Goventry &g

The Pneumatic Tyre — Understanding its Role and
Modelling its Performance in Virtual Computer
Based Design

Mike Blundell
Professor of Vehicle Dynamics and Impact
Centre for Mobility and Transport
Coventry University, UK

Presentation to the IMechE Central Canada Branch
Toronto, 15t June 2016




Contents Coventry §x/

university =¢=

 The Role of the Tyre

« History

« CAE Environment

* Tyre Force and Moment Generation

« Tyre Models for Handling and Durability
- Magic Formula Tyre Model
- Harty Tyre Model
- FTire (Flexible Ring Model)

« Aircraft Tyre Modelling

 New Developments



The Role of the Tyre
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Issues that effect tyre performance include: Ur]wersr[y

— Grip - handling safety on different surfaces

— Fuel Economy (20% of fuel lost due to tyre rolling
resistance)

— Noise (most of what you hear is from tyres)

— Durability and off-road performance

— Emissions (wear and rubber particles)

-----

https://dc602r66yb2n9.cloudfront.net/pub/web/

images/article thumbnails/article-tire-
construction.png

Tyres are complex and subject to:

— Extensive research and development in mechanical design
and material chemistry

— Involves Extensive Testing and Computer Modelling

— Manufacturing is complex

— Future Contribution as an Intelligent Tyre
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History of Tyres
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;hﬁ flt[s\'tlvplrll_eum_?rtllc tyre, 1845 by John Boyd Dunlop
OLEN VIR " reinvented the pneumatic

http://www.blackcircles.com/general/history .
tyre in1887 In 1895 th tic t first
http://www.lookandlearn.com/blog/2065 n € pneuma IC tyre was 1irs
4/john-dunlop-was-the-vet-who- used on automobiles, by Andre and
invented-the-pneumatic-tyre/ Edouard Michelin

T — " http://www.blackcircles.com/general/history

http://polymerprojecttopics.blogspot.com/2010/08/radial-
tyre-vs-bias-tyre.html

Radial ply tyre

Michelin first introduced steel-belted G TS 5 T SR T S

radial tires in Europe in 1948 Michelin first announced Pirelli introduced the
http://polymerprojecttopics.blogspot.com/2010/08/r the TWEEL in 2005 CYBERTYRE in 2005’
adial-tyre-vs-bias-tyre.ntm| http://auto.howstuffworks.com/twe https://www.youtube.com/watch?v

el-airless-tire.htm =3ATEhOhIERK
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What is Vehicle Dynamics?
Tyre Forces and Moments

Tyre Testing

- Flat-bed test machines

- Drum machines

- Test Trailers

- Vehicle Based
 Tyre States

- Load

- Slip Ratio 3

- Slip Angle L. ¥

- Camber Angle v
+ Contact Patch

- Pressure

- Friction (Hysteresis, Adhesion, Wear)

- Axis System
 Forces and Moments

- Simple Physical Models (Equivalent Volume)

- Braking and Traction

- Lateral Force and Aligning Moment

- Rolling Resistance and Overturning Moments

Flat-bed tyre test machine (image
courtesy of Calspan Corporation)

Complex Friction/Stress Behaviour
in the Tyre Contact Patch




The Role of the Tyre in
Vehicle Dynamics

Vehicle Dynamics is a complex
science . It includes:

v
GRuemy S¢

« The Vehicle
e The Road or Terrain

 The Driver

« The tyre is the only contact between the
vehicle and the road

Analyse This!



Vehicle Dynamics Simulation
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® 1990 Rolls Royce Silver Spirit ADAMS Full
Vehicle Model

® Very Large Model - 160 DOF

¢ Alllinkages and nonlinear bushes modelled

¢ Sub-frames and body torsional stiffness included
® Roll bars modelled as Finite Element type beams
® Compliance in the steering column included

¢ Driveline, speed and steering controllers

®  Full Interpolation Tyre Model

® Simulations — Suspension Kinematics, Durability,
Steady State Cornering, Step Steer, Double Lane
Change

®*  Three months of consulting in 1990 same as an Apollo DN 3500 Workstation (1990)
undergraduate student project in 2016

Rolls Royce Silver Spirit (Silver Spur)



CAE Environment

% 1987 Supea tus gine
A e Toyota image at toyoland comm

Vehicle Dynamics — Multibody Systems (MBS), ride,

) ) handling, suspensions (ADAMS, SIMPACK, ...) Powertrain — engines, transmissions,
Computer Aided Design (CAD) - Tyre Models — analytical, empirical, physical (Magic hybrids, electric vehicles, battery
componells, systems, SEAIEURLRIE Formula, Ftire, ...) systems, tribology, emissions (Ricardo

visualisation (CATIA, SolidWorks, ...) WAVE )

Computational Fluid Dynamics (CFD)
— aerodynamics, flow, sprays, cooling,
dirt deposition (STAR CCM,
PHOENICS, OpenFOAM, ...)

Electronics and Control — electrical
loads, systems simulation,
automation (Matlab, Modellica, ...)

Finite Element Analysis — linear, non-linear, Pedestrians — legislative impactor tests,
stress analysis, light-weighting, crash analysis, Occupants — Human Body Models, crash real world scenarios, active systems (LS-
optimisation (NASTRAN, ABAQUS, protection, seated comfort (LS-DYNA, DYNA, MADYMO, ...)

HYPERWORKS, LS-DYNA, ...) RADIOSS, THUMS, ...)



CAE Environment ,
i ventry ¢
Tyre Modelling Challenges Sﬁlveerswgﬁg

A tyre model is needed for advanced
vehicle dynamics simulation:

- Ride
» Handling
* Durability/Off - Road



Components of Tyre Friction Force

The tyre frictional force has four components:

Hysteresis

Adhesion [ T N A A o S I

Viscous
Abrasion A “ —

(00 1 e

‘I\I\I ..' AUl

Friction Force = |:Hysteresis + I:Adhesion + |:Viscous + |:Abrasion
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3
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<

(Torbrugge, 2015)
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Tyre Forces and Moments Shown Acting Coventry {/
In the SAE Tyre Axis System university =g=
Y
Kk Overturning  Tractive Force

AXis
Moment (F,)
N M) /

® WC {Xsae}l
//
P Rolling Resistance
ﬁ\Moment (My)
Self Aligning
Moment > {Ysae}N
(M,) N—_
"{Zsae}

Normal Force |1

(F,)

Lateral Force
(F)




Generation of Slip in a Free Rolling Tyre y
ventry \«z
Sﬁweer %% :

-~ 4¥ Compression

R —

Rear B D I? 4_2 A Front  {X .}
Tangential velocity of e T WR
tread relative to O | __ V" =0 R,
Vi=w RJ
Direction of sliprelative| __,_ |, | |
to the road surface




Generation of Rolling Resistance in a Free ¢ &)
. oventry 8.
Rolling Tyre Unlversw O




Generation of Force in a Braked Tyre

Goventy &g

V=wR,
N . Tread Def.
Compression X BSREEIEN Tension
ﬂéx [~ FB {Xsae}]_
z
A
Pressure { H
Distribution
Braked
'-0”9“90““3' From Clark, Samuel (1971), Mechanics of Pneumatic Tires,
Slip National Bureau of Standards Monograph 202, United

States Department of Commerce, Washington



Braking Force versus Slip Ratio Coventry &/
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V—mR
SR = 5
V
Braking : : .
Force Braking Force versus Slip Ratio
Fx (N) _
Slip Angle =0

Camber Angle =0
| Fz=-8kN

T Fz=-6kN

| Fz=-4kN

' Fz=-2kN

Longitudinal Stiffness

(p} C,=tan¢

0.0 Slip Ratio 1.0




Braking Force versus Slip Ratio Coventry §/

(continued) university =¢=
SR - V—0R,
V
ABS =7 -10Hz
Switch On Switch Off The system has to be tuned
|
A ©
Braking I l
Force (Fx (N)) I |
I |
I |
I |
I |
I |
Elastic Region | Tyre Saturation I
. ——
| | I
SR=0.0 SR=0.25 SR=1.0
Free Rolling Limit=0.3G Fully Locked

0.0% 25.0% 100.0 %



Forces and Moments due to Slip and

()
Camber Angle (Quenty & ‘
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Slip Angle

Camber Angle

D

Moment
due to slip
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Generation of Lateral Force and Aligning Covent%%

Moment due to Slip Angle universi

/\:A/Pressure P Free Rolling

| Side View | .~ Limit Lateral Stress up

,— Slipping Starts
I <

Lateral Stress ~_

N

——

——
Front Tyre Contact 1

iRear
Pa;ch i

M,=F X4 F,i  Slipping Starts

Top View m y : - -
Lateral Stress —_ 1A '\ a
Direction of - :
Wheel Heading al i )
/ : Side Force on Tyre
I X
: . L Aot
Direction of ! Ppneumatic Trail From Clark, Samuel (1971), Mechanics of Pneumatic Tires,
Wheel Travel | National Bureau of Standards Monograph 202, United

States Department of Commerce, Washington



Plotting Lateral Force versus Slip Angle Sﬁ}{%pstw %\5/

Lateral Lateral Force versus Slip Angle
Force

Fy (N)
Camber Angle =0

Fz =-8 kN
Fz =-6 kN
Fz = -4 kN
Fz =-2 kN

Cornering Stiffness
0) C.,=tan¢@

-Slip Angle a (degrees)

19



Tyre Testing

Lateral force with slip/camber angle
Aligning moment with slip/camber angle
Longitudinal force with slip ratio

Used to parameterise tyre models

Courtesy of Dunlop TYRES Ltd.

Gaventry &

LATERAL FORCE FY N
7000.00

SIZE 195/65R15 (0STGOG4/B)
TYRE DUNLOP 0OB8.
IP=2.0 BAH.

SPEED (KPH} =+00020

LOAD KG
SLIP ANGLE DEG

-7000 .00



Commonly Available Rigs Flat-Trac
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« A sandpaper belt is mounted around For:
two drums, with a flat section in the

. . » Repeatability due to controlled
centre supported by an air bearing.

environment

* Independent control of belt and wheel « Flat surface between the drums.
speed.
* Wheel can be loaded, steered, etc. Against:

« Sandpaper is not fully
representative of any real road
surface.

« Cannot typically be used for cleat
testing.




Commonly Available Rigs - Drum ventrv A/
y J Sﬁweersw % 2

* Rigid drum covered with either sandpaper

« oron some ‘internal drum’ rigs a Tarmac /
Asphalt / Ice surface.

For:
* Realistic road surface (on some rigs).

A cleat can be attached for ride and
durability models.

Against:
« Curved contact patch.

* Drum size can be increased making
the contact patch flatter; however, this
iIncreases weight and inertia meaning
more torque is required to drive the

Source: Google Stock Images tyre into slip, additionally this makes it

harder to accurately control slip

thereby inducing ‘grip slip’ problems.




Commonly Available Rigs — Lorry/Trailer §
GRVEIYY S

Lorry (Truck) with tyre testing rig mounted below the floor of the trailer.

Source: www.tass-safe.com

For:
Ability to test on any surface the lorry can drive over.

Against:

Moving datum point.

Exposed to weather influences. B |
Can not drive the tyre (braking and free rolling only). ¥ ) s{me
Tyre physical size and max load limitations.

Courtesy of G. Mavros Loughborough University



Alternative Rigs — Vehicle Based Covent )
. W
with Wheel Force Transducers Unwers@ %&g@

* On-venhicle tyre characterisation.
« Sensors built into wheel hub.

For:
* More realistic testing conditions.
* More cost effective than traditional rig testing.

« Can test on any surface the vehicle can drive
on.

Against:
« Poor signal to noise ratio.

* No constant sweeps, cannot maintain constant
load/camber, etc.

« Same repeatability issues as lorry testing.
(weather, surface changes)




Alternative Rigs - Camber Ridge A\
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« Potentially the first: “repeatable tyre testing on a flat road surface”.

« Tyre test rig on carriage mounted to rails which runs in-doors over a tarmac
road surface.

For:

* Best of everything

* Repeatability of a flat-trac or drum.

* Real road surfaces as with lorry testing.
« Can support cleat testing.

Against:

« Still in design phase, yet to be proven.
« EXxpensive to use? Camber Ridge — www.camberridge.com




Tyre Modellin W
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y
Simulation of Vehicle Handling TTe—
Interpolation models (Lookup Tables) / S
Simple Equation based representations (Harty) arctan Ys
Complex Mathematical Fits to Test Data (Magic (BCD) X
Formula) =t X
Pure and Combined Slip Models S,

Prediction of Vehicle Ride Quality
Simple Physical Models (Stiffness/Damping)
More Advanced Physical Models (FTire)

Determination of Component Loading
Simple Physical Models (Equivalent Volume)
More Advanced Physical Models (FTire)

Full Non-Linear Finite Element Models

Image Courtesy of US Army Cold
Region Research Laboratory



Vehicle/Tyre Model Interaction Coventry
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VEHICLE MODEL
Wheel centre - Position, Orientation and Velocities

\J

Mathematical Solution at Integration Time Steps

\
TYRE MODEL

F, - longitudinal tractive or braking force
F, - lateral cornering force

F, - vertical normal force

M, - aligning moment

M, - overturning moment

M, - rolling resistance moment




Tool Kits
Tyre Model/Data Assessment

FIALA
MODEL

MAGIC FORMULA

INTERPOLATION
MODELS MODEL

HARTY
MODEL

f

! f

Y

Check plots in ADAMS tyre rig model

______

S
/////
s

- /4

_____

Y
Vehicle
Model

LPTM
AIRCRAFT TYRE
MODEL

Aircraft

CU-Tyre Toolkit

Lateral Force (N)

100000
BOOD.0
6000.0
4000.0

Covent
A

Universi

Q

PACEIKA (Monte Carlo Version) TYRE MODEL - TYRE A 195/65 R15
Vartical Load Incraments. - 200kg #00kg B00kg 900kg

2000.0
.0

I
T

-2000.

~4000.0

N
=y

000.0
-8000.0
-10000.0

-1

L0

8.0 -4.0 ©0

8.0 -20 20

Slip Angle (deg)

8.0

80



Toolkits - Tyre Model/Data Assessment

Covent
Universi

™ B F_89_FY [Compatibility Mode] - Microsoft Excel

Home  Insert  Pagelayout  Formulas  Data  Review | View

I = N € ] = | = split Y3 View Sid
Rule Formula Bar ! 0 g E
J “:IJ — . N £l el _E' . Hide 3 0
Mormal| Page Page Break | Custom Full Gridlines Headings Zoom 100% Zoomto | MNew Arrange Freeze |
Layout  Preview Views Screen Selection | Window Al Panes~ ] Unhide

Workbook Views Show Zoom vehicle dynamics solutions

a3_ - Fe | 3936

A \i‘ E D E F G H I J K L M
1 __ Coefficients Original Coefficients
280 | 18 18 Pacejka 89 - Lateral Force Equations
3 [a1 -93.66 -93.66 C=al
4 a2 2500 2155 D=(a1*FZ+a2)'FZ*ROADMU
EEW! 3936 BCD=a3"SIN[ATAN(F Z/a4)*2 D0)*{1.0-a5"ABS(GAMMAD))

1375 B=BCD/(C*D
Blst ] i3S e Shead2+al0+aE CAMMAD
2 Sv=a11*FZ*GAMMAD+a12*FZ+a13

8 a6 | 005891 005891 X1={ALPHAD+Sh)
9 (a7 0.3909 0.3909 E={a6FZ+aT) /,':.:v‘r/‘
10 a8 -1.53E-06 -1.53E-06 FMAGIC=D*SIN(C*ATAN(B*X 1-E*(B*X1-ATAN(B*X 1))} v e 1
11 a9 -0.03105 -0.03105 FRCLAT=FMAGIC+Sv
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13 [a11 0 0
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The “Magic Formula” Tyre Model Coventry §:/
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The basis of this established model is that tyre force and moment curves look like sine functions which
have been modified by introducing an arctangent function to “stretch” the slip values on the x-axis.

o /\ F,
R /\\\
/ \

Slip Angle oo ™~—_
\\/ Slip Ratio «

I

e

z Fy

(1) Bakker E., Nyborg L. & Pacejka, H.B., Tyre modelling for use in vehicle dynamics studies, SAE
paper 870421.

(2) Bakker E., Pacejka H.B. & Linder L., A new tyre model with application in vehicle dynamics
studies"”, SAE paper 800087, 4th Auto Technologies Conference, Monte Carlo, 1989.



The “Magic Formula” Tyre Model

The general form of the model (version 3) is:

y(x) =D sin[ Carctan{ Bx - E ( Bx -

§ )
Sﬁ?{reepstlw %/

arctan ( Bx))}]

where
YX)=y(x) +S, Y = Fx, Fy, or Mz
X=X+S, X=ao0rk
Sy, = horizontal shift
S, = vertical shift
v
D—\\\
D
arctan (BCD) Ys
SV
X
/ X
Sh




Harty Tyre Model Covent% %’fg
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Empirical Representation of Tyre Properties
Simplified Implementation compared with Pacejka

— Faster solutions (incl real time - Playstation 2)
— Robustness for prolonged wheelspin, low grip

More Complete Implementation than Fiala
— Comprehensive slip
— Load Dependency

— Camber Thrust
— Post Limit

References

Blundell M. V. and Harty, D. Intermediate tyre model for vehicle handling simulation. Proc. IMechE, Part K: Journal of
Multi-Body Dynamics, 221(K1),41-62, 2006. DOI: 10.1243/14644193JMBD51

Blundell M. V. and Harty, D. “The Multibody Systems Approach to Vehicle Dynamics” Elsevier Science, ISBN 0 7506
51121, 2004 (Also published by the SAE in North America).



Tyre Model Comparisons

Magic Formula 89 Tyre Model (195/65/R15)

Tyre Load (185, 370, 491, 615, 800 kg) # Camber Angle =0 deg
g000.0

Coventry

N2
Un|ver5| 0

T

BO00.0 7

4000.0

00— - -

0.0

Lateral Force (M)

-2000.0 7

-4000.0 4

-6000.0 4

-5000.0

— — TestData
— Magic Formula

T T T T T T T
-0 80 -7 50 50 -40 30 =20

-1.0 oo 1.0
Slip Angle (deg)
Harty Tyre Modsl {195/65/R15)

Tyre Load (185, 370, 421, 615, 800 kg) / Camber Angle =0 deg
g000.0

BO00.0

4000.0

20000

0o

Lateral Force (M)

-2000.0 7

-4000.0 7

-6000.0

-5000.0

— — TestData
Harty Maodel

-1.0 oo 1.0 20 30
Slip Angle (deg)

T T T T T T T
-850 -5.0 -70 -0 50 -4.0 -300 20

Blundell M. V. and Harty, D

. Intermediate tyre model for vehicle handling simulation. Proc. IMechE, Part

K: Journal of Multi-Body Dynamics, 221(K1),41-62, 2006. DOI: 10.1243/14644193JMBD51



Component Load Prediction

Gavensy

FINITE ELEMENT MODEL

ADAMS MODEL

R A=

Tyre Modelling ~—
Radial Spring Models
Equivalent Plane Method
Equivalent Volume Method
. . F
Flexible Ring Method - Latoral

Coupled Explicit FE and MBS Methods Longitudinal ., loads

Vertical
loads

loads



Durability Tyre Model CQuent% %
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Originally developed in Finland for logging
vehicles

Captured tyre interaction with sawn tree trunks
on rough terrain

3d Model - Discritisation into cross-sectional
elements

Tyre centre line
: Tyre centre line
i

Tyre cross-sectional elements

References

Vesimaki, M. 3D Contact Algorithm for Tire-Road Interaction. Proceedings of the 12" European ADAMS
Users’ Conference, Marburg, Germany, November 1997.



The FTire Model Covent
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A Tyre Model for Ride & Durability Simulations

A Flexible ring tyre model
Tyre phenomena based on a mechanical model
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FTire on Belgian Pave



Coventry &«
The FTIRE Model OVEmTY Q2

Tyre structure described with distributed mass,
connected to rim by distributed stiffness & damping elements

/\\ bbeqdlng stiffness
C oth ane
\Q bend.  and ouPof plane
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The FTIRE Model OO
N
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Road contact is modelled by 5 .. 10 mass-less tread blocks per belt segment
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3D Road/Terrain Model

Open Source software developed
by Daimler AG VIRES GmbH
3D Road Data Curved regular

Grid (CRG) Representation
Data Files can be generated from

laser scans along a road

Belgian Block XYZ map

Regular Grid Road Data Files (RGR Files)

Open CRG Visualisation



FTire Animations

".\ t= 0.0540s

Rolling over a high kerb

Gaventry &
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Local Belt Deformation



Aircraft Tyre Technology
Goventry &

® EPSRC Project with AIRBUS UK
® Simulate landing, take-off, taxiing
® Tyre Testing by Airbus in Toulouse
¢ Shimmy (Early NASA work)

® Aircraft tyres can cost over £6k

® They last for 50-60 landings

®* EU “Pioneering” funding looked for
radical innovative solutions




Future Tyre Technologies .
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* Michelin has 4000 people working on tyre technology research university
® Materials chemistry, tyre construction, tread design (with wear), tyre manufacture, ...

® More advanced sensing and energy harvesting

® Concepts to improve fuel economy (active change of form or pressure)

® Far future move away from pneumatic tyres?
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Moteur electrique de traction
Puissance permanente 30 kW
Electrical drive motor

s power : 30kW




Loss of Friction
* The Aquaplaning Challenge Coventl\/ %

niversli
« Can conventional vehicle dynamics or tyre design ever solve this? U ers ty

* Pirelli Cyber Tyre

https://www.youtube.com/watch?v=mERAaeCrj0E



https://www.youtube.com/watch?v=mERAaeCrj0E

Pirelli Cyber Tyre
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Vehicle Dynamics
\ Control System

User
A Applications

PAN Coordinator

Sensor unit

“Sensor unit Soreay Giilt

The Tire as an Intelligent Sensor. Ergen et al, 20009.

https://www.isr.umd.edu/~austin/enes489p/project- https://www.youtube.com/watch?v=3ATEhOhIERKk
resources/EE249-Tire-Sensor.pdf
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Computing Power
What Next?

¢ Computing Power is driving ever
increasing complexity and capability in
analysis.
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® The Apollo 11 Guidance Computer
(AGC) had 2 kB of memory, 32kB of non-
rewritable flash-drive and 1MHz clock
speed.

® Atypical smart phone at the time of
writing has 1000 kB of memory, 32 million
kB of rewritable flash drive and a clock
speed of 1000 MHz.

¢ Jaguar Land Rover 2020 Total Virtual
Sign-off Vision.

® Madsen (2010) discusses the Becker soll
model in a package called
Chrono::Engine and notes that one
billion contact bodies might preclude
modelling grains of sand.

Madsen, J. Heyn, T. Negrut, D. Methods for Tracked
Vehicle System Modeling and Simulation. Technical
Report 2010-01, University of Wisconsin, 2010.
http://sbel.wisc.edu/documents/TR-2010-01.pdf

Courtesy of MSC Software
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Conclusions

A single tyre model for all applications
does not currently exist (Magic Formula,
FTire)

Tyre models are developed to address
specific analyses (Ride, Handling,
Durability)

Tyre models are only as good as the data
supplied (Testing, Toolkits)

Reducing Rolling Resistance remains a
priority ( May involve an Active Tyre)

Intelligent Tyres can be part of
autonomous vehicle solutions, ADAS and
active safety

“nobody believes a simulation except
the person who did it”.

“everyone believes a measurement —
except the person who did it”.
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