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Basics of
Vehicle Dynamics

Module H2

Tyre Behaviour

* Forces generated by tyre
* Tyre effects

* Tyre transient response
Handling tyre models
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BASICS OF VEHICLE DYNAMICS Tyre Behaviour

TYRES FUNCTIONS ARE:

“ Supplying forces for controlling and stabilizing the vehicle
% Transmitting torque to the ground (TRACTION)

% Filtering road roughness (COMFORT)

Slip angle % Lateral force
—_— |—
Slip ratio longitud. force
—_— TYRE R
Vertical load Aligning torque
o Y, —




Module H2
BASICS OF VEHICLE DYNAMICS Tyre Behaviour
ADHESION AND HYSTERESIS
af,
Vv
B=p
High Speed Low Speed
AI?I'HE;ION HYSTERESIS
(engagement)
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TYRE NOMENCLATURE

1 Manufacturer name and tread type
2 Section nominal width in mm
3

Ratio between sidewall height H and section width S, usually
not given if it equals 80

4 Type of structure ( R if radial, - conventional)

5 Shrinking diameter in inches

6 Related to load capacity

7 Tyre maximum speed code

8 Tubeless tyre. Tyres with tube have the writing TUBE TYPE
9 Reinforced internal structure for weight higher than usual
10 The arrow shows the preferential rolling direction

Winter tyres marking

A Manufacturer name and product name
B “Mud and Snow” indicates a tyre fit to that specific duty
C Letter S means pits
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TYRE REFERENCE SYSTEM

GEOMETRICAL VARIABLES and CONTACT FORCES
(SAE J670)
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Forces generated by tyre

Lateral Force
Longitudinal Force
Aligning Torque
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LATERAL FORCE

A lateral tire force originates at the “center” of the tire contact with
the road, lies in the horizontal road plane and is perpendicular to
the direction in which the wheel is headed

A vehicle turns because of the applied lateral tire forces

NNM—WWM

1- How the tyre interacts with the ground

- Constant vertical force
» Lateral force push the tyre

J

The tyre acts like a spring
Sidewalls bent elastically

— - - i Applied lateral force

Elastic tire / ground force

Side
View  prassure distribution View
in print for model tire
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BASICS OF VEHICLE DYNAMICS Introduction to Vehicle Dynamics

FORCES AND MOMENTS

The external forces acting on the vehicle can be summed into one
force vector having the following components

Lonaitudinal Force (Fx): is the force component in the x-direction

Lateral Force (Fy): is the force component in the y-direction

B sl ol o o o o o |

Normal Force (Fz): is the force component in the z-direction

The external moment acting on the vehicle can be summed into one
moment vector having the following components

Rolling Moment (Mx): is the moment component tending to rotate the
vehicle about the x-axis, positive clockwise when looking in the
positive direction of the x-axis

Pitching Moment (My): is the moment component tending to rotate
the vehicle about the y-axis, positive clockwise when looking in the
positive direction of the y-axis

Yawing Moment (Mz): is the moment component tending to rotate the
vehicle about the z-axis, positive clockwise when looking in the
positive direction of the z-axis
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2 - How the tyre interacts with the ground
* Tyre is rolled

J

o angle between velocity vector and the wheel plane
Each tread unit enters the print and moves aft to the print and also
sideways because of the lateral deflection in the print

“Slip Angle,” o I
Wheel path :
b
v l~— Wheel heading remains
¥ | | parallel to this initial
‘.\ ! direction,
Leadi &
ke |
| ?&m i?:ns rt:t'
= + ink spot relati
Print as tire rolls along.
length ink remains fixed in

relation 1o the ground.)

Initial m:n Uﬂw whael.

Slip angle increases with lateral force, in a progressive process.
When the print slides, the lateral force is determined by the
coefficient of friction,
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Deformation of

T tread rubber

Lateral
deformation

Vertical force
distribution

Lateral force
distribution

|
|
|
|
|
] —_—
' Lateral
Lateral velocity ; B | _ﬁ,_{{: sliding
______ . B
|

Distribution of forces and lateral velocity over the contact length.
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SLIP ANGLE DEFINITION

A)

i T e

e

il S
T ”/"‘%‘;ﬂﬁ

o

contact zone
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Lateral force (Ib.)
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LATERAL FORCE vs SLIP ANGLE

For a given load,
1800 [ :
1600 , i I
Elastic or I
Linear |I Transitional | Frictional

1400 |- | ;
I I

|
1200 |- 7 :
| I
1000 |- I :
|
I I
Em - I I
|
600 - Slip angle for |
peak lateral force |
|
400 !
|
|
200 |- Slope in Ib./deg. = Comering Stifiness :
|

ﬂ L 1 1 1 1 1 I 1 1
0 1 2 3 4 - -] 6 7 8
Slip angle (deg.)

Lateral force vs. slip angle.
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BASICS OF VEHICLE DYNAMICS Tyra Behaviour

ALIGNING TORQUE

Aligning Torgue (SAE J670): describe a tyre's tendency to steer about a
vertical axis through the “center” of the print.

Al low and medium slip angles the tyre tends to align its heading with its
path,

Pneumatic Trail: distance from the fore-aft center of the print to the
center of action of the lateral force due to uneven distribuition of these.
IT CHANGES WITH TYRE OPERATING CONDITIONS,

ALIGNING TORQUE = LATERAL FORCE TIMES PNEUMATIC TRAIL -

Mechanical Trail: steering pivot obtained by caster angle and kingpin
offset

STEERING TORQUE = ( PNEUMATIC_trail + MECH _trail)*FY

Low, linear range High, nonlinear range
slip angles siip angles

Wmnmh =]
(Zero kingpin oftset)

pam— e m— = -— —

T Machanical trail fived by
slnaring geomalny

Preumatic tradl is reduced -
nthljulit::‘wu

Total trall varies with
slip angle

Preumatic and mechanical rail
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BASICS OF VEHICLE DYNAMICS Tyre Behaviour BASICS OF VEHICLE DYNAMICS

ALIGNING TORQUE vs SLIP ANGLE ALIGNING TORQUE CARPET

" | CARPET DI MOM. AUT. || |
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Aligning torque vs. slip angle for several loads.
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LONGITUDINAL FORCE: TRACTION

o = Slip angle = 0

V = "Whee!" velocity

£2= Angular Vel. driven whael
A = Undeflected radius

My = Applied driving torque
Fy = Tractive force

1) Free rolling tyre
2) Tyre under driving torgua M,
3) Driving torque net effect

Distrbuuunnﬂwmanddldhnwmty.mrmmmmh
of a tire under the action of a driving torque My,

Tyre print characteristics - traction
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LONGITUDINAL FORCE: BRAKING

I
b

Free-rolling tire. S .
|

|
|
I
N:ia;MMr 1
nt L
p ngth : 6= 65 aigke = 0
V = "Wheel" velocity
dention® 1 D= Anguler Vel brakisd whoe
A = Undeflected Radius
Mg = Appliad braking torque
" Fa= Braking force
ek g
distribution

2) Tyre under braking torque M,

. 1) - Frow rolling tyra
| 8 | 8) Braking torque nat affect

Dﬁsﬂuﬁund!wmundsudh‘rg velocity over the contact lenigth
ol a tire under the action of & braking torque Mg,

Tire print characteristice—brakin g
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SLIP RATIO
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Lataral Forca, Fy. kg

-5 : =4 =3 -2 -1 B 1"2 1'.“- -n:ﬂ +A +1.0
‘ ———— Tractian Siip Ratic, 8q LT T, p— |
Note: Feeces in kg as par
onginal redenance. 5
400 kg load.

Lateral force vs. slip ration and slip angle
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LONGITUDINAL and LATERAL FORCES
INTERACTION
aoa |
Fy
fkg)
200 =
100 if | : E Vo
| | L X i
if F | - | . : . h
Y / | Slip (longitudinal) = 0.00 |
-n,nsla'. Jrll.'l.ﬂd s';'“'“z | E],I:IE] 004 0.0
,'J If i o | \
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-300 -200 -100 0 100 200 100
i —— — Fx [kg]
Braking Traction
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Tyre Effects
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CAMBER EFFECTS

Camber angle is defined as the angle between a tilted wheel plane

and the vertical,

Cambaris - -
Inclination angle ls. + =

Camber thrust: lateral force produced by a cambered rolli i
1 i rolling pneumat
tired wheel; it arises from lateral distortion in the print. . v

Diistortion i primn ofa tire at a camber angle.

For traditional bias tires comering sti i i i

g stiffness is generally five i
graatﬂr_than the camber stiffness. % i g
For radial tires the effect may be quite small since the lateral stiffness of

the belt and the flexi i
o Berh xibility of radial cord sidewall inhibit the print
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CAMBER EFFECTS
Cambered (-)
hypathetical s
no roll-off. -
?’ i
Cambered (=)
actual with
= roll-off.
w
g 0® Camber
E
n
3
Camber Thrust P
Wheal laan ? !
into furmn —— !
Wheel lean ; Slip angle,
out of tum —= r

Camber thrust and camber roll-off at constant load.
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CAMBER wvs.
LONGITUDINAL FORCE
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Lateral force (i)

LOAD EFFECTS
(Lateral Force)

1800

16040 (-

1400

g

.5

o 1 2 3 4 5 ] r
Slip angle (deg.)

Lateral force vs. slip angle for several loads,
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TYRES UNDERSTEER GRADIENT
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BASICS OF VEHICLE DYNAMICS Tyre Behaviour

TYRES NON LINEARITIES vs. VERTICAL LOAD :
Single axle
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Tyre transient response
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TYRES DYNAMIC BEHAVIOUR

SLIP ANGLE TRANSIENT CONDITIONS

NORMAL DRIVING

1. Variable slip angle around small initial values,

at roughly constant vertical load

— e e

== = )

Al

o L I B B A

wrea dl lrverg =]

LIMIT CONDITION

2. Variable slip angle around large initial values,

at roughly constant vertical load
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CARPET DI DERNA
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TYRES DYNAMIC BEHAVIOUR

VERTICAL LOAD TRANSIENT CONDITIONS

CENTER FEEL ON UNEVEN ROAD

1. Variable vertical load, roughly constant small, slip angle

=
wree &l lavom —
M ]

GRIP ON UNEVEN ROAD
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CARPET Oi DEANL

2. Variable vertical load, roughly constant large slip angle
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TYRE TRANSIENT EQUATION

. %
E = i res
" 8,(RE) (@ F)-F ]

Fy  =lateral force

Fyss = steady lateral force
v = speed

So = relaxation length
o = slip angle

Fz = vertical load
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Handling Tyre Models

BASICS OF VEHICLE DYNAMICS

Maodule H2
Tyre Bahaviour

MODEL GOAL :

MATHEMATICAL SIMULATION
of TYRE BEHAVIOUR in HANDLING

» Steady state conditions
» Transient conditions

» Different working conditions:
» High adhesion
+ Low adhesion
= Pressure
» Temperature
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MODEL KINDS

To get handiing characteristics vs. tyre physic
characteristics (dimensions, tread types, carcass
struclure, ecc.)

1) PHYSIC

b o B8 S

2) SEMI-PHYSIC To get handling characteristics vs. physic equivalent

paramaters (carcass and tread stifiness, adhesion
coeff., sec.)

i

A
%Tx ] x\\\\\\\\\\’xu-ﬁ((<

3) INTERPOLATION

To get handiing characteristics by mathematical
interpolation of characteristics obtained by tasting
or physical models

s
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PACEJKA MAGIC FORMULA

L

Fy

Tyre view during simultaneous action of lateral and longitudinal lpads,
showing force and speed vectors

Longitudinal Slip : k=SX
WVx
Slip angle: L.
X
I Fx
* Pacejka Fy
Fz Magic Formula My
7 Mz
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VEHICLE APPLIED FORCES

¥ = D-sin] Carctan(B8{x+Sh)-E{B{x+Sh)-arctan(B-{x- 5H))))| - Sv

dove per Y=F, e Xx=a
Dr-a‘J'-Ff-aE-F,

B-C-0 = a3-sin[2 -a.rclan[%}]-ﬁ a5y 1)
C~al ; E « g8-F,+a7

Sh = a8-y +a9-F,+ald

Sv = (a112-Fi+al11-F,)y+al2-F,-ai3

mentre per Y =M, & x = a
D = ¢1-Fi-c2-F,

BOD = (c3-F;~cd:F,)(1-c6 |y1)e" "

C=¢c0 ; E = (c7-F2+c8-F,+c8)-(1 -c10'|v])

Sh = ¢l +c12-F,+cid

Sv = (c14-F,+C15-F,) 4 +¢16-F,+ 17
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PACEJKA INTERPOLATION MODEL EXAMPLES
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