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Abstract

Gigatronik has developed GT-Car as a new experiment for laboratories in con-
trol theory, mechatronics, vehicle dynamics, or embedded software engineering
at universities and technical colleges. GT-Car is an autonomous model car in
the 1:10 scale driving on a conveyor belt with speeds up to 4.2m

s . The control
algorithms of GT-Car are developed in a model-based development process in
MATLAB/Simulink. By one single mouse click, C-Code is generated from the
Simulink model, compiled and flashed to the microcontroller of GT-Car, so that
students can rapidly design and test control algorithms. Since GT-Car integrates
the powerful microcontroller Infineon TriCore TC1796, computationally expen-
sive advanced control algorithms can be applied in real-time. The focus of this
paper is on the position detection algorithm of GT-Car that integrates infrared
distance sensors and an inertial measurement unit. By processing the infrared
distance signals as well as the acceleration and yaw rate signals of the inertial
measurement unit, an onboard Kalman filter estimates the position of the car on
the conveyor belt in real-time. In addition, the dynamical simulation model of
GT-Car is presented that describes the vehicle dynamics in relative motion on a
moving surface.

Keywords: Autonomous model car, Laboratory experiment, Position detection system,
Kalman filter, Vehicle dynamics model, Model-based software development.
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1 Introduction
The model car GT-Car is a product of Gigatronik
Stuttgart GmbH. GT-Car has been specifically devel-
oped for laboratories at universities and technical col-
leges. GT-Car is a mechatronic system that is built from
standard RC-car components and state-of-the-art auto-
motive electronic components (see Fig. 1).

Fig. 1 GT-Car driving on the conveyor belt

The signal processing and control algorithms of GT-Car
are developed in a model-based software development
process that uses the established and widely spread tool
chain MATLAB/Simulink with Real-Time-Workshop
Embedded-Coder.

GT-Car is built around the electronic control unit GI-
GABOX gate XL [1] whose 32bit microcontroller is an
Infineon TriCore TC1796 running at 150MHz. With the
GIGABOX gate XL target, the Real-Time-Workshop
Embedded-Coder generates C-code for this microcon-
toller. For the input of sensor signals and the out-
put of actuator signals, the installation of the GIGA-
BOX gate XL target includes a Simulink blockset. In
laboratory experiments students learn to work with this
tool chain which is also applied in the development of
production code for automotive electronics.

Fig. 2 The large-size conveyor belt

GT-Car drives on a conveyor belt that is available in
different sizes. The largest configuration today has a

length of 300cm and a width of 150cm manufactured
by Bertschinger GmbH&Co.KG in Aldingen, Germany
(see Fig. 2). The belt speed can be set to any speed
in the range of 0 to 4.2m

s . With its RS-232, RS-485
or CAN interfaces the belt can be remotely controlled
from the user PC. Thus, velocity profiles in driving ma-
neuvers can be played back in the laboratory.

Alternatively, GT-Car can drive in a fixed environment.
For this, Gigatronik provides scenarios in the scale of
1:10 to realize and test parking assistance systems [2].

The on-board interfaces of GT-Car comprise CAN,
USB, JTAG, and Bluetooth for the communication with
the user PC or for inter-car communication. With the
inter-car communication, platoon driving and passing
maneuvers can be realized.

The focus of this paper is on the positioning system of
GT-Car. The real-time computation of the car position
on a conveyor belt of 300cm× 150cm by on-board sys-
tems is a challenge. In order to achieve a resolution
in the cm range, the position detection system incorpo-
rates a sensor cluster [3] of six infrared distance (IR)
sensors Sharp GP2Y0A02YK and the inertial measure-
ment unit (IMU) Analog Devices ADIS16362BMLZ.

The IR distance sensors measure the distance of the car
to the edges of the belt. For this, the belt is surrounded
by a rectangular frame with a height of 15cm. By pro-
cessing the distance signals of the IR sensors as well as
the acceleration signals and the yaw rate of the IMU,
a Kalman filter [4, 3] estimates the position, the yaw
angle and the velocity vector of the model car on the
conveyor belt.

For the design of the position detection system, a
single-track simulation model of the vehicle dynamics
has been developed and applied. The major extension
of this model compared to standard single-track mod-
els [5] is the relative movement of the car on a moving
surface. The vehicle model can drive forward and back-
ward relative to this moving surface.

The following Section 2 documents the governing equa-
tions of the vehicle dynamics model. Section 3 illus-
trates the position detection algorithm.

2 Vehicle Dynamics Model
For the design of the position detection system in vir-
tual simulation, a single-track vehicle dynamics model
is derived. The underlying assumptions of this model
are:

• The car is one rigid body.

• The front and rear wheels are considered as one
wheel each located on the center axis.

• The only degree of freedom of this rear center
wheel is its rotation on the drive axle.

• The only two degrees of freedom of the front cen-
ter wheel are its rotation and the steering.



• There is no vehicle pitch or roll.

• The center of mass is located on the center axis of
the car.

• The vehicle has a rear-wheel drive and no front-
wheel drive.

The objectives in designing the model are:

• The car can drive with arbitrary relative velocity
vectors on the moving surface.

• The surface of the belt can drive with arbitrary
speeds in the negative longitudinal direction.

2.1 Kinematics Model

The vehicle dynamics model consists of two parts: the
kinematics model and the kinetics model. The kinemat-
ics model serves two purposes. Firstly, the kinematics
model is applied as the system model of the Kalman fil-
ter of the position detection system in Section 3.3. Sec-
ondly, the kinematics model in combination with the ki-
netics model is applied for the design and test of the po-
sition detection system in virtual simulation. The kine-
matics and kinetics models are implemented as block
diagrams in MATLAB/Simulink using continuous-time
blocks and Embedded MATLAB. In the following the
kinematics model is derived by applying the equations
of relative motion.
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Fig. 3 The kinematics of the car. The IMU is located at
the origin s i of the fixed-body coordinate system. pc

s
is the center of mass.

As depicted in Fig. 3, the origin of the fixed-body coor-
dinate system {ec

1, e
c
2, e

c
3} is at the position of the IMU.

The origin of the inertial coordinate system {ei
1, e

i
2, e

i
3}

is at the center of the belt.

The kinematics of the rigid body of the car in the fixed-
body coordinate system is defined by the absolute ve-
locity vector vc and the angular velocity vector ωci .

• The absolute velocity vector vc of the car at the
position of the IMU in the fixed-body coordinate
system is given by

vc =

(
vc
1
vc
2
0

)
(1)

• The angular velocity of the car relative to the iner-
tial system is defined as

ωci =

0
0
ψ̇

 (2)

where ψ is the yaw angle of the car.

• The position vector of the front wheel in the fixed-
body coordinate system is

pc
f =

(
lf
0
0

)
(3)

• The position vector of the rear wheel in the fixed-
body coordinate system is

pc
f =

(−lr
0
0

)
(4)

• The position vector of the center of mass in the
fixed-body coordinate system is

pc
s =

(−ls
0
0

)
(5)

• The velocity vector of the IMU vc is transformed
to the velocity vector vc

s of the center of mass by

vc
s = vc + ωci × pc

s (6)

For the computation of the wheel forces in the kinetics
model the wheel speeds are needed.

• The wheel speeds at the surface contact points are

vc
f =

 vc
1 − ωfrw cos δ + vb cosψ

vc
2 + lf ψ̇ − ωfrw sin δ − vb sinψ

0

 (7)

vc
r =

vc
1 − ωrrw + vb cosψ
vc
2 − lrψ̇ − vb sinψ

0

 (8)

where rw is the radius of the wheels, vb is the belt
speed in the negative longitudinal direction, δ is
the steering angle, and ωf and ωr are the angular
velocities of the front and the rear wheels.

The velocity and position vectors of the IMU are de-
fined by the following differential equations with corre-
sponding initial conditions for the velocity and the po-
sition.

• The acceleration vector at the position of the IMU
in fixed-body coordinates is given by

ac =
d vc

d t
+ ωci × vc (9)

=

v̇c
1 − ψ̇vc

2

v̇c
2 + ψ̇vc

1
0

 (10)



• The position of the IMU in the inertial coordinate
system is given by

d s i

d t
=

(
vc
1 cosψ − vc

2 sinψ
vc
1 sinψ + vc

2 cosψ
0

)
(11)

From Eq. (2), (10) and (11) the system model of the
Kalman filter is derived in Section 3.3.

2.2 Kinetics Model

The kinetics model as part of the vehicle dynamics
model consists of the conservative laws of motion and
the phenomenological equations of the contact forces
between the wheels and the belt surface.

• The momentum balance of the car in fixed-body
coordinates is given by

m
dvc

s1

d t
= Fr1 + Ff1 cos δ − Ff2 sin δ +mψ̇vc

s2

(12)

m
dvc

s2

d t
= Fr2 + Ff1 sin δ + Ff2 cos δ −mψ̇vc

s1

(13)

The forces Fr and Ff are the contact forces of
the rear and front wheels while m is the mass of
the car and δ the steering angle. The velocity vec-
tor vc

s = (vc
s1, v

c
s2, 0)T denotes the velocity of the

center of mass and is defined in Eq. (6).

• The angular momentum balance is given by

Θ
d2 ψ

d t2
= −Fr2 · (lr − ls)

+ (Ff1 sin δ + Ff2 cos δ) · (lf + ls)
(14)

where Θ is the moment of inertia of the car.

• The contact forces are assumed to be propor-
tional to the relative velocities of the wheel contact
points which yields good numerical properties of
the model for the numerical solution with variable-
step solvers.

Ff = −cf

( 0
vf

0

)
(15)

Fr = −crvc
r (16)

• The resulting side force of the front wheel is ob-
tained by projecting the front wheel speed vector
to the direction vector of the front axle

vf = vc
f ·

(− sin δ
cos δ

0

)
=

− vc
1 sin δ + (vc

2 + lf ψ̇) cos δ
− vb sin(δ + ψ) (17)

• Finally, the rotation speed ωr of the center rear
wheel is defined by the following angular momen-
tum balance

Θr
dωr

d t
= M − Fr1rw (18)

where Θr is the moment of inertia of the center
rear wheel and M is the drivetrain torque on the
rear axle.

In summary, the vehicle dynamics model consists of
the system of ordinary differential equations (11), (12),
(13), (14), (18) with corresponding initial conditions
and the explicit algebraic equations (6), (7), (8), (15),
(16), (17). The input signals of this equation system are
the drivetrain torque M , the steering angle δ, and the
belt speed vb.

3 Position Detection System
The position detection algorithm is a software compo-
nent of the driving algorithm of GT-Car that is devel-
oped in MATLAB/Simulink. This algorithm estimates

• the position ŝi = (ŝi
1, ŝ

i
2, 0)T ,

• the yaw angle ψ̂,

• and the velocity vector v̂ i = (v̂i
1, v̂

i
2, 0)T

of the car.
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Fig. 4 The position detection algorithm

The challenge in the design of the position detection
system is the low resolution of the IR distance signals.
In the range of 100cm to 150cm the IR distance signals
have a peak-to-peak noise amplitude of approximately
6cm. Further, the IR sensors sample the distance sig-
nals in a sampling rate of approximately 40ms. The re-
quirement, however, for the position detection system
is a resolution in the cm range at a sampling rate below
5ms.

For these reasons, a sensor cluster of six IR distance
sensors and one inertial measurement unit (IMU) is ap-
plied. The position detection algorithm reads in the
distance signals di of the six IR distance sensors i =



1, 2, . . . , 6 on the one side. On the other side, the IMU
signals yaw rate ωci,3 and the longitudinal and lateral
acceleration ac = (ac

1, a
c
2, 0)T are processed.

As illustrated in Fig. 4, the position detection algorithm
is subdivided into the following processing steps:

1. The yaw angle is computed from the IR distance
signals.

2. The car position is computed from the yaw angle
and the IR distance signals.

3. The Kalman filter predicts the velocity, the posi-
tion, and the yaw angle by processing the IMU
signals.

4. The Kalman filter corrects the predicted velocity,
position and yaw angle signals by comparison to
the position and yaw angle computed from the IR
distance signals.

The output signals of the Kalman filter are the velocity,
the position, and the yaw angle of the car.

3.1 Computation of the Yaw Angle from the IR
Distance Signals

The yaw angle is defined by geometrical relations of
pairs of IR distance signals. At first the yaw angle is
individually computed for four pairs. Then the average
value of these individual values is computed to reduce
the signal noise.

• Right-side distance signals i ∈ {1, 2}

tanψ1 =
d1 − d2

p1,1 − p2,1
(19)

• Left-side distance signals i ∈ {3, 4}

tanψ2 =
d3 − d4

p4,1 − p3,1
(20)

• Front-right and front-left distance signals i ∈
{1, 3}

cosψ3 =
l2

d1 − p1,2 + d3 + p3,2
(21)

• Rear-right and rear-left distance signals i ∈ {2, 4}

cosψ4 =
l2

d2 − p2,2 + d4 + p4,2
(22)

• Average value of yaw angle

ψ̄ =
1
4

4∑
i=1

ψi (23)

The rectangular dimensions of the belt are given by
its length l1 and its width l2. The vectors pc

i =
(pi,1, pi,2, 0)T denote the position coordinates of the six
IR distance sensors in the fixed-body coordinate system
on the car as depicted in Fig. 5. The coordinate origin
is the position of the IMU on the car.
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Fig. 5 The locations of the IR distance sensors. Again
the origin of the fixed-body coordinate system s i is the
position of the IMU.

3.2 Computation of the Car Position from the IR
Distance Signals

The longitudinal and lateral position of the car in in-
ertial coordinates s̄ i = (s̄i

1, s̄
i
2, 0)T is computed from

the yaw angle and all six IR distance signals. The yaw
angle ψ̂ estimated by the Kalman filter rather than ψ̄
is taken as an input signal to this computation because
ψ̂ has a higher accuracy than ψ̄ in Eq. (23). The lat-
eral position is computed from the right-side and left-
side distance signals, whereas the longitudinal position
is computed from the front and rear distance signals.

• Right-side distance signals i ∈ {1, 2}

si
i,2 = di cos ψ̂

−
[
l2
2

+
(
pi,1 sin ψ̂ + pi,2 cos ψ̂

)]
(24)

• Left-side distance signals i ∈ {3, 4}

si
i,2 = −di cos ψ̂

+
[
l2
2
−
(
pi,1 sin ψ̂ + pi,2 cos ψ̂

)]
(25)

• Front distance signal i = 5

si
5,1 = −(d5 + p5,1) cos ψ̂ +

l1
2

(26)

• Rear distance signal i = 6

si
6,1 = (d6 − p6,1) cos ψ̂ − l1

2
(27)



• Average values of longitudinal position s̄i
1 and lat-

eral position s̄i
2

s̄i
1 =

1
2

6∑
i=5

si
i,1 (28)

s̄i
2 =

1
4

4∑
i=1

si
i,2 (29)

3.3 Kalman Filter

As the system model for the Kalman filter the kine-
matics model is applied, which has been derived in
Section 2.1. The Kalman filter estimates the velocity
and position vectors in inertial coordinates, whereas the
IMU measures the acceleration in fixed-body coordi-
nates. By considering Eq. (2) and applying the coor-
dinate transformation on Eq. (10) and (11), the system
model is obtained:

d

d t


vi
1

vi
2

si
1

si
2
ψ


︸ ︷︷ ︸

ẋ

=


0 0 0 0 0
0 0 0 0 0
1 0 0 0 0
0 1 0 0 0
0 0 0 0 0


︸ ︷︷ ︸

A∗

·


vi
1

vi
2

si
1

si
2
ψ


︸ ︷︷ ︸

x

+


ac
1 cosψ − ac

2 sinψ
ac
1 sinψ + ac

2 cosψ
0
0

ωci,3


︸ ︷︷ ︸

g∗(x ,u)

; t > 0 (30)

(
y1
y2
y3

)
︸ ︷︷ ︸

y

=

(0 0 1 0 0
0 0 0 1 0
0 0 0 0 1

)
︸ ︷︷ ︸

H

·


vi
1

vi
2

si
1

si
2
ψ


︸ ︷︷ ︸

x

; t ≥ 0

(31)

x(0) =
(
0 0 si

0,1 si
0,2 ψ0

)T
(32)

The IMU signals ac
1, ac

2 and ωci,3 are the input signals
of this system model. The acceleration signals ac

1 and
ac
2 are measured in the fixed-body coordinate system of

the car. The IMU signal ωci,3 is the yaw rate of the
car. Eq. (30), (31) and (32) define the velocity vector
v i , the position s i , and the yaw angle ψ in the inertial
coordinate system.

Time discretization of the signals and differential equa-
tions by the Euler Forward method at time points tk

xk = x (tk) (33)
uk = u(tk) (34)
A = A∗∆t (35)

g(xk ,uk ) = g∗(xk ,uk )∆t (36)

yields the prediction step of the Kalman filter

x̂−k = A · xk−1 + g(xk−1 ,uk−1 ) (37)

ŷ−k = H · x̂−k (38)

P−
k = A ·Pk−1 ·AT + Q (39)

for time steps k > 0. As inertial conditions of the
Kalman filter a non-moving car in the belt center is as-
sumed:

x̂0 = (0 0 0 0 0)T (40)

P−
0 = 0 (41)

In the correction step the predicted position and yaw
angle are compared to the position s̄ i and the yaw angle
ψ̄ computed from the IR distance signals in Sections 3.1
and 3.2. The correction step is given by

Kk = P−
k ·H T ·

(
H ·P−

k ·H T + R
)−1

(42)

x̂k = x̂−k + Kk · (yk − ŷ−k ) (43)

Pk = (I −Kk ·H ) ·P−
k (44)

for k ≥ 0.

Hence, the estimated position ŝ i
k and yaw angle ψ̂k are

available as control variables for the longitudinal and
lateral vehicle dynamics controllers. On the given real-
time hardware GIGABOX gate XL, the total software
including the position detection algorithm and the vehi-
cle dynamics controllers runs with sampling rates down
to 2.5ms. An advantage of this algorithm is that no nu-
merical differentiation of the position signals has to be
applied in the D parts of the PID vehicle dynamics con-
trollers, since the time-derived position signals v̂ i

k are
directly given as system state variables of the Kalman
filter.

4 Conclusion
The autonomous model car GT-Car has been devel-
oped for the design and implementation of control algo-
rithms in the areas of vehicle dynamics and driver assis-
tance systems. The tool chain MATLAB/Simulink with
the Real-Time-Workshop Embedded-Coder allows the
rapid development of control algorithms in short de-
velopment cycles suitable for laboratory experiments.
With the Simulink blockset for the electronic control
unit GIGABOX gate XL all relevant I/O signals of GT-
Car can be accessed in Simulink.

The on-board sensor cluster of infrared distance sen-
sors and the inertial measurement unit together with the
position detection algorithm achieves the required res-
olution of 1cm at a sampling rate of 2.5ms. The single-
track vehicle simulation model proves to be a suitable
platform for the design and test of the position detection
and control algorithms of GT-Car.

With little effort, the algorithms, which have been de-
veloped in virtual simulation in MATLAB/Simulink,
have been readily implemented and applied on the real



GT-Car. For this, the Real-Time-Workshop Embedded-
Coder automatically generates the C code and execu-
tion binary file for the GIGABOX gate XL from the
Simulink model.

Future work focuses on the development of additional
on-board camera-based sensor systems for the position
detection of other vehicles and obstacles on the belt.
Further emphasis is on the realization of platoon driving
and automated passing maneuvers.
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