order to be able to examine the effect of the road unevenness on the
vibratory motor vehicle system (see Chapter 1.4), this unevenness first has to be
described mathematically [1.2-2].

Considering the most simple case of a harmonic ( sinusoidal) radiation, where the
road unevenness excites an amplitude ‘h’ at equal distances L, you will get a
characteristic unevenness as a result (Fig.1.2-1).

time «
travel.x

height of unevenness #

KFZ_li_1-2_eng. ppt

Fig.1.2-1 Sinusoidal pattern of unevenness

The unevenness height can be described as follows.

h(x) =hsin(2 x +&) (1.2-1)

including: 2 =2T“ [1.2-3] as track-dependent circular frequency and ¢ as phase shift.

When driving on this roadway with constant velocity » this distance-dependent
unevenness can be changed into a time-dependent relation .
h(t) =hsin(wt +&) (1.2-2)
with @ as time-dependent circular frequency.

The equality of A(x) and h(:) entails wz =2 x , and with the relationship x =t the
time-dependent circular frequency follows .

w:v.()=2'n'% (1.2-3) [1.2-4]

3
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The next step in the description of the road unevenness is the transition to a
non-sinusoidal, but still periodic, unevenness (Fig.1.2-2) [1.2-5].

travel x

height of unevenness

period length x | P

Fig.1.2-2 Periodic pattern of unevenness

This unevenness can be represented as Fourier series as follows [1.2-6] .

h(x) = hy + Y hsin(k Qx +g,) (1.2-4)
k=1
or.
h(t) = hy + Y hysin(kot + &,) (1.2-5)
k=1

with: h,—amplitude;
e,—phase shift;
2= 2_11, w=v ()
X

x—period length.

When the individual amplitudes l;k
of the Fourier series are plotted versus
the frequency, a discrete amplitude
spectrum ( line spectrum ), belonging
to the periodic unevenness, results
(Fig.1.2-3).

For the description of real roads
there has to be made another step,
because they do not show a periodic

A

amplitude of unevenness #,

3 40
type of unevenness , but a variating circular course frequency ©
(stochastic) type of unevenness [1.2-7].
The representation of the Fourier series in Fig.1.2-3 Line spectrum of a

a complex equation, results as following: periodic pattern of unevenness

4



1 Vertical Dynamics ( Suspension)

®

h(x) = 2 ékejkﬂx

|

h(t) = Y he™ (1.2-7)
T
with ; & = th(x)e-i’*”*dx (1.2-8) [1.2-8]
- %

)

On the assumption that the regarded period length is very large, the distance
between the frequencies in the amplitude spectrum Aw becomes very small as a
consequence [1.2-9].

In the boundary condition x—« implies that A(2—0 and the Fourier transformation

changes into a Fourier integral as.

M) = Lf h(02)e?*d 0 (1.2-9)
21T_m =
with the continuous amplitude spectrum
h(Q) = fh(x)e”‘"“dx (1.2-10)
1 1 7 jwt
h(t) = 2—[ h(w)e*dw (1.2-11)
—| h
hw) = fh(t)e‘j"”dt -Licow (1.2-12)
h ~h

1.2.1 Spectral density of the road unevenness

For theoretical investigations of the vehicle oscillations caused by road
unevenness, the knowledge of the unevenness as a function of time or the distance
travelled is usually not very important. It is much more interesting to find out which
kinds of excitation appear statistically during the process of travel on a roadway with a
characteristic unevenness [1.2-10]. That means which kinds of amplitudes and which
kinds of frequencies are excited by road unevenness at certain fixed distances.

The resulting square average value is defined as follows :

(1) = inxz(t)dz (1.2-13)

The characteristic line of unevenness results as follows .

2

)

N : h(Q)
Fia) = %fhz(x)dx T

x—>® X
0

do (1.2-14)
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or.

g 1 (. e
R2(%) = 7!h (t)dt = 0 lim

2

h(w)

dow (1.2-15)

>

The limit values occurring here indicate that these simple expressions give a result
only for very large time intervals T or distances X. The expressions

1

D,(N2):

and

¢h(w)i

2

]é(n)
JI(LT X (1.2-16)
N 2
i)
lim (1.2-17)
T T

are called circular path frequency or periodical spectral power density ( power density

spectrum) .

With X = +T ( see above) similarly the following connection results for the

unevenness spectra:
¢h ( w )

If one measures the power density
spectra @, (2) of different roads and
applies this on a double-logarithmic
scale, then similar characteristic curves
result for all types of roads (Fig.1.2-4).
this presentation the power
density spectra can be approximated by
straight lines, which then can be
described by the following equation

In

®,(0) = @h(no)(gﬁ)_w (1.2-19)

0

Here @, ((),) represents the power
spectral density dependent on (), (reference
circular path frequency), which is usually
selected as 2, =102 cm ™' = Im™'. This
corresponds to a reference wavelength of
Ly =2w/) =6.28m. &, (L) is also called
the degree of unevenness of the road.

w defines the gradient of the straight

1
= —@,(0) (1.2-18)
v
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Fig.1.2-4 Power spectral density of unevenness
dependent on circular course frequency



