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TNO in a Nutshell

TNO is the Netherlands’ Organization for Applied Research

)6 76 years of experience

Independent R&D organization

5,000 employees world-wide

HQ in Delft, the Netherlands

Annual turnover approx. 550 M€
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Challenges for assessment of tyre slip
characteristics

= Tyre characteristics depend on operating conditions
= Road texture, Road curvature, Tyre temperature, Speed, etc...

= Benchmarking/Ranking of tyres important for design
choices in tyre development and in vehicle setup but
ranking on tyre test equipment not always consistent!

= Relation between subjective vehicle assessment and
tyre characteristics more important then tyre
performance assessment

= Existing tyre testing methods laborious, costly,
inflexible, etc...
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Advantages of using vehicle motions

= Limited vehicle instrumentation

= Assessment for actual vehicle operatj
thermal load, ...)

= Easy change of tyres, can be
combined with subjective evaluation

= Fast and cost effective!
Prerequisites for success:

= Not dedicated to one specific

vehicle
= Sufficient accuracy for ranking and basic DI ﬁ
tyre model parameter assessment v Y arctan (BCD) g
\ + > X
| \_Sy
= Easy data processing
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Tyre Force Estimator method

a Time histories of tyre forces and slip angle

« Evaluation for specific conditions (e.g. exertion of friction
potential in curves)

 No specific test protocol required

ﬁ Tyre characteristics

« Tyre comparison in terms of basic characteristics

e Dedicated test protocol
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State Estimator concept

Modeloutput
Error
.y K( aA/aX, aC/aX)
Measurements i —_—
« Settings
vV Feedback Gain
Seors of the Extended
Kalman Filter
¥ ¥
Driver input . B
Predicted
Vehicle speed Measurements v =
- Predicted ét+ate 'D
Vehicle Model States Correction State
Estimate
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Example: Friction estimation

asphalt
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Tyre Force Estimator tool

1: Define vehicle & sensor parameters

= Ster

) Tyre Estimator ¥1.0

Wehicle Parameters
J} Advanced_parameters

“ehicle Parameters
— “ehicle Directory
— Advanced
hecog [m]

Select_dir | JontProjects\1 4390_Estimation&Contral2007\Tyre_estimstor\GUNersion Sciehicle_sslection
Jz [kgmz2]
| 41505 Calculate | | 054

Sensar

¥ _position Yy _position Z_position

— Parameter
Select vehicle
Wy _sensor location [m u] 1] 0.54
i 054

Forﬂys_1.vdx I Ay _gensar lacation [ u] o

Fortys_19 v =

Fortys_SUY v A ince e 0 o o
: i 0 0 :

el 1 nb

1004

Tackwn &
Tyre name Cor‘di-Sport\ Corti-Spart
Tyre size 275 \I 50 R I 17 _N.F 5

Re [m] calculate | 03254

Rirm size

Tyre pressure [bar]

Mass tyre [ka]

Mewy filenarme

Create vehicle_file | I
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Tyre Force Estimator tool

= Step 2: Load measurement data

. Tyre Estimator v1.0

Test Data

— Diata Directory

Select_dir | I}D_Estimation&CorﬁroIQDD?ITyre_estimatorlGUI‘NerSion SciTestdata_selection'BMVWS4S_THO

— Testdata

Select testdata

rurburgring mat ;I Button Grougp
21 _r28001 rat

hiockenheimn mat
randomsteeri01 mat i Mat-files
=lalam 020 mat

= Wexfiles

Load |

Prirt graphs |

TNO Automotive

slalomd:20 mat

“ehicle mation data

Time [s]

— Legenda
deta; Steering angle [deg]
W Wehicle speed [km/h]
SYawy rate; e rate .['degrs]

Lat acc [miz*2]
Lat vel [rmi=]
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Tyre Force Estimator tool

= Sterp

 Tyre Estimator v1.0

3: Run State Estimator

Eztimator

— Manoeuvre Directory
Select_dir | I\Projedsﬂ 4390_Estimstion&Control2007\Tyre_estimatoriGUNersion SciManoeuyre_selection

Comparison of vehicle motion data

— Estimatar
Select ranoeUyre ity [krnsh] Sliprmargin [deg]

Manoeuvre yvdx
72 1145

Iewy filenarme

= - |
Create vehicle_file

Run Estimatar |

— Estimator graph:
wehicle

{* Compatison of vehicle motion data

(™ Comparison of vertical loads

Tyre

= Compatizon of forces and slip angle time

{~ Comparizon of forces and slip anale based on estimated slip angle

{~ Compatison of Force vs. Slipangle

Print graphs |

Estimated

— Measured [
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Time [s]

— Legend;
delta; Steéring angle [deg] ay: i_at ace [mis2]

R “ehicle speed [kmih] Sy Lat wel [mis]
CYawy rater ravy rate [dedss]
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Tyre Force Estimator tool

= Step 4: Fitting of Magic Formula arametersI

Magic formula

slalomd20 tdx <=== front_Est.tir slalornD20 tdx <==> rear_Est.tir

slalom020.tdx : : : : : : slalom020 tdx
frant_Est.tir ! e rear_Est tir

= =
o @
il fx)
= =
=l o
= fry
= =
[0 )
— —
i [
— =)

Slip angle [deg]
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Validation

1. Dedicated measurement with vehicle equipped with
wheel force transducers

2. Comparison of time histories of measured forces and
estimated forces

3. MF-Fit of measured forces

4, MF-Fit of estimated forces

5. Comparison of force versus slip characteristics

A,
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Comparison of time histories
Mini-Hockenheim @ Papenburg

Comparison of forces and slip angle time histories (raw data)

Front slip angle

Front [deg]

i i i i i i
0] 50 100 150 200 250 300

= Rear slip angle

Rear [deg]

Front [N]
o

- Front lateral force _0-57___

Time [s]
10*
)
_ 0.5
=P
= Rear lateral force % sl
-107 5‘0 180 15‘0 260 25i0 360
Time [s]
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Comparison of Magic Formula fit of
measurement and estimation: Circular test

Front axle Rear axle

; =ls1¢ [[ErT =lmx]

ElFE EE|ENFE Er
\# est_front: Pure comering i - i ¥ [ || # Estrear: Pure comering i i i ¥ E
Tyre model input q P . Delft-Tyre| ITyre model input 4 " . Delft-Tyre|

Fy Pl Bafiafing est_front : Pure cornering ¥ Proset i Prirg Gafsiing Est_rear : Pure cornering W
Slip anale . 11,000 Independent Slip angls
12 Sweep Fz 10.000
‘| 10.000
Carnber angle / Fixed 1 Carnber angle S
Longit. slip : 0,000 Fixed 2 Longit. =lip
5 5.000 8.000
Slip mode Combined _ | Combined
Plot lay-out : 7.000 Plotlay-out 000
Title @TYRESET_ID GTYRESET_ID: 5.000

s Slip angle 5000 Slip angle
'r-tixis Fy : 5.000 Fy 5.000
Mominal v vi +000
Data v | 4000 v
Measured | 3000 3000
Coordinate system IS0 | Coordinate systern_|IS0 A

2.000 ¥ vale &
Subtract selected Z Subtract selected =
Other options 8 10w Other opfions 8 1om
Run type Fy Pure 2 Run tpe Fy Pure 2
o 0 o 0
3 b=
@ _1po0 @ -1.000
-2.000 -2.000
Sweep
-3.000 Fz -3.000
_4.000 |lstart = 1000 M -4.000
llstep = 1000 N
5000 [lEns =000 e
¥ Use sweep from TYDEX : -6.000 | Use sweep fram TYDEX 6,000
85023 N / 7000 96023 N -
. 97281 N
-8.000 _8.000
-9.000 -8.000
150 125 -100 75 50 25 oo 25 50 75 100 125 150 50 4125 100 75 50 25 00 25 50 75 100 125 150
Slip angle(deg) Slip angle(deg)
w est_front- FZW=0502.3N - Est_front_002.tdx @ est_front- FZW=0729.1N - Est_front_004.tdx — Nominal W Est_rear- FZW=3602.3N - Est_rear_002.tdx m Est_rear- FZW=0723.1N - Est_rear_004 idx - gomma\
a
4 B Meas_front- FZW=0602.3N - Meas_front 002.4dx W Meas_front- FZW=9729 1N - Meas_front 004 tdx B Meas_rear - FZW=0602 3N - Meas_rear_002.idx W Meas_rear- FZW=0729.1N - Meas_rear_004.tdx
]  [=][®] {[2] ¥ buwe o Legend [1][=][#] %=-3.50 degy=1925.3 N =] [=]  [=[®] |[2] & ane @ Legena [T][=][#] »=-10.983 degy=E018.5 N
—e——————————————————e—— =
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Front axle

EIREE]

—18]x]
L

(@ est_front: Pure comering

Tyre model input

Fy Pure comering

Slip angle
Fz
Camber angle :
Longit slip
Slip mode Combined
Plot lay-out
Title @TYRESET_ID
M-odis Slip angle

-bis Fy
v

Coordinate system IS0

Subtract selected

Other aptions

Run type Fy Pure

End = 8000 M

v Use sweep from TYDEX

85619 M

95987 M

12.500

10.000

7.500

5.000

2500

Side force (N)

-2.500

-5.000

-7.500

-10.000

2] ¥ dute

Wi Legend [1][=][] %=12.89 deqy="11078.8 N
—e——————————————————e——

est_front : Pure cornering

o E
Delft-Tyre|
W

S50 125 00 7S 50 25 00 25 50 75
Slip angle(deg)

|l est_front- FZW=0648 2N - Est_front017 4dx ® Meas_front - FZW=8648 2N - Meas_frontD 17 .tdx

= Nominal
+ Data

EREE]

Comparison of Magic Formula fit
Slalom test

Rear axle

(@ Est_rear : Pure comering

Tyre model input [
Fy Fure comering |
Slip angle
Fz :
Carmber angle : 12500
Longit. slip
Slip mode Combined 10,000
Plat lay-out
Title @TYRESET_ID
|| Slip angle 7.500
[ r-tixis Fy
Marminal v
Data 5.000
Measured
Coordinate system_[I50
Subtract selected Z 2500
IOtheropt\or\s 3
Frun type Fy Pure 8
= 0
bl
w0
-2.500
-5.000
End = 8000 N
v Uss swsep from TYDEX -7.500
9561.9 N
9598.7 N
I§537 o -10.000
9648.2 N
9648.9 N i
=] (=) [E] @ e
—_—

n Delft-Tyre|
Est_rear : Pure cornering v’

S50 125 00 7S 50 25 00 25 50 75 00 125 150
Slip angle(deg)

‘l Est_rear- FZW=9648 2N - Est_rear017 idx m Meas_rear - FZW =8548 2N - Meas_rear017.tdx

= Nominal
+ Data

Wi Legend [1][=][] «=B.562 deqy=-6326.5
—e——————————————————e——
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Comparison of Magic Formula fit
Spiral test (severe under steer)

Front axle Rear axle

@cach: =51
EREE] e
W@ est_front: Pure carnering ¥ B[ @ Est_rear: Pure comering

Tyre model input N t t: P . Delft-Tyre| iTyre rmodel input q Est . p Delft-Tyre|
PRI est_front : Pure cornering i F Pure comeing. |G st_rear : Pure cornering i
Slip angle | 10000 Slip angle | 10000
Fz : Fz :
Camberangle | 8000 Camberangle | 8000
IF\xed 2 Longit. slip 7 T IF\xed 2 Longit. slip 7 2000
I lip mode Cambined 7 7.000 I ip mode Cambined 7 7.000
Plot lay-out : 00 Plot lay-out : 000
Title @TYRESET_ID Title @TYRESET_ID
X-todis Slip angle : 5.000 X-todis Slip angle : 5.000
r-ucis Fy . r-ucis Fy 4000
Narminal v Narminal v
Data v 3.000 Data v 3.000
Measured - Measured I : 000
Coordinate system |130 . Caordinate system |I50 _
Subtract selected Z 1000 Subtract selected £ 1000
Other options 8 . Other options 8 0
Run type Fy Pure & Run type Fy Pure &
& 1000 g -1000
? 000 @ 2000
3,000 -3.000
~4.000 -4.000
5000 -5.000
-6.000 End = 6000 N / 5000
-7.000 {I'¥ Use sweep from TYDEX : -7.000
-8.000 -8.000
-9.000 s
87416 N /
-10.000 / “10.000
225 200 -175 -150 125 -100 75 50 25 00 25 50 75 100 125 150 : 50 425 00 75 50 25 00 25 50 75 00 125 150
Slip angle(deg) i Slip angle(deg)
W est front- FZW=8334.2N - Est frontD0B.tdx m est front- FZW=8468 3N - Est frontD02.tdx = Nominal W Est_rear- FZW=8334 ZN - Est_rear008 tdx m Est rear - FZW=8468 3N - Est_rear002 tdx = Nominal ‘
Data Data

W Meas_front- FZW=8334 ZN - Meas_front008 idx m Meas_front- FZW=8468 3N - Meas_frontl02 tdx B Meas_rear- FZW=9334 2N - Meas_rearO08 tdx W Meas_rear- FZW=0468 3N - Meas_rsar002 tdx

= ] [wl][@] E Wi dute [ Legend [1][=][Z] =16.085 deg y=-3343.5 N =) ] [a][W] E W dute [ Legend [1][=][Z] =-6 605 deqy=-74002 M
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Some additional results...

= Low friction

. Tyre Estimator v1.0

Magic formula

grinded_ice tdx === front_Est tir grinded_ice tdx <==> rear_Est.tir

grinded_ice tdx : : : : : : grinded_ice tex
front_Est.tir ! : ! ' ' ' rear_Est.tir

= =
o @
il fx)
= =
=l o
= fry
= =
[0 )
— —
i [
— =)
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Effective cornering stiffness [N/rad]
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Some additional results ...

Effective cornering stiffness @ 5 inflation pressures

|
o]
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= Perform set of standard test

track tests
= Straightforward set of tests is

= Result is combination of tyre and
suspension characteristics

Tyre estimator Way of Working

Subjective handling

S

supplied (steady-state circle, etc.) —

= Log ESC sensor data and ground s ——
speed
Objective handling
= Use State Estimation to Y =7s :\f-m..m
calculate tyre forces o meNETT
« S
= Use MF-tool to fit tyre
characteristics OB;_Qctive tyrisharacteri;tics
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Tyre estimator applications

= Tyre estimator identifies combination of tyre and

suspension characteristics

= Optimisation of tyre and suspension settings
= tyre type, inflation pressure, tyre wear influences, speed effects,
different road surface conditions
= Suspension adjustment, camber, stabiliser, etc

= Lap time evaluation
= Time history of forces
= Driver feedback

= Subjective/objective studies
= Relate driver assessment to estimated characteristics (of combination
of suspension and tires!)

= |nput for simple vehicle model (e.g. bicycle model) or control
system tuning

A,
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Conclusion

= Tyre forces can be estimated from vehicle motions
using a State Estimator approach

= The method for tyre force estimation is proven for
different vehicles on various road surfaces

= Ranking capability is proven
= The method can be applied using little vehicle

instrumentation, simple driving tests and processing is
supported with a GUI tool
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Current developments

= Truck tyres

Racing application

Integration with sensor systems

Application as a check on tyre condition during vehicle
testing

A,
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