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Abstract— This paper deals with safety considerations to be
taken into account when designing an operational Cybercars
application. Cybercars is the name given to fully automated
vehicles for transportation of people, it is a part of a more
general application called CTS for Cybernetic Transportation
System. The topic of this paper is the approach we used
to ensure the safety of passengers using Cybercars from the
vehicle and infrastructure design point of view. To illustrate this
approach we explain how we did it for our biggest Cybercar
called robuRide, a vehicle able to transport autonomously 30
people at a 6.7m/s velocity.

I. INTRODUCTION
The Robosoft company supplies advanced mobile robotics
solutions to facilitate people displacements and reduce the
cost of services in transport. Many Cybercars have been
developed and used in different versions (cycab, robuCAB,
robuRide) both as research platforms and as vehicles for
touristic sites exploitation (Simserhoff, Vulcania) [1].
The Robosoft robuRide presented here is a completely
autonomous electric vehicle, dedicated to the transportation
of people. It is driverless and can transport people from
station to station using pre-learnt routes, either on a shuttle
mode or on a on-demand mode. A sliding door is placed
on the right side of the vehicle; its opening is synchronized
with the CTS supervision system and the stations doors. The
robuRide circulates on a closed circuit with several station
where people can access the vehicle.
The new automatic transportation of people systems require very low infrastructure costs, thanks to space technologies like GPS, RTK-DGPS localization and soon to
come Galileo [2]. These technological improvements allow
unleashing the potential of Cybercars and considering them
as serious competitors for the automatic transportation of
people, as they require very low infrastructure costs. The
localization is used to control the steer of the vehicle in order
to accurately follow the defined route. When the vehicle
is in operation, its speed is set in advance, taking into
account the security and comfort of the passengers. The
vehicle can also be used in manual mode and semi-automatic
mode, but for maintenance purposes only. All Cybercars
vehicles are connected through wireless LAN with the traffic
management system that orchestrates and synchronizes them
and the station doors. Inside each vehicle suitable human
machine interfaces are available to inform the passengers,
select their destination, and spend a comfortable trip.
The validation of a theory or an hardware system is usually
a fundamental topic. As an exemple, Calisi et al. [3] tried to
propose a unified benchmark framework for mobile robots.
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RobuRide

We suggest to present verification and validation testings to
validate mobile robots performances. In that way, this work
can be compared to the Pepper et al. [4] work about the
simulation of robot performance or the earlier same work of
Rahimi et al. [5] but for industrial robots.
This paper is organized as follows. In the second section,
the system platform is detailed. In the third section, we
describe the global control system implemented on the
vehicle. In the fourth section, the safety approach proposed is
presented. And then, in other sections, each testing is detailed
and commented.
II. PLATFORM DESCRIPTION
As depicted in Fig. 2, this vehicle has two axles, one at
the front and one at the rear. Four wheels are placed on the
rear axle, two of these wheels being motorized in order to
produce propulsion. There are two wheels also motorized on
the front axle. This front axle can rotate with respect to the
vehicle chassis, the wheels being rigidly mounted on it.

Fig. 2.

Platform’s components

The rotation of the front axle is produced by a differential
speed control of the two front wheels. The rotation of the
axle is measured by two cable-based sensors for redundancy,
mounted both on the rigid part of the chassis and on the axle.
The platform also hosts:
•
•

•

•

•

3 racks of lead-acid battery that can be removed for
maintenance purposes;
2 racks, placed at the rear of the vehicle, and that contain
the vehicle control system and the battery management
system;
The laser sensor, used for safety through obstacle detection, mounted in the front and at a height allowing
to detect people that would be lying on the ground;
2 safety bumpers, mounted at the front and at the rear
of the vehicle, used to switch down all the power supply
of the vehicle in case of contact;
The navigation system box, allowing the fusion of the
GPS and the inertial sensors. The GPS, radio and wifi
antennas are placed on the roof of the vehicle cabin.

In order to damp potential chocks due to irregularities of
the ground, the axle is also connected to the chassis by two
damper systems.
The robuRide is localized using a loosely-coupled hybridation (see [6]) of a centimetric differential RTK GPS, an
optical fiber gyroscope and the vehicle’s odometry.

Fig. 3.

Kinematics of the robot

The steering is produced by a differential speed control
of the 2 front wheels: it generates a torque of the front axle
rotation axis and thus the steering of the axle (see Fig. 3). So
the low level control system computes the correct velocity
commands to send to each wheel to generate both the desired
steering and propulsion. In terms of hardware, this function
requires that the low level controller collects the values of the
2 steering sensors, checks for redundancy errors, computes
the correct velocities for the 4 wheels and sends these control
values to the intelligent drives that will perform the high
frequency velocity and current regulations for each wheel
independently.
III. CONTROL SYSTEM
The control system of the vehicle is based on 3 PC boards
running Windows operating system.
•
•

One running Windows CE for low level control of the
vehicle;
One running Windows CE for localization purpose;

•

One running Windows XP for HMI and off-board
traffic management system interface.

These boards are all connected together using local
Ethernet network. Sensors, actuators, batteries management
system are connected to these board through CAN and
serial interface.
The communication system implemented is based on:
• CAN open;
• I2C;
• RS232 and RS422;
• Ethernet.
The software architecture is designed with the philosophy
of modularity and portability from one machine to another.
The software architecture is divided in two main parts:
• Low level part which is used for actuators and sensors
management;
• High level part managing path planning, trajectory
control and HMI functionalities.
Actuators and sensors are interfaced in the low level
software that is based on the PURE real time operating
system. PURE is an acronym for Professional Universal
Robotics Engine. This language, written in C++, is highlevel real-time capable. It is organized in a services oriented
manner. Each service is accessed in a common way. For
example, requesting the data and properties from a laser
sensor or from a differential drive controller is done with
the same format. Only the data changes. It is running under
Windows CE platform which offers the following features:
• Supports commonly used hardware in Robotics;
• Executes low level control tasks. (feedback control
loops and machines state);
• Exhibits real time behavior, with respect to Robosoft
applications. (This has been fixed to 10 milliseconds).
The protocol used to access the Robosoft low level
controller functionalities is currently implemented over the
User Datagram Protocol (UDP).
The navigation software implemented on the vehicles
allows following predefined trajectories, that link the stations
and the maintenance area together, in order to manage the
following:
• Laser sensor device;
• Localization using fusion of gyroscope, GPS and odometric data;
• Path planning and trajectory controller;
• Input/output device.
A. Vehicle control modes
Manual:
Using the Gamepad, the operator can directly control the
steering axle position and the speed of the vehicle, for both
forward and backward motions. In this mode, the speed is
limited to 0.5m/s for backward motion.

Semi-autonomous:
The vehicle is requested to follow the trajectories linking
the stations together. However, only the lateral control is
automatic: the operator, using the gamepad, controls the
speed of the vehicle.
Autonomous:
In this mode, the vehicle is fully autonomous. It is not
connected to any supervision system but executes to transportation plan defined in its High level controller. It is thus
cycling its motion on the track while stopping at each station.
Autonomous with supervision and coordination:
In this mode, the vehicle is fully autonomous. It is
connected to the supervision and coordination system which
is limited to interval regulation between the vehicles. In this
mode, the vehicle performs its shuttle, stopping at each station. When it arrives at the main station, it is time-regulated
to maintain the desired frequency of vehicle departure.
IV. THE SAFETY APPROACH
The safety of the vehicle and passengers is ensured using:
• Control of security speed close to obstacles detected by
the on-board laser;
• Redundancy of the front steering sensors;
• Monitoring of all the hardware related to alarms from
sensors and actuators at high and low level;
• Certified security bumper, installed in the front and in
the back of the vehicle that will shut down the power
of the vehicle in case of contact;
• Set of testing procedure for validation of vehicle behavior concerning speed control, steering control, reactivity of vehicle’s steering, obstacle detection, braking
distance and accuracy of trajectory following.
A. Obstacle detection
In order to avoid collisions with other objects which
surround the Cybercars, the vehicle environment should be
observed continuously during the driving. Using the laser
range finder, the position of the obstacles is computed and
the maximum speed of the vehicle in the current direction
is computed. The protection is made through a division of
the space in front of the vehicle, taking also into account the
current steering angle of the vehicle to deform the obstacle
detection zones. Each zone is attached to risk value, this
value being dependent on the presence of an obstacle. The
speed of the vehicle is then managed directly by these risk
zones and their values. When an obstacle is detected in front
of the vehicle, the vehicle reduces its speed, and eventually
stops.
B. Redundancy of the front steering sensors
RobuRide control being based on a differential wheels
control, the front steering sensors are a critical part of the
safety aspect. Thus it was decided that the best solution to
ensure safety at this level was to use two sets of sensors.
Then the values delivered by these sensors are continuously
monitored and any deviation between their measures lead to
an emergency stop of the platform.

C. Monitoring the hardware
The traction hardware control architecture is a distributed
one, where each motor is driven by its own motor drive and
is connected to the main controller using a CanOpen bus.
There is a double check of communication between main
CPU and the motor drives concerning the up and down
link between them. Additionally to the classical process of
communication control every 10ms, a watchdog is managed
by the main CPU to ensure that the communication link
is still working. In the other direction each motor drive is
tuned to check on its side that information received from
the main CPU is well refreshed. Any dysfunction of this
link implies that speed is set to zero and an emergency stop
action is launched.
All sensors related to safety (laser, bumper, door closing
system, I/O acquisition board) are also permanently monitored to ensure that the data used for that control are always
refreshed.
D. Security Bumper
Cybercars are all equipped with safety bumpers, it is a
mandatory requirement from the EC Machinery Directive.
These bumpers are there to ensure that the vehicle will stop
in case of contact with an object if any of the other safety
procedure fails. There are computed to ensure that the vehicle
will be able to stop in less than a bounded distance at low
speed (1m/s).
E. Procedure for the vehicle behavior validation
A very important point for safety and thus also for
certification procedure of this type of vehicle is its capability
to respect the theoretical values used for the design of the
application. Are concerned here:
• Speed control;
• Steering control;
• Obstacle detection;
• Braking distance;
• Accuracy of path tracking.
The procedure and results obtained with the robuRide robot
are then detailed.
V. SPEED TESTING
At full speed, the vehicle reaches 6.7m/s and is capable,
using only the electric motors of accelerations and decelerations of up to 2m/s2 . In normal operations, when the vehicle
regulates its speed to follow the trajectories on the car park,
the acceleration and deceleration are reduced to a comfort
value of 0.5m/s2 .
The vehicle trajectory is divided in parts (segments and
curves). A specific speed is defined on each of these parts.
For security reasons, the speed is limited in curves. The goal
of this test is to check that the real speed of the vehicle
responds to its target in order to guaranty that the speed in
curves is not too high and that the speed steps are well taken
into account by the vehicle.
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Speed testing description
Fig. 7.

In that aim, we make the vehicle following a recorded path
containing different step speeds (see Fig. 4).
Then, the maximum percentage error (of real speed comparing to the target speed) is noted. The test is validated if
the error is not greater than 0.28m/s in steady state (vehicle is
at constant speed). The recorded path contains the following
speed requirements:
• 0 meter to 20 meters: 0.5m/s;
• 20 meters to 80 meters: 1.0m/s;
• 80 meters to 120 meters: 1.5m/s;
• 120 meters to 150 meters: 1.0m/s;
• 150 meters to end: 0.5m/s.
A graph displaying the target speed and the real speed is
plotted in Fig. 5.

Fig. 5.

turning radius of the platform can be summarized as follow:
• Internal: 3.6m;
• Middle of the vehicle: 4.7m;
• External: 6.9m.
Hence at low speed or for maneuvers, 6.8m turning radius
can be used, then a 10m outside radius is required for civil
works definition.
The vehicle steering capability is used to follow a path.
The minimum turning radius a path can have in order to
be followed by the vehicle is deduced from the maximum
steering angle reachable. The goal of this test is to measure
the maximum steering angle of the vehicle in order to be
sure that all the paths can be followed (see Fig. 6).

Speed control

On this graph we can see that the vehicle maximum speed
matches with the maximum speed requested on path.

Fig. 6.

Speed error control

Zoom on speed control

If we zoom on interesting area (see Fig. 6 between 75m
and 125m), as expected the speed increase only once the
distance of 80m is reached, then it is reduced before reaching
the distance 120m.
Eventually, it can be observed in the Fig. 7 that the
maximum error between command and feedback is 0.13 m/s.
VI. STEERING TESTING
The front axle is able to move in the range of
[−0.5rad; +0.5rad], at a speed of 0.5rad/s. Therefore the

Fig. 8.

Steering testing description

To perform this test, the steering of the motionless vehicle
is first centered. The steering is then moved at maximum
position on the right and then on the left. And the steering is
finally centered again. The test is validated if the minimum
steering angle is at least −300 , the maximum steering angle
is at least +300 , and the maximum error is less than 10 in
steady state (constant steering angle).
A graph displaying the target steering, the real steering
and the error speed and the error (target steering - measured
steering) is plotted in Fig. 9.
The accuracy of steering control is displayed in this
graph. The maximum steering angle is 0.3813rad (21.840 ).
The minimum steering angle is −0.3813rad (21.840 ). The
maximum steering angle allowed by the vehicle is 0.45rad
(25.80 ) due to mechanical stops (in automatic mode). Using
a game pad one can reach only 0.38rad because of the dead
zone around zero position of the game pad stick, which can
by changed by modifying the game pad driver.
Eventually, it can be observed in the Fig. 10 that the
maximum error between command and feedback at steady

Fig. 9.

Fig. 12.

Steering control

Reactivity of the vehicle’s steering

due to normal deformations of the wheel that are taken into
account.

Fig. 10.

Steering control: steady state

state is 2 × 10−6 rad (1 × 10−4 deg).
Furthermore, not only the steering angle but also the
steering angular velocity has to be tested. The goal of this
test is to measure the reactivity of the vehicle’s steering (see
Fig. 11).

Fig. 11.

VII. OBSTACLES DETECTION
In order to avoid collisions with other objects, vehicles
surrounding the Cybercars should be observed continuously
during the driving. Using the laser range finder, the
obstacles position is computed and the maximum speed the
vehicle can travel in the current direction is computed. The
protection is made through a division of the space in front
of the vehicle, taking also into account the current steering
angle of the vehicle to deform the obstacle detection zones.
If a people or an object is on the vehicle’s trajectory, it
decreases its speed or stop in order to avoid collision.
The obstacle detection is made by using the laser. Two
zones are defined:
• A stop area: an obstacle detected in this area causes the
vehicle to stop;
• A speed limit area: an obstacle detected in this area
causes the vehicle to reduce its speed proportionally to
the distance.
As depicted Fig. 13, the shapes (curvature) of these areas
depends on the steering of the vehicle.

Steering angular velocity testing description

As previously, the steering of the motionless vehicle
is first centered. The steering is then moved quickly (try
to produce a step) in order to move the steering at the
maximum right position and then at the maximum left
position. The steering is finally centered again. The test is
validated if the maximum angular speed is at least 300 /s.
A graph displaying the target steering, the steering and the
discretized angular speed is plotted in Fig. 12.
As a result, the maximum angular speed is higher than
0.8rad/s (450 /s). The speed oscillations due to the control
law are not perceptible during the automatic mode. The
difference between the target steer and the current steer is

Fig. 13.

Curvature of the areas according to the vehicle’s steering

The goal of this test is to check that the shapes of these
areas (red and yellow ones) allow the vehicle to stop in good
conditions if an obstacle comes in front of it. (see Fig. 14).
The configuration is done as following:
• Speed limit area: 13 m length, 5 meters width;
• Stop area: 2 m length, 4.5 meters width.
An object is placed on the vehicle’s track. The vehicle
follows a recorded path at a 0.56m/s velocity. Then, the test

the obstacle and the vehicle once stopped is about 2 meters.
The same test is performed in curve at 2.22m/s and
4.44m/s. The radius of the curve followed is about 12.5
meters (see Fig. 17).

Fig. 14.

Influence of obstacle detection on the vehicle actual speed

consists in checking if the vehicle stops and not hurts the
obstacle. This test is done on a straight line and on a curve.
It is repeated :
•
•
•

Fig. 17.

Curve

2 times at 0.56m/s, 1.11m/s and 2.22m/s;
3 times at 3.33m/s and 4.44m/s;
5 times at 5.56m/s and 6.67m/s.

The test is validated if the vehicle stops in all conditions, if
the object is never touched by the vehicle, and if the effect
of the security zones is visible on the graphics.
A graph displaying the target speed, the real speed, the
status of the speed limit area and the status of the stop area
is plotted in figures bellow.
Fig. 18.

Curve 2.22m/s

At 2.22m/s (Fig. 18), the obstacle is not hit by the robot
that needs about 4 meters to stop. The distance between the
obstacle and the vehicle once stopped is about 2 meters.

Fig. 15.

Straight line 2.22m/s

At 2.22m/s (Fig. 15), the obstacle is not hit by the robot
that needs about 4 meters to stop. The distance between the
obstacle and the vehicle once stopped is about 2 meters.
Fig. 19.

Curve 4.44m/s

At 4.44m/s (Fig. 18), the obstacle is not hit by the robot
that needs about 8 meters to stop. The distance between the
obstacle and the vehicle once stopped is about 2 meters.
As a result, the vehicle always stops before hurting obstacle, its behavior remains the same on a strait line and on a
curve, and the distance desired to slow down is always the
same (12.5m).
Fig. 16.

Straight line 4.44m/s

At 4.44m/s (Fig. 16), the obstacle is not hit by the robot
that needs about 8.5 meters to stop. The distance between

VIII. BRAKING DISTANCE
The vehicle brakes electrically using the wheels motors.
The maximum braking is 2m/s2 . In case of emergency, the
braking deceleration is 2.2m/s2 .

The vehicle braking is performed by electrical braking,
using the speed control of the wheels. Nevertheless, additional parking brakes are used both during parking and during
emergency stop: these brakes are placed directly on the shaft
of the motors and are activated by lack of input current.
There are two modes of braking: the normal mode and the
emergency mode:
The normal mode:
As it is velocity controlled, the vehicle braking is achieved
by reducing the speed of the wheels, through the drives of
the wheels electric motors. The braking is thus electrical.
The low level controller software uses a comfort deceleration
of 0.5m/s2 to have a smooth behavior during a normal ride.
Nevertheless if an obstacle is detected or if a stop is required
by the software, the deceleration ramp used by the low level
controller can be the maximum one: 2m/s2 . The speed of
the vehicle is controlled every 10ms. So the braking action
required to reduce velocity in front of an obstacle will be
handle in 10ms.
For a normal stop, a target speed of 0m/s is requested by
using the software.

account the ramp request. So the time required for the vehicle
to react to an emergency stop request is about 1m/s.
Tests results:
For this test, a ”stop line” is drawn and the vehicle begins
following a straight line at 6.67m/s. When the vehicle crosses
this line (front wheels on the line), one of the stop procedures
is engaged. Then, the distance between the front wheels and
the ”stop line” is measured (Fig.20). The test is validated
if the distances are compatible with the theoretical values
of 11.12m for a normal stop and 11.04m for an emergency
stop.

Fig. 20.

The emergency mode:
The emergency stop procedure is activated only when
an electrical problem occurs on the vehicle or when an
emergency stop or bumper button is hit. The emergency stop
is ”requested” by the safety relay, so no software in the low
level controller is used in this procedure.
In this case, the following braking procedure is followed:
• The safety relay security loop is disabled, cutting first
the 24V security power line, then after a delay of one
second, the 360V security power line;
• When the 24V security is cut, the drives start the emergency braking procedure: each wheel independently is
requested to reduce its speed through a strong deceleration ramp at a rate equivalent to 2.2m/s2 : the vehicle
automatically starts to strongly decelerate;
• After a delay of 1s, the safety relay cuts the 380V that
allows the propulsion of the drive and the motors. The
drives disable their brakes control digital output, so the
parking brakes of the motors are not powered anymore
thus automatically placed on motor shaft, forcing it to
stop, by mechanical action.
This procedure was experimentally proved to be the most
efficient in terms of emergency braking distance. At full
speed (6.7m/s), the robuRide vehicle requires 12m to perform an emergency stop. Since the safety relay activation
is electrical, the time required to react on this emergency
braking procedure is only the time for the drive to take into

Braking distance

Graphs displaying the target speed and the real speed with
respect with the distance traveled by the vehicle (using the
GPS position) are plotted below.

Fig. 21.

Normal stop

This normal stop (Fig. 21) shows that the acceleration
(2m/s2 ) and deceleration (2m/s2 ) ramps are correctly applied on vehicle. A stop distance of 9.97m is measured
by GPS. The computed stop distance is V mean ∗ t with
V mean = (V max − V min)/2 = (6.5 − 0)/2 = 3.25 and t =
deceleration ramp/V max = 3.25. So, the computed stop
distance is 3.25 ∗ 3.25 = 10.5625m. The difference between
computed stop distance and measured one is due to friction
forces.
The Fig. 22 shows that the inhibition ramp (3.5m/s2 much
more high than planned 2.2m/s2 ) is stronger than brakes
ramp (1.5m/s2 ). The small ramp appearing between t = 15.5s
and t = 15.75s is due to the time to engage breaks. A stop

Fig. 25.
Fig. 22.

Zoom on curve

Emergency stop

distance of 8.08m is measured by GPS. The computed stop
distance is 4.75 ∗ 1 + 1.5 ∗ 3 = 9.25m. The difference between
computed stop distance and measured is also due to friction
forces.
IX. PATH TRACKING
The principle of the trajectory control is to compute the
steering that will bring the control point on the trajectory.
The control point is attached to the front axle, and is located
in front of it at a distance d = 2m, illustrated on Fig. 23. We
first compute the angle α, then add the difference between
the desired orientation and the orientation of the robot to
obtain the target steering angle.
ϕ = α + (θd − θ )

with: α = asin de .

Fig. 26 shows the evolution of the lateral error of the robot
during a following. The maximum lateral error observed is
25mm.

Fig. 26.

Lateral error

X. CONCLUSIONS AND FUTURE WORKS
This paper presented a set of experiments for motion
performances evaluation. The aim is to provide a common
testbed for quantitative evaluation of different functionalities
for Cybercars vehicles and more precisely the robuRide one.
Many issues need further development. For example, the
development of an evaluation that is explicitly dependent to
localization sensors specifications. Moreover, it is necessary
to define a common, more generic and well-defined set
of performance metrics, that have to include, as much as
possible, all the configurations of mobile robot depending
on the applications desired.
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Fig. 23.

Path tracking algorithm

The vehicle has to repeat 5 times the same looped trajectory (Fig. 24) at 3m/s. The goal of this test is to check if the
system is repeatable and accurate enough to guarantee the
safety of the passengers. It is validated if the lateral error
does not exceed 30mm.

Fig. 24.

Following accuracy

A zoom on the curve (Fig. 25) (each color refers to
a different test) permits to observe that the accuracy and
repeatability of a following is about 20mm.
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