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Abstract It is often challenging to manage the battery supply when dealing with
a fleet of mobile robots during long experiments. If one uses classical recharge sta-
tions, then agents are immobilized during the whole recharge process. In this study,
we present a novel approach that employs a battery pack swapping station. Batteries
are charged in a rotating barrel, and the robots dock only for the time of the hot-swap
process. We attained an unavailability time of only 40 seconds, with a success rate
of 100 % on a total of 46 trials. Experiments above 8 hours are performed in three
arenas with different configurations, which proves the relevance of our approach.

1 Introduction

Collective robotics is a field generating a high academic interest. Using several
robots has been proposed as an elegant way to solve complex problems, that are
impossible for only one entity. We can cite, for example, experiments in collective
gap crossing [8], collective construction [13], or cooperative localization and grasp-
ing of objects [3].

In practice, the main heel of collective robotics is the dependency on electric
power, each autonomous entity usually having its own battery. The realisation of
complex experiments often requires runs of several hours or even days. A classic
solution is to use a charging station, which requires a downtime of the agents dur-
ing the corresponding period. Often, to avoid this downtime, one person constantly
maintains the setup. Otherwise, some laboratories have heavy installations consist-
ing of a floor powering system, which is very expensive to build and to maintain. A
new solution is needed to maintain an availability close to 100 %.

Florian Vaussard - Philippe Rétornaz - Steven Roelofsen - Michael Bonani - Frangois Rey -
Francesco Mondada

EPFL — STI — LSRO, Station 9, 1015 Lausanne, Switzerland

e-mail: florian.vaussard@epfl.ch



2 Florian Vaussard et al.

In this study, we will demonstrate a novel solution for autonomous robots in
the form of automatic hot-swapping of batteries. The design relevance is validated
through a simulation, and the final prototype is tested under experimental condi-
tions, totalling more than 24 hours of work with 3 robots operating simultaneously.

2 Prior Works

Batteries and other storage devices have always limited mobile devices. The prob-
lem of autonomously recharging a robot, or a fleet of robots, has already been exten-
sively studied. Several designs have been considered and tested [2, 5,9, 10, 11, 12].
The problem was also studied using Unmanned Aerial Vehicles (UAV) [4, 16]. How-
ever, with such an approach, the robots are unusable during the whole recharge pro-
cess.

In the literature, battery swapping is often mentioned as a way to get rid of the
charging time [17, 19]. But practically speaking, few working implementations ex-
ist. To the best of our knowledge, authors of [18] are the first to realise a proof of
concept using an autonomous robot. Their robot is able to enter the charging dock
by following a magnetic tape, and the exchange process takes 45 seconds. However,
the design is complex and is limited to two charging units. No other data is provided.

The work of [15] introduced the first prototype of a swapping system for an au-
tonomous helicopter. It is able to recharge up to 8 batteries in parallel using related
health management algorithms. No experiment yet proves the viability of the so-
lution. Finally, several modules were developed and discussed in [14] for another
UAV system, but no complete prototype is currently available.

Finally, some researchers used an arena with a conductive floor to provide a
continuous power supply [6]. This is a big investment in terms of time and money,
and requires hardware adaptations. Moreover, the floor has to be flat, which limits
the relevance to a subset of experiments.

3 Simulation

We first modelled the battery swapping system to assess the relevance of our ap-
proach. Let us take N, robots, each one having an autonomy of T, seconds. We aim
to build a charger capable of recharging N, batteries in parallel, each battery taking
T, seconds to charge. At the equilibrium, the maximum number of robots we can
sustain is approximated by the conservation law:

T.
N, =N, -— . 1

r=Ne- g 9]

However, this is an idealization and does not account for the worst case scenario.

To identify the requirements for the charger, we modelled 7, and 7, as Gaussian
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Fig. 1: Number of charging slots needed, with respect to the number of robots used during the
experiment. The horizontal line is the targeted design (15 slots).

distributions. Parameters are given in Table 1 and are used to match the figures
encountered in practice. A discrete time simulation is performed under Matlab and
computes, at each time step, the maximum number of batteries simultaneously in
charge. The result is shown in Fig. 1.

Table 1: Simulation parameters, modelled as Gaussian distributions.

Time
T c
(®) (s)
Autonomy T, 10800 3600
Recharge time T. 19800 1800

For our first design, the target is fixed at 15 slots, due to the physical space con-
straints imposed by the size of the battery packs. According to this simulation, this
choice allows up to 5 robots to run simultaneously.
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Fig. 2: Hardware design. (a) The marXbot robot. (b) The swappable battery pack (inside view). (c)
The charging station with a docked marXbot.

4 Hardware Design

4.1 Mobile Robotic Platform

The robotic platform was designed with battery hot-swapping as a key feature from
the beginning. We identified three requirements to ease long-term robotic swarm ex-
periments: 1) online battery hot-swap, 2) automated battery exchange, and 3) com-
pact design.

The first requirement is motivated as follows. If the robot must be switched off
to swap its battery, then long-term experiments will be difficult. In most of the ex-
periments, a wireless link to a supervision computer must be kept for logging or
management purposes. The embedded computer must thus stay online for the whole
experiment, keeping its state and all network connections opened.

The second requirement is of practical interest. If the experiments are run for
several hours, or even days, then it is not efficient to manually swap the battery.
Moreover, since we want to swap the battery while the system is running, we need a
high level of determinism. A human is not able to achieve such reliability, especially
in an experiment that lasts for several hours.

The third requirement seems obvious but is critical in small mobile robots. We
cannot afford to have a big and bulky system, as it would increase the size and the
weight of the robot. For collective experiments, it is a critical point, as many robots
are used concurrently in a limited space.

The marXbot robot, pictured in Fig. 2a, was designed with these requirements
in mind [1]. Both specific mechanical and electronic designs are needed to enable
battery hot-swapping.
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4.1.1 Mechanical Design

The battery is located at the centre of the robot and is easily accessible from the
backside. Moreover, the battery has a specific grabbing artefact that enables me-
chanical grasping. The battery is placed as low as possible, enhancing the stability
by bringing down the centre of mass. The electrical contact is performed through
lateral sliding contacts. When the battery is fully inserted, the contact is automati-
cally established without requiring any specific connection mechanism.

4.1.2 Electronic Design

The electronics need to cope with the battery suddenly disappearing while running.
This was resolved by using a backup supply. In our case, two 2.5V / 10F serially
connected super-capacitors are embedded in the marXbot. They can power the vital
subsystems, including the embedded computer, for 15 seconds. Two power buses
are implemented throughout the robot. The first one is directly connected to the
battery, typically for the motors and other non-critical electronics. The second bus
is dynamically switched between the battery and the super-capacitor’s supply.

A series of dedicated electronics are in charge of the switching by using an in-
frared sensor to detect the battery’s removal. These electronics ensure a determin-
istic switching time, which provides a reliable power source. The system is fully
autonomous and does not require any supervision.

The battery is a single cell 10 Ah lithium-polymer battery, as shown in Fig. 2b.
The protection circuit is embedded in the plastic housing and the electrical connec-
tion is made using two gold-plated sideways printed circuit boards.

4.2 Robotic Charger

The robotic charger is wheel-shaped, with the charging slots distributed around the
barrel. The main design goal was to fit as many batteries as possible in one station
in order to sustain the operation of several robots at the same time. In order to let the
experiment run unattended, the reliability was also an important driving criterion.
The final station is shown in Fig. 2c.

4.2.1 Mechanical Design

The mechanical design is quite straightforward. A rotating barrel can hold and
recharge 15 batteries in parallel. Two linear arms are placed on each side of the
docking bay. When the robot arrives in front of the charger, the arms centre the
robot and hold it firmly in place. A motorized gripper grasps the battery inside the
robot, pulls it out of the mobile robot and brings it in the barrel. It then lets the barrel
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Fig. 3: Working principle of the battery exchanger.

rotate, and then pushes back a freshly charged battery. There are a total of 5 degrees
of freedom. A diagram of the complete sequence is shown in Fig. 3.

4.2.2 Electronic Design

The 5 motors are controlled by several microcontrollers. The swapping state ma-
chine is entirely executed on the microcontrollers. The synchronization among the
microcontrollers is performed through a CAN bus using the Aseba event-based
framework [7]. Each slot has independent charging and monitoring electronics, en-
suring a safe operation. Each battery is charged at 2.5 A under 4.2 V. The total peak
power consumption is about 160 W.

4.3 High Level Design

The swapping station is connected to a supervision computer. Each robot taking part
in the experiment is also connected to the computer through a Wi-Fi connection.

When a robot needs to get a fresh battery, it asks the supervision computer to
get a lock on the charger. If no other robot is using the charger, then the computer
grants the permission and the robot starts searching for the charger. If the charger
is already in use, then the robot is put on a waiting list and has to wait until the
supervisor gives it the lock.

As the arena used in this experiment is quite small, a search based on a wall-
following method is used to find the swapping station. The method is able to detect
loops, like isolated obstacles, as shown in Fig. 5a. This method proved to be robust
in our case. The location of the charging bay is marked with an ISO-15693 RFID
tag on the ground, so the robot can detect when it has to start the docking sequence.

Other methods should be envisioned in more complex environments, such as
visual feature detection or range-based Simultaneous Localization And Mapping
(SLAM). The marXbot has the necessary sensors and is directly suitable for both
approaches.
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5 Results

We conducted two sets of experiments. The first one assesses the reliability and per-
formance of the swapping mechanism. For this purpose, several consecutive swaps
are conducted with the robot starting next to the station.

The second experiment is used to simulate a longer experiment, where several
robots are covering the arena using a random walk. They autonomously go to the
swapping station when the available energy reaches a low threshold.

Both experiments were run without any human interaction, except to start and
stop the experiments.

5.1 Battery Replacement

In this experiment, we ran 24 battery swaps. The success rate was 100 %. The time
required by each step of the process is shown in Fig. 4. The first step is the alignment
and grasping of the robot by the station. During the second step, the robot runs
without its battery on the backup supply. The charging station needs only 10 to
11 seconds to swap the battery. The entire process takes less than the 15 seconds
provided by the embedded backup supply. The third step is the release of the robot,
which is considerably faster than the others steps.

We can already draw a positive conclusion based on these results. The battery
swap is indeed reliable and robust. The total time needed to change the battery is
less than 40 seconds, while the robot runs only 10 seconds on the super-capacitors.
This is fast enough to keep the ARM processor running and the Wi-Fi connection
alive.

5L + -
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Fig. 4: Validation experiment: break down of the time required by each step of the battery replace-
ment process.
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5.2 Long Experiment

We ran 3 long experiments, each one lasting more than 8 hours. During these ex-
periments, three robots were moving randomly in a 2x2 m arena. The configuration
of the arena was changed between each experiment, as shown in Fig. 5a. In order
to maximize the number of battery swaps, we decided to artificially limit the cut-off
voltage to 3.6 V.

We recorded the time needed to find the charger based on our naive wall-
following approach (Fig. 5b). This method takes a considerable amount of time,
in the order of several minutes. However, since the robots have an uptime of about
2-3 hours per battery, the 200 seconds needed to reach the charger are negligible.
Thus, the wall-following method is perfectly justified in this situation, as it is robust
and does not need any powerful computing resources.

Fig. 5c shows the results of the experiments. Each line corresponds to the voltage
of individual robots. The robots successfully shared the same charger and were able
to run for more than 8 hours without any failure. Each robot had its battery swapped
several times and no power outages were experienced. In total, 22 successful swaps
were performed.

6 Conclusion

We showed the possibility of autonomously hot-swapping the batteries of a small
mobile robot. The achieved performance and reliability enables the use of small
mobile robots during long term experiments. This opens the possibility of potential
new research avenues on collective experiments.

This study shows that it is possible to have virtually infinite autonomy with only
a minimal impact on the performed experiment. This is achieved through the careful
design of the marXbot robot and the charger.

The next step is to use several chargers and a swarm of robots in a larger area.
This would require better algorithms to share the resource and localize the charger.
However, the proposed hardware remains perfectly valid.
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Fig. 5: The long-term experiments: (a) The three test fields. (b) Time to find and reach the charger
on each field. (c) Voltage for each robot, as a function of the time and for each field.
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