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Abstract. Based on two application examples, i.e. a DC-
actuator and a brake pedal system, the analysis of this ar-
ticle demonstrates, which synergies can be achieved by 
applying system simulation. The first example, focussing 
on the simulation of the temperature behaviour of a DC-
actuator to identy critical operating conditions, reveals an 
effort reduction by a factor of 4 in comparison to meas-
urements. The second example, a brake pedal system, 
shows an approach of contact modeling between rigid 
bodies in Modelica, in order to analyse the kinematic 
movement of the pedal and its force-path characteristics. 
In this case, the original effort of model creation has been 
reduced by a factor of 10 s.  
Beside the increase of efficiency, the respective de-sign 
concepts could be optimized concerning the friction and 
temperature behaviour according to the specifications. 

Introduction 
Due to rising complexity of automotive systems and sub-
systems, system simulation is becoming more and more 
important to continuously analyse and verify the interdis-
ciplinary system behaviour along the product develop-
ment process.  

Therefore, system models for various subsystems and 
components have been developed and validated at 
HELLA in recent years. In this article two examples, i.e. 
a DC actuator of a mechatronic headlamp module and a 
brake pedal system, are presented, aiming at the develop-
ment of applicable models for an efficient and effective 
system development and optimization.  
Considering temperature behaviour, the DC-actuator 
model includes: 

 

• the control unit, 
• the electrical adjustment unit (DC-motor)  
• the gear. 
The brake pedal system consists of:  
• the joint system,  
• the position detection unit  
• the reset mechanism. 

 
The basic model structure has been automatically derived 
from the CAD design including its kinematics via direct 
coupling and extended by modelling the friction behav-
iour, foot force, return springs and contact surfaces. 

For the development of the models, including models 
for contact surfaces, the modeling language Modelica 
and the simulator Dymola [1] [2] have been applied. 

1 Model of the DC-Actuator 
The increasing utilization of mechatronic components in 
the automotive industry can be exemplarily shown on 
headlamps. While previously simple light sources in 
combination with reflectors provided a static illumina-
tion of the street, nowadays complex mechatronic head-
lamp systems provide a variety of functions (such as dy-
namic cornering light, automatic levelling, and many 
more) depending on the driving conditions. Since such 
mechatronic systems are getting more and more complex, 
a holistic development approach is necessary, which can 
be supported by accompanying modeling. Regarding the 
example of the DC-actuator, the development and appli-
cation of a system model aims at increasing system un-
derstanding and efficiency at the same time, in particular 
for the analysis of critical operating conditions, such as 
blocking of the motor. 
The DC-actuator is a subsystem of the mechatronic sys-
tem headlamp and consists of the control unit, the elec-
trical adjustment unit (motor), the gear as well as the 
drive shaft.  
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FiguFigure 1 exemplarily shows a DC-actuator of a 

mechatronic headlamp module. 

 

 

Figure 1: DC-actuator of 
a mechatronic  
headlamp modul. 

In the following sections, these individual model ele-
ments are described. 

1.1 Control Unit of the DC-Actuator 
The schematic diagram of the control unit of the DC-ac-
tuator is shown in Figure 2 and essentially consists of two 
half bridges and a logic module to control them. 

 
Figure 2: Schematic diagram of the DC-actuator. 

The corresponding model of the control unit is shown in   
FiguFigure 3. It is modeled in a hierarchical manner, i.e. 
the half bridges shown in Figure 2 are part of the IC TLE 
4209G (see Figure 3). 

  
Figure 3: Control unit model of the DC-actuator. 

1.2 Motor Model of the DC-Actuator 
The motor model of the DC-actuator represents the elec-
trical, mechanical and thermal behaviour. Regarding the 
latter one, on the one hand, the environment temperature 
and on the other hand the self heating during operation 
are considered. The Dymola/Modelica motor model is 
shown in Figure 4. 

The accurate prediction of the thermal behaviour re-
quires the description of the commutation characteristics. 
The motor consists of three windings, which are powered 
by a commutator. In case of blocking (malfunction), the 
motor must withstand a continuous current feed over a 
long period of time. Dependent on the type of blocking, 
the temperature may quickly increase to over 200°C due 
to self heating, so that the critical motor temperature is 
exceeded, which in turn leads to failure of the actuator. 

 

Figure 4: Motor model of the DC-actuator. 

The analysis aims at the prediction of the temperature be-
haviour of different motors in case of a blocking. A dis-
tinction is made between two blocking cases, i.e. 1/3 and 
2/3 blocking. In case of the 1/3 blocking, both brushes 
are each on one vane of the commutator. In case of the 
2/3 blocking, one of the two brushes is between two 
vanes, bridging them. This results in two states of arma-
ture resistance in case of blocking as shown in Figure 5. 

 

 
 
 
Figure 5: a) 2/3 blocking;  

             b) 1/3 blocking. 
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For a 2/3 blocking, the total armature resistance 

amount to Rtot=1/2 R and for 1/3 blocking to Rtot=2/3 R. 
Both cases can be adjusted separately in the model, in or-
der to evaluate the related temperature behaviour in case 
of blocking explicitely. 

1.3 Gear Model of the DC-Actuator 
The gear model describes the behaviour of a worm gear, 
as well as the stops limiting both directions of the actua-
tor. In addition, the friction characteristics such as the 
Coulomb and Stribeck forces are modeled. Summarizing, 
this model includes parameters for the gear ratio, both 
stops and friction. The gear model is shown in Figure 6.  

 
Figure 6: Gear model of the DC-actuator  

(including DC-motor). 

1.4 Model Validation 
The validation of the model plays a major role to ensure 
that the model is applicable without restrictions for all in-
vestigations along the development process. 

Parameterization of the model can be done via speci-
fication sheets or measurements. With regard to motors, 
specification sheets are often not sufficient to define all 
necessary parameters. Hence, measurements need to be 
performed, which are usually extensive in terms of costs 
and time. In this case, relevant motor parameters have 
been evaluated from specification sheet data, while tem-
perature characteristics have been determined by means 
of measurements in a climate chamber. These measure-
ments have been performed on three operating condi-
tions, i.e. rotary motion, 1/3 blocking and 2/3 blocking. 
Following from that, the necessary model parameters 
have been determined and implemented in the model. 

 
 

As a next step, the model is validated for several test 
circuits by means of comparison of simulation results and 
measurements, respectively. An exemplary test circuit is 
shown in Figure 7. 

Figure 8 exemplarily shows the comparison of the pre-
dicted and measured armature current of the DC-motor. 

 
Figure 7: Exemplary test circuit for model validation. 

 
Figure 8: Armature current of the DC-motor model –  

Comparison between measurement (blue)  
and simulation (red). 

The trend of the measured armature current of the DC-
motor is satisfactorily reproduced by the simulation, 
which has been also confirmed for additional setups. 
Hence, the model is valid to be utilized in the context of 
product development. 

Analysing the effort for prototype hardware develop-
ment versus simulation reveals a ratio of 4:1, i.e. the ef-
fort for hardware development is four times higher than 
for simulation. This leads to the conclusion that by ap-
plying simulation methods, the development effort in the 
respective concept phases can be decreased significantly. 
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2 Model of a Brake Pedal System 
Three different types of pedals can be distinguished in a 
vehicle, i.e. the brake pedal, the clutch pedal as well as 
the accelerator pedal.  

Since these pedal systems are no longer mechanically 
connected to the systems to be operated (e.g. connection 
of the gas pedal to the motor via rope system), todays pe-
dal systems are restricted to various requirements. Hence, 
beside the pedal arm, these pedal systems consist of fric-
tion elements, sensors and springs, in order to imitate 
closely the requested haptic feedback. Due to the rising 
complexity of interacting components, a system model 
has been developed aiming at a virtual prediction of the 
force-path behaviour, which includes the demand for an 
efficient contact modeling. An exemplary pedal system 
is shown in Figure 9. 

 
Figure 9: Example of a brake pedal system. 

This brake pedal essentially consists of a four-bar link-
age, a rocker including return spring, a cam shape defin-
ing the contact surface and a friction element. The contact 
surface forms the interface between the four-bar linkage 
and the rocker. The geometric shape of the contact sur-
face contributes to the force-path behaviour, so that an 
appropriate shape design is necessary to satisfy the cus-
tomer requirements. Most of the above-mentioned pedal 
elements can be modeled by using Modelica standard el-
ements, while modeling the contact surface is a particular 
challenge. Hence, this is described in more detail. One 
possible contact modeling approach in Dymola is availa-
ble via the Idealized Contact Library [3]. 

2.1 Description of a Contact Surface 
In a system simulation model, bodies are usually as-
sumed to be rigid. This assumption is valid if the kine-
matics are in the focus of investigation.  

In this case it is sufficient to describe the body by the 
location of its center of gravity as well as its mass and 
inertia moments within the center of gravity. The body 
expansion is not considered. However, regarding contact 
phenomena, both, modeling elastic bodies as well as de-
fining the surface are mandatory. 

For the description of simple geometries, such as rec-
tangles, cylinders or spheres, the Idealized Contact Li-
brary provides one “surface” block, respectively, that de-
scribes surface dimensions as well as its orientation in the 
coordinate system. The latest release additionally pro-
vides also blocks for the description of ellipsoids and 
other convex bodies. 

The “surface” block represents a thin surface with no 
mass, which can be connected to a rigid body via a 
“frame” interface. 

The calculation of the contact force is performed in a 
“contact” block. Necessary information of the contact 
surface is transfered via a “contact” interface. Beside de-
fining the body-fixed coordinate system of the surface, 
geometric information of the contact surface and (in the 
latest release) the surface type are transferred.  

 
Figure 10: Schematics of a simple contact model  

with two cylinders. 

Figure 10 shows an exemplary model for two cylinders. 
The blocks “cylinder1” and “cylinder2” describe the sur-
faces, connected via a “contact” block (orange). More 
complex geometries can be assembled by a parallel con-
nection of individual contact surfaces. In this case, each 
contact pair must be connected via a “contact” block [3]. 

2.2 Surface Modeling via Analytical Functions 
The approach to describe the cam shape via analytical 
functions results from the necessity of a variable curva-
ture, which must be tangential and constant in curvature 
in the region of interest. 

Third degree polynomial function. According to 
this approach, the geometry is described by one or more 
polynomial functions, which satisfy the necessary geo-
metrical conditions at their intersection points.  
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A third degree polynomial function is defined by 

 (1) 

and is clearly defined by determining the coefficients  
as well as the parameter . If the coordinates of two 
points on the function and the first and second derivatives 
are known, the unknown variables can be determined by 

 (2) 

 (3) 32  (4) 26  (5) 

The parameter  is defined as zero. If there is an inter-
section to another polynomial function, which is tangen-
tial and constant in curvature in the intersection point, the 
results of the first and second derivatives in this point are 
equal and thereby known, while only the coordinates of 
two points on the second function need to be specified. 
The model to describe a polynomial function is integrated 
in the Modelica model. 

The contact surface model and the model components 
for determining the contact point on the ellipsoidal sur-
face are partially shown inFigure 11. 

 

 
Figure 11: Schematics of the model for calculation of 

the contact point on the ellipsoidal surface. 
To calculate the contact point on the cam shape, the New-
ton method is implemented.  
If the polynomial function is defined within a limited 
range only, calculation of the minimal distance is per-
formed only in this range by defining thresholds. This is 
realized by setting the position of the contact point equal 
to its respective threshold value in case the threshold is 
exceeded. 

One single polynomial function is not sufficient to de-
scribe the cam shape and to achieve the demanded pedal 
behaviour along the entire path.  

Hence, the model is assembled by several functions and 
successively approximated to the demanded behaviour. 

Realization of the cam shape. First, the cam shape 
is described by a single polynomial function and adapted 
to the demanded behaviour of pedal force at the start of 
the displacement in accordance with the specified pre-
load and implemented spring parameters of the rocker. 

If the force deviates from the reference values at 
higher pedal angles, the position of the contact point for 
the respective pedal angle is determined and defined as 
intersection point for the successive function. Next, the 
second point of the successive function is specified, in 
order to achieve the demanded behaviour also for the sec-
ond section. This is continued successively, until the cam 
shape is completely described. 

The defined surface shape can be directly considered 
for the design of the geometry in CATIA [4]. This leads 
to a significant reduction of design steps, prototype de-
velopment and measurements. In comparison to a decou-
pled approach, the effort of model creation has been re-
duced by a factor of 10. 

2.3 Validation of the System Model 
The overall system model basically consists of 4 main 
categories, as shown in Figure 12.  

 
Figure 12: System model of the pedal system. 

These are the pedal geometry, which is automatically 
translated from the CATIA design, a component for mod-
eling the restoring force and the contact surface between 
the four-bar linkage and the rocker, as well as components 
for modeling the foot force and friction within the pedal. 
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The simulation result of this model is shown in Fig-

ure 13 in terms of the pedal force as a function of the pe-
dal angle in comparison to the requested characteristics. 

In case of return, the simulation result slightly devi-
ates from the desired behaviour. However, the general 
trend can be reproduced. By increasing the friction value 
(which is not verified by measurements), the spread of 
the hysteresis can be increased.  

By adjusting the cam shape, the behaviour can be ac-
curately predicted. For a pedal angle of 32° the return 
force is smaller than the demanded minimum. Going to-
wards a smaller pedal angle, the desired behaviour can be 
satisfactorily achieved. 

 

 
Figure 13: Pedal force as a function of the pedal angle 

for varying friction values. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3 Summary 
The application of system simulation delivers an effec-
tive possibility to verify the system behaviour along all 
phases of product development, leading to a reduction of 
cost and time (e.g. by reduction of prototypes), and more-
over, to gain more information about the system, which 
is not accessible in prototype measurements (e.g. force 
measurements in encapsulated systems). 

The examples presented in this paper clearly demon-
strate that the system behaviour including critical operat-
ing conditions can be predicted and analyzed via system 
simulation, leading to a more comprehensive understand-
ing about the system. This is also supported by anima-
tions, which simplify interpretation and communication 
between different stakeholders. 

Moreover, such an approach can support on detecting 
and avoiding failures, which often have tremendous con-
sequences, in early phases of development. In addition, 
the simulation approach offers the possibility to exactly 
reproduce scenarios and results, so that the impact of 
changes can be analyzed and different variants and con-
cepts can be compared more accurately. 
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