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Abstract

In this paper, we present a practical implementation of a real-time mobile robot pose tracker, using data
from odometry and a gyroscope sensor. The data are fused to obtain a more reliable estimate, taking into
account noisy and biased sensor readings from the wheel encoders and the gyroscope. The control error
between the desired and the estimated position is used to stabilize the trajectory, driven by the robot. This is
done by utilizing a flatness-based controller. The results obtained from experiments with a rebuilt mail-tractor
demonstrate the good performance of both, the observer and the controller module. In this paper, we mainly
focus on the pose tracking module.

1 Introduction

It is not the aim of this paper to present a new algorithm for solving the task of trajectory stabilization and
concurrently estimating the position of the robot, but rather to show how results obtained in the position
estimation community can be combined with a celebrated and from the theoretical point of view challenging
control strategy, the flatness based control method. Many examples for how to use linear and nonlinear
approaches for control of nonholonomic systems can be found in the literature [1][8][9][12][15][19][21][22],
however, only a few strategies have found their way into real world robotics. A possible reason for this
phenomenon may be the fact that currently in most robotics applications, the task of following a trajectory
is reduced to the following of a given path, without making too restrictive constraints on the time- or velocity-
profile, with which the path is driven. However, in recent years new path planning algorithms [2][10][13][14]
start to take into account dynamic obstacles, other robots in multi-agent systems, as well as probabilities
of obstacle occurrence and rendezvous problems. The feasibility of these algorithms depends on a precisely
driven trajectory. Thus, steering a path seems not to be enough in the future, and therefore advanced
control strategies are required. A possible field of operation are railway-stations or airports, where small
autonomous tractor-trailer vehicles convey baggage and parcels. In our experiments a rebuilt tractor, which
formally operated human-controlled on railway-stations carrying parcels, is used. The platform is described
in the next section.

For position estimation, gyroscopes are widely used in the robotics area, and good results have been
reported. The problems of this sensor are mainly related to scaling between angular speed and output
voltage and thermal drift. In [3] several error-models were tested for thermal drift and bias estimation.
Borenstein et al. investigated methods for error compensation and combined it with data form odometry,
to improve dead-reckoning position estimation for a mobile robot [4][5][6][7]. In [17] redundancy of several
inertial-sensors and gyroscopes where used to estimate parameters of errors like wheel-slippage and tyres
deformation. Ojeda [16] uses a sophisticated calibration scheme to reduce thermal and scaling errors.



In this paper, we mainly focus on the pose tracking module. For completeness we present an experimental
result obtained by combination of the observer and the controller. The reader is directed to [18] for more
details. Most of the mobile robots in use are specially designed and carefully calibrated. However, our goal
was to modify an already existing vehicle and convert it to an autonomous system. The platform has two
driving wheels at the front and one wheel connected to the steering wheel at the rear. The driver’s seat and
the steering wheel were dismounted and a dc-motor with gear was fixed on the steering-column. The power
of the driving dc-motor is 750W. Its shaft speed and the position of the shaft of the steering motor can be
measured by two encoders. From these values odometry data are computed. The driving axis is equipped
with a differential. Control of actors and sensors is performed by Infineon C176 /C166 microcontrollers. The
weight of the platform is about 200kg. The main sources of error are gear backlash, high Coloumb friction
of the tyres due to the heavy weight, as well as an inaccurate zero-position of the steering wheel.
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Fig. 1 Image of the experimental platform and associated kinematics

The nonholonomic kinematics are given by (ref. to fig. 1)
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Herein v is the velocity orthogonal to the front axis, 0 is the steering angle and L is the length of the vehicle.

2 The gyroscope sensor

Although there is a huge number of algorithms for pose tracking (e.g. feature or grid-based) with different
types of sensors described in the literature, most of all of these are too slow to be suitable to work as an
observer in a feedback control loop structure. For a good and fast estimate of the vehicle’s orientation, using
data from a gyroscope is a proper choice. The output signal is proportional to the applied angular rate,
thus, sudden disturbances, e.g. caused by lumpy patches on the ground and permanent errors due to wheel
slippage and missaligned wheels are reflected in the output signal. However, for computing the orientation,
the signal has to be integrated, causing an accumulation of errors. The advantages of the gyroscope are the
continuous output signal, the high resolution and the large range of measurements. The offset, its drift and
the influence of the temperature to the measurements are serious sources of inaccuracy, especially during
long-time measurements. To fully exploit the used BASE!-gyroscope, several reference measurements in
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preliminary experiments were taken. The data sheet, provided with the device, just specifies parameter
boundaries, but gives few information about its individual characteristics.

2.1 Preliminary experiments

Thermal behaviour For solely investigating the thermal influence, the gyroscope was mounted tightly
on the ground. No turning, meaning no input signal, was applied. Thus, the output should exactly be zero.
During heating up the sensor, a change of the output was measured. One additional feature of the BASE-
gyroscope is an extra output, which is to indicate temperature influences. This output was strongly affected
by noise, and there was no clear dependency between the change of temperature and this signal, as long as
the change of the temperature was small. Fig.2 and 3 show the results, during a heating and cooling between
20°C to 40°C.
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The filtered temperature follows the disturbed rate signal when the warm air heated up the unit. How-
ever, this signal represents rather tendencies than reliable absolute values, especially during smaller changes
of temperature and time periods of several 100 seconds. During operation of the robot, the variation of
temperature is expected not to exceed 5°C, thus, this output signal could not be used. This is also proved
by fig. 4, where the output values obtained with an identical measurement configuration, but in different
experiments are plotted. It readily can be seen that in the upper plot the temperature output represents the
drift quite well, while it differs in the lower plot. This clarifies the unpredictable correlation between these
signals.

Long-term drift The used gyroscope belongs to the class of vibrating structure devices. A known
phenomenon of these types of sensors is an offset voltage applied to the output signal. This offset causes
the output to be different from zero, even if no movement is applied. Furthermore, the offset is drifting
over time. This drift is not deterministic, and the gyroscope becomes more unreliable over time, ref. fig. 4.
Although this drift depends on temperature, it even appears if there are no external temperature changes.
This is one of the reasons why temperature influence cannot exactly be stated. The growing uncertainty is
modelled by assuming an increasing standard derivation added to the rate signal. Where the offset over long
terms (several hours) is unpredictable, it can be assumed to be constant, at least during short time intervals
(several minutes). Thus, the rate output value is permanently measured during standstill. When the vehicle
starts moving, the last measured value is stored. This value is subtracted from the rate output signal yielding
the adapted gyroscope value.



0.02 T T T T T T Scalefactor over temperature

rate 104 T T
temperature
0ot 1

10351

103

-
S
~
o
T

003 L L I L I L I L
o 20 40 60 &0 100 120 140 160 160

0.03 T T T

,_.

S

S
T

— rate
ao2b temperature| |

Scalefactor in mv/°/s

N

Q

=

o
T

100.5(

100 I I I I I
-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0 0.01
Driftin V

Fig. 4 Examples for variation of temperature Fig. 5 Scale-factor affected by change of tem-
and rate output signals. perature
Scale factor The scale factor F U“”e gives the relation between the output voltage and the angular

velocity around the sensitive axis as the sensor input. Ideally, the relationship between these quantities is
exactly proportional meaning F; is constant. In reality, it is a function of the temperature and even of
the input signal itself. To find an appropriate scale function, a reference system was used. It consisted of
a stepping motor with a resolution of 0.004°, which was controlled by a computer, to perform appropriate
angular velocity profiles. The stepping motor drove a turnable platform, on which the gyroscope was mounted.
The computer generated ramps with different rates, thus, the relation could be measured. For small angular
rates (< 7°/s) and constant temperature, the scale factor has a standard derivation less than 0.25%. Due to
this result, a proportional dependence can be assumed. However, the scale factor is also influenced by the
temperature. To investigate the impact of the temperature to the scale factor, not the temperature output
signal, but the value of the offset was used. This value was determined be measuring the signal output just
before the rotation started. Different offset values were reached due to heating up the device. The dependency
can be seen from fig. 5.
The relation between the scale factor I and the current value of offset U, s, was determined to

F, = —62.22U,, + 100.56 (2)

This relation is valid after a warm-up period of about 20 minutes.

3 The pose tracking module

3.1 Reference runs with odometry only

In this section, we describe experiments performed to investigate deterministic errors of the vehicle itself.
Due to the error accumulation, the odometric position estimation based on the wheel encoders only, yields a
big difference between the real position and the calculated one. The main reason for this is the displacement
of the zero position of the steering wheel, resulting in a constant left drift of the vehicle. Additionally,
the steered wheel has a small backlash. To measure the displacement, special trajectories were constructed.
Curves with different radii but with 90° turning angle in common were driven with different velocities. 3 radii
times 3 velocities yielded 9 curves for each direction (+90° turning angle). In these experiments, only the
final real position could be measured. In a first approach a linear dependence between the final position error
and the velocity and the radius of the curves could be found. Although this dependency was not used further
on, it enables us to get a deeper insight of this more complex relationship, [20]. The entire measurements
were used to describe the displacement and the backlash in the following section.



3.2 Zero angle displacement

The zero angle displacement consists of an almost constant part d and a variable addendum a. The constant
d renders the displacement of the steered wheel to its zero position. A drift to the left during a commanded
straight line forward run has been observed. The variable a is constant in its absolute value, but changes
sign according to the sign of the curvature. The values of these two variables were determined from the
reference runs. In these runs, the final position ¢, after IV steps is specified through the discrete kinematics
with sample time 7T'.

TN
or=7 Zvi tan 6; (3)
k=1

The missalignment is modeled by adding an offset s to the steering angle 6 in every time step. The true
position ¢,, after N steps yields

N
T
O =2+ @p = Ezmtan(t%—i-s). (4)
k=1

Thus, z renders the difference between the true and the calculated position. Developing eq. 4 in a Taylor
series, assuming s to be sufficiently small, neglecting higher order terms and finally subtracting eq. 3, leads
to

Iy o ®)
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Now the value of s can be determined for every single run from eq. 5. Using the results from section 3.1,
9 values of s for every turning direction are obtained. Because of the backlash, s lies in two areas, which
depends on the sign of the curvature. All measurements of one direction were averaged, yielding

5 = d+ sign(d)a. (6)

To take into account the variation of s, one of these two variables was taken into the model. Hence d is the
third state with its own variance, see eq. 8.

3.3 Sensor data fusion

To calculate an estimate of the orientation angle, three measurements were used. The rate output of the
gyroscope wgq, the value of the steered wheel encoder 6 and the velocity v. Different models, all of the form

1 = f(2p, ug) (7)

were investigated. Here we only present the best results, obtained by a model with state vector elements
orientation angle ¢, the angular velocity w = ¢ and the part d of the zero angle missalignment.

Ph+1 o + Twy
Wit _ vy, tan(0y +dk£&-szg'n(0k)ak) (8)
di41 dp.

A Kalman-filter was used to calculate a new estimate, fusing the old one and the new measurements, as
follows.

3.4 Kalman-filter
The measurement equation is given by

Pk
2k = WGQyr, = (0 1 0) Wi (9)
dg

The input for the Kalman filter are the three values wg, 6 and v. Here wg is the adapted output signal
from the gyroscope, see section 2.1. Because there are nonlinear terms in the model eq. 8, the extended
Kalman-filter has to be used. The Jacobi Matrix of f is given by
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where o

= L cos2(0y + dy, + sign(0k) * ag)

The initial values are chosen to 0

o = 0 (].].)

—0.0197
where the third value, representing d, is obtained from the reference experiments and according computation
in section 3.1 and 3.2. The choice of the required covariance matrices is made by a heuristic procedure to

minimize the estimation errors for several experimental runs. The covariance matrix for the system noise is
chosen to

0.07¢m? 0 0
Q= 0 0.07cm? , (12)
0 0 le — 9rad?

while the variance of the measurement noise is selected to
Ry = 0.0009rad?/s>. (13)
To take into account the growing uncertainty of the gyroscope, the variance is increased in every time
step by
AR = 0.00047rad?/s*.

4 Experimental pose tracking results

With the implementation of these parameters, some further experiments were taken.
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Fig. 6 Experiment 7 (see table 1), robot is running ~ Fig. 7 Experiment 5 (see table 1), robot is running
clockwise counterclockwise

In Fig. 6 the robot starts from coordinates (-700,350) moving clockwise. In Fig.7 the robot starts from
coordinates (1200,350) running counterclockwise. The length of each path is about 65m.



The following table shows the finally estimated orientation of several runs together with the relative estima-
tion error. The 2nd column contains the real values, determined by measurements on the ground. Columns 3
and 4 present the results obtained when using the Kalman-filter. The 5th and 6th column show the integrated
signal of the gyroscope divided by the scale factor. The next two columns show the estimate when calibrated
encoder data are used, i.e. the displacement is taken into account. Column 9 and 10 contain data obtained
by using pure odometry, without regarding the displacement. The last column represents the absolute error
of the fused estimate normalized subject to the length of the driven path.

Table 1. Orientation errors for the performed experiments

No.||Measuerd|| Fused |rel. Err.[%]||gyroscope|rel. Err.[%)] :(Iiljcfs(:zlgl rel. Err.[%]||odometry rel. Err.[%]||Errp[°/m]
91.4|| 91.6 0.2188 92.2 0.8753 92.3 0.9847 57.2| -37.4179 0.010
-90.0|| -90.6 0.6667 -90.7 0.7778 -90.8 0.8889 -119.0 32.2222 -0.031

180.9(| 180.1 -0.4422 183.3 1.3267 178.5 -1.3267 184.0 1.7137 -0.059
-360.0(|-363.3 0.9167 -364.2 1.1667| -362.1 0.5833 -439.3 22.0278 -0.056
-361.1||-360.4 -0.1939 -360.1 -0.2769|| -360.7 -0.1108 -439.7 21.7668 0.012
-359.6(|-359.1 -0.1390 -358.9 -0.1947|| -358.3 -0.3615 -439.6 22.2469 -0.008
359.8|| 359.5 -0.0834 360.5 0.1946 357.5 -0.6392 261.0| -27.4597 -0.005
363.4|| 361.0 -0.6604 362.2 -0.3302 358.8 -1.2658 265.6| -26.9125 -0.042
359.7|| 359.5 -0.0556 361.5 0.5004 356.7 -0.8340 266.5| -25.9105 -0.003

O© 00 O T W -

5 Combining estimation and control

The position estimate using the Kalman-filter is obtained in real time. It is used to compute the control error
between the desired and the actually estimated pose (position and orientation). Please refer to [18] for further
details. In fig. 8 the desired and driven paths are plotted. In this experiment, for ¢ = 0 we placed the robot in
a certain distance from the reference path to obtain an initial error. The dots present the estimated position
in every 4th time instance. Thus, it also provides information about the velocity profile. It can be seen that
the velocity is increased until the desired trajectory is reached, and after this, it remains nearly constant.
The initial control error decreases down to about 5cm, representing the tracking error of the controller. This
error being constant means exactly following the trajectory with a short delay.
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6 Discussion and conclusions

The presented results show that pose tracking based on odometry can significantly be improved by using
a fusion of encoder and gyroscope data. The algorithm is fast and easy to implement. Computation of the
pose tracking and control modules were performed inside a 10ms task. To this end we did not utilize more
sophisticated estimation procedures, e.g. the methods presented in [7] or [11]. The differences in the results
achieved for the full turns (360°), mainly stem from different kinds of operating the joystick. The results get
as better as more turning is commanded. This is due to the fact that during straight line motion the steering
wheel moves inside the backlash. This is not reflected by the encoder signals. More accurate investigations
would require measurements not only of the final position, but of the true position in every time step during
the reference runs. However, in this paper we show that precise and expensive calibration systems can be
avoided. The absolute accuracy and reliability of the IPEC-algorithm from [5] could not completely be
reached. However, they use a platform consisting of two smaller, differential drive platforms which reference
each other. Nevertheless, the factor of improvement of the orientation estimate reached here is not worse
then the one from IPEC, amounting here up to 500 (run no. 9 in table 1).

In recent years fiber-optics gyros became available. Excellent results have been presented in [16]. It should
be mentioned that the price of the sensor they used is more than four times higher, than the one we used
here.

The combination of pose tracking and control enables the robot to precisely drive a given geometric path,
together with the desired velocity profile. In case of initial errors or in case of loosing track, the controller
forces the robot back to the planned trajectory. However, the controller uses the estimated position as a true
input. Thus, it cannot be better than the pose tracker. From fig. 8 it can be seen that the controller works
extremely well, as long as the observer accurately estimates the position. Future research can be directed by
including more nonlinear models for offset and drift estimation.
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