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!BSTRACT�� )N� THE� LAST� YEARS�MANY� EFFORTS� HAVE� BEEN� TAKEN� TO� DEVELOP� SIMULATION�MODELS�� 4HESE�MODELS� NEED� A� LARGE
AMOUNT�OF�PARAMETERS��-ANY�OF�THESE�PARAMETERS�ARE�UNKNOWN�AND�DIFFICULT�TO�MEASURE��!�PRECISE�KNOWLEDGE
OF�INTERIOR�PARAMETERS�OF�THE�CAR�IS�NECESSARY�TO�BE�ABLE�TO�MAKE�A�MODEL�WHICH�DELIVERS�ACCURATE�AND�RELIABLE
RESULTS�� 4HIS� PAPER� PRESENTS� THE� IDENTIFICATION� OF� SOME� IMPORTANT� PARAMETERS� CONCERNING� THE� DYNAMICAL
BEHAVIOUR�OF�THE�VEHICLE��4HESE�PARAMETERS�ARE�THE�ROAD�SLOPE�ε�AND�THE�MOMENTS�OF�INERTIA�*8��*9��*:�FOR�THE�X

�Y
�AND�Z
AXIS�AND�THE�MASS�OF�THE�CHASSIS��4O�ACHIEVE�THIS�GOAL��A�NON
LINEAR�OBSERVER�WILL�BE�USED�TO�CALCULATE
AND�TO�VALIDATE�THE�WHEEL�FORCES�WHICH�ARE�NEEDED�AS�INPUT�VALUES�FOR�AN�ESTIMATOR��4HE�FIVE�PARAMETERS�ARE
ESTIMATED�USING�A�2,3�METHOD��!CCORDING�TO�MEASUREMENTS� IN�A� TEST� CAR�OUR�METHOD�DELIVERS�A�VERY�GOOD
ESTIMATION�FOR�THE�BEHAVIOUR�OF�THE�VEHICLE�

+EY�7ORDS�� )DENTIFICATION��/BSERVER��6EHICLE�MODEL��.ON
LINEAR�MODEL�

���)NTRODUCTION

)NTELLIGENT� AUTOMOTIVE� CONTROL� SYSTEMS� IMPROVE� THE
SAFETY� OF� CARS� IN� MANY� FIELDS�� &OR� EXAMPLE�� A� DRIVING
STABILITY�CONTROL�BY�ACTIVE�BRAKING�OF�INDIVIDUAL�WHEELS�;�=
STABILIZES�THE�CAR�IN�CRITICAL�SITUATIONS�
4HESE� DYNAMIC� CONTROL� SYSTEMS� ARE� ALWAYS� BASED� ON

MORE�OR�LESS�COMPLEX�VEHICLE�MODELS��&OR�ACCURATE�VEHICLE
SIMULATIONS�� THE� VEHICLE� MODELS� SHOULD� BE� ADAPTED� TO
DIFFERENT� CARS� BY� ADAPTING� SEVERAL� SPECIFIC� VEHICLE
PARAMETERS�
-ANY�OF� THESE� PARAMETERS� ARE� UNKNOWN� AND� DIFFICULT

TO�MEASURE��!�PRECISE�KNOWLEDGE�OF�INTERIOR�PARAMETERS�OF
THE� CAR� IS� NECESSARY� TO� MAKE� THE� MODEL� DELIVER� GOOD�
ACCURATE� AND� RELIABLE� RESULTS�� %STIMATING� NON� MEASURABLE
PARAMETERS� GIVES� THE� OPPORTUNITY� TO� GET� TO� KNOW� THE
NEEDED�PARAMETERS�
)N� THIS� PAPER� THE� IDENTIFICATION� OF� SOME� IMPORTANT

PARAMETERS�CONCERNING�THE�DYNAMICAL�BEHAVIOUR�OF��CARS�IS
PRESENTED��4HESE�PARAMETERS�ARE� THE�ROAD�SLOPE�ε�AND�THE
MOMENTS�OF� INERTIA� *8�� *9�� *:� FOR� THE�X
�Y
� AND�Z
AXIS� AND
THE�MASS�OF�THE�CHASSIS�
!FTER�A�SHORT�DESCRIPTION�OF�THE�VEHICLE�MODEL� IN�PART

��� THE�DETERMINATION�OF� THE�WHEEL� FORCES� IS� DEALT�WITH� IN
CHAPTER� ���4HE�WHEEL� FORCES� IN� X
�� Y
� AND� Z
DIRECTION� ARE
NEEDED� AS� INPUT� VALUES� FOR� THE� ESTIMATOR�� !� NON
LINEAR
OBSERVER� WILL� BE� USED� TO� VALIDATE� THE� CALCULATED� WHEEL
FORCES�INDIRECTLY�
)N� CHAPTER� �� THE� IDENTIFICATION� OF� THE� PARAMETERS� IS

PRESENTED��!FTER�INTRODUCING�THE�2ECURSIVE�,EAST�3QUARES

ESTIMATOR�� THE�ROAD�SLOPE�AND�THE�MOMENTS�OF� INERTIA� ARE
ESTIMATED��4OGETHER�WITH�THE�MOMENTS�OF�INERTIA�A�SECOND
PARAMETER�CAN�BE�IDENTIFIED��NAMELY�THE�PRODUCT�OF�VEHICLE
MASS�AND�DISTANCE�BETWEEN�CENTER�OF�GRAVITY�AND�ROTATION
AXIS�
4HE�MEASUREMENTS�ARE�DESCRIBED� IN�CHAPTER���AND� THE

RESULTS�ARE�PRESENTED�IN�CHAPTER���

���4HE�VEHICLE�MODEL

4HE� DESCRIBED� VEHICLE� DYNAMIC� MODEL� CONSISTS� OF
SEVERAL� SUBMODELS� WHICH� ARE� MODULARLY� IMPLEMENTED� IN
-ATLAB�3IMULINK��!N�EXAMPLE�OF� SUCH�A�MODEL� IS� SHOWN
IN�FIGURE����4HE�MODEL�USES�THE�INPUT�VALUES�STEERING�ANGLE�
WHEEL�VELOCITY��WEATHER�CONDITIONS�AND�INITIAL�SPEED�OF�THE
CAR�
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7ITH� THIS� MODEL� IT� IS� POSSIBLE� TO� DETERMINE� NON

MEASURABLE� DYNAMIC� PARAMETERS� OF� A� REAL� DRIVING
MANOEUVRE� IF� THE� MEASURED� STEERING� ANGLE� AND� WHEEL
VELOCITIES�OF�THE�MANOEUVRE�ARE�USED�AS�INPUT�
4HE�MODEL�ITSELF�CAN�BE�ADAPTED�TO�ANY�CAR�BY�ADAPTING

THE� PHYSICAL� PARAMETERS� OF� THE� SPECIFIC� CAR�� (OWEVER�
MANY� OF� THESE� PHYSICAL� PARAMETERS� ARE� UNKNOWN� AND
HARDLY�MEASURABLE��4HE�ONLY�WAY�TO�GET�THESE�PARAMETER�IS
TO�CARRY�OUT�AN�IDENTIFICATION�PROCESS�

���$ETERMINATION�OF�THE�WHEEL�FORCES

4HE� WHEEL� FORCES� ARE� ESSENTIAL� AS� INPUT� FOR� THE
IDENTIFICATION� TASK� OF� SOME�PARAMETERS��!S� THEY� ARE� VERY
DIFFICULT�TO�MEASURE��THEY�HAVE�TO�BE�MODELLED�
4HE�NORMAL�FORCES�DEPEND�ON�SUSPENSION�DYNAMICS�AND�ON
THE�DRIVING�SITUATION�;�=�
4HE� NORMAL� FORCES� AT� THE� FRONT� AND� REAR� WHEELS� ARE
ASSUMED�TO�BE�DESCRIBED�BY�THE�FOLLOWING�RELATIONS�;�=
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THE�ACCELERATION�OF�THE�CHASSIS�IN�THE�CENTER�OF�GRAVITY�

4HE�NEXT�STEP�IS�TO�DEFINE�THAT�THE�TIRE�IS�SUBJECT�TO�A
LONGITUDINAL�FORCE�AND�A�LATERAL�FORCE�AS�A�FUNCTION�OF�THE
LOAD�&Z�AND�THE�FRICTION�COEFFICIENT��

F FL Z L= ⋅µ
F FS Z S= ⋅µ

4HE� FRICTION� BETWEEN� TIRE� AND� ROAD� IS� DEPENDENT� ON� THE
ROAD�SURFACE�AS�IS�SHOWN�IN�FIGURE���
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&IGURE�����&RICTION�CHARACTERISTICS�FOR�SOME�TYPICAL
SURFACES

.OW�THE�WHEEL�FORCES�IN�X
�AND�Y
DIRECTION�CAN�BE�FOUND
WITH�A�WHEEL�MODEL��"URCKHARDT�;�=�AND��0ACEJKA�;�=�GIVE
SOME� EQUATIONS� TO� ANALYTICALLY� DESCRIBE� THE� NON
LINEAR
ADHESION�CURVE�

"URCKHARDT�USES�EXPONENTIAL�FUNCTIONS�TO�APPROXIMATE�THE
ADHESION�CURVE�AS�FOLLOWING

µRES RES
c s

RES
c s v

Zs c e c s e c FRES RES Ch( ) [ ( ) ] ( )= ⋅ − − ⋅ ⋅ − ⋅− ⋅ − ⋅ ⋅
1 3 51 12 4 2

WHEREAS�0ACEJKA�MAKES�USE�OF�TRIGONOMETRIC�FUNCTIONS

F s D C B s E B s B s( ) sin[ arctan{ ( arctan( ))}]= ⋅ − ⋅ − ⋅

IN�ORDER� TO�DESCRIBE� THE�WHEEL� FORCE�AS� A� FUNCTION�OF� THE
WHEEL�SLIP�

4HE� PARAMETERS� C��� C��� C��� C��� C�� AND� "�� #�� $�� %�
RESPECTIVELY��GIVE�US�THE�CHARACTERISTICS�OF�THE�ROAD�SURFACES
OR�THE�TIRE�

!FTER�CALCULATING�THE�WHEEL�FORCES��WE�ALSO�HAD�TO�VALIDATE
OUR� RESULTS� BEFORE� USING� THEM� AS� INPUT� VALUES� FOR� THE
IDENTIFICATION��&OR�THIS�PURPOSE�A�NONLINEAR�OBSERVER�WAS
USED�WITH�THE�WHEEL�FORCES�IN�X
�AND�Y
DIRECTION�AS�INPUTS
AND�THE�OBSERVED�VELOCITY�V��SLIP�ANGLE�β�AND�YAW�RATE� &ψ

AS� OUTPUTS�� 4HE� OBSERVER� WAS� BUILT� UPON� THE� NONLINEAR
TWO�TRACK�MODEL�;�=�

&IGURE���SHOWS�THE�IMPLEMENTED�OBSERVER�TO�VALIDATE� THE
WHEEL�FORCES�
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&IGURE�����6ALIDATION�OF�WHEEL�FORCES�WITH�NON
LINEAR
OBSERVER

"Y� COMPARING� THE� OBSERVED� VELOCITY� AND� YAW� RATE� WITH
THEIR�MEASURED�VALUES�� ONE� CAN�MAKE� CONCLUSIONS� ON� THE
ACCURACY�OF�THE�INPUT�VALUES�OF�THE�WHEEL�FORCES�



&IGURE� �� SHOWS� THE� MEASURED� AND� THE� OBSERVED� DATA�
NAMELY� THE�VELOCITY�� THE� YAW� RATE�� THE� ACCELERATION� IN� X

AND�Y
DIRECTION�AND�THE�FORCES�&86,��&96,�OF�THE�FRONT�LEFT
WHEEL�AS�AN�EXAMPLE�
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&IGURE�����6ALIDATION�OF�THE�RESULTS�FROM�THE�NON
LINEAR
OBSERVER

!NOTHER�WAY�TO�GET�THE�WHEEL�FORCES�IS�TO�USE�THE�VEHICLE
MODEL� DESCRIBED� IN� CHAPTER� ��� /NCE� VALIDATED�� BOTH
METHODS�ARE�CAPABLE�OF�DETERMINING�THE�WHEEL�FORCES�FROM
THE�MEASURED�STEERING�WHEEL�ANGLE�AND�THE�WHEEL�VELOCITY�

���)DENTIFICATION�OF�PARAMETERS

�����)DENTIFICATION�METHODS

$EPENDING� ON� MODEL� STRUCTURE�� A
PRIORI� INFORMATION�
DISTURBANCES� AND� REAL
TIME� FEASIBILITY�� THERE� IS� A� VAST
VARIETY�OF�DIFFERENT�ESTIMATION�METHODS��!�VERY�COMMON
AND�POWERFUL�METHOD�IS�THE�2ECURSIVE�,EAST�3QUARES��2,3	
%STIMATOR�;�=�AND�SOME�OF�ITS�DERIVATIVES�

4HE�ESTIMATION�TERMS�OF�THE�2,3�ARE
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)N� ORDER� TO� AVOID� NUMERIC� PROBLEMS� DUE� TO� BADLY
CONDITIONED� MATRICES�� IT� IS� ADVISABLE� TO� USE� SOME
NUMERICALLY� IMPROVED� IDENTIFICATION� METHOD�� E�G�� THE
DISCRETE�SQUARE�ROOT�FILTER�IN�THE�COVARIANCE�FORM��$3&#	
;�=�

4HESE�EQUATIONS�ARE�

f k S k kT( ) ( ) ( )= ⋅ +ψ 1

a k
f k f kT( )

( ) ( )
=

⋅ +
1

λ
γ ( ) ( ) ( ) ( )k a k S k f k= ⋅ ⋅

S k S k
a k

k f kT( ) [ ( )
( )

( ) ( )]+ = −
+ ⋅

⋅ ⋅ ⋅1
1

1

1

λ
γ

λ
Θ Θ Θ( ) ( ) ( ) [ ( ) ( ) ( )]

( )

k k k y k k k

e k

T+ = + ⋅ + − + ⋅
+

1 1 1

1

γ ψ1 244444 344444

"EFORE�APPLYING� THE� IDENTIFICATION� EQUATIONS�YOU�HAVE� TO
DETERMINE�THE�DATA
MATRIX�Ψ��THE�PARAMETER
MATRIX�Θ�AND
THE� OUTPUT
MATRIX� Y� ACCORDING� TO� THE� ,EAST� 3QUARES
EQUATION

y k k kt( ) ( ) ( )= ⋅Ψ Θ

�����)DENTIFICATION�OF�THE�MOMENTS�OF�INERTIA

4HE�MOMENTS�OF�INERTIA�CAN�BE�FOUND�IN�THE�EQUATIONS�OF
THE� ROTATORY� MOTION� OF� THE� CHASSIS�� 4HE� THREE� TORQUE
EQUATIONS�ARE�DESCRIBED�IN�;�=�AS�FOLLOWS�

4ORQUE�EQUATION�FOR�THE�YAW�RATE�
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4ORQUE�EQUATION�ROUND�A�LONGITUDINAL�AXIS�
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4ORQUE�EQUATION�ROUND�A�LATERAL�AXIS�

( ) ( )J F F l F F l ma hY ZVL ZVR V ZHL ZHR H X
&&ϕ = + ⋅ − + ⋅ +

)N�THESE�EQUATIONS�THE�ROLL
�AND�PITCH
AXIS�WERE�ASSUMED�TO
BE�ON� THE� ROAD� SURFACE��4O�BE�MORE�EXACT�� IT� IS� BETTER� TO
RAISE�THE�ROLL
�AND�PITCH
AXIS�ON�THEIR�REAL�LEVEL�SOMEWHERE
BETWEEN� THE� STREET� AND� THE� CENTER� OF� GRAVITY� OF� THE
SPRINGED� CAR�MASS�� )N� THE� EQUATION� FOR� THE� YAW� RATE� THE
STRUCTURAL� CASTER� OFFSET� CAN� BE� TAKEN� INTO� CONSIDERATION
WHICH�LEADS�TO�THE�FOLLOWING�2,3
EQUATIONS�



)DENTIFICATION�OF�THE�MOMENT�OF�INERTIA�FOR�THE�X
AXIS
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)DENTIFICATION�OF�THE�MOMENT�OF�INERTIA�FOR�THE�Y
AXIS
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)DENTIFICATION�OF�THE�MOMENT�OF�INERTIA�FOR�THE�Z
AXIS
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)T�IS�OBVIOUS�THAT�A�SECOND�PARAMETER�CAN�BE�IDENTIFIED�IN
ADDITION�TO�THE�MOMENTS�OF�INERTIA��&OR�THE�X
�AND�Y
AXIS
THIS� SECOND� PARAMETER� IS� THE� PRODUCT� �M⋅Hâ	�� THE� VEHICLE
MASS�M� AND� THE� DISTANCE� BETWEEN� CENTER� OF� GRAVITY� AND
ROTATION
AXIS�Hâ��7ITH�THE�KNOWLEDGE�OF�ONE�OF�THESE�TWO
PARAMETERS�IT�IS�POSSIBLE�TO�IDENTIFY�THE�VEHICLE�MASS�OR�THE
PARAMETER�Hâ�

�����)DENTIFICATION�OF�THE�ROAD�SLOPE

4HE� KNOWLEDGE� OF� THE� ROAD� SLOPE� ε� IS� ESSENTIAL� FOR� AN
ACCURATE�VEHICLE�DYNAMICS�MODEL�TO�WORK�IN�REAL�TIME�ON
THE�CAR�
4HE� SLOPE� CAN� BE� DETERMINED� BY� THE� OFFSET� OF� THE� REAL
ACCELERATION� AND� THE�MEASURED� ACCELERATION� IN� X
DIRECTION
WHICH�IS�DUE�TO�THE�ORIENTATION�OF�THE�ACCELERATION�SENSOR�
!S� THE� SENSOR� IS� NOT� ORIENTED� HORIZONTALLY�WHEN� DRIVING
UPWARDS��IT�ALSO�MEASURES�A�PART�OF�THE�GRAVITY
ACCELERATION
DEPENDING�ON�THE�ROAD�SLOPE�

a x gX = + ⋅&& sinε

4HE�REAL�ACCELERATION�OF�THE�CAR�CAN�BE�CALCULATED�FROM�THE
WHEEL�RATES

&& &x rdyn= ⋅ω

)N�ORDER�TO�AVOID�ERRORS�DUE�TO�WHEEL�SLIP�IT�IS�ADVISABLE�TO
USE�THE�WHEEL�RATES�OF�THE�NOT�DRIVEN�WHEELS�
3OLVING� THE� ABOVE� EQUATIONS� FOR� THE� ROAD� SLOPE� AND
NEGLECTING�THE�SIN�FOR�SMALL�ANGLES�LEADS�TO

ε = −a x

g
X &&

���-EASUREMENTS

4HE�TEST�CAR�WAS�EQUIPPED�WITH�A�STEERING�ANGLE�SENSOR�AND
A�MOTION
PAK�BOX�IN�THE�CARâS�CENTER�OF�GRAVITY�TO�MEASURE
THE�ACCELERATIONS�AND�THE�ROTATION�RATES�OF� THE�THREE�AXES�
4HE�VELOCITY�WAS�MEASURED�WITH�A�CORREVIT
SENSOR�AND�THE
WHEEL�RATES�WERE�TAKEN�FROM�THE�!"3
UNIT�
)N� ORDER� TO� STIMULATE� THE� INPUT� OF� THE� ESTIMATOR
ADEQUATELY�� SPECIAL�MANOEUVRES�WERE� CHOSEN� TO� GET� GOOD
RESULTS��4HE�MOST�IMPORTANT�MANOEUVRES�WERE�ACCELERATED
AND� DECELERATED� RIDES� STRAIGHT� FORWARD�� SLALOM� RIDES� AT
CONSTANT� VELOCITY� AND� RIDES� WITH� STEPS� IN� THE� STEERING
ANGLE�
4HE�MEASURED�DATA�WERE� FILTERED�AND�SAVED� IN�THE�-ATLAB
FORMAT��!T�THIS�STAGE�THE�DATA�WERE�THEN�EVALUATED�OFF
LINE
WITH�-ATLAB�3IMULINK�ON� A� 0#� BUT� THE� USED� ALGORITHMS
WOULD�ALL�WORK�FOR�REAL�TIME�APPLICATIONS�AS�WELL�

���2ESULTS

4HE� ESTIMATED� PARAMETERS� ARE� PRESENTED� IN� THE� FOLLOWING
FIGURES�� 4HE� CALCULATED� REFERENCE
LINE� IN� THE� PLOTS
DEMONSTRATE� THE� ACCURACY� OF� THE� RESULTS� FOR� THE� SPECIFIC
MANOEUVRE��7ITH�THE�MOMENTS�OF�INERTIA�FOR�THE�X
�AND�Y

AXIS� THE� SECOND� PARAMETER� �M⋅Hâ	� WAS� SOLVED� ASSUMING� A
SPECIFIC�VALUE�FOR�Hâ��THE�DISTANCE�BETWEEN�CENTER�OF�GRAVITY
OF�THE�SPRINGED�VEHICLE�MASS�AND�THE�ROTATION�AXIS�
&OR� THE� ROAD� SLOPE� TWO� PLOTS� ARE� PRESENTED� SHOWING� THE
SAME�VALLEY� TWICE�� FIRST� DRIVEN� IN�ONE�DIRECTION� AND� THEN
THE�SAME�WAY�BACKWARDS�



2ESULT����4HE�PLOTS�ON�THE�LEFT�SIDE�SHOW�THE�RESULTS�OF�THE�MOMENTS�OF�INERTIA�FOR�THE�X
�AND�Y
AXIS��THE�LEFT�PLOTS�SHOW�THE
RESULTS�FOR�THE�ESTIMATED�VEHICLE�MASS

2ESULT�����4HE�SECOND�FIGURE�SHOWS�THE�ESTIMATED�MOMENT�OF�INERTIA�FOR�THE�Z
AXIS



2ESULT�����)N�THIS�FIGURE�THE�DETECTED�ROAD�SLOPE�IS�PRESENTED��DRIVING�THROUGH�THE�SAME�VALLEY�TO�AND�FRO
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���#ONCLUSIONS

4HE� IDENTIFICATION� OF� THE� PARAMETERS� ROAD� SLOPE� ε�
MOMENTS�OF�INERTIA�*8��*9��*:� FOR�THE�X
�Y
�AND�Z
AXIS�AND
THE� PRODUCT�M⋅Hâ� OF� VEHICLE�MASS� AND� DISTANCE� BETWEEN
CENTER�OF�GRAVITY�AND�ROTATION�AXIS�PRODUCED�GOOD�RESULTS�
4HE�WHEEL�FORCES�WHICH�ARE�NEEDED�AS�INPUT�VALUES�FOR�THE
IDENTIFICATION� COULD� BE� CALCULATED� WITH� SPECIFIC� WHEEL
LOAD
�AND�TIRE
MODELS�AND�COULD�BE�VALIDATED�WITH�HELP�OF
A�NON
LINEAR�OBSERVER�
4HE�ALGORITHM�TO�ESTIMATE�THE�ROAD�SLOPE� IS�NUMERICALLY
EASY� TO� IMPLEMENT� AND� GIVES� IN� ITS� SIMPLE� FORM� A
RESOLUTION�OF�LESS�THAN����SLOPE�
5SING�ADEQUATE�DRIVING
MANOEUVRES�IT�WAS�POSSIBLE�TO�GET
RELIABLE�VALUES�FOR�ALL�THREE�MOMENTS�OF�INERTIA�
!DDITIONALLY��WITH�THE�KNOWLEDGE�OF�EITHER�M�OR�Hâ��ONE
OF�THESE�PARAMETERS�COULD�ALSO�BE�DETERMINED��)N�THE�PLOTS
OF� RESULTS�� Hâ� WAS� GIVEN� A� FIX� VALUE� TO� DETERMINE� THE
VEHICLEâS�MASS�
(AVING� ESTIMATED� THE� ABOVE� PARAMETERS�� THE� VEHICLE
MODEL�DESCRIBED�IN�CHAPTER���COULD�BE�IMPROVED�BY�USING
THE� CURRENT� PARAMETERS� DURING� A� DRIVING�MANOEUVRE�� )N
PARTICULAR� THE� DYNAMIC� CHANGES� IN� THE� ROAD� SLOPE�MAKE
THE� SIMULATION�MODEL�MORE� ACCURATE�WHEN� USED� FOR� ON

LINE� MODELLING� OF� A� DRIVING� CONDITION�� 4HE� SIMULATED
DYNAMICS�OF�THE�CAR�ARE�THEN�MORE�RELIABLE�AND�MORE

ACCURATE� THEN� AND� THEREFORE� CAN� BE� USED� AS� INPUTS� FOR
AUTOMOTIVE�CONTROL�SYSTEMS�E�G��"OSCH�&$2�;�=�
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