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Abstract

This paper presents the design, implementation and testing of a speed controller for an autonomous rover with an unicycle drive.
The aim is to get the rover to follow the speed setpoint as accurately as possible based on low cost GPS measurements. The use of
IMU and GPS measurements was investigated and a moving average filter was designed to use the GPS signal as feedback for the
speed controller. This filter and speed control were implemented on a flight controller board on a small autonomous rover using the
the Paparazzi UAV development framework. Outdoor tests were performed.

Keywords: Filtering and Smoothing, Moving average filter, Speed control, Autonomous rover, Control of systems in vehicles,
GPS

1. Introduction

Path planning of mobile robots is one of the basic opera-
tions needed to implement the navigation of the robot. The path
planning operation provides the answer to the question ‘how
should I get to where I am going?’ Tzafestas (2018). Answer-
ing this question involves, among other things, determining the
direction and speed necessary for the robot to follow the desired
path. This target speed and orientation is achieved at each in-
stant by the acceleration to which the vehicle is subjected. This
acceleration is translated into the force that the robot’s actuators
must exert at each instant. In fact, in many cases, the dynamics
control cycle is assumed to be sufficiently fast and is omitted.
In the case of a unicycle robot model, the input to the motion
controller will be, on the one hand, the thrust and, on the other
hand, the turning angle of the front wheels Francis and Mag-
giore (2016). The outputs will be the speed and orientation of
the robot.

In many cases, path-following algorithms focus on the ori-
entation that the robot must have at each instant of time in order
to travel the target path, assuming that the velocity remains con-
stant. This approach is valid in many cases, but in other cases
it is necessary to control the speed of the robot. For example, if
the robot has to follow paths with very sharp curves, it may be
necessary to reduce the speed before entering the curve so that

the robot can follow the curve accurately.

The most popular sensor for estimating the speed of a ro-
bot is odometry, as in Yeom (2020). Nevertheless, on steep,
bumpy and stony terrain, errors in the encoder readings prevent
a sufficiently accurate estimate of speed. Inertial units (IMU)
can also be used to estimate the robot’s speed, however IMU
readings suffer from large amounts of noise. This is because
the small, tracked robots, with a relatively small mass, get eas-
ily excited from small obstacles such as stones or sand, over
which the robot drives, leading to big and frequent vibrations
Shan et al. (2019).

In outdoor robots, GPS is a widely used sensor to estim-
ate position and speed. However it is hard to obtain accurate
vehicle speed relying on GPS for applications requiring real-
time or high-accuracy speed estimations Yu et al. (2016).

In this paper, we present the current state of development of
the LAB237 rovers, an experimental platform within which our
developments related to autonomous outdoors navigation are
integrated and tested. The LAB237 rovers have an IMU built
into the autopilot and GPS but no odometry. Following section
provides a description of LAB237 rovers and their equipment.
Section 3 presents the speed control problem for our rover, the
controller we have designed and section 4 the results with the
real platform.
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2. Rover

The ISCAR (systems, control, automation and robotics
engineering) research group currently has 3 similar small
autonomous rovers. These rovers allow researchers and stu-
dents to (1) easily test and debug the use of sensors, algorithms
and strategies to be used in autonomous vehicles where ex-
perimentation is much more expensive and costly (such as
autonomous surface vehicles); (2) perform experiments on
multi-robot systems.

Figure 1: Rover

The rovers have been assembled using the chassis of a
remote-controlled electric off-road car, Figure 1.

2.1. Actuator and sensor description

The rovers have an Ackerman type drive. Their movement
is controlled by two motors: (1) a DC motor that provides thrust
(2) a servo motor that drives the steering.

The on-board microcontroller is a Matek f765 flight con-
troller or f405 in two versions, WSE or Wing. A flight control-
ler is a circuit board equipped with sensors that detect vehicle
movements and user commands. All flight controllers have ba-
sic sensors such as gyroscopes and accelerometers, while oth-
ers may have other sensors such as air pressure sensors (baro-
meter) and compasses (magnetometer). Other peripherals such
as GPS, LEDs, servos, radio receivers and cameras can also be
connected to the flight controller, Figure 2.

Figure 2: Rover hardware

Matek f765 and f405 flight controllers have an SMT32 mi-
croprocessor, the necessary electronics to power and control the

motors, PWM outputs, a built-in IMU and numerous serial and
digital inputs and outputs to facilitate the integration of various
sensors. The rover used in the experiments shown in this work
has an f405 flight controller.

In addition to the built-in IMU, the rovers have several
connected devices: (1) an u-blox GPS (SAM-M8Q) receiver
with built-in compass, (2) a wireless communication (Zigbee)
transceiver that allows both monitoring of the rovers’ paramet-
ers from the ground station and sending control signals to the
rovers from the ground station, and (3) a radio receiver that al-
lows the rovers to be remotely controlled using a radio used in
aerial modelling.

2.2. Paparazzi UAV environment
We use Paparazzi as the programming and development en-

vironment for the autonomous vehicles. Paparazzi is a free and
open-source hardware and software project intended to create a
flexible autopilot system. One of the advantages of Paparazzi
is the support for multiple hardware designs. In order to offer
maximum flexibility and openness, the Paparazzi system was
designed from start as a distributed one Gati (2013). Paparazzi
has three levels of control loops. At the top, flight plan execu-
tion. At the middle level, the navigation controller, responsible
for trajectory following. The lowest level is the controller that
commands the servo actuators. Paparazzi also provides a simu-
lator and a ground base station, Figure 3, where agents position
are visualized and different sensor and internal variables can be
monitored. Thanks to a modular software architecture, the pro-
cess of generating the basic navigation code for the rovers has
been accelerated by allowing the use of different modules avail-
able in the paparazzi framework, including GPS, radio control,
wireless communication and others.

3. Speed control problem

In order to control the rover speed, we use as control signal
uv, the output of a feedforward + PI controller:

uv = k f vre f + kpev(t) + ki

∫ t

0
ev(τ)dτ (1)

where vre f is the desired speed, ev(t) = vre f − vrover is the er-
ror between the desired and the actual speed of the rover, and
k f , kp, ki are, respectively, the feedforward, proportional and in-
tegral control constants. The feedforward controller allows to
reach a constant speed depending on vre f , while the combina-
tion of the proportional and integral controllers acts in the pres-
ence of error, allowing the desired speed to be reached without
steady state error. This control signal uv is used to act directly
on the throttle using the Paparazzi environment.

The need to measure the rover’s speed, and the availabil-
ity of sensors, allow us to choose between two perspectives.
The first one, where the IMU can be used in conjunction with
the GPS, as in Ding et al. (2020) where a multi-sensor fusion-
based longitudinal vehicle speed estimator is proposed for four-
wheel independently actuated electric vehicles for on-road elec-
tric car navigation. And the second one, where the actual speed
is measured only with the GPS.

Since our rovers are equipped with an IMU, the first
perspective could be appealing. However, several problems
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Figure 3: Paparazzi Ground Control Station

aroused when using this approach. Firstly, due to the boun-
ciness of the rover, the accelerations measured with the IMU
incorporated a big amount of noise and, since the speed is ob-
tained integrating the acceleration, it also had noise. Secondly,
performing filtering had no use, since the rover’s acceleration
transient time is faster than (or similar to) the noise perturba-
tions. That is, the acceleration due to an actual increase or de-
crease in speed, could not be differentiated from the noise sig-
nal. This makes filtering and/or estimation unsuccessful, since
filtration of the noise implies the filtering of the commanded
signal as well. Consequently, this problems in combination
with the GPS signal, created an oscillating speed reference sig-
nal, which could not be used in the controller.

Therefore, we measure the actual speed using only the GPS
signal. When using low-cost GPS, the measured speed uncer-
tainty increases as speed decreases. Since our rover moves at
a relatively low pace, filtering is needed in order to reduce this
uncertainty, and make it possible to use the measured speed sig-
nal in the feedforward+PI controller. This could be solved, in
principle, using a Kalman filter. However, the process noise
(the speed uncertainty) varies due to several factors involving
the GPS. The three main GPS error sources are: (1) satellite
orbit error and clock error at launch; (2) refraction error dur-
ing signal propagation, which is unavoidable due to the non-
uniform ionosphere and troposphere; and (3) clock error and
noise during signal transmission. In complex urban environ-
ments, mountainous areas or areas with dense foliage, the GPS
error can reach tens of meters Min et al. (2019). This factors
create the necessity of another type of filtering, which must be:
(1) fast enough with respect to the rover’s speed, and (2) simple
yet effective. These conditions can be achieved using a moving
average filter as next subsection explains.

3.1. Speed control using moving average

As explained in the previous section, since the measured
speed is directly taken from GPS, there exists and uncertainty
associated with the measurement which depends on factors

whose noise is difficult to predict, or even bound. In order to
reduce this uncertainty and use the speed measurement signal
directly from the GPS, a moving average filter is used in our
rovers. The moving average is performed using the mean of the
M previous speed measurement samples, that is:

vmeas[n] =
1
M

M−1∑
k=0

Vrover[n − k] (2)

However, (2) implies the computation of the mean of M
samples in the time instants in which the speed must be meas-
ured. For relatively big M, this could imply a big delay between
the speed measurement and the control action calculation. This
delay may create situations in which the speed controller is not
fast enough. For this reason, when implementing this filter, it is
done in a modular fashion. That is, if M samples are taken and
stored in the vector Vrover ∈ R

M , the vmeas sample used as the
measured speed value, can be computed with Algorithm 1.

Algorithm 1 Moving average speed algorithm
1: ▷ Initialize moving average array
2: Vrover ← 0
3: p← 0
4: vmeas ← measure speed()
5: while p < M do
6: Vrover[p]← vmeas

7: p← (p + 1)
8: end while
9: p← 0

10: ▷ Compute mean and get control action
11: while True do
12: vmeas ← vmeas − Vrover[p]/M
13: Vrover[p]← measure speed()
14: vmeas ← vmeas + Vrover[p]/M
15: p← (p + 1) mod (M − 1)
16: uv ← compute control(k f , kp, ki, vmeas, vre f )
17: end while
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where measure speed() measures the speed directly from
the GPS, while compute control() computes the control action
uv using (1).

4. Experimental results

In order to test this approach one of our rovers is chosen.
For this purpose the rover speed setpoint (vre f ) has a lower
bound limit of 0.2 m/s in order to deal with GPS noise and guid-
ance control, which depends on 1/vrover. The speed is obtained
from an u-blox GPS receiver with a working frequency of 1 Hz,
and the moving average buffer consists on M = 10 samples.
The experiment is carried by defining trajectories that the rover
must follow with: (1) constant speed, independently of the
curvature and/or the perturbations (i.e., terrain changes and
GPS uncertainty); and (2) curvature varying speed set points,
in order to test the controller operation.

(a) Speed computed using inertial sensors.

(b) Speed computed using GPS without moving average filter.

Figure 4: Speed measurements when following a straight line.

The speed algorithm 1, has been programmed in Paparazzi
and it can be easily integrated and combined with other sys-
tems (i.e., guidance, obstacle detection, etc.). For more details
about the implementation, the source code1 is accessible in our
Paparazzi repository, where it is combined with a guiding and
navigation controller.

4.1. Results
Two scenarios are considered to study the implementation.

A first scenario with a preliminary experiment to assess whether
the IMU and GPS measurements alone are sufficient to provide
feedback to the speed controller. In this first scenario, shown

in Figure 4, the rover has to follow a straight line at a constant
speed.

In the second scenario the aim is to answer the question
of whether filtering the GPS measurements by a moving aver-
age is sufficient to feed back to the speed controller. In this
case, shown in Figure 5, the rover has to follow an 8-shaped
trajectory (made out of natural cubic splines), and the speed de-
creases if the rover is not aligned with the trajectory and/or the
curvature of the spline increases. This means that in the second
case the speed setpoint changes over time.

By analysing the results of the first experiment, shown in
Figure 4(a), we can answer the question posed: the speed given
by the INS (i.e., integrated from the acceleration measured by
the IMU), cannot be used in the controller (1) because the
speed oscillations are three or four times greater than the de-
sired speed. Moreover, using only GPS measurements (shown
in Figure 4(b)) improves the measurement, but the magnitude
of the oscillations of the measured speed does not allow for
a proper speed controller. Nevertheless, note that the vertical
scale of Figure 4(b) is different from that of 4(a), so this ap-
proach is better than using the IMU alone. It is therefore ne-
cessary to implement the moving average filter proposed in this
work.

Finally, in order to test whether the speed estimate using
the moving average filter over the GPS signal was sufficient to
feed back to the speed controller, the rover was programmed
to follow an 8-shape trajectory with a time-varying speed set-
point. The experiments can be seen in Figure 5. It can be seen
that even if the speed setpoint changes over time, the measured
speed is good enough to allow the speed controller to work
properly. This can be seen, in addition to the speed measure-
ments (top figure), because the throttle (middle figure), as well
as the integral and control actions (bottom figure), change ac-
cording to the speed error, which is the difference between the
setpoint and the rover’s speed. It is important to add that on
the day the splines experiments were carried out, the GPS sig-
nal and satellite coverage was not so good. Particularly, the
position GPS uncertainty was 3.9 m for experiments shown in
Figure 5 and 2.8 m in Figure 4. This shows that the approach
used in this paper allows the speed controller to operate even
when the GPS signal is not the best.

5. Conclusions

This paper presents the implementation of a rover speed
control in the Paparazzi UAV. Through a series of experimental
results, it has been shown that a low-cost GPS and a simple
but effective filtering (implemented by a moving average filter)
allow for a correct speed measurement that can be used as an
input to a traditional speed controller. Moreover, thanks to the
open source framework Paparazzi, the modularity of the imple-
mentation facilitates the integration of other systems with this
speed controller. C code is shared on Github.

Future work includes incorporating sensors that allow the
rovers to estimate their position and speed in the absence of
GPS measurements, such as odometry or visual localisation.

1https://github.com/UCM-237/paparazzi/tree/devel
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Figure 5: Speed measurements and control signals, when following splines and speed is adjusted in function of curvature, using a moving average filter.
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