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Robots for Ocean Exploration

Summary:
Ocean exploration: scientific and commercial
challenges

The need for marine robots: technical challenges

Theory and Practice: single and multiple robotic
vehicle control; a vision of the future
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Robotic Vehicles

INFANTE

~ MEDUSA,

Fleet of autonomous
surface and
underwater robots

Designed and built at IST




EC GREX PROJECT TEAM (2006-2009)
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EC CO3AUVS PROJECT TEAM (2009-2012)

» Co3 AUVs F|naI Demo
21- 22 March 2012 - Llsbon Portugal

A} , JACOBS
UNIVERSITY




EC MORPH PROJECT TEAM (2012-2016)

Toulon, France
July 2013
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Sea: the Ultimate Frontier
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4 Explore the Ocean

Advanced technology is mandatory

Future: Networked Mobile/Fixed
Sensors (Moored systems, AUVs, ASCs,
Gliders, Submersibles, Vessels, etc)




Marine data acquisition

ocean robotics

Adequate 3-D
temporal and spatial sampling

Open sea

Bathymetric Chart of Azores Islands

| Z(m)

-2100
-2500
-2900
-3300
-3700

e Deep ocean

29 28
Longitude (W)

Fiipe Jorge

Coastal areas




“Classical” Methods

Divers - restricted coverage; dangerous.
Hard to georeference data.




“Classical” Methods

Research
Vessels

Vessels (tool par excellence) -
Poor maneuverability; poor 3-D + time coverage.
High operation costs.




“Semi-Classical ” Methods

Manned Submersibles
(direct observation of
the deep sea)

Nautile, IFREMER, FR

LULA, Rebikoff Foundation,
Azores, PT




“Semi-Classical 7 Methods

Glimpses of amazing
undersea
adventures

LES VOYAGES EXTRAORDINATRES —

Le eajitaine Neme prit Ja hautear du

Limited ocean coverage

Jeopardize human lives

High operation costs
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ROBIN: the
small robot




Joint operation of ALVIN and

ROBIN




“Modern” Methods

ROVs — Remotely Operated
Vehicles

TITANIC
The small companion ROV

(carrying an umbilical)




“Modern” Methods

ROVs — Remotely Operated Vehicles

_.. ¥ Romeo (IT)




“Modern” Methods

AUVs - Autonomous Underwater
Vehicles (cut the umbilical!)

High maneuverability

Autonomy

Automatic execution of tedious tasks




“Modern” Methods

ASC - Autonomous Surface Craft

High maneuverability

Autonomy

www.caravela2000.com




\ “Modern” Methods

Freesub

- Network, EC

ALIVE (FR)

Intervention AUVs

’r AUV-like (no umbilical)

Bluff body

Hovering / Intervention
capabilities

For further information please contact:

CYBERNETIX - Offshore Dept. - Peter WEISS - 36, Boulevard des Océans - 13009 Marseilles - ant:;u-'
peter.weiss@cybernetix.fr OR www.cybernetix.frifreesub/
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Editing - [Multibeam Editing - Standard]
M File  Edit

v AD A

Multibeam sonar, Azores, PT

Seeing with “acoustic” eyes




Seeing with “acoustic” eyes

Editing - [Multibeam Editing - Standard]
M File  Edit
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\ “Future” Trends
DSOR

dynamical systems and
robotics

Sampling networks - fixed and moving units
(Divers, Floating devices, Moored equipment,

Inhabited submersibles, Ocean vessels, ROVSs,
AUVs, ASCs, Benthic stations).




Sampling Networks

AUVs deployed to monitor
episodic events.

Martha’s Vineyard coastal

observatory, USA
Coriolis Initiative, FR Coastal Observatory — Meteorological Mast

Undersea Nodes

Marine Board, ESC
Marine Technoloy Frontiers for
Europe

Key Issues: Communications, Information, Decision, Control.




DSOR

dynamical systems and
ocean robotics

Meeting the Challenges:

www.caravela2000.com

the wonderful swimming machines




The MARIUS AUV

IST (PT)
MARIDAN (DK)
ORCA (FR)
THOMSON (FR)

The MARIUS AUV

MAST II

3 \ EC Project
-.v l

RMNUS
W




The MARIUS AUV

-~ 2 bow planes
] stern plane
2 stern rudders

-

Streamlined

Designed to “fly” above the seabed
No hovering capabilities

Trajectory Tracking and Path
Following required.




Speed of
Rotation of
propellers

l

Thrust force




Actuators
(Surfaces)

Surface Deflection —> Forces and Torques




Hydrodynamic Forces

Flow around a wing




Hydrodynamic forces

i (L)

“‘_ - — ——
- o
—
=

G o=

Vertical plane motion




The MARIUS AUV

Tests with the
MARIUS AUV

SINES, Portugal




« MR

dynamical sy
ocean roboti




The SIRENE "ROV-LIKE” AUV

THE SIRENE
UNDERWATER
v ; | SHUTTLE
-~
MAST II EC Project

) y l‘RENE‘. P

IFREMER
1.S.T
GEOMAR
THETIS
V.W.S




The SIRENE "ROV-LIKE” AUV

“Bluff body “
Depth Control
Point stabilization required

2 back thrusters
1 vertical thruster

NO side thruster

i

$SIRENE B
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Sea: the Ultimate Frontier
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Make room for multiple vehicles!




Cooperative Missions at Sea: the ASIMOYV project

S A5C

Surface and underwater vehicle operating in
master / slave configuration (ASIMOYV, 2000)




Problem to be solved: Communications

Underwater Communications — very hard!




Underwater Communications

Transmit in the vertical !




Coordinated Motion Control

 Differential GPS
- Reference Station -

Shore Station
Unit (SSTU)

GIB System
(buoy 1 of 4)

tonomous Underwater
~ VWehicle (AUV)
Scanning

The ASIMOYV concept
(ASIMOYV project, EC - 2000)




B DSOR \

N dynamical systems and
I ocean robotics

AUV Fleet - * , <
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Deep water hydrothermal vent

The quest for mid-water column
hydrothermal vents, Azores, PT







CADDY

Cognitive Autonomous Diving Buddy

AUTONOMQOUS
SURFACE VEHICLE

4\

(v “n
AUTONOMOUS
y UNDERWATER
VEHICLE

~

_ The CADDY coficept

>
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New Challenges

Deep Sea Habitat Mapping near
hydrothermal vents and in
complex 3D environments

Underwater cliffs, canyon walls, mass wasting walls, mid-ocean ridges,
fracture zones, seamount flanks, continental margins, hydrothermal vent edifices




End Products

Habitat maps (acoustics and vision)
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Key challenge: i) obtain marine habitat maps of
complex underwater structures including steep
cliffs and “overhangs” with a negative slope




The cliff scenario
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Can we learn from humans? (“hugging the cliff)




The Cliff scenario
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Proposed technological solution: from single to
supra-vehicles with spatially self-organizing capability




FP7-1CT-2887704
MORPH PROJECT

Marine robotic system
of self-organizing,
logically linked physical
nodes

MORPH
Consortium

)
TNAL.,. s '_ i
' 4Girona
ECHNISCHE UNIVERSITAT] -
MENA \:\\\

B8 ATLAS ELEKTRONIK . _ _ o . _
A new Paradigm is needed for Adaptive Mapping




Key MORPH concept:
a self-reconfiguring robot for operations in
complex 3D marine environments

A cluster

of modules
operating as a
virtual
NEIREREIEE

Very Close Strong Fast,comms &
Range Logical links Precise Nav
//




© MORPH Consortium




The Morph Consortium

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

ATLAS ELEKTRONIK (Germany)

Consiglio Nazionale delle Ricerche - Istituto di studi sui sistemi intelligenti per 'automazione,
CNR &taly)

Institut francais de recherche pour l'exploitation de la mer, IFREMER (France)
Jacobs University (Germany)

Instituto Superior Tecnico / Institute for Systems and Robotics, IST/ISR (Portugal)

Ilmenau University of Technology, IUT (Germany)

NATO Undersea Research Centre, NURC (Italy) Experimental Facilities
Universitat de Girona, UDG (Spain) e :
Institute of Marine Research, IMAR (Portugal) Y i
Woods Hole Oceanographic Institution, WHOI (US/A
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~ Mission
specification

Cooperative motion planning

Nominal trajectories &
desired vehicle formation

Cooperative motion control
Global and local, relative vehicle positions
Cooperative navigation

Cooperative systems: key blocks required




Fleet follows path and
keeps desired

formation pattern

Vehicle
formation

Speed

assignment

Cooperative Path Following (CPF)




Keeps
fixed distance
from target

Vehicle
formation

Fixed target-fleet
distance

Path traced by
the target

Target (motion
unknown a priori)




From theory to practice:
the MEDUSA ASVs

. 3 autonomous vehicles (cooperative

motion control capability)
. Acoustic network (Tritech micromodems)




The MEDUSA class of AMVs
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Power supply board
(bus 5v / 12v)

o N\

IR

Epic computer
(NANO PVD5251)

AS

[

{DUSA class of AMVs

Brushless thrusters
(SEABOTIX HPDC1507)

GPS
(Ashtech MB100)

PIC Microcontroller

Attitude sensor
(VECTORNAV VN-100)

E

Battery Management

Boards (BatMonit)

Echo-sounder
(Tritech Micron)

Two packs of 7-cell lithium
polymer batteries 2x16Ah

Acoustic Modem
(Tritech Micron)




PCPower Supply.
us5v/ 124)

WiFi802.11blg
(USBdengle w 5B anenna)

4xBrushlessthrusters
(SesBotxHPDCT507)

Echo-sounder
(Trtech icron)

ashtech
GRSRTK Ready
lshiech B100)

* (VECTORNAVVN-100T)
I®

Deptn Cel

R
Battery Mansgement
@atitont)

Litium polymer bateres AcousticModem
(1w T-cotpack, 1620 exch) (Trtech Micon)

MEDUSA,,




JSA class of AMVs

Diving Tests with
MEDUSA;

2013




-




Communications at close range
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Compact, lightweight, low cost optical
communication system to exchange data
and commands among vehicles




Transportation
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Deployment

class of AMVs




Operations in Lisbon, PT

class of AMVs
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Motion Control of the Medusa
ASVs: Systems Design and Tests at

Sea
The Medusa Robotic Vehicles

+6 hours (depending on average speed)

Surge 1.7 m/s max
Speed

m Linux OS + MOOS + IST proprietary
m Batteries (Lipo)

Comms Wi-fi

W 2 horizontal brushless DC thrusters : :

Navigation GPS;

Attitude and Heading
Reference System
(AHRS);

Payload Sonar/ Micron acoustic modem;
Cameras/
Video/ Lights

i

15 O

Video camera




CO’RUUS

Cooperative Cognitive Control for
RHutonmnomous UnNnderwater vehicles
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Range-Only Formation (ROF) Control
(first step towards meeting the functionalities of
the MORPH underwater segment)

"© MORPH Consortium"




Leaders in formation

Make z,=z,=z desired




Field Tests

s

3 Medusa vehicles exchanging
ranges and data over a Tritech modem-
enabled acoustic network




Test Site - Expo 98 site
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Test Results - 2012




Test Results - 22 Nov. 2012

Pozition

BT




Test Results

Triangular formation control
using acoustic range measurements

Sea trials @ Parque das Nacoes, Lisbon, Portugal

J. M. Soares, A. P. Aguiar, A. M. Pascoal
J. Botelho, J. Ribeiro, L. Sebastiao, M. Rufino, M. Bayat, P. Gdéis, V. Hassani

IS‘Q !ﬁ INSTITUTO SUPERIOR TECNICO

12 June 2012
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 Two. MEDUSA$ (surface vehlcles ROF I,ga_ders)_&'
One‘_MEDUSAD (underwater vehicle, ROF follower)

LISBON, EXPO — July 15,2013 ~




“Lateral” versus
“Longitudinal” ROF

DUSA class of AMVs

Longitudinal ROF

Lateral ROF
- 7— L eaders in formation

o

Follower A new algorithm







The Toulon Trials, July 2013:

Motion Control Objectives

Follower vehicles tracking
leading vehicles using
measured ranges

THE TOULON TRIALS

Range Only Formation (ROF)
Control

Leading vehicles
executing PF gy

-

- ;|
MORPH




MORPH

Tasks executed

Leading vehicles:
e CPF, with the vehicles exchanging information
over an aerial link.

L THE TOULON TRIALS

Follower vehicles:
Run depth control.
* Measure ranges to the leading vehicles; receive
their heading angles via the acoustic
communication network; adjust their speeds
and headings to reach a desired formation
pattern




- Vehicle Resources

Resources available at each vehicle

THE TOULON TRIALS

Depth controller

Heading controller

Speed controller

Acoustic ranging to surface vehicles (FVs)
Acoustic comms to receive headings
from leader vehicles (FVs)




MORPH PROJECT - ROF with 2 ASVs and 2 AUVS

Toulon, France
July 2013

"© MORPH Consortium"




Toulon, France
July 2013
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Toulon, France
July 2013

. MORPH Takes off at Toul on

Communications

Coordination
Controller

Vehicle
Vehicle State

Mission .
Control Inner-Loops XYWy

Path-Following
Controller

S

N Range Only
Formation Control

Vq Acoustic
’ Modem Driver




Toulon, France
July 2013
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Towards Terrain Compliant
Variable-Geometry ROF Control

CONTROL

Underwater vehicle

constant depth

TOP VIEW SIDE VIEW

Demo in March 2014, Lisbon




Towards Terrain Compliant
Variable-Geometry ROF Control

CONTROL

ROF

Y
. Surface vehicle % ' Underwater vehicle

Variable
Geometry
ROF

TOP VIEWS




Towards Terrain Compliant
Variable-Geometry ROF Control

CONTROL

- VG ROF

. Surface vehicle Underwater vehicle

Compliant
Control

constant
alﬁtude -

SIDE VIEW




Range-Only Formation : the BIG picture

Leader vehicles

Desired relative Moving frame

formation

Reference Trajectory
(unknown to followers)

N\

L N
|
|
|

¢ ’*\letwork of follower vehicles with sensing

¢ and communication capabilities



Control Strategy

Vehicle Dynamics .
ange Network Localization
—p S
measurements (Euclidean Distances Matrix)

Relative
positions

(Adaptive Leader-Follower control)

Position and velocity
of the virtual agent

Control inputs




The Lisbon Trials (June 2014)
Upper Morph Segment

THE LISBON TRIALS

Simultaneous Leader Tracking Leading vehicle
(SLT) Control doing unknown trajectory

Follower vehicles tracking
«———  leading vehicle using
USBL and COMM systems




The Lisbon Trials (June 2014)
USBL / Modems - EVOLOGICS




The Lisbon Trials (June 2014
Upper Morph Segment

" THE LISBON TRIALS

[[Pasw ()]}

Target L S
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Acoustic Comms

A "® MORPH Consortium"
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The Lisbon Trials (June 2014
Upper Morph Segment

" THE LISBON TRIALS

|Pass ()l
GPS to

Target 2
Pasv(t) Velocity Xasv ()

i
Acoustic Comms

\

*© MORPH Consortium”
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The FULL MORPH SEGMENT
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Information Flow

* Two followers, only one USBL, no communication

link between SSV and LSV
* Use GCV to relay information to LSV

Information Flow

@ — acoustic comms

Surface Vehicle (Leader) — USBL
GPS + Acoustic Comms — GPS

Voxx
A A = YRy
of the leader b p ’} L/
(estimated from GPS) of the leader

.y (estimated from GPS) sV

2 _ 3
Underwater Vehicle (Follower) | ¢ Kb Underwater Vehicle (Follower)

USBL + Acoustic Comms Acoustic Comms

Y




MORPH

Marine robotics system of self-organizing
logically linked phyrsical noders

Azorers trials 2011

Y e TECNICO |
IS'Q W LISBOA ‘7 JACORS TECHNISCHE uﬁknssm

UniversitatdeGirona UNIVERSITY ILMENAU

%P_ 3
p,ﬁgﬁ%ﬂﬁgﬁﬁ -- Ifremer ﬂ Consiglio Nazionale delle Ricerche ﬁ

September 2014



Results: Azores (1

—SSV (GPS)
GCV (USBL) » :
GCV (estimated) | i gl N

- LSV (USBL)
— LSV (estimated)

LEADER TRACKING SYSTEM

Northing (m)
Northing (m)

“4 B ¥ Ve

-40 -30 -20
Easting (m)

SSV Trajectory: Full mission Upper segment trajectories: one
loop
—SSV (GPS)

GOV (USBL) s R f f GOV along 75
GCV (estimated)| . &4 o o L B _E‘S{? z}long Ys ||
T A F A ; | —LSV along a5
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Tracking errors (m
(=]

I
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|
N
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) 200
Easting (m) Time (s)

Upper segment trajectories: Full mission Upper segment errors: one




Results: Azores (2)

LEADER TRACKING SYSTEM
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GCV (USBL)
GCV (est.) |
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0 20
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Easting (m)

Upper and lower segment trajectories: one loop




“Leaning against the wall” |

- Cooperative Wall Following
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Visions of the Future (robots and humans in the loop)

GPS signal
Acoustic signal (pings)




Mission Control
Segment

Autonomous
Marine Vehicles
Segment

Diver Segment

Mission programming
and visualization

Cooperative control and
diver tracking
(GPS and acoustic ranges)

CO~AUUS

. Wi-Fi

Network

Acoustic
Network

Diver Assistance
Unit (DAU)




Key components: Diver Tracking System

lracking

based on

[ Pty GPS and

o /ANGE dala
S




Key components: the Diver Assistance Unit (DAU)

Goggles with
LED array for
diver guidance

Microprocessor
and

M+ Attitude Unit




Key co '
y components: the Diver Assistance Unit

Goggles with
LED array for

diver guidance

we®®
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Robots/Diver operations

Phase 1. Diver preparation




Robots/Diver operations

Goggles with LED array Checking the Diver ready
acoustic comms network

Phase 2. Systems initialization
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Diver Assistance Mission 2 (Diver submerged)
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A New Step: India- Europe




Meeting with India (1999)

S5 2.
(LOCATION IN INDIA)

SAb LR%\X\'\\
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£ A q Rail Network
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Lucky Strike (1700m) i (‘, ¥

Rainbow({ 2320m)
\ ARABIAN SEA

Vasco da Gama &

Broken Spur (3090m)

TAG (350m) ’ vy KARNATAKA
Snake Pit (3500m) g Sanguem
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Design of Maya

CPU  Rate GYRO Rear
electronics

Shaft seal
assembly

.,

| Nose cone with
Scientific sensors

_ ] R GPS. RF
Main hull NI § o “— antenna
Electronics & Battery packs

DVL uni

Thruster motor




Autonomous Vertical Profiler (AVP)

Features:
* Delrin hull
 Weight: ~20 kg
* Length: 880 mm
* Dia: 180 mm

sensor loaded nose

- Propulsion: 24V thruster

* Energy: Li Poly batteries
- sensor loaded nose

- +vely buoyant

electronics,

batteries




Jerome Jouffroy, MCI, jerome@mci.sdu.dk

Selective Tidal-Stream Transport for Lagrangian profilers
Lagrangian profiler/profiling float:

Satellite
Antenna

. . rofiling Module
- Horizontally passive: follow ocean currents o

Temperature Probe

= Used mostly in a deep water environment

Circuit boards &
satellite transmitter

Stability Disk

Foam support

Gear motor

i 1 Single stroke pump
F | Battery

Hydraulic pump
(piston)

Hydraulic fluid

6

Hydraulic bladder

‘ Can a profiler use
tidal currents actively?

(for recovery, re-deployment, ...




STST in the animal world

Ebb tide

Flood tide

AP

Ebb tide

Flood tide

ey

Adult Plaice

A il ! Mg N,
IRV A . ) . D TR st 3 VS

Jerome Jouffroy, MCI, jerome@mci.sdu.dk

30 CM,/SEC.




Jerome Jouffroy, MCI, jerome@mci.sdu.dk

Test results in a re-deployment scenario

Current data profiles from the North Sea
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V7

~ Mission
specification

Cooperative motion planning

Nominal trajectories &
desired vehicle formation

Cooperative motion control
Global and local, relative vehicle positions
Cooperative navigation

Cooperative systems: key blocks required




Cooperative
Go-To-Formation Maneuver

Vehicles scattered after deployment




Key issues

. EXplicit incorporation of nonlinear vehicle
dynamics

. 4-guadrant thruster model for energy
consumption computations

. Fast descent method to solve constrained
continuous-time optimal control problems

(PRONTO tool) ( )

b




Trajectory Planning Framework

Safety Distance

Pre- -
Planner JE— 4 PRojection Operator based

Newton method for
Initial State & Input ' Trajectory Optimization
(PRONTO)

A
=
<]
O =.
S 2
=)
S 03
S
2 =
w2
.
)
=

Final State & Input

Bathymetric Data

Trajectories

Environmental Current
Constraints

I9[[onuo)) Suroel],
K10399(R1], PoIRBUIPIOO))

Obstacles




How is energy computed?

'.;_ Battery Packl{ DC Motor || Propeller

’ Electrical Power= Voltage x Current

ENERGY expenditure=
integral of Power




Cooperative Motion Planning
Temporal, Energy, and Geophysical Constraints)

580 600 520
=

100 200
0.97 and 0.87 [mfs]




Range-Based AUV Tracking

CADDY

Cognitive Autonomous Diving Buddy

Persistent motion excitation

CASV -

. vy
acoustic l'ﬂllge measurement

AUV

_f; -
moving underwater target

L
r

AUTONOMQUS
SURFACE VEHICLE

AUTONOMOUS
UNDERWATER
VEHICLE

MI%EADQ} f‘éﬂt :




AUV Range-Only Localization

 Under what conditions can we reconstruct the initial state
of the system (unknown beacon and/or vehicle location)?




Experimental Results

o Medusa autonomous vehicles

with cooperative motion control
capabilities

e Acoustic network




Experimental Results

SLAM with range only measurements in 2D
T ¥

B
=]

Errars [m]
[
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Time [s]




Experimental Results

== Vehicle position
and estimate

Transponder positions and estimates



SLAM with range and depth measurements SLAM with range only measurerments




Motion Planning under Observability Constraints




Range-Based AUV Tracking: put it to work!

trajectory
prediction

ASV

Optimal motion planner

l reference trajectory

Motion Controller

l ASV position (GPS)

Target Tracking Filter

acoustic r ange measurements

Moving underwater target

AUTONOMOUS
SURFACE VEHICLE

DIVER

e
Vi
§® £ AUTONOMOUS

UNDERWATER

VEHICLE

2 ¥
s P




Geophysical-Based Navigation

(IST-PT, UAveiro-PT,NIO-Goa, India;
New project KAIST ( Jinwhan Kim) -IST (Francisco Curado and
Antonio Pascoal), funded by ADD)




Conventional equipment
e Inertial navigation systems (INS): proprioceptive sensors
* Odometry sensors (DVL): exteroceptive sensors
* Long acoustic baselines (LBL): artificial beacons

Y Conventional Navigation Solutions
!
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allenges and Adva




RMS position estimation errors of DVL-Nav
251

atipn Solutions

15}

*INS/DVL limitations

position error (m)

10

-

ophysical Navigation
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Challenges and Advan

*BLs are expensive and complex to deploy

asoR\./.



Non-conventional Navigation Solutions

= Exploit information from
the environment for
self-localization

* Natural features: elevation;
reflective properties...

* Artificial features:
submarine cables or
trenches; moorings;
ship wrecks...




Non-conventional Navigation Solutions

"Terrain-Aided Navigation (TAN a.k.a.
TRN,TBN)

* Use a prior map of the environment.
* Make observations of the terrain

* Match observations against the map to estimate
position.

™




Non-conventional Navigation Solutions
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Non-conventional Navigation Solutions

* Map matching

* Can be done sequentially or in batch without
explicit feature extraction and data
association/registration.




Simultan. Localization And Mapping
(SLAM)

= Sequentially acquire/refine a map of the terrain &
simultaneously use this map for self-localization.

 Use sparse, metric or topological maps of the terrain.

 Apply explicit feature extraction and data association.




TAN Filters

Dopp]er 74 Velocity/water

Unit Vehicle
Kinematic

Model
Attitude (prediction)

\Attltude

Predicted

Position

Measurement

model
(filtering)

Estimated State




TAN Filters (Monte Carlo
Methods - Particle Filters)
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TAN /DVL Implementation
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TAN /DVL Implementation

¥ mﬁ Multibear bathymetric Map and DL beams trajectory

al Navigation

% [Marth] - Local Coordimates (LT R)[m]
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« 10 hultibeam bathymetric Map and DL bearns trajectory

¥ [Marth] - Local Coordimates (UTRMI[m)]

-L"

4817 491756 4918 459185 4919 49195 492 49205 451
5




Deadreckoning /DVL Implementation

- Ground-truth. GPS-RTK
Dead-reckon. DVL
Dead-reckon. DVL+External IMU

E
=
s
£
2
=
[}
2
<t
=4
£
S
o
o
o
3
(83
o
-
I
=
=4
o
Z
>

4.9185 4.919 4.9195
X [East] - Local Coordimates (UTM)[m]




TAN /DVL Implementation

=7 Depth
= — = Dead-reckaon. (DL}
True (GPS-RTK)
Estimated (TAR
Localization error: DVL+External MRU dead-reckoning vs. TAN

cal Navigation
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TAN Error
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Magnetic Navigation (MN)

= Main motivation
« Comblementarv information for TAN




Magnetic Navigation (MN

= “Proof of concept”
* Used by animals
for long-range navigation
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Magnetic Navigation (MN)

MN with prior magnetic
maps

* Maps based on 2D grids
do NOT apply to 3D MN

* Nonlinear scaling of
magnetic features with
distance

it
.

€2  Possible solution

Gy
=)

* Navigation at constant (absolute)
altitude
* Use 2D maps for a
given altitude
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Magnetic Navigation (MN)

The problem of ambient and vehicle noise suppression
» Tow the magnetometer
 Use a mag. gradiometer




Magnetic Navigation (MN)

*Sensors used (mags, gradiometers)

1 Navigation

ophysica
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Magnetic Navigation (MN)

Integrating bathymetry and geomagnetics

’__________\

Doppler | [

Unit P Kinematic Meéﬁ%ﬁgem

Model
» (filtering & ?

Attitude (prediction)

Unit |

Estimated State

sensor fusion)

\_______1‘__"/

Digital terrain maps

Sonar +
Magnetic
measurements




The future: on-line reconfigurable vehicles

—~




A Vision of the Future
(cooperative vehicles for geophysical exploration)
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A Vision of the Future
(cooperative vehicles for geophysical exploration)




A vision of the future

Sustained presence in the Ocean (an European collaborative effort - Horizon
2020 proposal, 2014)
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The future: Robots and humans in the loop &
Cooperative robots for ocean resources EGE
(e.g, oil exploration and deep sea mining)




The future: Robots and humans in the loop &
Cooperative robots for ocean resources EGE
(e.g, oil exploration and deep sea mining)
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DSOR Facebook page: https:/ /www.facebook.com/dsor.lab.isr.ist

!_[i DSOR Lab Projects: http:/ /welcome.isr.ist.utl.pt/labs/dsor/project

INSTITUTO
SUPERIOR
TECNICO

ITd DSOR

dynamical systems and

, ocean robotics LAB
POLODOILST

INSTITUTO SUPERIOR TECNICO (IST), UNIV. LISBON
http:/ /www.ist.utl.pt/en/
INSTITUTE FOR SYSTEMS AND ROBOTICS (ISR)

http:/ /welcome.isr.ist.utl.pt/home/

Address Contacts
ISR-IST, Av. Rovisco Pais, 1 Antonio Pascoal, antonio@isr.ist.utl.pt

1049-001 Lisbon, Portugal
Tel. +351-21-8418051
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