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Abstract the following properties of the different parts of the

vehicle:
The modular modeling of the 3-dimensional mechan-

ics of a racing car with Modelica is discussed. For eiechanics: The driver sits in a low position and the
ample, one base model class of the wheel suspension fuel tank is placed around the centre of mass to
is defined and used to model 4 occurences in the front not effect the weight distribution during a race.
and rear suspension. This model of the car is based on The engine and the integrated gearbox are placed
a new Modelica |ibrary to model 3-dimensional me- between the rear axle and the driver, and work as
chanical systems. This library is explained in some @ structural part of the chassis.

detail. Solid mechanics: The chassis is built up like a carbon

fibre shell, a so called monocoque and all connec-
1 Introduction tions are stiff, especially the suspension is built up
with stiff rods connected by ball joints.
In this article the modular modeling of the 3- .
dimensional mechanics of a racing car is discuss&§hicle dynamics: The geometry and angles are cho-
see figure 1 for a typical representative. The model is S€n in & way that conserves the wheel geometry
described with a new Modelica library for modeling of ~ during load, like cornering or braking, and com-
multi-body systems. This approach has the advantage Pensates for deformation that occurs in wheels
that it is straightforward to built up the system in a hi-  fims, hubs and suspension links - all for the sake
erarchical way from basic building blocks, such as a 0 maximise the use of the tires full potential in
suspension or a wheel, which are in turn defined with ~€very situation.
elements of the multi-body library. The overall model oy namics: The vehicle body is slimmed to just
itself is a component which has 1D-cor]nectors to drive house the driver and the engine. Extensions from
the wheels and to steer the car. Using the standard the vehicle body, such as air intake and housings

1(Ij)(;mhechan|cs "t?ra”fei of Moiil_'ca itis then ea(sjy It_o for the radiators, have as small projection area as
add the powertrain of the car. This racing car modelis o ipie ™ As a result, body mass is kept quite

mainly utilized to get experience with the handling of close to the cars longitudinal axis, i.e., around this
complex vehicle models in Modelica and Dymola [2] axis the inertia is low.
(component structuring, combining different libraries,
symbolic transformation, efficiency of simulation).
Libraries used for the modelling

2 Formula car characteristics The Modelica libraries used as a basis for the mod-
eling of the racing car are shortly discussed. These

A formula car is a one seated race car with a mm'mlﬂlraries can be downloaded from the Modelica Web-

carossery. The car model used in this article is takgirae fittp:/Awww.Modelica.org ). They are part
from [3] and represents a typical formula car very Weélf the standard distribution of a Modelica environ-
[7]. Maximum performance on smooth tarmac raGeant such as Dymola

tracks is the dominating design criterion and results in



Figure 1: A formula car in action, in this case, a Dallara 398 at Zandvort, NL.

3.1 Modeling of 1D mechanical components automatic gearboxes can be modeled conveniently.

. - . For the racing car, currently only a very simple model

The steering system and the wheel drlvmg/braklr%g acing . y only y simp
. . the driving system is used. However, it is planned

system of the racing car are modeled with tr}e .

. : . : o 0 add more details.
1-dimensional mechanical Modelica libraridégod-
elica.Mechanics.Rotational and Model-

ica.Mechanics.Translational . In figure 2 the

Rotational library is displayed. This library containghe modeling of the vehicle chassis is performed
basic elements, such as a rotational inertia, idg@th the new Modelica libraryModelicaAddi-
gearboxes, shaft elasticity, bearing friction, clutchegns MultiBody which is used to describe 3-
brakes, and sensors. Additional components dedicai@@lensional mechanical systems, see figure 4. The
more specifically to power trains of vehicles, argymponents of the MultiBody library can be combined
available in the PowerTrain library, see [4] for detailgyjth the 1D-mechanical libraries mentioned in the pre-
These two libraries allow to build up quite detailegjoys subsection.

models of the mechanical part of the driving system A simple example of the usage of this library can
of a vehicle, e.g., the detailed shifting behaviour gk seen in figure 3, where a simple pendulum with
damping in the joint is modeled. Componéner-

tial in figure 3 defines the inertial system of the model

3.2 Modeling of 3D mechanical components
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Figure 2: Library Modelica.Mechanics.Rotational. Figure 3: Example: Pendulum with damping in joint.



guence, the revolute joint rotates around the z-axistefns cannot be handeled with the standard algorithms
the inertial system. of object-oriented modelling techniques.
ComponentboxBody defines a box. The box is  Therefore, users have to remove joints, until the
defined by lenght, width and height and some matesulting connection of joints and parts forms a tree.
rial properties, such as the density. The mass, cdimen the removed joints have to be added from the
ter of mass and inertia tensor are calculated from tisisecial sublibraryCutJoints  (and not from subli-
data. Additionally, the shape of the box is used for abrary Joints ) to arrive at the desired mechanical
imation. Finally componendamper is a 1D-element system. Cut-joints are primarily used to remove the
from the Rotational library and describes the velocitgdundant description of the orientation.
dependent damping in the joint axis. It is connected The one-degree-of-freedom joints (Revolute, Pris-
between the driving and the bearing flange of the joimhatic, Screw) may have weariable structure. That
Both of these flanges are 1D mechanical connectiois, the joint can bdocked and unlocked during the
The 3D-components are connected together mbvement of a multibody system. This feature can
connectorsFrame_a or Frame_b. Both connectors be used to model brakes, clutches, stops or sticking
define a coordinate system (a frame) at a specific fdetion. Locking is modelled with elements of the
cation of the component, which is fixed in the compdrotational library, such as model classgsitch or
nent, see figure 5. The frame, i.e., the correspondiBgaringFriction , which can be attached to the
connector, defines all the kinematic properties, suchfi@sge of such a joint.
the absolute rotation matrix from the frame to the iner-

tial system®T?@ and the absolute position vector fro .
the inertial system to the frame orighn®, resolvednzl The racing car model

in the inertial frame. Additionally, the connector CONtLe model of the racing car consists of the chassis
. a 1
tﬁ'ns 'Fh? refsilta:t cut-fsr@: antlj cgt?tolr:qué‘q-a a the driving and steering system and the road. In the
t e_lq;]'g";/lodt I? ra'\r/lnei,.Bo':j rﬁso ve hm raé?ﬁ . following subsections, these components are discussed
e Modelica MultiBody library has sublibrarie§y, e etail and it is explained how subcomponents,

for joints, cut-joints, parts, force elements, sensors h as the suspension, are provided as parameterized

example systems, See upper part of figure 4. Idea‘H}(odel classes. The most important parts of the model
all elements of the library can be connected togetf}ﬁre displayed in figure 6

in any meaningful way. Unfortunately, this is not pos-

sible with the present version of this libraryThe rea- differs in several aspects from a conventional vehicle.

son is that the orientation of a coordinate systemds . modeling process, the most important differ-
described with a redundant set of coordinates and thjs. ¢ 4 e-

leads to an overdetermined, but consistent, set of equa-

tions if closed kinematic loops are present. Such sys-» Informula cars mostly ball joints are used to con-
= | s lbrar v under devel nect parts instead of bushings. This results in
Thenextrelease of this library is currently under development o, it nart connections. Therefore, more parts

and has no longer the mentioned restrictions. Especially, the user - . . .

does not have to define cut-joints and can connect the joints, parts are kinematically constrained as it is usually the

As already discussed in section 2, a formula car

and other elements in any meaningful combination. case, leading to bigger numbers of closed kine-
matic loops.
connector Frame_a e The dominating suspension linkage in a formula
afa \ % oTa car is a double wishbone linkage. This suspen-
B4

sion type has 5 closely coupled kinematic loops.
/ L' On the other hand, a McPherson suspension of-
ata ten used in conventional vehicles has only 2 kine-

m eut matic loops.

inertial system Since every kinematic loop introduces nonlinear equa-

tions on position variables, both the simulation and the

Figure 5: 3-dimensional mechanical connector. initialization is more difficult.
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Figure 4: Library ModelicaAdditions.MultiBody.

4.1 Driving and steering system 4.2 Chassis model

In subfigure 1 of figure 6 the topmost level of the vehBubfigures 2-5 of figure 6 display the various levels of

cle can be seen. It consists of the chassis model whileh chassis model.

has five rotational flanges (= 1D connectors visualized Subfigure 2 is thehassis built up from the main

by filled squares at the border of the chassis model)dar body (= rigid body + animation shape), a front and

drive the four wheels and to steer the steering wheeleofear suspension. The two suspension systems are

the driver. Elements of the 1D-rotational library cangidly attached to the car body. Via joiffreeMo-

be used to built up quite detailled models of the pow#sn , the car body is connected to the inertial system,

train to drive the wheels and of the steering system.ila., the 6 absolute translational and rotational coordi-

the figure, very simple models are used: nates, as well as the 6 absolute velocity and angular

Via a differential gearbox, a driving torque is splitelocity coordinates of the car body are used to de-

and applied to the rear wheels. The driving torque ssribe the movement of the car relatively to the inertial

determined from a signal source. The front wheedgstem.

are not driven and therefore the wheel flanges have no The generic suspension systems have a steering

connection. Additionally, on all wheels a brake frornonnector. Since only the front wheels are steered, the

the Rotational library could be attached. The steeristeering angle of the rear wheels are set to a fixed angle

angle is kinematically constrained by componEot of zero degrees via componefikedSteering

sition  and forced to follow the output of a signal In subfigure 3, the realization of the rear suspen-

source. Alternatively, a torque could be used togettson can be seen. It consists of components for steer-

with a driver model which produces this torque. ing, dampers, drive train, suspension linkages, wheel
body and tyre models. These elements can be com-
bined to build up different kinds of suspension sys-
tems. The wheels at the upper and lower part of this
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Figure 6: Composition diagrams of the different levels of the racing car model.



subfigure consist of a wheel body and a tyre model &arameter default values

cording to [5], chapter 2.6. There are three rotational : L
gto ] b nIn the car component library, the parameterisation is

flanges (= 1D-rotational connectors) on each suspen- .
usually selected in such a way that the parameters

sion to regulate wheel rotation and steering wheel acp- not influence each other, i.e., if one parameter is

le, as well as one Frame (= 3D connector) to attacﬁ , )
g ( ) changed, there is usually no need to modify another

the suspension system rigidly at a specific positioh
) . ) arameter as well.
and orientation on another part. The different suspen- -
For all parameters, realistic default values are

sion model classes have the same interfaces and are . .
sed. For example, a link arm is by default mod-

therefore completely interchangeable. However, th : L
parameterization maybe different, e.g., a monodamﬁﬁ?d as a bar with equally d'SErIbUIeOIT mass, de_:pend-
on the length of the rodTfcy = 5, m = p|f|,

) . in

suspension has only parameters to define one da p%r_ M2 2 : .

while a twindamper has parameters for a left an:l]]a‘l(_ 3(T5+75) and the density of, say, steel is .
taken. Therefore, whenever the length of the rod is

right damper. .
9 pe . . . changed, the position of the center of mass, the mass
In subfigure 4, the implementation of a twin- N . .

o . , nd the inertia tensor are changed appropriately. It is
damper suspension is shown and in subfigure 5 the : . )
. of course possible to overwrite at any time the default
steering system. values by, e.g., supplying explicit numeric values for

Finally, in subfigure 6 the model of the suspensmﬂ Y, €.8., SUpplyIng exp .
. T . : . the mass and the inertia tensor. This approach has the
linkages is displayed. This part contains 5 kinematic

loops and therefore 5 cut-joints are utilized at appr dvantage that by providing only a few parameters, a

) 7 {rst rough model of a vehicle can be built and sim-
priate places. The four joints at the lower left par
ulated. In further steps, the parameters can be better

of this subfigure are universal joints, i.e., they have . "

. C adapted to the actual vehicle data by overwriting the
2 degrees of freedom. In reality, spherical joints aéef it val
present at these places. The universal joints are u gfult vaiues.
in order to remove the non-interesting self rotations of

the rods of the suspension around the rod axes (sifi@ameterisation of closed kinematic loops

the inertia is small around these axes, the rotation q@8ually, in every subcomponent the coordinate sys-
be neglected). tem of one of the 3D connectors is used as a reference
The 4 hierarchical levels of this model have begmme for this component, and all other frames are se-
found appropriate. Of course, one could easily remoed to be parallel to this frame. As a consequence,
one level by implementing the car directly with steegy| |ocal vectors are expressed in the reference frame.
ings, dampers etc. and skip the level with front and |t 4 subcomponent is parameterized which does
rear suspensions. Since these units are fairly separaigdnave kinematic loops, such as the damper system
in a vehicle, e.g., they do not have any common closgdspfigure 4 of figure 6, it is most convenient to just
loops, there are no advantages of using a flatter modglectly use the parameterization necessary to describe
Note, that with the subcomponents used to Moggk pase components used. This means, e.g., that posi-

the racing car, it is quite easy to describe completgly vectors are defined as relative quantities between
different vehicles if they have a similiar structure. TRyca| frames.

see figure 7. matic loops (see, e.g., subfigure 6 of figure 6) such a
parameterization leads to difficulties, since the gener-
4.3 Parameterisation of subcomponents alized coordinates of the joints in the loops have to be

. ... determined at initial time by the solution of nonlinear

In order that the subcomponents displayed in figure E . .

k M agebralc equations where the start values may not be

are reusable, an appropriate parameterisation has t0 be , .

. ) _ good. It is more robust to select as independent pa-

utilized. Some aspects shall be discussed: .
rameters the position vectors from the reference frame
to the "essential” points, e.g., the connection points, at
the initial configuration and compute the needed rel-
ative position vectors by simple vector addition rules.



Figure 7: TheFormulaCar compared to th€©ffRoadTruck model. Already defined components can be
reused to built-up easily quite different cars.

As a consequence, at the initial position the kinematgpresent, and functioroad is called when needed in

loops are always consistent. the tyre model. Whenever this function is called, the
actual function body is searched all the levels up in the
4.4 Road model hierarchy, until a correspondingner declara-

tion of the following form is found:
The wheel and tyre models need the altitude and the

friction coefficient at the point of contact of a tyre with ~ inner function road = roadProfilel;

the road. Changing the road description should not [ this case, the actual function called in the tyre model

quire to modify the car model itself. Since the road aRgiances is functioradProfilel. As a consequence,

the tyre exchange data, the standard way in Modeliga, ;5 properties can be defined at the top-level of
would be to have a road componentwhlch |s.connectﬂ'>]% model and can also be easily changed. Usually,
to all fourwheels of a car. This would result in a closg function is supplied which reads a table from a file
coupling of car and Foa?' model. . defining the road profile. To summarize, inner/outer
A better alternative is to see the road gshgsical f,q(ons in Modelica can be seen as pointers to func-

field and use thenner/outer  Modelica language i s \yhere the actual function body is defined at
constructs designed for the description of such f'elqﬁgher hierarchical levels

In this case, the prototype of a function for the road
properties is defined as: ) ]
5 Simulations results

partial function roadInterface
:2'03: 222: X ngz:;:gg The overall model of the racing car consists of 73
mgut Real z z eFIJO city": ’ bodi_es_ with shape inforr_nz_:ltion for animation, 92 revo-
output Real z  "z-position"; lute joints, 24 spherical joints and 24 closed kinematic
output Real mue "friction coeff."; loops. Dymola needs a few minutes on a PC to trans-
end road; form this system to state space form with 30 states and

S _ about 6500 algebraic variables (reduced from a set of
that is, given the x- and y-coordinates of a contaghoyt 60000 unknown algebraic variables).

point, as well as the absolute value of the velocity |, figure 8 the animation view of the racing car is
vector at the contact point parallel to the road, the Zsown. It consists of a CAD-picture of the main body
coordinate of the road and the coefficient of friction al,q of graphical objects, such as cylinders and boxes
this point are computed. Within the wheel/tyre modg}, gisplay other parts, such as the suspension systems.
a declaration of the form In figure 9 a typical simulation result of a driv-
outer function road = roadinterface: ing manoeuvre is shown, wher_e the racing car drives
through a curve and starts to skid.



v

(1]

(2]
(3]

Figure 9: Driving through a curve with skidding. [4]

6 Conclusions

The racing car model described in this article demorl®]
strates that it is possible and suitable to model large
3-dimensional mechanical systems with Modelicaf]
multi-body library. Since it is very easy to combine
this library with other Modelica libraries, such as 1-
dim. Rotational-, PowerTrain-, Hydraulics-, Blocks-
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