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Abstract— In this paper a simulation model for a linear
drive of a magnetic levitating, autonomous transportation
vehicle is presented. The vehicle is optionally supplied with
a contactless energy- and information transmission. At the
test bench of the vehicle measurements are made. The re-
sults of the model are verified by these measurements. Ac-
cording to this the model is used to develop a strategy of
driving through horizontal curves only by controlling the
motors.

The commercial software Matlab/Simulink was used to build
both, the model and the controller of the test bench. A
dSPACE DSP controller board executes the real-time con-
troller application.

The transportation system, the motor and the structure
of the controller are explained. The results of the simu-
lations driving on a straight line and comparisons to the
measurements are given. Finally the simulation results of
the curve-driving strategy are depicted.

Keywords— Luggage-transportation system, magnetic lev-
itating vehicle, linear drive, homopolar motor, simulation
model, horizontal curve.

I. INTRODUCTION

AGNETIC levitation combined with linear drives of-

fers many advantages, such as high velocity, no wear
and no maintenance. Therefore such a magnetic levitating
vehicle provides a high reliability. Possible applications are
conveyor systems for clean rooms or for the food industry
or luggage transportation systems at airports. Because of
the high velocity of the system the time e.g. between an
arriving flight at an aiport and the connection flight can be
halved. In the same way personnel costs for maintenance
can be reduced significantly.

Since horizontal curves are necessary in luggage-
transportation systems one has to develop a strategy to
drive through them. In order to examine the behaviour
of the vehicle a simulation model is build. The results of
the simulation are compared to measurements made at the
rectilineal test bench.

II. THE TRANSPORTATION SYSTEM

The vehicle consists of a bogie and a luggage shell with a
propulsion and levitation head on each corner of the bogie.
A short-stator type linear homopolar motor has been cho-
sen [1]. The levitation magnet is U-core shaped and hybrid
excited. Permanent magnets compensate the static load of
the vehicle, the current in the coils stabilizes the magnet in
its working point. The levitation air gap is set according
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Fig. 1.

The transportation system.

to the load of the vehicle in a way that the current is min-
imized [2]. In order to obtain higher reluctance forces for
the lateral guidance the reaction rail is slotted. The power
converters for levitation and propulsion are mounted on the
vehicle. Eddy current sensors detect the levitation air gap.
Three light barriers at each corner are used to detect the
position of the vehicle at regular intervals of 10 mm. Every
propulsion head is equipped with its own position encoder.

The track consists of two passive rails, one for levitation
and lateral guidance and one for propulsion. The energy-
and information transmission lines are situated below the
motor. The motor itself is located below the levitation
system. Fig.1 displays the transportation system.

Due to the principle of motor, bearing magnets and
energy- and data transmission the transportation system
has no wear and therefore requires no maintenance. The
passive tracks are cheap and easy to build.

III. THE HOMOPOLAR MOTOR

The principle of the homopolar motor is shown in Fig. 2.
Two rare-earth permanent magnets generate the excitation
flux. The flux is guided by the flux concentrating pieces in
the track and closes through the armature and the yoke.
As a result the flux density under pole A is high whereas
it is low under pole B. If the armature coils, designed as
a conventional travelling-field winding, are fed with field-
orientated current the propulsion force under pole A is high
whereas it is low in the opposite direction under pole B due
to the modulation of the flux density. The resulting force
acts into the driving direction. The armature coils are fed
with square-wave currents. The current commutates every



permanent magnets  flux concentrating piece

armature armature coils excitation flux

yoke

Fig. 2. Principle of the homopolar motor.

60° electrical to the next phase. Though the airgap is large
the motor achieves a high efficiency.

IV. THE TEST BENCH

The test bench consists of two parts, the vehicle with the
track and the control interface. The controller application
is executed on the DSP board and influenced by an opera-
tor via the PC. The position sensor signals are submitted
to the DSP board using an electrical isolation. The con-
troller algorithm switches the currents in the motor. The
actual current is measured by a current transformer and is
also submitted to the DSP. The structure of the test bench
is displayed in Fig. 3.

V. THE CONTROLLER STRUCTURE AT THE TEST
BENCH

Fig. 6 shows the structure of the control system of the
drive. It is a three stage cascade controller. The inner loop
contains the current controller, the outer loops consist of
the speed and position controller. The position and the
speed controller are realised as PI controllers with output
limitation and anti-windup loop. The current controller
is implemented as a tolerance band controller. In addition
a puls-width modulation current controller was considered.
The performance of both current controllers is comparable,
but using the puls-width modulation current controller the
resulting noise produced by the motor is less than using
the tolerance band current controller.

The position of each linear motor is detected by three
light barriers in steps of 10 mm, which corresponds to an
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Fig. 4. The PI controllers with output limitation and anti-windup.

electrical angle of 60°. This position signal is filtered and
the first derivative is used to obtain the actual speed vges.
The filter chosen is a 2nd order lowpass butterworth filter
with a cut-off frequency of 10Hz. The position signal is
required also for the field-oriented control of the current.

The controllers, the generation of the setpoint value of
the position, the filter and the differentiator are imple-
mented within the software on the controller board. Inputs
to the controller board are the position encoder signals and
the actual current I,.¢, outputs are the gate control signals
to the IGBT converter. As many parts as possible are re-
alised within the software to achieve a great flexibility.

The structure of the position and the speed PI controller
is displayed in Fig.4. If the values between input and out-
put of the output-limiter differ, the anti-windup gain re-
duces the integral part of the controller. This means, that
anti-windup takes effect, when the output is limitated, e.g.
at the beginning of a setpoint step-change. As a conse-
quence of this an overshot of the controlled variable can
be reduced. The behaviour of the system becomes more
dynamic.

The reference input variable, i.e. the setpoint value of
the position, is created by a driving program. The user
can define any desired driving cycle with different stop po-
sitions and velocities. Every state in a cycle consists of a set
position, a maximum velocity of the vehicle and a period of
time for which the vehicle remains at the position. As well
the vehicle can change its set velocity while driving. Fig.5
shows the driving performance at the test bench. At a dis-
tance of 5m for accelerating and retarding the maximum

4.0
3.5
3.0
2.5
2.0
1.5

1.0

0.5

Vsetpoint
— v,

actual

velocity [m/s]
B o O o
g ©O v © ot ©

:
o«
=)

:
w0
o

|
gy
o

2 3 4 5 6 7 8 9 10 11 12 13 14
time [s]

Fig. 5. Driving performance of the control system.
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Fig. 6. Structure of the control system.

velocity is 3.3m/s, the acceleration is a = 3.13m/s?. The
velocity pulses at slow speeds arise due to the coarse reso-
lution of the position encoder. Due to this the controllers
are turned off, if the position error is less than +35mm.

VI. MODEL OF THE CONTROLLED SYSTEM

The model and the controller as well were built using
Matlab/Simulink. So identic parts such as the position
and the speed controller, the derivative unit, the digital
filter and the generation of the reference input variable
were copied from the controller to the model. Current
controller, converter and current transformer of the test
bench are modelled as ideal devices. So it is assumed, that
It = Ipet. The controlled system consisting of homopolar
motor, vehicle and position encoder has to be modelled.
Thus the input of the controlled system is the actual cur-
rent I, the output is the quantized actual position sqc¢,q-

The model of the controlled system is based on Newtons
equation a = %, with m being the mass of the vehicle, F’
being the resulting propulsion force and a being the accel-
eration of the vehicle. The force of one motor depending on
the current and the electrical angle results from FEM cal-
culations, that are deposited in a two-dimensional look-up-
table. The results of these FEM calculations are displayed
in Fig. 7. A double integration of the acceleration leads to
the actual position, s,.;. The actual position is rounded
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Fig. 7. Force of one motor, F(I,3¢;).
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Fig. 8. Model of the controlled system.

to full centimeters, s4ct,q, to model the quantization of the
light barrier position encoder. In order to achieve the force
of all motors, Fyive, the force of one motor, Fyy,o¢, is mul-
tiplied with the number of motors at the vehicle. In the
current assembly of the test bench energy and information
is transmitted to the vehicle by a trailing cable. So the
force of all motors, Fyriye, is reduced by the friction of this
trailing cable. The friction force, Friction, itself depends
on the actual velocity and the actual position of the vehicle.
The model of the controlled system is depicted in Fig. 8. It
has to be mentioned that all motors are fed with the same
current setpoint value and so far just driving on a straight
line is possible. Only the distribution of the current to the
phases differs from the front to the back motors, because
there is a phase shift of 180° electrical between them. Each
motor gets its phase angle from its own position encoder.
The parameters of the friction force of the trailing cable
can not be measured. So they are adapted to obtain cor-
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Fig. 9. Comparison of measurement and simulation.
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Fig. 10. Modified model for curve driving.

respondence between simulation and measurement. The
comparison between simulated and measured actual veloc-
ity and actual position is shown in Fig.9. There is no
difference between them. In the same way simulation and
measurement do not differ at other velocities, e.g. at 2m/s.

VII. SIMULATION OF THE CURVE

In order to be able to pass horizontal curves a modified
control strategy is necessary. The motors on the outside of
the curve have to be faster than the inner motors. There-
fore it is compulsory to fed the left and the right motors
with different currents. At the test bench two converters
are installed, one feding the left motors, the other feding
the right motors. The model of the system is duplicated,
one part controls the velocity of the left motors, the other
part controls the velocity of the right motors. The mod-
ified model is shown in Fig.10. The parts model of con-
trolled system left and model of controlled system right are
identical with Fig.8. If the vehicle is located in the curve
the setpoint values of the velocity between inner and outer
MOtOrs, Vset,inner; Uset,outer, differ depending on inner and
outer curve radius, Tinner, Touter- With Uset,middle being
the vehicle’s setpoint value of the velocity on the straight
line and byepicre being the width of the vehicle the velocities
in the curve calculate as follows:

Tinner
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Fig. 11. Results of a curve driving simulation.
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The simulation results of driving through a horizontal curve
with an inner curve radius of 1 m are depicted in Fig.11. In
this simulation at first the vehicle drives on a straight line
with a velocity of 0.5m/s, then enters a horizontal curve,
leaves it again and stops on another straight line. After
that it drives the same way back. At the stop position the
calculated ideal positions of inner and outer motors differ
from the simulated positions only by 20 mm, i.e. only two
discretization steps.

One can define a quality factor that describes the devia-
tion between a calculated ideal path of the vehicle and the
simulated path of the vehicle. As soon as the vehicle en-
ters the curve this quality factor has a peak because of the
step change in the radius from infinity to 1m, illustrated
in the step change of the setpoint value of the velocity. As
well by this simple method the steady state error of the
quality factor is not zero. This means the vehicle has not
rotated to the right position in the curve. So an additional
controller was built that tries to minimize the peak error
at the beginning of the curve and the steady state error.
It is a simple P-controller that subtracts a certain value
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Fig. 13. Deviation between ideal and simulated path with additional
controller and force loss in the curve.



proportional to the quality factor at the outputs of the po-
sition controllers. Fig.12 shows the final block diagram of
the system. The additional controller results in a halved
peak of the quality factor at the beginning of the curve. A
small steady state deviation can be achieved as well.

If the vehicle enters the curve the primary part of the
motor and the flux concentrating pieces have a smaller
overlapping than on the straight line. So the force of the
motor has to be reduced in the model. This is done for
each motor separately if it enters the curve. Fig.11 and
Fig. 13 show the complete simulation of the vehicle’s veloc-
ity in the curve and the corresponding deviation between
the calculated, ideal path and the simulated path of the
vehicle. The deviation is less or equal to 10 mm, which is
equivalent to a tipping angle of 0.5° between calculated,
ideal path and simulated path. The disturbances are com-
pensated very well. The pulses at the beginning and the
end of the curve arise due to the sudden change of the
radius, but their amplitude is small.

With the implementation of the curve at the test bench
the simulations will be proved. Nevertheless a pre-test was
sucessfully made: The right motors were driven forward
and the left motors were driven backwards so that the ve-
hicle should rotate. A turn of the vehicle could be noticed.

VIII. CONCLUSIONS

In this paper the design of a simulation model for a linear
drive of a magnetic levitating, autonomous transportation
vehicle was presented. The mechanical model was built
as simple as possible but as precise as necessary. Mea-
surements and simulations on a straight line correspond
exactly. By the help of the model a strategy of driving
through horizontal curves was developed. The vehicle man-
ages the curve drive with minimal deviations from its ideal
path.
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