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Abstract This article presents a novel docking system
developed for miniature underwater robots. Recent years
have seen an increased diffusion of robots for ocean monitor-
ing, exploration and maintenance of underwater infrastruc-
tures. The versatility of those vehicles is extremely affected
and limited by energetic constraints and difficulties in updat-
ing their mission parameters. Submerged docking stations are
a promising solution for providing energy sources and data
exchange, thus extending autonomy and mission duration of
underwater robots. Furthermore, the docking capability is
a novel, but promising approach to enable modularity and
reconfigurability in underwater robotics. The authors here
propose a hybrid docking system composed of a magnetic
alignment unit and a mechanical connection. The former pas-
sively aligns and guides the underwater vehicle facilitating
a subsequent mechanical connection. The reliability of the
system is both analytically investigated and experimentally
validated. Finally, the mechanical design of the docking sys-
tem of two miniature underwater robots is described in detail.

Keywords Autonomous docking - Magnetic alignment -
Miniature AUV - Underwater robots

1 Introduction

Capabilities of autonomous underwater vehicles (AUVs) and
remotely operated vehicles (ROVs) have greatly increased
during the past thirty years (Yuh 2000). Originally devel-
oped for military operations, they are now commonly used
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for the exploration of submerged sites, for long-term envi-
ronmental monitoring, search and localization missions. In
fact, during the last decades, progresses in sensing technolo-
gies, as well as substantial improvements in materials and
on-board computation capabilities have led to the develop-
ment of sophisticated AUVs with an increasing degree of
decision autonomy and versatility. This trend, combined with
the increasing operational costs of ROVs, are contributing to
the affirmation of AUVs and intervention AUVs (IAUVs)
also for deep-sea interventions, such as maintenance, repair
and inspection of submerged structures. In fact, any mission
performed with ROVs has additional costs associated with
a support ship hosting remote operators and a tethered con-
nection between the ROV and the surface.

However, since the versatility of an AUV is conditioned by
its autonomy, energy and the data storage limitations become
major issues that need to be addressed. Docking stations and
homing control techniques are a possible solution to auton-
omy constraints (Cowen et al. 1997; Inzartsev et al. 2005;
Hobson et al. 2007; Krupinski et al. 2008; Maurelli et al.
2009; Park et al. 2009; King et al. 2009; Batista et al. 2012).
In fact, a docking station can be an energy source to recharge
the internal battery of the AUV and at the same time can be
used for exchanging data in order to update mission parame-
ters and objectives and to download the data collected during
the mission.

Parallel with the growth of oceanic AUV, another recent
trend in underwater robotics is the development of small-
scale vehicles having a volume in the order of 10 dm?>.
This interest is triggered by the potential of miniature AUVs
for industrial and research applications. The former usually
involve the monitoring of cluttered submerged structures,
or the mapping and maintenance of narrow and complex
environments such as waterworks and storage compounds.
These applications require tailored mechanical designs, as
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for example the EyeBall ROV (Rustand and Asada2011) and
WAUV (Watson et al. 2011) that are conceived for the inspec-
tion of hazardous environments, substituting human opera-
tors. Both of them have a spherical shell and are equipped
with multiple propellers in order to move in any direction
and perform sharp turns. Another example of miniature AUV
is MASUV (Kopman et al. 2012), a robot equipped with a
ducted vector thrust with high mobility especially developed
to study marine mammals ensuring a safe interaction with
them. The interest in small scale AUVs is also driven by the
possibility to perform significant but also affordable experi-
ments in confined environments. For example, investigations
on underwater robotic swarms can strongly benefit from the
availability of small, inexpensive AUVs that can be used to
experiment in conventional swimming pools. Investigations
in underwater swarm robotics are motivated by the insight
that multiple, affordable and agile AUVs could potentially
outperform a single, complex and expensive AUV in multi-
ple missions such as: localization of submerged objects, eco-
logical monitoring, mapping of cluttered submerged sites and
harvesting resources in underwater habitats. Serafina (Kalan-
tar and Zimmer 2004) paved the way in this field address-
ing AUVs localization, communication and shoaling of small
groups of underwater robots. Co3-AUVs (Simetti et al. 2010)
project deals with a swarm of AUVs that can seamlessly
monitor critical underwater infrastructures and detect threats
or anomalous situations. The recently developed Munsun II
(Osterlohetal. 2012) is a small swarm of affordable AUV's for
environmental monitoring. CoCoRo (Schmickl et al. 2011;
Mintchev et al. 2014) focuses on a large swarm (30-40
AUVs) driven by biologically inspired motion algorithms and
self-organization principles that will provide various level of
individual and group awareness. Due to the small dimensions
of these miniaturized AU Vs, the space available for batteries
is very limited, therefore the docking capability for battery
charging is an almost mandatory feature in order to extend
the operational life of the system.

A nearly unexplored topic in underwater robotics is the
development of modular and reconfigurable systems. The
modular approach offers three main advantages: it ensures
versatility, because the features and capabilities (e.g. loco-
motion, sensing, computation) of a multi-module AUV can
be increased with the number of connected robots; it is a
fault tolerant approach, thanks to possible redundancy in the
modular structure (e.g. possibility to share energy sources
or propulsion systems); it makes possible to create a distrib-
uted, reconfigurable and movable underwater sensors net-
work. The first studies in this field led to the development
of AMOUR (Vasilescu et al. 2005; Dunbabin et al. 2009),
a modular underwater robot, which can self-reconfigure by
vertically stacking and unstacking modules. These modules
are specialized being equipped with different mechatronics
systems (e.g. a buoyancy mechanism, propellers, batteries or
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sensors). Therefore, tailored combinations of multiple mod-
ules generate AUVs with different capabilities. To the best
of authors’ knowledge the ANGELS project (Mintchev et
al. 2012) is the only other example of underwater robot
with reconfiguration capability. With respect to AMOUR,
ANGELS is composed of a homogenous swarm of indepen-
dent AUVs that can be reconfigured in serial structures capa-
ble of anguilliform swimming. These AUVs are designed to
investigate the capabilities of the electric sense (Boyer et al.
2012), a bioinspired perception system commonly used by
fish belonging to the family of Gymnotidae and Mormyri-
dae (von der Emde et al. 1998; von der Emde 1999; von der
Emde and Fretz 2007). These fish are able to generate an
electric field around their body thanks to dedicated emitter
organs, named electric organs of discharge (or EODs), which
are located in the tail. Dedicated electro-receptors are distrib-
uted all over the skin of the fish, providing an instantaneous
electrical image of the environment. As a result, the electric
fish are able to detect, localize and recognize the shape of the
objects in their vicinity. Electric sense is complementary to
vision and sonar, as it enables navigation and object identifi-
cation in muddy water, cluttered environments or when there
are particles in suspension. The ANGELS AUVs (Mintchev
et al. 2012) can operate either as an eel-like whole entity,
or may split into fully autonomous and independent AUVs
(and vice-versa). With the former anguilliform morphology,
the robot can efficiently swim for long distances, while the
latter condition allows a small group of AUVs to spread for
a fast and effective investigation of the surroundings.

From the previous analysis, it follows that the docking
capability is an essential feature for increasing the energetic
autonomy and for enabling the reconfigurability of AUVs.
Indeed deep-ocean, small scale as well as modular AUVs
can all benefit from reliable and robust docking capabilities.

In this article we present a novel configuration and
mechanical design of docking systems conceived for small
scale AUVs. Based on the author’s experience on perma-
nent magnets for underwater systems (Stefanini et al. 2012;
Manfredi et al. 2013), the authors propose a hybrid docking
system based on permanent magnets and mechanical connec-
tion. The magnetic interaction passively aligns and guides
the AUVs during the approach at a short-range distance (one
robot’s body length) from the docking station in order to
facilitate a subsequent mechanical connection. The benefits
of this hybrid docking are associated to permanent magnets
that passively perform part of the “computation” required
for guidance and alignment. Therefore the passive alignment
reduces the demand for complex homing control techniques
and for precise sensors, which are usually required to com-
pute the attitude and distance of the AUV with respect to the
docking station.

The article is structured as follows: Section 2 starts with
an overview of the docking system and guidance techniques
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Fig. 1 Picture of the ANGELS (a) and the CoCoRo AUV (b). Both are miniature AUVs with an overall length of 250 mm and a neutral buoyancy
weight of 1-1.2 kg. More details about the design of the two AUVs can be found respectively in Mintchev et al. (2012) and Mintchev et al. (2014)

developed so far and describes our main contribution to
the field. Section 3 concerns the dynamic simulation imple-
mented to study the feasibility of the passive alignment sys-
tem based on permanent magnets. Section 4 is devoted to
the experimental validation of the simulation using a mock-
up AUV. Section 5 presents the case study of two AUVs,
ANGELS and CoCoRo shown in Fig. 1, which are both
equipped with the proposed docking system. Section 6 con-
cludes with proposals for improvements and future work.

2 Design of docking systems

The proposed docking system is the result of a critical analy-
sis of the mechanisms and working principles developed to
connect modular terrestrial robots and to dock underwater
vehicles to intervention panels. The docking procedure gen-
erally consists of three main steps:

e Homing phase: The AUV is actively guided toward a fixed
docking station or another robot by specific homing algo-
rithms and dedicated sensors (Krupinski et al. 2008). Sen-
sors are used to estimate the position and the orientation
of the AUV with respect to the docking station. Sound
based systems (e.g. sonar, or acoustic beacon based system
like SBL, Ultra SBL, Long BL) have been successfully
adopted for the development of multiple homing tech-
niques (Hobson et al. 2007; Kondo et al. 2012; Maki et
al. 2013) with ranges of 3,000m or more. Homing tech-
niques are also based on optical guidance algorithms that
use light sources on the docking station and photosensi-
tive sensors on the AUV (Cowen et al. 1997; Deltheil et
al. 2000; Park et al. 2009; Kondo et al. 2012; Sutantyo
et al. 2013). Depending on water turbidity and ambient
lighting, optical homing systems have a working range up
to 100 m. Magnetic field sensors in the AUV have been
exploited in combination with coils in the docking station

to develop an electromagnetic guidance system (Feezor et
al. 2001) with a range of 25-30 m. Finally, plume-tracking
techniques are investigated for both homing techniques
(Farrell et al. 2005) and environmental monitoring.

e Fine alignment phase: It is usually done when the robot is
at a short distance from the target, approximately one or
two robot’s body lengths. The AUV needs to be aligned
within the geometrical tolerance of the docking station.
This step can be really challenging especially for under-
actuated systems as conventional AUVs. The short-range
alignment usually exploits optical sensors or cameras (Jin-
Yeongand et al. 2007; Krupinski et al. 2008; Maki et al.
2013) combined with dedicated algorithms for fine visual
guided servoing manoeuvres.

e Connection phase: The robot is physically docked to a
fixed docking station or to another robot.

The design of a docking system for underwater robots
involves several challenges. Firstly, the mechanical connec-
tion requires a high precision positioning. Compared to ter-
restrial applications, underwater docking is more challeng-
ing due to the necessity of a 3D alignment that must be
usually performed with nonholonomic robots (AUVs are
often underactuated). Secondly, modular or reconfigurable
robots require the transmission of strong and time dependent
forces through the connection mechanism. For example, the
ANGELS modules can dock together in a serial morphology
capable of anguilliform swimming. In this case, the dock-
ing system has to transmit the high torque required to bend
the serially connected robot during swimming. Thirdly, espe-
cially for modular or reconfigurable robots, the docking sys-
tem should be clearance-free. Clearance usually causes prob-
lems in controlling the robot and can reduce the mechanical
life of the system, especially in the case of reversing forces
over time. Finally, in case of wired battery charger or data
transmission, a waterproof electrical connection is required.
In addition to these challenges, the development of docking
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Table 1 Comparison of various typologies of docking systems

Type Pros Cons

Electromagnetic Passive alignment Weak connection forces

High energy consumption

Magnetic Passive alignment Unwanted interaction
Interference with navigation
instruments
Mechanical Strong connection High precision alignment

forces

facilities for miniature AUV are even more complex. In fact,
due to space constraints, several technologies are unavailable
off-the-shelf, thus requiring custom design (e.g. sonar).

A large variety of docking systems has been developed
over the years for terrestrial modular robots. It is possi-
ble to classify the docking systems according to the way
in which the connection force is generated. Common con-
nection systems exploit electromagnets, permanent magnets
and mechanical devices. As summarized in Table 1, each
class of connection systems has particular advantages and
drawbacks:

e clectromagnetic connection has the main advantage to pas-
sively align robots, exploiting the nature of electromag-
netic forces. The system is usually composed of one or
several electromagnets that are activated during the con-
nection. The main drawbacks of this solution are weak
forces and low energy efficiency, mainly because electri-
cal energy is always required to maintain the connection
active. Fracta (Murata et al. 1994) and the robots devel-
oped for the Claytronics project (Kirby et al. 2007) use
this solution;

e permanent magnets allow self-alignment as well. The sys-
tem provides a high-energy efficiency connection because
the magnets generate forces without the need for electri-
cal energy. Due to the impossibility of switching these
magnets on/off, unlike electromagnets, the main drawback
is related to potentially unwanted interactions between
the magnets belonging to two separate AUVs. This can
affect the behaviour of multiple AUVs in close proximity,
especially underwater, since the robots can potentially get
stuck together. A first solution to this problem involves
the use of ferromagnetic elements combined with a ser-
vomotor that controls the orientation of the magnets. In
this design, the magnetic field generated by the magnets
can be either directed inside the ferromagnetic elements
to minimize interactions or redirected outside for dock-
ing (Rochat et al. 2010) by modifying the orientation of
the magnets. Also, electro-permanent magnets (Gilpin et
al. 2010; Marchese et al. 2012) are a possible solution
to unwanted interactions. In electro-permanent magnets,
the flux redirection is obtained by modifying the magne-
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tization of a low coercive component. Another solution
involves suitable magnet size, geometry of the AUV shell
and the amount of thrust generated by the propellers in
order to minimize the risk or to divert away from unwanted
interactions. This approach has the advantage of mini-
mizing design complexity and it is described in detail
in Sect. 5.1 for the ANGELS AUV. Another drawback
of permanent magnets is related to possible interferences
with the sensitive magnetic compasses that are commonly
used for underwater navigation. Nevertheless, similarly to
unwanted interactions, ferromagnetic elements or electro-
permanent magnets can be used to reject almost all the
magnetic interferences. In the AUVs presented in the
article (see Sect. 5), the authors experienced negligible
issues related to unwanted interaction and disturbances
on the compass of the AUVs. It’s noteworthy that, when
the robots are magnetically docked together, the connec-
tion is maintained with no energy consumption. Neverthe-
less, when the orientation of the magnets is modified, for
example to disconnect paired magnets, energy is required.
Despite that, permanent magnets remain a highly efficient
solution for docking. Miche (Gilpin et al. 2007) and Tele-
cubes (Suhand et al. 2002) are examples of terrestrial mod-
ular robots that exploit connection forces generated by
permanent magnets.

e mechanical connection is the most popular system among
modular robots. The main advantages are a high versatil-
ity and the possibility to transmit strong connection forces.
The main disadvantage is the need of high precision posi-
tioning and alignment in order to achieve a successful con-
nection. Dedicated sensors and control algorithms have
been developed to satisfy these requirements. Mechanical
connections are used in terrestrial modular robots like I-
cube (Unsal and Khosla 2000), Conro (Khoshnevis et al.
2001), ATRON (Jorgensen et al. 2004) and in the Scout
robot (Liedke et al. 2011; Russo et al. 2013).

The mechanical connections are also commonly used to
dock AUVs to submerged interventional panels. The sys-
tems developed so far are the following (Krupinski et al.
2008; Sotiropoulos et al. 2009):

e the pole docking, where a non-hovering torpedo-like AUV
can grab a vertical rope with a specific clamping mecha-
nism housed in the nose of the robot (Singh et al. 2001);

o the funnel docking where a conical shaped net is used to
guide the entire AUV for a precise short range alignment
(Brighenti et al. 2000);

e the hook docking where the AUV can land on the inter-
vention panel like an airplane on a carrier (Kawasaki et al.
2004);

e the docking combined with manipulation mainly used by
ROVs or IAUVs. For instance robot equipped with robotic
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arms and grippers can grab specific handle located on the
interventional stations (Sotiropoulos et al. 2009).

AMOUR (Vasilescu et al. 2005; Dunbabin et al. 2009), the
only example of modular underwater robot, is equipped with
a latching mechanism with variable-width diameter that can
hold a pin connected to the module which has to be docked.

With respect to the previous classification, for ANGELS
and CoCoRo, the authors conceived a hybrid docking system
composed of permanent magnets and a mechanical connec-
tion. This design allows to exploit the advantages of both
the systems and to reciprocally compensate their drawbacks.
In fact, permanent magnets guarantee the passive alignment
of robots at short distance (approximately one robot’s body
length), facilitating afterwards the mechanical connection.
Nevertheless, since magnets should be small enough in order
to avoid or reduce the probability of unwanted interactions
between AUVs swimming in close proximity, the attraction
force that they generate could be too weak to ensure a robust
connection. For this reason, an additional mechanical dock-
ing system is required.

The proposed docking system has two main advantages:

e to provide to the AUVs a passive guidance and alignment
for the subsequent mechanical connection;

e to generate a wide magnetic attraction region where an
AUV has to enter to be passively guided by the magnets
for a successful docking. This region has the advantage
to extend the level of AUVs misalignment that is tol-
erated for a successful docking. For example, instead of
targeting a small conical indentation in a docking station,
a successful docking is ensured also if the AUV enters
inside a much wider attraction region. A detailed analysis
of the concept of the attraction region is presented in the
following section.

Because of these advantages, a hybrid docking system has the
potential to reduce both complexity and precision required
by the docking control algorithms and sensors. Indeed, part
of the “computation and perception” required for guidance
and alignment is passively performed by the magnetic inter-
action.

3 Dynamic simulation of passive alignment

The reliability of the magnetic alignment system to passively
provide a successful alignment needs to be quantitatively
investigated and experimentally validated. The working prin-
ciple of this system is based on the so called attraction region,
which can be defined as the area where an AUV has to enter
in order to be passively guided and aligned for a successful

mechanical connection. The shape and the dimension of the
attraction region are function of:

e the characteristics (size, shape and magnetization) of the
permanent magnets involved. These characteristics affect
the intensity of the magnetic interaction between the sys-
tems that need to be docked;

e the dynamic behaviour of the robot, which is a function
of the inertial properties and the shape of the AUV,

e the geometrical tolerance of the mechanical connection
system. This characteristic affects the capability of the
mechanical connection to locally compensate for possi-
ble AUV misalignments.

Due to the complexity of the problem, the attraction region
can be estimated by numerically calculating the trajectory
of the AUV under the effect of the magnetic attraction. The
case study, that has been considered, concerns the connection
between an AUV and a fixed docking station studied in two
dimensions. Figure 2 provides schematics of the case study.
The following hypotheses have been made:

e the dynamics of the AUV is studied in the horizontal
plane in order to simplify the simulation. Despite this
assumption, the proposed model is still valid in describ-
ing the docking of an AUV that is kept at a desired depth
by means of a buoyancy control system working in closed
loop with a pressure sensor;

e the magnetic interaction is evaluated by approximating
the permanent magnets as magnetic dipoles. This simpli-
fication is acceptable when magnetic interaction is eval-
uated at larger distances than the dimensions of the mag-
nets involved in the docking procedure.

e the fixed docking station is composed of a conical inden-
tation, which acts as a drogue element, while the AUV is
equipped with a spiky probe.

The simulation is implemented in Simulink® according to
the diagram shown in Fig. 2d. The simulation is composed
of three main blocks: AUVs dynamics (Sect. 3.1), mag-
netic forces computation (Sect. 3.2) and posture verification
(Sect. 3.3). The simulation computes the trajectory of the
AUV under the effect of the magnetic interaction with the
docking station. When the AUV is near the docking station,
a dedicated block evaluates the compatibility of the AUVs
final posture with the geometrical tolerance of the docking
station.

3.1 Model of the AUV
This section describes the two dimensional dynamics of an

AUV. Let {W} be an inertial body frame connected to the
docking station and {B} the body-fixed frame with origin in

@ Springer



288 Auton Robot (2015) 38:283-299
P 1l
A Probe 2 rt?pe <«
Y ,A
w _F: XH
¥B
Oy '\9
i YW
1 N i
H P ' Docking
? T | ]
R I -, . _
(l m »~ - 1 h
h i i
\ Xw
Docking
cone C
D AUV Traject
rajectory . .
28
23
% 8 AUV position
= 8 and orientation
&L

Fig. 2 Schematic representation of the docking case study. a The over-
all docking procedure with a highly misaligned AUV approaching the
docking station. b The main parameters of the AUV. ¢ A successful

the centre of mass of the vehicle. The vector p = [x, y]T
is the position of the {B} frame origin with respect to {W}
and 9 is the orientation of the AUV relative to {W}. The
total velocity of the robot is expressed by the linear term
v = [u, v]T, expressed in the body-fixed frame, and by the
angular velocity omega w. The 2D AUV kinematics can be
written as:

vV, v=w

cos(¥) — sin(z?):l

. W _
p=pR@)v= |:sin(z9) cos(d)

The general dynamics equation of the AUV can be written
in the {B} frame as:

Mv+CV)V+D (V) v+ G =T,

where M is the mass and inertia matrix, including the contri-
bution of the hydrodynamic added mass/inertia, C (v) is the
Coriolis and centripetal matrix, D (v) is the hydrodynamic
damping matrix (drag and lift forces), G is the gravitational
and buoyancy force vector and t is the external force and
torque input vector (e.g. forces generated by the magnetic
interaction and by propellers).

Assuming a decoupling between the degrees of freedom
(Ridao et al. 2003), for a movement in a horizontal plane at a
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connection with the AUVs probe inside the docking cone. d A block
diagram illustrating the implementation of the docking simulation

fixed depth (2D simulation), the dynamics equation simpli-
fies to:

Mv+DMvV)v=r1
In detail the mass matrix is composed of two parts:
M = diag{M, M, I} + diag {M;;, My, My;,}.

The first one takes into account the inertial property of the
AUYV, while the second one is the added mass caused by the
interaction with water.

At low speed, the lift and linear drag forces, acting on
the AUV, become negligible compared to the quadratic drag
forces. Thus the hydrodynamic damping matrix is written as:

D (v) = diag {djujuu, djpjv, djwjo®} .

where the coefficients depend on the shape of the AUV.
Finally, the external force and torque vector is given by,

10 07 [ Fux+Fp
T = O 1 0 Fm,y )
0-51 T

“a” being the major axis of the elliptic shaped AUV.
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Fig. 3 The graph shows the maximum grade of misalignment that can
be compensated by the magnetic interaction between stationary mag-
nets in the docking station and in the CoCoRo AUV, which moves at
different steady state velocities. The geometric compliance of the con-

3.2 Model of the magnetic interactions

A cylindrical permanent magnet with length L and cross area
A, can be modelled as a magnetic dipole defined by the vector
m with the intensity:

BoLA
m=——o0
"

where | is the magnetic permeability of the water and By
is the magnetic field. The force and torque generated by a
dipole m, on my at a given distance d can be written as:

3 I L s s
Fumep = Gt (i - ty) = 5 (o - ) (o -5)] b
+ ('Ana ﬁ) my, + (ﬁlb ﬁ) ﬁ’a}
Tasb = %m;;nb [3 (e - p) (mp x p) + (i x 1g)]

where the hat symbol indicates the associated vector unit.
With respect to Fig. 2a, the magnetic dipoles and their
distance are given by:

m,; = my[l, O]T
my, = my, [cos(9 + ), sin(® + 7)]"

T
d= [x M, Y Ma]
3.3 Model of the geometrical tolerance in the connection

The docking system is composed of a fixed conical drogue
and a probe mounted on the AUV (Fig. 2b, c). The conical
drogue has a length 1 and a height h. Both the conical drogue
and the probe have an aperture angle «.. The geometry of
the system can compensate for position and angular mis-
alignments between the fixed docking station and the AUV.
Considering the position (x7, y7) of the tip T of the probe in
the world reference frame, it is possible to write the following
conservative docking conditions:

Steady velocity (mm/s)

ical drogue is +h. Thanks to the passive attraction of the permanent
magnets, the docking systems can compensate misalignments 10 times
greater than h. The results refer to simulations performed using the data
of the CoCoRo AUV

lyrl <h
[9] <90° — 5~

both need to be verified when xT = 1. The first condition
implies that the probe is entering the drogue, the second
ensures that the angle between the probe of the AUV and
the surface of the drogue is less then 90° in order to prevent
blocking or jamming.

3.4 Numerical evaluation of passive alignments capability

The dynamic simulation allows to quantitatively evaluate the
alignment capability of the permanent magnets given the ini-
tial dynamics of the AUV. As shown in Fig. 3, the AUV is
assumed to approach the docking station parallel to the Xy
axis starting from an initial distance where the magnetic inter-
action can be neglected. The AUV moves at a steady velocity
by means of a propulsion force generated by the propeller,
which is kept constant during the simulation (no action from
the controller is considered). The geometry of the fixed dock-
ing drogue can compensate a misalignment along the Yw
axis of +h. The simulation aims to evaluate the previously
defined attraction region, hence the maximum distance “y”
of the AUV from Xy that the magnetic attraction can com-
pensate in order to obtain a successful connection. The simu-
lation is performed considering the data of the CoCoRo AUV
that are summarized in Table 2. The results of the simulation
are shown in Fig. 3, where the y/h ratio is plotted as a func-
tion of the initial steady velocity of the AUV. As expected,
the magnetic alignment system increases the misalignment
that can be successfully compensated by the docking system.
However, the alignment capability is strongly affected by the
dynamics (initial steady velocity) of the AUV. Concerning the
docking control algorithms and sensors, this example clari-
fies the capabilities of the proposed system. Without passive
alignment, docking algorithms and sensors have to actively
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Table 2 Parameter of the CoCoRo AUV

Symbol Quantity Value

L Length of the magnets 0.0l m

A Frontal area of the magnets 7.85-107> m?
I Magnetic permeability of water 1.26 - 10~° H/m
a Length of CoCoRo 0.25 m

M Mass of CoCoRo 1.2 kg

I, Rotational inertia of CoCoRo 0.019 kg m?
M, Added mass (surge) 0.339 kg

M, Added mass (sway) 5.887 kg

M, Added rotational inertia 0.026 kg m?
djuju Drag coefficient (surge) 0.35 N s2/m?
dpypy Drag coefficient (sway) 1.60 N s2 / m?
djw|w Drag coefficient (yaw) 0.7 Nm s2

and precisely align the AUV within the range of geometrical
tolerance accepted by the docking station, in this example
=+h along the y axis. On the other hand, with the proposed
system, control algorithms have only to ensure a constant for-
ward velocity, while sensors are used to verify that the AUV
is initially targeting the docking station with a misalignment
of £10 h along the y axis. Then, the alignment and guidance
procedure is passively performed by the magnetic attraction.

4 Experimental validation

Before implementing the passive alignment system into a
working AUV, experimental tests have been performed on
a scale mock-up in order to evaluate the reliability of the
system and to validate the simulation tool.

As shown in Fig. 4a—c, the tests involve a small AUV (a)
with an ellipsoidal shape (50 x 20 x 20 mm) equipped with
a frontal magnet (diameter and length of 4 mm, neodymium
N35, axial magnetisation) and a probe. The experimental
setup is composed of a frame holding a starting block (c)
that helps to position the AUV at a desired distance and ori-
entation with respect to the docking station (b). The AUV is
aligned with the starting block thanks to two vertical beams
while a third one contains a small magnetic trigger that
releases the AUV to start the trials (Fig. 4a). The AUV is
kept at a desired depth by a float connected to the vertical
beams. The submerged docking station (b) embeds the same
magnet as the AUV and a conical drogue (aperture angle 90°)
where the probe can enter.

The tests were performed in still water. The AUV was
positioned at a distance p of 85 mm (1.7 AUV body length)
aligned with the docking station and was released with almost
zero velocity. The tests were performed with values of 6
equal to 30°, 60° and 90° and for each angle the trials were
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repeated 10 times. The tests were recorded with a web-
cam (Microsoft®), wide angle F/2.0, 720pHD, 30fps) placed
above the experimental setup. The videos were subsequently
analysed with ProAnalyst®) in order to extrapolate the dock-
ing trajectories and make a comparison with those predicted
in simulation. As shown in Fig. 4d—f, the experimental results
match the predicted trajectory despite some initial perturba-
tions in the velocity of the AUV occurred during the release
process. For each value of 9, Table 3 reports two values:
the maximum deviation between simulated and experimen-
tal trajectory normalized with the length of the theoretical
trajectory, and the percentage of docking success over the
ten trials. The former data is computed by dividing the max-
imum distance between the theoretical and the experimental
trajectories with the total length of the theoretical trajectory.
It is possible to notice that for § equal to 30° and 60°, the per-
centage of success is 100 %. However, when 6 is equal to 90°,
the percentage of success decreases because the alignment
system is not able to fully compensate the initial velocity per-
turbation occurred during the release process. This is mainly
due to the fact that in this configuration the docking station
has less capability to attract the AUV toward the docking
cone. According to the success rate, a good approximation
of the attraction region is a half circle with a range of 6 cm
(Fig. 4c¢).

5 Two case studies

The following sections are devoted to the analysis of two
case studies: the design of an inter-modules docking system
for ANGELS and the development of a docking system to
connect the CoCoRo AUV to a submerged station to recharge
its batteries.

5.1 The case study of ANGELS

The ANGELS robotic system is composed of nine AUVs
that are capable of moving independently or can be linked
together in a serial whole entity that can swim like an eel
(Mintchev et al. 2012). These two morphologies have a com-
plementary purpose: single agents can spread in the environ-
ment thus increasing the effectiveness of localization mis-
sions (e.g. chemical plume tracing, black boxes localization),
while the serial morphology can adopt and anguilliform loco-
motion mode to swim efficiently and cover long distances.
In addition, because of its longer length, the serial morphol-
ogy has an extended perception range of the electric sense
compared to the single AUV. Indeed, as reported in Ser-
vagent et al. (2013), the electric sensors developed for the
ANGELS have the capability to detect objects up to distance
of the order of one robot’s body-length. As described in the
previous section, the docking system is hybrid and is com-
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Fig. 4 Experimental setup
(a—c) used to validate the
reliability of the permanent
magnet alignment system. a
AUV mock-up, b docking
station, c starting block. The
graphs (d—f) show a comparison
between the simulated
trajectories and four examples
of trajectories measured during
the experiments. All the trials
were recorded with a webcam
(Microsoft®, wide angle F/2.0,
720pHD, 30fps) and
subsequently analysed with
ProAnalyst® in order to
extrapolate the docking
trajectories
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Table3 Experimental results, reported for various misalignment angles

0

0 Trajectory deviation (%) Percentage of success (%)
30° 7.3 100

60° 7.1 100

90° 13.2 90

For each value of 9, the experiment was repeated 10 times and the
trajectory deviation and percentage of success were evaluated

posed of an alignment system with permanent magnets and
a screw mechanism that mechanically connect together mul-
tiple AUVs providing the inter module forces and torques
required during the anguilliform swimming. The design of
the docking system is illustrated in Fig. 5.

The alignment system is composed of two cylindrical
magnets with diametrical magnetization housed in the stern
(a) and in the bow (b) of the AUV. Both magnets are cylindri-
cal with a diameter of 6 mm, a height of 5 mm and are made

(m)

of neodymium N35. A dedicated DC motor (c) can rotate
the rear magnet (around the dotted line showed in Fig. 5b) in
order to switch from the attraction to the repulsive configura-
tion. When the robots need to be docked, the rear magnet (a)
is oriented in an attractive configuration with respect to the
frontal magnets (b) that are embedded in all AUVs. During
undocking and single agent operations, the movable magnet
is turned by 180° in a repulsive configuration (as shown in
Fig. 5a). In this condition, two connected AUVs detaches
driven by a magnetic repulsive force with no contribution
from the propellers. The DC motor requires energy in order
to modify the orientation of the magnets. However, when
the magnets reach the desired configuration (i.e. attractive
for docking or repulsive for undocking), the DC motor is
stopped and its non-backdrivability preserves the orientation
of the magnets. Hence, the alignment process between AUV
is performed passively without energy consumption.

The size of the magnets is a trade-off between two require-
ments: a high attraction force to facilitate alignment before
docking, and a reduction of unwanted interactions when mul-
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Fig. 5 The figure is composed of a 3D view of the ANGELS AUV (a)
and two sections (b and ¢) showing the main components constituting
the docking system. The magnetic alignment system is composed of
two magnets (a, b) and a DC motor (c). The mechanical connection
system is composed of: two screws (d1, d2), pivoting connectors (ej,
e2), DC motor (f), transmission shaft (g), bevel gears (), magnetic
coupling (i), spheres (j), bolts (k), magnets (/). The upper screw d; has
the same drive system shown in (b) for the lower screw d»

tiple AUVs swim in close proximity. In this situation, the
risk is that the AUVs come close and potentially get stuck
together. The problem of unwanted interaction can be studied

A

o L
/ 4 T

Fig. 6 2D study of the problem of unwanted interaction between two
AUVs close to each other. a Schematic of two ANGELS AUVs in
contact with each other. All the possible relative orientations can be
described by the angles o and B in the range £90°. The magnets used

during docking are represented by their magnetization vectors M , and
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considering two AUVs that are in contact together as shown
in Fig. 6a. The magnets are in the undocking configuration
(repelling each other as shown in Fig. 5a) and the angles o
and B (both included between —90° and +90°) define all the
possible relative orientations of the two AUVs. The magnetic
force and torque between the AUV can be evaluated accord-
ing to the equations reported in Sect. 3.2. The normal force
Form and the torque T mainly contribute to the relative rota-
tion of the two AU Vs, thus their effect is already considered
in the orientation range described by the angles « and p. Fig-
ure 6b shows the region (in a o — § plane) where the value of
the parallel force Fp, is negative. The areas of major interest
are the ones close to the origin of the plot where the absolute
value of the attraction force is high and the AUV can poten-
tially become stuck together. In these regions, the attraction
force reaches a maximum absolute value of 0.25N. Never-
theless, since the propellers can generate a thrust of 0.8 N,
it is always possible to divert away from these unsafe con-
figurations. In conclusion, a combination of magnets size,
geometry of the AUVs shell and propellers thrust allows to
minimize the risk and to divert away from possible unwanted
interactions between AUVs.

Two main constraints have to be respected for the design
of the mechanical connection system:

e non-electrically conductive components have to be in
contact with water in order to avoid interferences with
the conductivity measurements required by the electric
sense;

e noclearance between the AUVsis admitted when they are
connected in order to prevent control issues and mechan-
ical life reduction of the docking mechanisms, especially
during swimming in the case of reversing forces over
time.

ﬁb. The magnetic interaction is described by the force vector F and
the torque T acting on the right AUV. b Density plot showing the region
where the intensity of F,, is negative. The colour goes from blue to
red when the absolute value of F),,, increases
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Among several mechanical connection systems, like hooks
and pins, screws perfectly match the previous constraints.
For example, nylon screws avoid introducing metal in contact
with water and they are strong enough to transmit the required
forces (up to 30 N) and torque (up to 3 Nm). In addition,
clearance can be avoided by tightening up the screws.

The real shell houses two screws (dg, dz), which tighten
up two pivoting connectors (e, €3) in the frontal part of the
AUV thatneeds to be docked. The upper connector (e1) is free
to rotate, while the lower one (e;) is connected to a brush-
less motor that controls the oscillatory movement required
during the anguilliform swimming. Figure 5b illustrates the
drive mechanisms for the lower screw d;, which is identical
for the upper screw d;. A DC motor (f) with torque con-
trol tightens up each screw providing the desired connection
strength. The motion is transmitted from the DC motor to
an internal shaft (g) by means of two bevel gears (h). A pair
of brass bearings supports the internal shaft. The torque is
transmitted to the external screw by means of a magnetic
coupling (i) composed of a wet and dry part that are sep-
arated by a thin polymeric disk. Each half of the magnetic
coupling holds six permanent magnets (diameter and height
of 3 mm made of neodymium N35) arranged in a circular
pattern with alternate magnetization. The magnetic coupling
behaves like a non-linear torsional spring with a maximum
transmittable torque of 3.93 Nmm. In each part of the mag-
netic coupling, there is a nylon sphere that pivots (spin, rolls)
on the thin polymeric disk, thus reducing the friction caused
by the attraction force between the magnets. This design
allows transmitting the torque from the inside of the mod-
ule to the outer screw without any mechanical connection,
ensuring the shell is completely waterproof. Finally, a custom
axial bearing using nylon spheres (j) is integrated with the
screw in order to reduce stick-slip effects during the first stage
of unscrewing. Driven by the magnetic interaction and facili-
tated by conical indentations, the screws of one AUV (dy, d3)
enter inside the connectors (e, e2) of the other AUV that is
involved in the docking process. The two connectors (e1, €)
have axially compliant bolts (k) thanks to two facing magnets
(1) in repulsive configuration that act like springs (Fig. 5c).
Driven by the inter-module magnetic attraction force, the two
screws enter inside the connectors while the bolts are pushed
back until the connectors (e, e;) mate the rear part of the
other AUV. At this point, the screws are sufficiently aligned
with the bolts to start the mechanical connection process.
After, the screws start to rotate and the two bolts are engaged
and gradually tightened ensuring a strong and almost zero
clearance connection. This procedure and the compliance of
the bolts allow minimizing misalignments during the screw-
ing process, thus preventing possible damages due to threads
stripping.

As described at the beginning of Sect. 2, the docking pro-
cedure comprises three main steps. During the first phase,

one AUV is driven toward the other by actively controlling
its propellers using the feedback from the electric sense. As
described in Mintchev et al. (2012), the strategy used takes
inspiration from “electric” fish (Shieh et al. 1996), which
are able to swim towards an active dipole by following the
lines of the electric field. This navigation procedure can be
implemented using a “line following algorithm” (Boyer and
Lebastard 2012; Boyer et al. 2013) that steers the AUV (o
velocity) by minimizing the difference between the current
measured by the left and the right electrodes (Lieft, Irignt),
while maintaining a constant forward velocity V (parallel to
the AUV length):

[ V = const
w=Cx* (Ileft - right)

As shown in Fig. 7a, b, by applying this reactive control
law, the head of a passive module (capable of measuring
only) comes along the electric lines up to touch the emitters
of an active module (the one generating the electric field).
The main advantage is the omnidirectionality of the electric
fields that allows the docking of robots with a generic ori-
entation and approaching trajectory. The main drawback is
the short guidance range provided by the electric sense. The
second step of docking (Fig. 7c) begins when the passive
AUV reaches the attraction region (generated by the mag-
net of the active AUV), and is passively aligned and guided
toward the active module. Finally, during the last step, the
two AU Vs are tightly connected together by the two docking
screws (Fig. 7d).

The two final steps are shown in Fig. 8, which is composed
of four snapshots taken from a video of a docking test. The
right AUV is placed in the attraction region of the left module,
figure Fig. 8a. The misalignment angle is roughly 20°. When
the magnetic connection is activated, the modules start to
align (Fig. 8b) until the two screws (d; and d,) penetrate into
the connectors (e and e;) Fig. 8c. Finally the modules can
be connected by tightening up the two screws Fig. 8d.

5.2 The case study of CoCoRo

The CoCoRo project aims to develop a swarm of miniature
AUVs with cognitive capabilities. Due to its small dimen-
sions (250 x 120 x 50 mm), the robot can carry a battery pack
that ensures a maximum autonomy of 120 min (Mintchev et
al. 2014). In order to perform extended operations, the AUVs
can cooperate with a floating station containing a reservoir
of energy that can be refilled by harvesting energy from the
environment (e.g. solar, wind or wave energy). An underwa-
ter charging station, connected to the floating base, has been
designed in order to dock the AUV and recharge its battery
pack. Furthermore the station is equipped with a light-based
communication system for exchanging information with a
docked AUV.
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Fig. 7 The figures show the P————

main steps of the docking ) _—
procedure. An active AUV O

behaves like an electric dipole ((/ ~— —

generating an electric field that
is perceived by a passive one
(a). The latter starts to move up
to the active emitting electrodes
(b). The passive AUV reaches
the attraction region of the
active one, it is passively aligned
(¢) and finally docked (d)

Passive

Fig. 8 Four snapshots from a
docking test between two
ANGELS AUVs. The robots are
passively guided using the
magnetic interaction (a—c) and
subsequently connected with the
screws (d)

The design of the docking station is illustrated in Fig. 9.
It is composed of a waterproof housing (a) that contains a
rotating magnet (b) and a DC motor (c). The magnet is dia-
metrically magnetized and it can be oriented by the DC motor.
When an AUV needs to be docked, the magnet is oriented in
an attractive configuration with respect to the magnets that
are located in the AUVs nose (e). When recharging is com-
pleted, the magnet in the docking station is rotated 180°,

@ Springer

repulsive force is generated and the AUV disengages with
no contribution from the propellers.

Since the main purpose of the charging station is to trans-
fer energy from the floating base to the battery of the AUV, a
custom energy transmission system has been conceived. An
energy transmission system can be wired (Arvin et al. 2009;
Rubenstein et al. 2012) or wireless exploiting inductive cou-
pling (McGinnis et al. 2007; Howe and Chao 2010; Assaf
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Fig. 9 The figure shows the 3D
models of the docking systems
developed for CoCoRo. a The
underwater docking station with
communication and battery
charging capabilities. b The
nose of the CoCoRo AUVs with
the permanent magnet for
alignment and the electric
connectors for underwater
battery charging. ¢ A transversal
section of the charging station in
order to highlight the movable
magnet used during docking. d
A detailed longitudinal section
of the electric connectors used
to transfer energy

et al. 2013). The two systems are complementary: the for-
mer has a high efficiency transmission (almost 100 % since
there is a direct electrical connection between the AUV and
the floating station) while the latter covers efficiency range
from 20 to 80 % depending on the adopted technology. A
wired connection requires a precise docking and a sealing
for the electrical connectors. On the contrary, a wireless
system does not require precise and waterproof electrical
connections. Moreover, a wireless system needs dedicated
electronic boards to modulate and demodulate the electric
current. Finally, depending on the technology used, wireless
systems have usually a lower power transmission rate thus
increasing the time required to fully charge an AUV.

Since energetic efficiency and charging time are major
requirements in autonomous robots in order to increase the
operational activity, a wired energy transmission system has
been chosen. The requirements of a precise alignment and a
waterproof connection are addressed with a tailored design
of the docking system. In practice, the former requirements
are fulfilled by permanent magnets that passively orient the
AUYV toward the docking station. With reference to Fig. 9, a
probe (f) and drogue (g) system provides the final and precise
positioning that is required for a successful electrical con-
nection. The charging station is equipped with two electrical
connectors (h; and hy) that are inserted inside a “floating”
frame (i). The frame is connected with cables (not shown

in Fig. 9) to the charging station in order to passively com-
pensate for possible oscillations caused by waves. This solu-
tion demonstrates high stability in a swimming pool with
simulated waves. Nevertheless, to cope with more demand-
ing conditions, two possible solutions can be implemented:
an active stabilization system can be added to the charg-
ing station; or, similarly to ANGELS, a mechanical dock-
ing unit that ensures a strong and stable connection between
the charging station and the AUV. The design of the elec-
trical connectors is shown in Fig. 9d. An electrical wire is
soldered to a spring contact (j) that is housed into an insu-
lating case (k). At the end of the housing there is a silicone
seal (1) that ensures a waterproof connection thanks to the
attraction force generated by the ring magnets (m) inside the
connectors and those located in the nose (n) of the CoCoRo
AUVs.

Presently, each CoCoRo AUV is equipped with a battery
pack composed of eight 880 mAh LiPo cells connected in
parallel. A 80 % charge cycle takes from 0.8 to 1.2h with
a safe charging rate. A full charge cycle takes from 1.5 to
2 h. In future work the authors will address the scalability of
the charging process for the larger AUVs adopted in oceanic
mission. Nevertheless, it is interesting to point out that a teth-
ered charging system is one of the best solutions in terms of
time efficient. To reduce time to almost zero, exchangeable
batteries packs (Vaussard et al. 2013) are a promising solu-
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Fig. 10 Test of the docking system using a CoCoRo AUV. The AUV
is launched toward the docking station with a misalignment of 37 mm
along the y axis. The level of misalignment is higher then what can be
tolerated by the docking station (£7.5 mm). After the launch, the AUV
is passively guided by the permanent magnets. a A screenshot of the

tion although difficult to be implemented in an underwater
environment.

An example of docking performed with the CoCoRo AUV
is shown in Fig. 10. The AUV is released in still water with
initial velocities of Vy = —7.6 mm/s and Vy = 1.5 mm/s
with a misalignment along the y axis of 37 mm. The geo-
metrical tolerance of the docking system can compensate for
an axial misalignment of £7.5 mm. As shown in Fig. 10, the
magnets passively compensate the AUV initial misalignment
thus ensuring a successful connection to the docking station.

6 Conclusions

The article introduces a novel hybrid docking system for
miniature underwater robots. The system is composed of
a passive alignment system and a mechanical connection.
The former is based on permanent magnets that passively
guides and directs the AUV for the subsequent mechanical
connection. The novelty of this approach is twofold: per-
manent magnets generate an attraction region that extends
the level of initial AUV misalignment that is tolerated for a
successful connection and passively guides the AUV toward
the docking station. As a direct consequence, the magnetic
interaction performs part of the “computation” required for
guidance and alignment thus reducing the complexity and the
precision needed by control algorithms and sensors. Indeed,
algorithms and sensors do not need to precisely target the
area of a conical indentation in a docking station, but can
simply target a much larger attraction region and let the mag-
nets passively guide the AUV toward a successful docking.
The effectiveness of the passive guidance provided by the
magnetic interaction has been studied and experimentally
validated with a numerical simulation of the AUV dynamics
under the effect of magnetic attraction forces. Experimental

@ Springer

— Analytical
w== Experimental

005 01 015 02 025 03
X (m)

test, the green points are a tracking of the nose position of the AUV. b
A comparison between the experimental trajectory and the one numeri-
cally simulated. The trials were recorded with a webcam (Microsoft®,
wide angle F/2.0, 720pHD, 30fps) and subsequently analysed with
ProAnalyst® in order to extrapolate the docking trajectories

tests with a mock-up show a good match with the results
predicted by the simulation.

The effectiveness of the proposed hybrid docking system
has been successfully proven by two miniature AUVs: in the
ANGELS robotic platform, the docking system allows the
connection of the robots in an eel-like morphology, while in
the CoCoRo AU Vs it enables the connection with an under-
water station for battery charging and updating of mission
parameters.

In the future, the authors will extend the dynamic simula-
tor considering 3D trajectories and possible external pertur-
bations (e.g. stream, oscillations of the docking station due to
waves). Furthermore the authors will develop tailored dock-
ing algorithms that will guide the AUV inside the magnetic
attraction region in order to take advantage from the passive
alignment provided by the magnets. Initial tests have been
performed using optical guidance for the ANGELS AUVs
(Sutantyo et al. 2013), while guidance with electric sense is
currently under investigation. Finally, although the reliability
of the system has been validated for miniature AU Vs, its fea-
sibility and necessary adjustments (e.g. size of the magnets,
steel screws for higher connection strength) on larger scale
need to be investigated further.
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