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!BSTRACT�� )N�THE�LAST�YEARS�MANY�EFFORTS�HAVE�BEEN�DONE�TO�DEVELOP�SIMULATION�MODELS��4HESE�MODELS�NEED�A�LOT�OF
COMPUTATIONAL� TIME�� 4HIS� PAPER� PRESENTS� A� NEW�MODULAR� SIMULATION� TO� AVOID� THESE� PROBLEMS�� 4HIS
APPROACH�REQUIRES�A�GOOD�TIRE�MODEL� TO�TAKE�THE�NONLINEARITIES� INTO�ACCOUNT�WHICH�HAVE�A�SIGNIFICANT
INFLUENCE�ON� THE�DYNAMIC�BEHAVIOR�OF� THE�CAR��4HE�PROCESS�OF� COMPOSING� THE�MODEL� IS�MODULAR� AND
CONSISTS�OF� SEVERAL� SUBMODELS� �TIRES�� CHASSIS�� SUSPENSION�� STEERING��WIND�� ROAD	��%ACH�OF� THEM� CAN�BE
DEVELOPED� INDEPENDENTLY�� 4HE� ADVANTAGE� OF� THE� SIMULATION� IS� THE� REDUCTION� OF� TIME� AND� COSTS� FOR
DESIGNING�AND�ENGINEERING�DIFFERENT�CONTROLLER�CONCEPTS�OR�VEHICLE�SAFETY�SYSTEMS��)T�WILL�BE�PROVED�WITH
DIFFERENT�EXAMPLES�THAT�THIS�SIMULATION�GIVES�GOOD�RESULTS�FOR�THE�REALISTIC�BEHAVIOR�OF�THE�VEHICLE��4HE
TIME�OF�SIMULATION�IS�REDUCED�BY�MINIMIZING�THE�COORDINATE�TRANSFORMATIONS�

+EY�7ORDS�� -ODELING��6EHICLE�MODEL��3IMULATION��.ONLINEAR�MODEL�

���)NTRODUCTION

4HE� MANUFACTURERS� ARE� ALWAYS� CONCERNED� WITH
IMPROVING� THE� DYNAMICS� OF� VEHICLES� IN� ORDER� TO� HAVE� A
MORE�EFFICIENT�BEHAVIOR��+NOWLEDGE�OF�THE�VEHICLE�STATE�;�=
IS�ESSENTIAL�TO�DETERMINE�THE�DYNAMIC�BEHAVIOR�OF�A�VEHICLE
AND� TO� DESIGN� AUTOMOTIVE� CONTROL� SYSTEMS� FOR� EXAMPLE
"OSCH� &$2� ;�=� WHICH� INCREASE� SAFETY� � AND� IMPROVE
HANDLING�CHARACTERISTICS�
4HE�SIMULATION�OF�A�CAR�DYNAMIC�BEHAVIOR�COULD�BE�OF

NECESSITY� FOR� THE� CONCEPTION� OF� A� NEW� CAR� MODEL� AND
ESSENTIAL� FOR� STRUCTURAL� ENGINEERING�� 4HIS� SIMULATION� OF� A
REALISTIC� CAR� CAN� ALSO� BE� USED� TO� UNDERSTAND� THE� DYNAMIC
BEHAVIOR�IN�NORMAL�AND�CRITICAL�SITUATIONS�
4HE� ADVANTAGES� OF� SIMULATION� IN� OPPOSITE� TO� DRIVING

TESTS� ARE� THE� REPRODUCIBILITY� OF� THE� MANEUVERS�� THE
AVAILABILITY�OF�DIFFERENT�ENVIRONMENTAL�CONDITIONS�AND�THE
VARIABILITY�OF� THE�VEHICLE�PROPERTIES��4HIS� SIMULATION�WILL
BE� USED� TO� REDUCE� THE� TIME� AND� COSTS� FOR� DESIGNING� AND
ENGINEERING�DIFFERENT�CONTROLLER�CONCEPTS��!"3	�OR�VEHICLE
SAFETY� SYSTEMS� SEEN� IN� ;�=�� ;�=�� !DDITIONALLY�� COMPARISON
CAN�BE�MADE�UNDER�THE�SAME�CONDITIONS�INDEPENDENTLY�OF
SEASONAL� ENVIRONMENTAL� AND� WITHOUT� TIME� CONSUMING
PREPARATIONS�OF�EXPERIMENTAL�VEHICLES�
-OREOVER��THIS�SIMULATION�CAN�BE�USED�TO�DEVELOP�NEW

CONTROL� SYSTEMS� SUCH� AS� ELECTRICAL� STEERING�� CONTROL� OF
LATERAL� ACCELERATION� OF� THE� CAR�� DETECTION� OF� TIRE� DEFLATION
AND� TO� DEVELOP� ALGORITHMS� FOR� THE� ESTIMATION� OF� SEVERAL
DYNAMIC� PARAMETERS� AS� FOR� EXAMPLE� THE� STIFFNESS� AND� THE
DAMPING�COEFFICIENTS�OF�THE�SUSPENSION�

4HE�GOAL�OF�THIS�PAPER�IS�TO�EXPLAIN�THE�DYNAMICS�OF�A
VEHICLE�AS�A�CONNECTION�OF�SUBSYSTEMS�BASED�ON�THEORETICAL
AND�EXPERIMENTAL�STUDIES�
)N�A�FIRST�STEP�THE�ENTIRE�SYSTEM��AUTOMOBILE��HAS�BEEN

SEPARATED� INTO� SEVERAL� AUTONOMOUS� SUBMODELS� �TIRES�
WHEEL�SUSPENSION��CAR�BODY��STEERING�SYSTEM	��SO�THAT�EACH
SUBMODEL� CAN� BE� DEVELOPED� INDEPENDENTLY�� 4HE
SUBMODEL�ITSELF�IS�BASED�ON�PHYSICAL�RELATIONS��!LL�RELEVANT
NONLINEARITIES�ARE�COMPRISED�
)T� IS� NECESSARY� TO� DEFINE� THE� INTERFACES� BETWEEN� THE

DIFFERENT� SUBMODELS�� I�E�� WHICH� SIGNALS� ARE� REQUIRED� AS
INPUTS� AND� OUTPUTS�� 4HIS� CONCEPT� ALLOWS� INDEPENDENT
DEVELOPMENT�OF�EACH�SUBSYSTEM�
&OR� A� REALISTIC� NONLINEAR� SIMULATION�MODEL�� IT� IS� VERY

IMPORTANT� TO� HAVE� A� COMPLEX� NONLINEAR� TIRE� MODEL�
BECAUSE�THE�INFLUENCE�OF�THE�DYNAMIC�TIRE�ON�THE�CHASSIS�IS
DOMINANT��4HE�DETAILED�DESCRIPTION�OF�THE�TIRE�MODEL�WILL
BE�FOLLOWED�BY�THE�SUSPENSION�CAR�MODEL��4HE�BODY�OF�THE
CAR� WAS� MODELED� WITH� �� DEGREES� OF� FREEDOM� AND� THE
DYNAMIC�EFFECT�OF�THE�STEERING�WAS�ALSO�TAKEN�INTO�ACCOUNT�
&INALLY�� DIFFERENT� EXAMPLES�WILL� BE� GIVEN� TO� DEMONSTRATE
THE�REALISTIC�BEHAVIOR�OF�THE�SIMULATION�IN�DIFFERENT�DRIVING
SITUATIONS�

���-ODULAR�IMPLEMENTATION

&IGURE���REPRESENTS�THE�DIFFERENT�SUBMODELS�WHICH�ARE
IMPLEMENTED�ON�THE�SOFTWARE�-ATLAB�3IMULINK�
4HE�INPUT�VARIABLES�FOR�THIS�SIMULATION�ARE�THE�STEERING

ANGLE��ACCELERATION�OR�BRAKING�TORQUE�AT�THE�WHEELS�AND�THE
INITIAL�SPEED�OF�THE�CAR�
4HE� MODEL� WAS� ADAPTED� TO� A� TEST� CAR�� A� "-7���I�

3OME�GEOMETRICAL�PARAMETERS�HAVE�BEEN�FOUND�IN�TECHNICAL
MAGAZINES�� (OWEVER�� THERE� ARE� STILL� A� LOT� OF� UNKNOWN



PARAMETERS�WHICH�MUST�BE� ESTIMATED��"UT� THE� SIMULATION
CAN�ALSO�BE�EASILY�ADAPTED�TO�OTHER�TEST�CARS�
4HE� RESULTING� SIMULATION� PROGRAM� IS� EASY� TO� USE�� )T

ALLOWS� TO� DEVELOP� EACH� SUBMODEL� INDEPENDENTLY� AND� TO
CONNECT�THEM�AFTERWARDS�
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&IGURE����-ODULAR�IMPLEMENTATION

4HE�GREAT�POWER�OF�THE�SIMULATION�IS�ON�THE�ONE�HAND�THE
REPRODUCIBILITY� OF� SIMULATION� RUNS�� 4HEREFORE� THE
SIMULATION�CAN�BE�USED�DURING�THE�PROCESS�OF�DEVELOPMENT
TO� INVESTIGATE� THE� PERFORMANCE� OF� CONTROLLER� ALGORITHMS�
/N�THE�OTHER�HAND�� ENVIRONMENTAL�PARAMETERS� AS�WELL� AS
VEHICLE�PARAMETERS�CAN�BE�MODIFIED�

���#HASSIS�MODEL

4HE� LATERAL� DYNAMICS� OF� THE� VEHICLE� ARE� DESCRIBED� BY
THREE�FORCE�EQUATIONS
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WHEREAS�4
&A)N
� IS� A�MATRIX� THAT� TRANSFORMS� THE� COORDINATE

SYSTEM�OF�THE�VEHICLE�INTO�THE�INERTIAL�SYSTEM�
4HE�INDICES�6�AND�(�STAND�FOR�FRONT�AND�REAR�WHEELS�

RESPECTIVELY��4HE� CALCULATION� OF� THE�WHEEL� FORCES� &
8
� AND

&
9
�IS�EXPLAINED�LATER�ON�CHAPTER������!ND�THE�VERTICAL�TIRE

FORCES�ARE�CALCULATED�ON�CHAPTER�����
4HE�WIND�FORCES�&

78
��&

79
��AND�&

7:
�ARE�CALCULATED�BY

TRANSFORMING� THE�WIND� SPEED� INTO� THE� COORDINATE� SYSTEM
OF� THE� VEHICLE�� THEN� THE� VELOCITY� OF� THE� VEHICLE� IS� ADDED�
AND� FINALLY� THE� WIND� FORCES� CAN� BE� DETERMINED�� 4HE� LIFT
FORCE�OF�THE�VEHICLE�WAS�NEGLECTED�
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(AVING� A� ROAD� PITCH� χ
2OAD
� AND� A� ROAD� SLOPE� ϕ

2OAD
�� THE

GRAVITY� FORCES� CAN� BE� OBTAINED� BY� A�MULTIPLICATION� BY� A
TRANSFORMATION�MATRIX�
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!�POSITIVE�ROAD�PITCH�IMPLIES�A�RISING�ROAD�AND�A�POSITIVE
SLOPE�AN�ELEVATION�ON�THE�RIGHT�HAND�SIDE�
4HE� FORCE�&

2
� DESCRIBES� THE� ROLLING� RESISTANCE�WHICH� IS

APPROXIMATED�IN�;�=�BY�
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4HE� ROTATORY�MOTION�OF� THE� VEHICLE� CAN� BY� DESCRIBED

BY�THREE�TORQUE�EQUATIONS�IN�THE�COORDINATE�SYSTEM�OF�THE
VEHICLE�
4ORQUE�EQUATION�FOR�THE�YAW�RATE�
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4ORQUE�EQUATION�ROUND�A�LONGITUDINAL�AXIS�

( ) ( )Θ X ZVL ZHL ZVR ZHL YF F
b

F F
b

ma h&&χ = + ⋅ − + ⋅ +
2 2

4ORQUE�EQUATION�ROUND�A�LATERAL�AXIS�
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���4IRE�MODEL

�����3LIP�CALCULATION

4HE� CALCULATION� OF� THE� SLIP� IS� IMPORTANT�� BECAUSE� THE
GRADIENT�OF�THE�ADHESION�CURVE�IS�EXTREMELY�SIGNIFICANT�AND
AN�ERROR�OF�����PER�CENT�PRODUCES�A�BIG�VARIATION�OF�THE�TIRE
FORCES�
7ITHOUT� A� TIRE� SIDE� SLIP� ANGLE� A�� THE�DETERMINATION�OF

THE�SLIP�CAN�T�BE�EXACT��)N�THE�LITERATURE�THERE�CAN�BE�FOUND
SEVERAL� DEFINITIONS� OF� THE� TRANSVERSAL� AND� LATERAL� SLIP�
"URCKHARDT� ;�=� DEFINES� THE� LONGITUDINAL� SLIP� IN� THE
DIRECTION�OF� THE�MOVEMENT�OF� THE� TIRE�� AND� THE� SAME� FOR
THE�TIRE�FORCES��BUT�2EIMPELL�;�=�DEFINES�IT�IN�THE�DIRECTION
OF�THE�PLANE�OF�THE�TIRE��)N�BOTH�CASES�AN�ABSOLUTE�SLIP�CAN
BE�DEFINED�
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vR���SPEED�OF�THE�TIRE�CIRCUMFERENCE
vS��SPEED�OF�THE�CONTACT�AREA�BETWEEN�TIRE�AND�ROAD
rR ��DYNAMIC�RADIUS�OF�THE�TIRE
W���ANGULAR�SPEED�OF�THE�TIRE�ROTATION
&ROM� THE� DEFINITION� OF� � "URCKHARDT�� LONGITUDINAL� SLIP� IS
CALCULATED�BY�
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!ND�THE�LATERAL�SLIP�IS�DEFINED�BY�
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7E�CAN�DEFINE�THE�RESULTING�SLIP�AS�A�FUNCTION�OF�THE
LATERAL�SLIP�AND�THE�LONGITUDINAL�SLIP�
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4HE� BRAKING� SLIP� IS� NEGATIVE� AND� THE� DRIVING� SLIP� IS
POSITIVE�
)N�FIGURE����IT��S�SHOWN�THAT�S

,
�IS�IN�THE�DIRECTION�OF�THE

TIRE�VELOCITY�AND�S
3
�IS�PERPENDICULAR�TO�IT��7E�NOTE�THAT�THE

TIRE�VELOCITY�FORMS�AN�ANGLE�A�WITH�THE�PLANE�OF�THE�TIRE�
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&IGURE����&ORCES�AND�ANGLES�OF�THE�TIRE�MODEL�WITH�SIDE
SLIP�ANGLE

�����!DHESION�CURVE�OF�THE�TIRE

/NE�OF� THE�MOST� IMPORTANT�PARTS�OF� A� CAR�CONCERNING
DYNAMIC�BEHAVIOR�AND�SAFETY�IS�THE�TIRE��BECAUSE�ALL�FORCES
WILL�ACT�IN�THE�SMALL�AREA�BETWEEN�TIRE�AND�ROAD��)F�WE�WANT
AN�EXACT�TIRE�MODEL�THE�BEST�METHOD�TO�DESCRIBE�IT�IS�TO�USE
THE� FINITE� ELEMENT� METHOD� �&%-�	�� (OWEVER�� SUCH� A
METHOD� REQUIRES� TOO� MUCH� COMPUTATION� TIME�� 4O
OVERCOME� THIS� PROBLEM�� WE� INTRODUCE� SIMPLIFICATIONS�
CONSIDERING�THE�TIRE�TO�BE�ISOTROPIC�AND�THE�PARAMETERS�OF
THE�FRICTION�COEFFICIENT�OF�THE�CURVE�TO�BE� INDEPENDENT�OF
THE�DIRECTION�OF� THE� TIRE��4HEN�WE� DEFINE� BY�"URCKHARDT
THE�RESULTING�FRICTION�COEFFICIENT��

( )µ RES 1 3 RES
2 RES 4 RES= ⋅ −
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WITH� K c FN Z= −1 5
2 �� A� COEFFICIENT� AS� A� FUNCTION� OF� THE

LOAD�� AND� THE� PARAMETER�S� C��� C��� C��� C��� GIVE� US� THE

CHARACTERISTICS�OF�THE�ROAD�SURFACES��DRY�ASPHALT��SNOW��ICE�
WET�ASPHALT	�AS�IT�CAN�BE�SEEN�IN�FIGURE���
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&IGURE�����&RICTION�CHARACTERISTICS�FOR�SOME�TYPICAL
SURFACES

4HEN�THE�LATERAL�AND�TRANSVERSAL�COMPONENTS�ARE��
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!FTER� THAT�� IT� IS� DEFINED� 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

4HESE�FORCES�ARE�DEFINED�IN�FIGURE���IN�THE�TIRE�COORDINATE
SYSTEM�
"Y� THIS� FIGURE� ��� A� CONVENTION� IS� DEFINED� �� WHEN� A� IS
POSITIVE�THEN�THE�FORCES�ARE�ON�THE�LEFT�SIDE��AND�A�POSITIVE
LONGITUDINAL�SLIP�YIELDS�FORCES�IN�THE�FRONT�DIRECTION�
A� IS� MATHEMATICALLY� NEGATIVE� IN� THE� TRIGONOMETRIC
DIRECTION��AND�IS�DEFINED�AS�THE�ANGLE�BETWEEN�THE�DIRECTION
OF�THE�TIRE�AND�THE�DIRECTION�OF�THE�TIRE�VELOCITY�

�����-ODEL�FOR�THE�NORMAL�FORCES
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&IGURE�����-ODEL�OF�THE�CAR�FOR�SHIFTING�OF�THE�AXLE�LOAD

&OR� THE� CALCULATION� OF� THE� TIRE� FORCES� &
,

� AND� &
3

� IT�� S
IMPORTANT� TO� DETERMINE� THE� DYNAMIC� LOAD� OF� THE�WHEELS
CORRESPONDING�TO�THE�NORMAL�FORCES�&

:

��4HE�NORMAL�FORCES
CHANGE� OPPOSITE� TO� THEIR� STATIC� VALUES� DUE� TO� DIFFERENT



DRIVING� SITUATIONS�� 4HE� LOAD� OF� THE� AXLE� CHANGES� DUE� TO
BRAKING�OR�ACCELERATING�OR�DRIVING�AT�A�HILL�
4HE�WHEEL� LOAD� SHIFTS� FROM�THE� INNER� TO� THE�OUTER�WHEEL
DURING�CORNERING�
&IGURE���SHOWS�THE�FORCES�APPLYING�TO�THE�CHASSIS�OF�AN

ACCELERATED�CAR��4HE�CAR� IS� SIMPLIFIED� TO�ONE�MASS�MODEL�
4HE�CHANGE�OF� THE�WHEEL� LOADS� IS�ONLY�DEPENDABLE�OF� THE
POSITION�OF�THE�CENTER�GRAVITY�AND�THE�ACTUAL� LONGITUDINAL
ACCELERATION�� 4HIS� MODEL� CAN� BE� USED� BECAUSE� THE� BODY
FREQUENCY�OF�THE�CAR�S�SPRINGDAMPERSYSTEM�IS�HIGHER�THAN
POSSIBLE� FREQUENCIES� OF� THE� ACCELERATION��4HE� ACCELERATING
FORCE��M�AX	�CAUSES�A�PITCHING�MOMENT�WITH�A�LEVER�ARM�OF
THE� HEIGHT� H� OF� THE� CENTER� OF� GRAVITY�� 4HIS� RESULTS� IN� A
DYNAMIC� LOAD� SHIFTING� FROM� THE� FRONT� TO� THE� REAR� AXIS�
#ALCULATING� THE� BALANCE� OF� MOMENTS� ABOUT� THE� CONTACT
AREA�OF�THE�REAR�AXIS�THE�DYNAMIC�WHEEL�LOAD�FOR�THE�FRONT
AXLE�USING�THE�ABBREVIATIONS�OF�THE�LITERATURE�;�=�RESULTS�IN
THE�FOLLOWING�EQUATIONS�
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These considerations can be also made for a decelerated
car.

�����%QUATION�OF�THE�TORQUE�FOR�THE�TIRE�MODEL

4HE�MODEL�CONSISTS�OF�ONE�WHEEL�WITH�THE�RADIUS�R�AND
THE�MOMENT�OF�INERTIA�Θ R ��4HE�LOAD�OF�THE�WHEEL�IS�THE
NORMAL�FORCE�&Z��"ASED�ON�THE�WHEEL�LOAD�AND�THE�ADHESION
COEFFICIENT�M��AN�ACCELERATING�FORCE�&,�IS�APPLIED�ACCORDING
TO� #OULOMB�S� LAW� F FL Z L= ⋅µ � TO� THE� CONTACT� AREA
BETWEEN�THE�TIRE�AND�ROAD��4HIS� FORCE�HAS�AN�ACCELERATING
EFFECT�ON� A�DECELERATED�WHEEL�� &URTHERMORE�� THE�WHEEL� IS
DECELERATED�BY�THE�BRAKING�TORQUE�-XTHROUGH�THE�BRAKE�
2ESULTING�OUT�OF� A�BALANCE�OF�MOMENTS� THE� FOLLOWING

EQUATION�CAN�BE�WRITTEN��
Θ R X LM r F&ω = −

4HE� SAME� EQUATION� CAN� BE� WRITTEN� FOR� THE� THREE� OTHER
WHEELS��AND�GIVES�US�A�STATE�SPACE�VECTOR�

[ ]x Rad
T

VL VR HL HR= ω ω ω ω

THE� INPUTS� OF� THIS� MODEL� ARE� THE� LONGITUDINAL� TIRE� FORCES
AND�THE�MOMENT�OF�BRAKING�OR�ACCELERATION�

[ ]u
Rad

T
LVL LVR LHL LHR VL VR HL HRF F F F M M M M=

&OR�THIS�CALCULATION�THE�PARAMETER�Θ R ��R��AND�-X�MUST�BE
MEASURED�

���-ODEL�OF�SUSPENSION

)N� THE� LITERATURE;�=�� ;�=�� A� LARGE� VARIETY� OF� TIRE�MODELS
ARE�PROPOSED�RANGING�FROM�A�SIMPLE�MECHANICAL�SPRING�UP
TO�COMPLEX�FINITE�ELEMENT�MODELS��)T� IS�USEFUL�TO�EVALUATE

WHEEL� AXIS� VIBRATIONS� AS� IT� IS� SHOWN� IN� ;�=�� )N� ORDER� TO
STUDY�THE�INFLUENCE�OF�ALTERATIONS�OF�TIRE�STIFFNESS�#

2(
�DUE

TO�VARIATION�OF�INFLATION�PRESSURE��IT�IS�USEFUL�TO�CONSIDER�A
SIMPLE�POINT�MODEL�OF�VEHICLE�SUSPENSION�
&IGURE���IS�AN�EXAMPLE�OF�|�REAR�LEFT�SIDE�OF�THE�CAR��!LL

THE�FOUR�SUSPENSIONS�OF�THE�VEHICLE�SHOW�THE�SAME�MODEL
STRUCTURE��WITH�DIFFERENT�PARAMETERS�
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&IGURE�����3USPENSION�MODEL

)T�CONSISTS�OF�THE�SUSPENSION�SPRING�WITH�STIFFNESS�#
&(

AND� THE� SHOCK� ABSORBER� WITH� DAMPING� COEFFICIENT� D
(

WHICH� ARE� BOTH� MOUNTED� BETWEEN� AXLE� MASS� M
2(
� AND

VEHICLE� BODY� MASS� M
2!(,

�� -OREOVER�� THE� SUSPENSION
SPRING� AND� THE� SHOCK� ABSORBER� ARE� TREATED� AS� LINEAR
ELEMENTS�
4HE� STATIC� SPRING� DISTANCES� :

2(,�
� AND� :

#(,�
� ARE

CHOSEN�IN�A�WAY�TO�COMPENSATE�THE�STATIC�FORCES�WHEN�THE
CAR� IS� IN� HORIZONTAL� POSITION�� 7E� CALCULATE� THE� RELATIVE
DISTANCE� AND� THE� FORCES� IN� COMPARISON� WITH� THE� BALANCE
POSITION�OF�THE�CAR�
2ELATIVE�DISTANCE�� ∆z z zRHL RHL RHL= − 0 �AND

∆z z zCHL CHL CHL= − 0

&ORCES��
F c h z zZHL RH SHL RHL RHL= − +( )0

F c z z zCHL FH RHL CHL CHL= − +( )0

F d z zDHL FH RHL CHL= −( & & )

%QUATION�OF�THE�FORCES��
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"UT�� TO� HAVE� A� GOOD�MODEL� OF� THE� SUSPENSION�WE�MUST
TAKE� INTO� ACCOUNT� THAT� THE� SPRING� OF� THE� VEHICLE� IS� NON
LINEAR��7ITH� THE� HELP� OF�MEASUREMENTS�� WE� CAN� ESTIMATE
THE� FORCE� ON� THE� SPRING� BY� A� POLYNOMIAL� FUNCTION� WITH
ORDER����7E�GIVE�HERE�THE�EXAMPLE�FOR�THE�FORCE�APPLIED�ON
THE�REAR�AXES��4HE�PROCEDURE�FOR�THE�FRONT�AXIS�IS�SIMILAR��



WITH xd z zR C= −& & THEN
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7ITH�THE�USE�OF�THE�NONLINEAR�CURVE�OF�THE�DAMPER��ON
EACH�STEP�OF�THE�INTEGRATION�THE�PARAMETERS�HAVE�TO�CHANGE�
THEN��

m z c z z c h z a z z

a z z a z z a z z

R R F C R R R C R

C R C R C R

&& ( ) ( ) ( & & )

( & & ) ( & & ) ( & & )

= − + − + − +

− + − + −
1

2
2

3
3

4
4

!FTER�THAT��THIS�MODEL�IS�REPRESENTED�WITH�A�NONLINEAR
STATE�SPACE�EQUATION�AS�
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&INALLY�FOR�THE�FOUR�WHEELS�IT�BECOMES�SO��
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���2ESULTS

4WO�APPLICATION�EXAMPLES�HAVE�BEEN�SELECTED�IN�ORDER
TO� DEMONSTRATE� THE� REALISTIC� BEHAVIOR� OF� THE� SIMULATION�
&OR�PERFORMANCE�EVALUATION�THE�SIGNALS�MEASURED�ON�A�TEST
CAR�AND�THE�OUTPUTS�OF�THE�SIMULATION�ARE�COMPARED�UNDER
THE� SAME� DRIVING� CONDITION�� $IFFERENT� DRIVING� SITUATIONS
ARE�REGARDED�IN�ORDER�TO�HAVE�A�LARGE�REPRESENTATION�OF�THE
VEHICLE�BEHAVIOR�

)N� THESE� TWO� EXAMPLES�� LATERAL� ACCELERATION�� YAW� AND
ROLL� VELOCITY� SHOW� A� GOOD� CORRESPONDENCE� BETWEEN
MEASUREMENTS� AND� SIMULATION� RESULTS�� 4HIS� COMPARISON
VERIFIES� THAT� THE�ABOVE� SIMULATION�MODEL� CAN�BE�USED� FOR
THE�DEVELOPMENT�OF�CONTROL�SYSTEMS�

%XAMPLE����4HE�FIRST�EXAMPLE�IS�CHARACTERIZED�BY�A�RAPID�STEP�OF�THE�STEERING�ANGLE��AND�THE�CONDITION
OF�A�CONSTANT�VEHICLE�SPEED�ABOUT����M�S�AND�WET�ROAD�
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%XAMPLE�����4HE�SECOND�EXAMPLE�SHOWS�FAST�OSCILLATIONS�OF�STEERING�ANGLE�
4HE�SPEED�IS�ALSO�ABOUT����M�S�AND�THE�ROAD�IS�DRY�
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���#ONCLUSIONS

4HIS� MODELING� OF� NONLINEAR� VEHICLE� DYNAMICS� IS� A
MODULAR� CONCEPT� WITH� DIFFERENT� SUBMODELS�� BEGINNING
WITH� AN� EXACT� NONLINEAR� TIRE� MODEL�� WHICH� IS� THE� MOST
IMPORTANT�SUBMODEL�TO�DESCRIBE�THE�DYNAMIC�BEHAVIOR�OF
CARS�MORE�EXACTLY��4HE�SUSPENSION�MODEL�IS�ALSO�DESCRIBED
WITH� NONLINEARITIES� OF� THE� SPRING� AND� ITS� LINK� WITH� THE
CHASSIS��4HE�BODY� CAR� HAS� �� DEGREES� OF� FREEDOM��4O� TAKE
THE� ENVIRONMENTAL� PARAMETERS� INTO� ACCOUNT�� ALSO� THE
INFLUENCE�OF�THE�WIND�AND�THE�SLOPE�ANGLE�ARE� INCLUDED�IN
THIS�SIMULATION�

4HE� COMPUTATION� TIME� OF� THIS� SIMULATION� IS� FAST
BECAUSE� A� SIMULATION� OF� ��� SECONDS� LAST� IN� REALTIME� ��
SECONDS�

4HIS� MODULAR� SIMULATION� GIVES� GOOD� RESULTS� AND
DEMONSTRATES� THE� REALISTIC� CAR� BEHAVIOR� DURING� DIFFERENT
DRIVING� SITUATIONS�� IN� SPITE� OF� DIFFICULTIES� TO� SIMULATE� THE
ROLL�VELOCITY�DUE�TO�THE�FACT�THAT�BIG�FORCES�RESULT� IN�VERY
LITTLE� ANGLES�� &INALLY�� IT� CAN� BE� OUTLINED�� THAT� THE
SIMULATION� HAS� SUFFICIENT� EXACTNESS� TO� BE� USED� INSTEAD� OF
DRIVING� TESTS� WHICH� CONSUME� A� LOT� OF� TIME� FOR� THE
PREPARATIONS�OF�A�EXPERIMENTAL�VEHICLE�
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