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1 Outline of the deliverable

This deliverable provides detailed technical descriptioralbthe systems that eoprise the overall
robotic diver assistance system. In particular, the different robotic platforms made available by the
partners and the related modifications and upgrades to fit with the project specifics are described.
Basic peidrmance characteristics of the vehicles are provided, based on initial experiments.

PlaDyPos by UNIZERFig. 1.1a)) MEDUSAby IST(Fig. 1.1b)and Charlie by CNig. 1.1c)pare

the autonomous surface vehicles that have been refurbished to attieadiver's "private satellite”.

In addition to changing the hardware and testing all the developed software (control architectures
and mission planners), all partners modified their vehicles to enable-R€&dl heterogeneous
systems integration.

)
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Fig. 1.1aPlaDyPos by UNIZEER Fig. 1.IbMEDUSAS by IST Fig. 1.1cCharlie by CNR

While UNIZG-ER is almost finished with the prototype of the new BUDDY(RigV1.2a), Fig. 1.2h))
CNR has upgraded their ROMEO REWy. 1.2c)Jor the purposes of CADDY project and IST is using
their existing MEDUSAAUV(Fig. 1.1b) The initial BUDDY version was successfully tested during in
water trials in Split. BUDDY is the first AUV with diver interface in a form of an underwater tablet.

\ (E

Fig. 1.2aBUDDY AUV components Fig. 1.2bBUDDY AUV prototyp: Fig. 1.2cROMEOQO by CNR

A new set of modems and navigation systems prototype has been developed by UNEW. This system,
characterized by small dimensions, initial rate of 100bps and WSidpeatability of << 1 degree at
update rate of more than 1 fix per second, perfectly fits in the CADDY concept which requires reliable
acoustic communication between the diver, buddy and the surface vehicle.

A new underwater tablet casing has beenidesd and producegig. 1.3. The case allows the diver
to use commercially available tablets to exchange data with the vehicles.

|-

Fig. 1.3The underwater tablet case.
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2 The surfacesegment

The availability and adaptation of existing/unddevelopment surface platforms is described in this
section. The main characteristics of the surface vehicles made available by each partner involved in
the task, are described in terms of mechanical structure, sensor suites, navigation and guidance
abilities, communication systems, integration with the overall framework.

2.1 PlaDyPos (UNIZEER)

UNIZGFER efforts are mainly directed on the modification and enhancement of the autonomous
surface marine platform, which will be referred to BtaDyPogshort for Platform for Dynamic
Positioning, which waigs original functionality).

Hardware modifications and refurbishment on the existing surface vehicle include the following
items:

- Appendix on the back of the platform for cables (Bid.19)

- Ubiquiti Bullet M2 HP WiFi for platform and ground station (Bify.1b))
- Mount for new WiFi antenna on platform (F&j1.1.b)

- universal mount for USBL and DVL (E&ib1c)

- Charging and powering without opening the lid

Fig. 21.1 Modifications and refurbishment of the UNHEER PlaDyPos.

The electrical configuration of PlaDyPos is shown in Fig3a). The following set ofelectrical
modifications and enhancements have been made: ethernet relay has been added thus atlwving
possibility to turn on/off: every motor separately, USBL, DVL, CPU over WiFi from ground station;
ethernet switch is added and USB drive for logging; new wiring has been integrated.

New battery which is also used in the Buddy vehicle is integratedhenptatform, shown in Fig.
2.1.3b). Installation of the new battery requested new electrical configuration of the PlaDyPos (Fig.
2.13c)): 5, 9, 12 and 24 V EC converters were added to supply electronic components with
required voltages. With new motorshich will be installed in next three months, both speed and
autonomy of the platform will be increased. Failure of one motor drifgr Seabotix thrusters
demanded construction of newriders capable driving brushdaC motors up to 60 V and 3 A.

Additional activities on the refurbishment of PlaDyPos in immediate future inctiglealinglights,

new paint job, and new motors.

Since we wardd to ensure that the platform will follow the diver even at higher speeds, a custom
made brushless thruster prototypshown in Fig2.1.4, was createdor nominal voltage of 48 V and

3 A current which wuld give 150 W of power.

Thorough laboratory testing of the custom made thrusters showed that thruster performance was
not as expected and according to requirementsoftéd us to use existing Seabdfixustersfor the
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current experiments. Long term solution for the thrustéfaDyPoss still open. At this stage of the
project team has focused on -tifie-shelf VideoRay Pro4 motors in watertight housing with custom
madeintegrated drivers designed by VideoRay and modified for our purpose by URHR@Geanfior
propulsion of the Buddy vehicl€ustomheat sinks(Appendix1_UNIZG Pag¥®-23) shown in Fig.
2.1.2a) are made for cooling the driver inside the thruster. Custamunts (Appendixl_UNIZG
Page 20-21) shown in Fig2.1.2n) are also made for mounting thrusters to the frame.

Fig.2.1.2a)Motor driverheat sinkand clamp b)VideoRay Pro4 mount and mount cap

In the meantimethe new SeaTrac USBL system, developed within the scope of tHaYg#gject by

the Newcastle University, was integrated in the vehicle replacing the existing Tritech MicronNav
USBL system. The main advantages of the new system are: smaller size |doatigationrange,

wider acoustic communication bandwidth and much easier interfacing with the control subsystem.

ration
Identification:

In order to achieve high quality lelevel control, mathematical model of the platform has been
identified. Thruster model has been identified using the classical steady state thruster mapping. We
have applied the identification method based on smitilations to determine the dynamic model.
Software:

The control structure consisting of level controllers, highevel controllers, primitives and mission
control has been established and documented. Control stimechierarchy is shown in Figl2. Low

level controller and identification extensions have been implemented and pool testing has been
successfully performed. State machine for control primitives execution which enables easier building
and modifying of complemaneuvershas been implemented

Mission is defined as a set of primitives that have to be executed. The primitives that comprise a
mission are in fact states in a state machine. The mission control state machine example realized in
ROSnvironments is shown in Fig.15a).

Primitivesare elementary parts that form a mission. They are uniquely defined by the structure of
the lowclevel and/or higlglevel controllers that they engage, and a set of inputs.
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As it is shown in Fi@.14, primitives can engage both higlevel and lowlevel cortrollers. So, for
example, the primitive go2poinEAengages the higtlevel heading controller (heading) in order to
face the vehicle in desired direction, and the ggvel fully actuated line following controller
(LF_FA) which enables following desire. The first implicitly engages Iqlevel yaw rate
controller, while the second implicitly engages the surge and swaylémel controllers. The
primitive DP_primitive engages the higével dynamic positioning controller (DP) in order to guide
the vehtle to a desired point, and the higlevel heading controller with full actuation (heading) and
so on. The list of currently used primitives, their inputs, and {egiel controllersthey engage, is
shown in Table 2.1.1.

All the primitives were tested onl&DyPos, surface platform, during Split field trials in June/July
2014. Acquired results show that the proposed control structure ensures bumpless change in

commanded signals when mission states change.
Table2.1.1 List of primitives

Name Inputs Controllers
go2point_FA T1, To, T LF_FA; heading
go2point_UA T1, T2 LF_UA
dynamic_positioning T, T DP; heading
course_keeping_FA course, [ LF_FA; heading
course_keeping_UA course, [ LF_UA

The sensor drivers for the newly acquired Spatial IMU sensors have been aistetoped by
UNIZGFER, and they have been integrated on PlaDyPos.

Testing and performance evaluation of sensors, controllers and navigation was performed on the
vehicle in reaconditions on Jarun lake in Zagreb.

| MISSION CONTROL |
! I i
A J

PRIMITIVE PRIMITIVE e PRIMITIVE

High level
control

Low level
control

FSM[USV_MISSION]

Y

InitialDP
TASK[InitialDP]

[TARGET_COORDINATES_RECEIVED

Y

go2point_FA
TASK[LF_FA__heading]

/RELATIVE_DISTANCE_RECEIVED
Y
DP_primitive

TASK[DP__heading]

/GO_TO_AGV
S S
go2point_UA

TASK[LF_UA]

a)
Fig.2.1.5a) Example of mission state machine, b) lawnmower mission executed in UWSim.
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2.2 Charlie USV (CNR)

The Charlie USV (segF22.1) is a small catamaran shalile prototype vehicle developed by CNR.
Charlie is 2.40 m long and 1.70 m wide and weighs about 300 kg in air. The propulsion system of the
vehicle is composed of a couple of dc motors (300 W at 48 V), with a set ofaapliiers that
provide a PID control of the propeller revolution rates. In the current release, the vehicle is equipped
with a rudderbased steering system, where two rigidly connected rudders, positioned behind the
thrusters, are actuated by a brushleds motor. The navigation instrumentation set is constituted of

a Trimble GPS and a KVH Azimuth Gyrotrac. Electrical power supply is provided by four 12 V at 40 Ah
lead batteries, which can provide power supply for several hours of operation. The onbadtithee

control system, developed in C++, is based on GNU/Linux and run on a single board computer (SBC),
which supports serial and Ethernet communications and1®€ modules for digital and analog
input/output (I/O). A commercial wii system provides theommunication link, for commands and
telemetry, between the vehicle and the remote control station.

The Charlie USV has been upgraded integrating an additional computing board in order to provide an
interface with the ROS infrastructure. Moreover a secagdai-fi system has been mounted on the

USV allowing the communication among Charlie and the other vehicles, for the cooperative tasks,
relying on the ROS architecture.

Regarding the payload side, the acoustic modem, needed to provide the communicatiometiar

the surface/underwater robots' cooperation, has been mounted on the Charlie USV.

From the software side, the ROS infrastructure has been installed and set up on the secondary
computing board. A software wrapper has been developed in order to riateghe custom Charlie
control system with the CADDY framework, acting as a gate for command and telemetry dispatch.

Fig.2.2.1Charlie USV during opration

The integration of the Charlie USV software system with the-h88d CADDY infrastructure
requires the development of a software wrapper. Such a wrapper basically acts as a
command/telemetry gate between the Charlie system and the ROS environment.

The wrapper developed for the Charlie system is based on two ROS nodes, GamehandSender

and TelenetryReceiverthe first one retrieves the desired guidance and control references and other
high level directives, generated by the CADDY cooperative guidance modules, that the vehicle has to
track/execute in order to achieve the coordinated motion tasksdetails, theCommandSenderode
collects the data that are published onto thesv/command/... topics and then forwards the
commands to the Charlie system through a connectionless oriented socket.

On the other side, the CADDY framework requires thewtedge of the vehicles' navigation state;

the second wrapper nod&elemetryReceivereceives, through a second connectionless oriented
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socket, the local 2D position, attitude, velocities reading from the vehicle navigation instruments,
then translates thee information in the proper ROS structure for vehicle pose definition.
The logical scheme of the ChasR©OS wrapper is depicted in 2.2,

________________________________________________________

i ROS environment
1

Charlie
HMI |

2D position and attitude I

ROS node I

Charlie : TelemetrySender

Controller framework

CommandReceiver
ROS node

"\ Guidance and control references

Charlie l _________ ]

CADDY :
Vehicle :

Fig. 22.2 CharlieROS software interface scheme

The Charlie USV capabilities in the exploitatiorvanfious atfield operations, at both low or high
level of autonomy, in single or muliehicle frameworks are proved by a huge number of
experimental resultebtained in the last ten years of the vehicle employment at field.

The main features that are exgiled within the CADDY framework are the general patlowing
guidance system and the high level mission control.

The pathfollowing guidance system is based on a virtaafet based algorithm, ensuring global
stability and robustness to disturbancesdanncertainties. A complementary speed adaption scheme
is integrated with the guidance module in such a way to improve the-fidlbwing performance. An
exemplificativeresult set is reported in Fig.23, wherethe difference between the simple path
following algorithm and the combined guidance plus speed adaptation can be evaluated. In the top
plots the path reference and the vehicle motion are represented: in therigipt plot the vehicle
performs a curve section closer to the reference in virtue speed reduction. Lower plots show the
evolution of the crosdrack error (i.e. the perpendicular distance of the vehicle with respect to the
path), highlighting the lower values of the error during the motion in case of speed adaption
exploitation.

The gal of thehighlevel nissioncontrol systemis the execution opredefined actiorplans, tracing

and maintaining the consistency of the mission state, and allowing an online mission plan update by
human operator interaction. The state of a generic missonlves on the basis of occurrences of
specific conditions, that can be related either to continudinge or eventdriver conditions; with the

aim of making the state evolution handling homogeneous, from the point of view of the
management of different niifications from different layers of the architecture, agical interface
based oreventgeneration and dispatch has been developed. The need of defining the mission plan
with a modular and toglown approach, complemented by the possibility of descriliagarately

the management of emergencies and exceptions, usually field of intervention of the system
engineer, from the planning of the specific mission, usually carried out by theigsd(or at least

with his/her strong cooperation), brings to the defion of a sort ofprogramming languagéor the
mission plan description and automatic construction of the mission software structiaré¢his aim,

the proposed missioplanning andcontrol system relies on a modular and recursive Petriwietre
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three main entities constitute thenodule basei) execution actions, defining the semantics and state
of actual action of the vehiclé;) flow control modules, representing the topological interconnection
of the execution actionsiji) data structures, eeded to store and manage mission data like variables,

counters, waypoint lists, etc.
A typical autonomous "explore and observe" mission for an USV can be designed a8.ih4-itpe

resulting vehicle perations are depicted in Fig.225.

Charlie USV: Path—Following simple Charlie USV: Path—Following speed adapt.
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Fig.2.2.3Charlie USV patfollowing experimental results
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Fig.2.2.4"Explore and observe" mission plan

2.Fi§.Autonomous mission results
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2.3 Medusas (IST)

IST brings to the core of the CADDY project three autonomous marine vehitiesMEDUSAIass,
designed and built at the Institute for Systems of Robotics (ISR), a laboratory of IST. This class of
vehicles was first designed, and prototypes were built, in the scope of thAlWBB FP7 project
(ended in January 2012). In the courdettee latter project, the MEDUSA vehicles played the role of
Autonomous Surface Vehicles (ASVs) in charge of guiding human divers. Since then, the MEDUSA
vehicles have been used in the scope of the EC MORPH project to test MORPDRgrig@mation

control and navigation algorithms and to carry out data acquisition experiments.

As part of the effort to afford the members of the CADDY project marine vehicles to test and assess
the efficacy of the methods developed for cooperative motion control, the vehislere upgraded

and fully tested, as explained belowll existing MEDUSA vehicles can be used as ASitiss mode

of operation, they are simply referred to as MEDUSAS KA Of S& 06 KSNB {Twaioli | Yy R& 7
them have been upgraded in terms ofisers, actuators, power distribution, and control systems to

be able to dive and can therefore be used as AUMbis mode of operation, they are referred to as
MEDUSAPS KA Of Sa 05 ailyRa&a F¥2NJ G5AOSNEOD hKagsaéss, 6l & R?2
in real operational conditions, the performance obtained with cooperative navigation and control
systems for surface and underwater vehicles carrying joint missions (e.g., performing a leader
tracking maneuver whereby the CADDY ASV plays teeofoleader and the CADDY AUV tracks the
trajectory described by the leader), and ii) to evaluate the performance of the navigation and control
systems developed to allow for close diver / CADDY AUV interaction. In fact, it is envisioned that
from a pue motion control and navigation standpoint, one of the underwater vehicles will act as a
proxy for the diver during the first part of the project. Because of the role (as test beds) that the
MEDUSA vehicles will play in the CADDY projectyirk done aned also at adapting the software
architecture of both the MEDUSAnd MEDUSAvehicles according to the rules defined by the
partner group for heterogeneous systems integration

The MEDUSAlass vehicles are approximately 1035 mm long and weigB02®) depending on their
configuration). The housings consist of two 150 mm diameter acrylic tubes with aluminium end caps,
attached to a central aluminium frame. This design allows for a short length and better weight
distribution (in terms of metacentric heigh therefore the vehicles are easy to transport and launch

and have good static stability. The upper body carries the light components, namely absiagle
computer, an RTHnabled GPS receiver, \Ki 802.11 communications, a full navigation sensoresuit

and a video acquisition system for an underwater camera. Most of the weight is concentrated in the
lower body where the LiPo (Lithium Polymer) batteries and power management electronics are
installed. Each of the MEDUSAhicles is propelled by two sidnounted, forwardfacing thrusters

that yield surge and yaw motion: the vehicle is capable of reaching speeds up to 1.5 m/s. The diving
MEDUSAvehicles are also equipped with two vertical thrusters for diving purposes.

MEDUSA(Surface) Particulars
Length 1035 mm
Height 875 mm
Tube diameter 150 mm
Weight in air 23 kg (Surface), 30 kg (Diver
Energy 830 Wh LiPo
Endurance 11 h at 1.5 knot
Propulsion System| 2 thrusters (Surface)
4 thrusters (Diver)

Fig. 23.1 The MEDUSA class of vehiflsDUSA: main particulars
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Fig.2.3.2The 3 MEDUSA vehicles of IST

At the beginning of the project, the consortium agreed on a unified middleware to facilitate software
development and integration. In accordance with this decision, the MEDUSA vemgckesipgraded

to the middleware ROS (Robot Operating Systemw.ros.org, and some new modules were
developed.Fig 2.3.3llustrate the software architecture adopted for each vehicle. The diagram on
the left shows the etual (physical) systems. The diagram on the right shows the structure adopted
for Hardwarein-the-loop (HIL) simulations, whereby part of the systems (e.g. true vehicles) are
replaced by simulations. The architecture adopted will allow for HIL simutativer the Internet,
involving systems developed by the different CADDY partners.
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NAV MISSIOn

¢ NAV. J Mission
MATLAB Filters Handler | waras | l— '1 Filtess Mandler
Server - —
Server S—
: s e
Range Only Cooperative WayPoint/ N\ Range Only Coopenative WayPosne/
Formation Path Following Hold Position \ / Formation Path Following Mold Position
N [ ——
N / - =
/ S N
Commumcanons Inner | _—
Loops Communications
-

MATLAS S

<
MATLAB e
Client pr — HTTP S~
THRUSTERS Sewe, Chent
Socver
! »
MATLAB ‘ z
SIMULINK | Manan ca » 7

AL B FARN

Fig.2.3.3 The MEDUSA vehicles: Software Architecture (left: physical systems; rightfdtardwaren-the-
loop (HIL) simulations).

The following nodes/algorithms were developed (based in part on work done in previous projects)
and are here emphasized because they will be helpful during the CADDY project.

Cooperative Path Following (CPE&glgorithms and related sensor/actuation systs responsible
for making a group of marine vehicles follow predefined spatial paths while holding a desired
formation pattern at a desired formation speed (constant or timeying, according to a defined
speed schedule).

Range Only Formation (ROE)algaithms and systems for formation control, that is, to make a
group of vehicles move in formation by using measurements of the ranges among them.
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Waypoint Control /Hold Position (WCHR)algorithms and systems to steer a vehicle to a given
point and to keepits position in a small neighbourhood of that point in the presence of external
disturbances such as currents.

Leader Tracking (LT algorithms to enable a marine vehicle (follower) to track the motion of
another vehicle (leader) by using USBL and iofineprioceptive data.

Mission Control- responsible for supervising and activating individual algorithms and systems
upon detection of external or internal events.

Shore Console allows the vehicles operator to visualize and monitor the state of th&simn in
real time, with interfaces for mission programming, data plotting, and multiple vehicle operation
capabilities $ee Fig2.3.4).
With the purpose of testing CADDY buddyface cooperative navigation and motion control
algorithms (namely, thosenvolved in the execution of Leader Tracking maneuvers), IST installed
Ultra Short Baseline (USBL) units, acoustic modems, and a DVL on two of the MEDUSA vehicles, see
Fig.2.3.5. A description of the algorithms and field test results is available in Wakéige 4.
Hewl A 2] 2]

------- 15:36:19-=nnunn T
Istate_GPS_Good=1 g

tate_Depth=0.069
[State,

[Altimeter_data=2.93

utside_| ur : 8
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[Flag_data=10 N

!
=

IX Desire/431635 6608615 _HakiPos
¥ Desire/4250810.132301,__ Stop

BLACK © YELLOW
ELFIM

] |

STOP VEHICLE!

Click to Load
Drop Mission

Design Mission

Fig.2.3.4 Console Print Screen showing two MEDJy¥SHAicles underwater (red and yellow) and one MERQUSA
vehicle at the surface performing a coordinated maneuver. The black vehicle (MEBW#Aeader, and the
underwater vehicles are the folers. Cooperation is done using an USBL installed on the yellow MEDUSA
using a newly developed algorithm for acousBeosibled Leader Tracking (LT).

acoustic modem

' Fig2.3.5 Two MEDUSA vehicles showing the installation of the USBL units,
DVL, and acoustimodems.
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