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Research & development steps

towards autonomous (=full automated) inland shipping
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Assistance systems to support operator
Assisted collision avoidance
Automated track control systems

Traffic situation survey and dynamic track
adaption

Cooperative actions with other vessels
Energy optimal operation

Operation control considerig traffic rules
Risk analysis and traffic-situation prediction
Trajectorie control

External monitoring and control center

etc.



Localization & integrity
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Requirements from the perspective of navigation —

Requirements of sensor data
for automation

High accuracy

High sampling rate
High availability
High robustness
Reliability

Safety / redundancy
Smoothness

Safety requirements

(6)]

Environmental perception
Traffic situation detection
Collision avoidance
Integrity monitoring

Projekt GALILEOnautic
Galileo/EGNOS im maritimen Umfeld
Zweigel, Kurowski | Rostock | September 8,

2021

© Velodyne

Navigation
Solution =
Multi-sensor
fusion

© Continental

threshold

© Nortek



Satellite Navigation
3D Localization & velocity estimation

(x®,y®, ()
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Determine time-of-transmission from
satellite to receiver/rover

Distance calculation among rover and
satellites using time-of-transmission

Ego-position estimation via triangulation

At least 4 satellites needed to determine a
3D position and clock error

Reception of more than 6 satellites allows
to exclude faulty measurements

(RAIM - Receiver Autonomous Integrity Monitoring)



Features of the Galileo-System

Increased availability
= Civilian system
= Availability guaranteed by law

= Increased coverage due to interoperability with GPS
and GLONASS

Increased accuracy

= Dual-frequency mode (E1&E5a) for open service
= Very low noise level

= More accurate correction models

= Use of EGNOS V3 to correct L1/E1 & LS/ES

= PPP-accuracy with Galileo HA service (HAS)

Integrity monitoring and security
= (Galileo reports system errors

= Encrypted E6 frequency for military and safty critical
applications

®» Necessary properties for autonomous applications

7 Projekt GALILEOnautic
Galileo/EGNOS im maritimen Umfeld

Zweigel, Kurowski | Rostock | September 8, 2021

G%&Eol

= Satellite launches
2016/05/24: Satellites 13,14
2016/11/17: Satellites 16-18
2017/12/12: Satellites 19-22
2018/07/25: Satellites 23-26
Planned end of 2021: Satellites 27-28
Planned for 2022: Satellites 29-30



Features of the Galileo-System -
‘5%!27504
Increased availability

= Civilian system

Increased Accuracy
= Dual-frequency mode (E1&Eb5a) for open se
= Very low noise level

Positions-
nnnnnnnnnnnn

= Satellite launches
2016/05/24: Satellites 13,14
2016/11/17: Satellites 16-18
2017/12/12: Satellites 19-22
2018/07/25: Satellites 23-26
Planned end of 2021: Satellites 27-28
qecessary properties for autonomous applications Planned for 2022:  Satellites 29-30

= Use !
= PPP-accuracy with Galileo HA service (HAS)

Integrity monitoring and security
= Galileo reports system erro

m\f\ca’t\on of 8
g safty critical
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Simultaneous use of GPS & Galileo increases coverage/availability =
CALLF e
GPS satellite Galileo Satellit
— GPS time — Galileo time
: ‘300
60
e ’z ¢ Galileo
ST T 990° ¢ GPS Dual
i ¢ GPS L1

Data synchronization 210° 1500
= GGTO message from Galileo offers the possibility to 1807

synchronize observations from GPS and Galileo Fig.: Snapshot of a skyplot from a measurement run,
Chiemgau 2018

= This makes time correction of the signal observations for
synchronization easy to implement => Galileo easily can be combined with GPS
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Increased availability of integrity statements with the help of Galileo

Protection Level (PL)

Stanford diagram

Position Error (PE)

AL = Alert Limit; PE — Position Error; PL — Protection Level
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Protection Level
 Konstellation
« Signalqualitat

Alert limit

Hafen: 2,5 Meter
Offshore: 25 Meter
(IMO A.915(22))

Protection Level
GPS + Galileo




GALILEOnautic 2: Overview
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Suppor :
Autonomous Vessels ~ T =N
Funded Research Project GALILEOnautic &FM s

on the basis of a decision
by the German Bundestag

GALILEOnautic 2

Autonomous Navigation and Optimal Maneuvering
of Cooperative Ships within Safety-Critical Areas
10/2018 — 09/2021

GALIL

Development of a networked and cooperative demonstrator to show the potential of autonomous
navigation and optimal maneuvering
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GALILEOnautic 2
Project Partners (left) and Associated Partners (right)
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— Wy

CAVILF

Development area Rostock Harbor and a "normal” encounter situation

Foto Michael Gluch — HS Wismar
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GALILEOnautic 2: Automated Docking with VWFS DENEB

Foto Jiaying Lin — RWTH Aachen
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GALILEOnautic 2: Demonstrator setup

e
SYNAPSIS®

telligent Bridge Control
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~—DENEB is a prope@xgjjh@ééﬁé_r;f

VWFS DENEB facts

= |n operation for the Bundesamt fur = Length: 52 Meter; Width: 11 Meter
Seeschifffahrt und Hydrographie (BSH) = Constructed 1994

= QOperational area Baltic Sea
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Hardware for navigation filter
Setup VWFS DENEB

Multifrequency
GNSS receiver

Industrial-class
Intertialsensor

Doppler Velocity
Log

Real-time, Rapid
Control
Prototyping unit
(single-core 900
MHz)
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= Single board
computer for
real time data
access

10.175m

® DVL




Entering the port of Rostock: Evaluation of position accuracy —

2D driven trajectory of DENEB

First Figure
= RTK reference entering the port

Second Figure

= (1): no DVL support

= (2): DVL support without bias st.
= (3): DVL supp. with bias states

Third Figure
= (1): no sea level support
= (2): with sea level support
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GALIL

® RTK Reference

251 sec
301 sec
201 sec

Artificial GNSS failure

“ 751 sec

B 701 sec - e .
651 sec ] P s ;"_ B

Gehrt, J.-J., et al. (2020): Robust and Reliable Multi-Sensor Navigation Filter for Maritime Application. In: IFAC
PapersOnLine 53-2 (2020), pp. 14482—-14487.

namﬁ/‘g_d

-Map Data: ©2019 GeoBasis/BKG(© 2009), Google



Towards autonomous operation
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Integrating the ships GNC system (1)

= Defining the loop for automatic vessel motion control

= Guidance, Navigation and Control structure

Guidance
System

J Reference

r

O@ Distu

25
O

rbances

Path planning
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Kurowski, M., Schubert, A., Jeinsch, T. (2020): Automated Maneuvering in Confined Waters using Parameter
Space Model and Model-based Control. In Proceedings of the 21st IFAC World Congress July 12-17, 2020,
Berlin, Germany (Virtual), pp. 1-6. DOI: 10.1016/j.ifacol.2020.12.1452



Integrating the ships GNC system (2)
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21 : . s Garcia, E.; Siemer, F.; Abel, D. (2019): Optimal Maneuvering and Control of Cooperative Vehicles as Case Study for
Galileo/EGNOS im maritimen Umfeld Maritime Applications within Harbors. In: Proc. of 17th European Control Conference (ECC), Naples, Italy, pp. 3022-3027
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Integrating the ships GNC system (3) <
G%!&%?‘

Reliable GNSS-based navigation module as enabler for

highly automated operation Model-based design of fault

= Enhanced parameter identification for model-based designs handling module

= High performance assistance systems (e.g. MAS) Universitat (8
Rostock
= |nput for Guidance (red) and Control (green)
- (‘ Nominal behaviour }
= |nput for fault handling modules (blue) L (modetbased system dynamic check)
Disturbances
l v
Guidance- Control- Actuator —) :
_ o /‘ System L. Systems Q Allocation g . SEmEEnE

Planning and prediction, V.rtua|

e.g. using Maneuver Actuator

Assistance System ° ' Navigation ;_I

(MAS) Virtual Additional |_|

Sensor Sensors
. . Actuator Actuator Sensor Sensor health
Applymg Optlmal Config. health check Config. check )
controllers (
L Fault-tolerant-GNC Reconfigurator
. ) Schubert, A., Kurowski, M., Gluch, M., Simanski, O., Jeinsch, T. (2018): Manoeuvring Automation towards Autonomous
22 Projekt GALILEOnautic Shipping. in Proceedings of the International Ship Control Systems Symposium, Glasgow, UK, October 2-4, 2018, pp. 1-8.
Galileo/EGNOS im maritimen Umfeld DOI: 10.24868/issn.2631-8741.2018.020
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Enhanced parameter estimation >R\
GALILEO

Operation mode

GALILEOnautic — focus on harbor scenarios

Challenges | ki

= Complex motions using all available actuators

Maneuvering

= High demands for measuring / estimating Change of vessel Dynamic Positioning
dynamics
the motion states : ™ >
(elgenvalues) Okn 2/kn 4/kn 6kn 10kn 1gkn Vessel speed

= Missing automation solutions for maneuvering

fr, - Lineare Ifiterpolation

Enhanced parameter estimation

due to accurate position information ;
L 80 70
= Mitigation of the influence of a0 .
variance of acoustic sensors SN 2

and accelerometers

23 Projekt GALILEOnautic Majohr, J., Kurowski, M.: Maritime Regelungs- und Sensorsysteme: Automatisierte Schiffsfiihrung -
Galileo/EGNOS im maritimen Umfeld mit MATLAB® und Simulink®. Springer Vieweg, Wiesbaden, 2021, DOI: 10.1007/978-3-658-31721-8.
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Maneuver Assistance System (1) >K\
GALILEO
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Maneuver Assistance System (2)

MAS VWFS Deneb (1.0.0.6_5.8)
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Control system design (1) -
GALILEO
i i nauric
. . | | r, X, Xe | Operation Velocity correction 7E/ -
Generic structure for covering the entire operation range | control SO G |
| control -

Cascaded multi-controller structure
= 2 DOF control
= Consideration of modeled nonlinearities
by feedforward
= Disturbance attenuation by feedback control

= |nline allocation

Hybrid extension
= Set of inner loop controllers
= Set of mission-based controllers
(e.g. path following, trajectory tracking or DP)
= Supervisor-based selection
of suitable control structure
Projekt GALILEOnautic
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Kurowski, M., Schubert, A., Jeinsch, T. (2020): Automated Maneuvering in Confined Waters using
Parameter Space Model and Model-based Control. In Proceedings of the 21st IFAC World Congress July
12-17, 2020, Berlin, Germany (Virtual), pp. 1-6. DOI: 10.1016/j.ifacol.2020.12.1452



Control system design (2) ¢ o=
GALIL

namg/ol
Trajectory integration into the model-based control system
: Virtual
Trajectory Model-based : :
Actuator velocities toedforward trajectory Summation of
commands / forces virtual forces
/
Maneuver plan or /
Optimized_:rl;aieCtorV Trajectory 1raj = Thg — h?afij v Traj)
Wi ﬁ Ve - .
actuator commands Irq Control-oriented model Static
& motion states .
& geographical positions allocation

From 4y _ .
m

Trajectory —— > LQI | 404> AT,
Controller —

Allocation

— 1.-1 \
a=h (rsmr ,0)

Motlon Process

Velocity error transformation /l—)
Velocity 7
differences

Summation of _ / _ _ _
velocities High demands for measuring / estimating the motion states

Rethfeldt, C., Schubert, A.U., Damerius, R., Kurowski, M., Jeinsch, T.: System Approach for Highly Automated

Projekt GALILEOnautic Manoeuvring with Research Vessel DENEB. In Proc. of the 13th IFAC Conference on Control Applications in

Galileo/EGNOS im maritimen Umfeld Marine Systems, Robotics, and Vehicles (CAMS), 2021.
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Validation with DENEB (1)

Nautical staff in responsibility

Digitalization and automation of VWFS DENEB

= Digital acquisition of all sensor data

| Control Ready / On

Digital command of all actuators

nnnnn

Middleware for connecting the GN2 modules

Actuator allocation —
Wing Portside Main Bridge Wing Starboard

Assisting control systems and DP functionalities
PumpdJet EOT

Thruster EOT PumpdJet Angle

Ship Systems

Master Switch
Actuators = Sensors
Manual / Automatic

Monitoring Real-Time
& Logging Target

Main Propulsion EOT

Optional "
Modules Rudder Angle

Rethfeldt, C., Schubert, A.U., Damerius, R., Kurowski, M., Jeinsch, T.: System Approach for Highly Automated
Projekt GALILEOnautic Manoeuvring with Research Vessel DENEB. In Proc. of the 13th IFAC Conference on Control Applications in
Galileo/EGNOS im maritimen Umfeld Marine Systems, Robotics, and Vehicles (CAMS), 2021.
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Validation with DENEB (2) Lo

GALILES. g

Berthing control strategy for VWFS DENEB

On optimized trajectory

or maneuver plan Phase 2
u < 0.5 m/s & distance < 100 m

AX

DP control in 3 DoF (XYN) SR
Defined final position Aypp: AT

of maneuver plan felee e

Reducing distance
to the real pier

Distance and angle
in relation to the pier

B UWB-Tags @ Lidar

y -
Berthing position
Final position of maneuver plan
(position & heading)
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Validation with DENEB (3)

Results from automatic berthing tests (2021/09/02)

GALILES g

T

MIAT.ANF

T —
MIFAT.PS'F

HOAE DONE ]

LA TUAU'N

LATTUIU'N

ler. v [ et | rance: [v2s vl cursore (o1 10260 N 012 07239 ] /900 ] 0245 M A 10408 N 012 07330 &

Universitat
Rostock

30 Projekt GALILEOnautic
Galileo/EGNOS im maritimen Umfeld

Zweigel, Kurowski | Rostock | September 8, 2021




Validation with DENEB (4)

Impact of GNSS based navigation
on the control results
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Summary & outlook
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General findings and insights into GALIEOnautic 2

Advantages of Galileo are exploited in the GALILEOnautic 2 research project to enable automated maneuvering
in port areas of the future

From a satellite navigation perspective: From a GNC perspective:

= (Galileo helps increase confidence in satellite = Enhanced parameter estimation due to reliable
navigation position information

= Galileo easily can be combined with GPS = Mitigation of the influence of variance of

. . . . acoustic sensors and accelerometers
= Using Galileo increases position accuracy

= |Implementation of high performance assistance

= (Galileo improves detection & identification of
systems

signal errors
= Application of optimal Guidance and Control

algorithms
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GALILEOnautic 2: Final demonstration September 14, 2021 >l§\

Anmeldung unter: ==
o | = o —

——

GALILEO-nautic.de
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http://www.youtube.com/watch?v=j6GMpvUF3yY

Thank you
for your attention!

René Zweigel Martin Kurowski

RWTH Aachen University University of Rostock

Institute of Automatic Control Institute of Automation
Campus-Boulevard 30 Richard Wagner Str. 31 / Haus 8
52074 Aachen 18119 Rostock

Germany Germany
www.irt.rwth-aachen.de www.rt.uni-rostock.de
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