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2 MATERIALS AND METHODS

1 Introduction

In France, the national objective to develop floating wind turbines in order to contribute to energy
transition has been a major concern since the 2010s. Marine robots, useful for installation or for
maintenance, have to be on the edge. Therefore, this internship has been conducted in this context
and its focus was on sea surface currents.

Sea surface current estimation plays a vital role in various marine applications, such as naviga-
tion, environmental monitoring, and rescue operations. Accurate and real-time knowledge of the
current patterns can significantly enhance the performance and efficiency of autonomous marine
vehicles.

The goal of this internship was to answer this issue : how to estimate sea surface current from
an autonomous boat in a basic mission without hydrographic additional system 7

Two different approaches to estimate sea surface current have been conducted : a method
with standard Least-Squares estimator and a probabilistic state estimation method based on an
Extended Kalman Filter (EKF).

This internship has been conducted in the LabSTICC laboratory in Brest, France. Thanks to
ENSTA Bretagne and national defense projects, LabSTICC can deploy multiple marine robots with
specialized hardware and waterproofness tests with an instrumented pool.

2 Materials and methods

2.1 Hélios : architecture and sensors

FIGURE 1: Hélios in Moulin Mer mission during IA and Ocean pole (LabSTICC), 2-3 May

Hélios is an instrumented catamaran that has performed as a marine drone for various missions:
explore specific zone, test control algorithms or carry special echo sounder device. Its dimensions
are 1.80m length, 1.20m width and approximately 0.20m height.

Hélios is equiped with a central linux NUC that is the heart of the drone, a Global Navigation
Satellite System (GNSS) unit, and propelled by two pairs of T200 thrusters from BlueROV. GNSS
position measurement (latitude, longitude) conversion in (x,y) coordinates is done with a pyproj
Lambert projection transformer.




2 MATERIALS AND METHODS

To make Helios work, energy sources are from 2 ’4S’ Li-Po batteries (with 14.8 V nominal
voltage and 1000 mAh capacity) : one for thrusters motors and the wifi system and one for the
NUC unit.

This enables anyone with a remote controller and a PC (with connection and launching proce-
dures tackled in Appendix) the boat to launch specific mission, store mission data...

2.2 Hélios propulsion

After having presented Helios general architecture, this section presents how thrusters are con-
trolled.

F1GURE 2: T200 thrusters used for Helios propulsion

Two pairs of thruster motors have been implemented on Hélios. Each one is speed-controlled
by Electronic Speed Controllers (ESC).

With constructor documentation and previous work on Hélios, thrusters are controlled with
PWM principle triggered by an Arduino interface.

As presented in the control laws section, the setpoint for thruster control is an angle in the
range [-120°, +120°] (from left to right, by convention) and is transformed in an unsigned int stored
on 8 bits (so that cover a range from 0 to 256)..

The thrusters limits choice is "PWM -100” for maximum thruster rotation in the reverse direc-
tion, and "PWM +100” for maximum thruster rotation in the forward direction.

So, for security reasons, here are the choices made for final control :

e if the objective is to turn left (negative setpoint s) : one wants to set more power in the right
motor : the right motor control is set to a default value under maximum power (80) while
the left one is set to a lower value (80+s),

e if the objective is to turn right (positive setpoint s) : one wants to set more power in the left
motor : the left motor control is set to a default value under maximum power (80) while the
right one is set to a lower value (80-s).

Note : with this choice, for situations in which Hélios has a heading far from global waypoint,
highest angles can cause one of the two pairs of motors evolve in opposite rotation direction.




2 MATERIALS AND METHODS

2.3 Boat evolution model

This section presents the evolution model and the reasons that led to these choices to describe
Helios evolution in marine environment. The evolution model is taken from Dubin’s [1] car model
in addition to sea surface current effect :

T =vcosb + c,

Yy =wvsinf + ¢,

é = (UL —Uu R)Oé
Where x, y are the position of Helios, v is its longitudinal speed due to propulsion thrusters, 6 its
heading, and ¢, ¢, respectively horizontal and vertical component of sea surface current.
This model takes into account the sea surface current that can drift Hélios from its heading natural
trajectory
uy, and ug represent the left and right thruster contributions to heading evolution. « is for arbitrary
minimum radius of curvature.
This model neglects the variation of the longitudinal speed from propulsion thrusters.
This model also neglects wind effect on Hélios structure that can cause pitch and roll variation.

2.4 Sea surface current model

Sea surface current modelization is based on an ellipsoidal hypothesis to consider tidal effects : it
varies smoothly (the inertia is driven by water flow) on the time and space. Here is a proposition :

| a1 cos (22 + ¢)
¢y T [agsin (3 4 ¢)

Where R,, is the rotation matrix that represent the orientation of the ellipse,

B [cos o —sin a}
(07

~ |sina  cosa
a1, as are the longitudinal and radial amplitudes of the ellipse,
T is the period of current cycles : tidal considerations [2] state that 7" = 12h 25min
¢ is a tunable phase angle.

2.5 Control laws

In this section, the control laws that can fit Hélios missions have to be implemented on-board.
First, in order to justify a traditional 2D map study, here is how Helios GNSS measurement data is
converted in x,y coordinates : In the file conversion_gnss_lambert .py, with pyproj trans-
former :

transformer=Transformer.from crs(4326,2154,always_xy=True)

Where 4326 is for the World Geographic Coordinate System EPSG 4326 (longitude, latitude) and
2154 is for France Lambert geodesic 2D map (x,y) : EPSG 2154.

The transformation between (longitude, latitude) and (x,y) is called forward Lambert conformal
conic LCC projection.

Two approaches are presented herein : either a set of waypoints (that can be a cycle) or a
line-following algorithm.



https://epsg.io/4326
https://epsg.io/2154
https://en.wikipedia.org/wiki/Lambert_conformal_conic_projection
https://en.wikipedia.org/wiki/Lambert_conformal_conic_projection

2 MATERIALS AND METHODS

2.5.1 Point following - waypoints

In some missions, Hélios has to follow a basic path between some waypoints W = {W;, Wy, ..., W,, }
that act as checkpoints.

Between two waypoints, validation criteria is when Hélios has reached the target in a tolerance
circle. Global algorithm stops when final waypoint is reached. The principle is illustrated here
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FIGURE 3: Point following - waypoints algorithm illustration
: Hélios the mobile robot M with state variables (z,y) 2D-coordinates and a heading 6 wants to
reach the target waypoint W, ;. The ideal heading in this configuration is calculated with :
00 = atan2(Wi, —y, W, — )
So the angular setpoint d can be obtained with the difference and the correcting factor £ :
0 = k sawtooth(0; — 0)

This is a simple proportionnal controller with sawtooth security function to manage 2-m peri-

odicity [3] :

y i 3
sawtooth(f) = 2 arctan (tan 5) =mod(0 +7,27) — 7
2.5.2 Line following

In marine context, point following algorithm can lead to instability (unreached target even with
tolerance radius) due to important sea surface currents. The goal for Helios can be to follow a line
between two reference points A and B.

The algebraic distance to line is calculated with :

det (m—a,b—a)
1b—all

e =

7
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FI1GURE 4: Line following illustration

To make Helios follow the line :

If e = oo then 05 = p + § and if e = —oo then 05 = ¢ — 7
To avoid a chattering effect when approaching the line in practice, a confidence width r can be

introduced to make sure the desired heading does not oscillate too quickly :

(&
04 = ¢ + arctan (—)
r

3 Results and discussions

3.1 Experimental setup
3.1.1 Preparation

In order to prepare for missions in marine environment, first preparation tests have been conducted
carrying Helios manually on a stadium next to LabSTICC to test data export, vizualisation and
control law. Waypoints have been set with national geoportail tool. Recorded mission files (.bag)
have been used to import mission data in MATLAB environment.

For instance, here are the Helios trajectory during the first test and corresponding heading and
angle setpoint : in this configuration with selected waypoints, Helios needs to turn right which
corresponds to this positive angle setpoint.
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3.1.2 Guerlédan

Even though final sea surface current estimation was planned for Moulin Mer mission, Helios was
used for real condition tests during Submeeting 2023 (April 24-28), a seminar gathering researchers
in marine robotics and some marine startups. For example, Helios was used to perform visual
odometry in marine environment for a team from Ecole Navale. A GoPro camera has been attached
during a mission and informations on buoy landmark position have been shared for their project
to make sure mission data was trustable.
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FIGURE 5: Visualisation of Helios trajectory FIGURE 6: Visualisation of Helios trajectory
and some headings with waypoints and tolerance circle

3.1.3 Moulin Mer

In Moulin Mer (May 2), Helios was ready for long missions to collect data in order to estimate
sea surface current. Moulin Mer is near Brest, on the wester French coast. The initial goal was
to make Helios navigate a whole afternoon but hardware issues have forced to stop mission after
approximately 2 hours. 3 datasets are available : the morning test, and 2 afternoon samples.
Here was the initial mission (waypoints have been changed due to traffic) :

FIGURE 7: Mission plan for Moulin Mer

Because remote controlled and PC setup was way further than during Guerlédan tests, occasional
connection loss was experimented.



https://www.ensta-bretagne.fr/jaulin/submeeting2023.html
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Therefore, to make sure that estimation procedures were not biaised by fake data, a zone separator
has been developed to avoid extreme points. Here are the middle zone highlighted points thanks
to this separator with 20 zones for one of the Helios trajectories :
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To compute Hélios speed over ground (SOG), two steps have been chosen : differentation and
filtering. Filtering raw position data was unnecessary due to boat inertia dynamics (not same
dynamics compared to e.g. flying AUV) and GNSS station accuracy (order of magnitude 10cm).
After testing iterations, a butterworth 6-th order filter with a cutoff frequency of 0.05 Hz has been
chosen. That can be surprising at first but since the boat is not meant to accelerate, that has given
appropriate results :
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F1GURE 8: Computed v, speed before and after filtering during last Moulin Mer mission
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3.2 Estimation procedures
3.2.1 Least Squares Estimator (LSE)

The goal of this method is to make a first estimate of the sea surface current based on the shift
between heading and speed vector direction during Hélios mission. Its simplicity has drawbacks :

this method is unefficient when dealt with very few points and or very few directions.
The speed over ground (SOG) is defined as :

SOG = /i +
The course over ground (COG) is defined as :
COG = atan2(y, )
The differential bearing ¢ is defined as :
p=0—-COG
Then, the radial speed (not caused by thruster propulsion) is :
Uraqa = SOG sin(¢)

With boat evolution model, the current to be identified is the only cause to radial speed :

T, O
Vrad = C Uy

Where ¢ = [c,, ¢,]T the current ug = [cosf,sin0]7 and u§ = [—sin 6, cos 0] its orthogonal vector.

The estimation algorithm is based on estimate the optimal ¢ that fit the most with linear model

Y = Ac¢ with stacked data : ONT
v _ |:U7"adi:| A= {(“ei) }

The Least Squares best estimate is obtained with the Moore pseudo-inverse :
¢=(ATA)ATY

To evaluate the performance of this estimator, the corresponding residuals 7 and covariance
matrix P can be defined as :
r=Ac—-Y

P

P=———(ATA)™
Nobs — Np
The calculated COG highly depends on the quality of speed computation. Indeed : if the cutoff
frequency is too high, radial speed will be blurred into noise.

11
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Ficure 9: COG verification and radial speed during last Hélios mission in Moulin Mer

Gathering the two last missions on Moulin Mer data (the first one was mainly for testing
purposes), here are the estimation results :
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FIGURE 10: Current estimation result for each zone between the two waypoints

Due to low heading dispersion, current seems to be highly overestimated (the reference was 0.1
m/s in north-east direction) :

12
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F1GURE 11: Heading dispersion for zone 2 and 10 during the 2 last Moulin Mer missions

The estimation covariance is high when the estimated current at lowest amplitude. Indeed, that
can come from low radial speed in this section.
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FIGURE 12: Estimation covariance for each zone

3.2.2 Kalman Estimator

Another method to estimate current is applying Kalman approach. Indeed, the first step is to
build augmented Hélios state with current to be estimated. Since the evolution model is non-linear,
Extended Kalman Filter (EKF) has been chosen for this section. However, due to connection loss
around extreme point, this estimator cannot be performed on an entire dataset but has better
tuning potential.

The augmented Hélios state is zpxr = [2,9,0,Cs, ¢y
sections. The augmented state evolution equation is :

|7, with same notations from previous

13
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T =wvgcosl +c, +
Y = vosint + ¢, + ¢

0=
éx:Cc
éyzgc

Where (; represents model noise evolution for each variable.
The measurement is limited to position and heading so y = Cxggpr where C' = [ngg ngﬂ
The evolution matrix Fj was obtained by direct Jacobian :

[0 0 —wgsin® 1 0
: vgcosf 0 1
Fp=1Ixs+ | 0 0 0fdt

Initialization step
For this method, the initial augmented state is the initial measured position, heading and a null
current.
Therefore, covariance associated with position and heading has to be a lot lower (higher confidence)
than the covariance associated with current.
Model and measurements confidence
@ and R are the Kalman tuning parameters that respectively manage our confidence on model and
measurements.
First, thinking about water dynamics makes our confidence in the current constant model high :
this will be the lowest tuned coeficient by far.
Then for positions : a feedback from members in LabSTICC was that GNSS station measurements
uncertainty was in the same order of magnitude as 10 cm. Kalman algorithm should apply a little
higher confidence in the position evolution model (that makes heading and current appear) rather
than in its position measurements.
Finally for the heading tunable parameters, the lack of control input in model is faced up with a
visible heading noise. So the heading confidence parameters should be tuned as relatively even.
Prediction step

Thrae = Frlpp
Pejg = FkPk|kF1;[ +Q

Correction step with incoming measurement 1

Ki1 = PepapClir (Cor1 PopapCroan + R) ™

Trg1fkr1 = Thpak + K1 (Wr1 — CTpyape)

Kalman method results
A first application of this method with a fragment of first dataset gives the following results :

14
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The resulting current estimation is also north /north-east oriented as the previous estimator.
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4 CONCLUSIONS

This current estimation is more north oriented than the previous one. The estimated current
has a higher order of magnitude, which is consistent with the observation of the differential between
Hélios COG and Hélios heading.

4 Conclusions

As a final result, several sea surface current estimators with discussions on parameters have been
created and tested on experimental data. Data filtering has also been presented. To consider fea-
sible perspectives for this particular purpose, simulators that could generate boat trajectories with
known currents could help to better evaluate estimator performances.

Furthermore, the experimental setup plays a major role in the quality of the estimations : if there
exists an important timing section before or after launching an autonomous mission, this could let
the boat derivate without any thruster propulsion and facilitate the estimation. Estimators with
interval approaches have also been considered [1] [5] but have not given significant results.

17
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5 Appendices
5.1 Thrusters T200 technical documentation

RPM at 10-20 V
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FIGURE 21: Rotation speed of T200 thrusters evolution with PWM input
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FI1GURE 22: Thrust developed evolution with PWN input
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5.2 Hélios launching procedure

Before mission :
e prepare mission with waypoints in the chosen following file (path or line following)
e change data save filenames in both gnss_v500_infos and following file,
e check the 3 motors, nuc, and remote controler batteries and its spare ones,
e connect the batteries, switch the motors batteries on, switch the magnetic for nuc,
e connect to munu-ubnt wifi
e establish an SSH connection helios_ros for more,

e copy paste mission files :
1- .py files :

scp <fichier_a_copier> s100@10.43.20.223:catkin_ws/src/s100/src/
2- launch file(s) :
scp <fichier_a_copier> s100@10.43.20.223:catkin_ws/src/s100/

During mission : prepare SSH terminal to :

e activate the GNSS station, send RTK corrections with the commands :

narval_supply_control.py —-e usbl
send-rtk-corrections

e start a roscore,
e start the mission with the corresponding roslaunch file,
e start recording with rosbag record -a
e use polotjuggler for real-time vizualisation
After mission :

e copy and paste mission files outside Helios NUC environment :
scp s1000@10.43.20.223:catkin_ws/src/sl100/1logs/<fichier_path>.txt
scp s1000@10.43.20.223:catkin_ws/src/sl100/1logs/<fichier_traj>.txt
scp s100010.43.20.223:<bag_file>

e cxport path and trajectory .txt files in GPX with ’create_gpx.py’ with adapted filenames

19
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5.3 Zone separator algorithm

result=result_zone_separator(dataTable, ortholim, nSplit, pointA, distBE, uZone)

nSizeTot=size(dataTable.x_proj,1);
result.zoneGroupedPoints=nan(nSizeTot,nSplit,1); result.zoneCountIndex=pnes(nSplit,1);

pt.zZone

zIn L

resul oneGroupedPoints(zIndex, pt.
result.zoneCountIndex(pt.zone)=zInde

FIGURE 23: Zone separator code using MATLAB struct
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1 1 1 L+ 1
1.608 1.6085 1.609 1.6095 1.61
x (m) x10°

6.8265

FIGURE 24: Projection check for zone separator
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5.4 Core LS estimator code

Spatial split for current estimation
Hypothesis : the current is constant in a certain spatial zone of the ocean

Here ane can define multiple zanes between A and B

Zane map split for current estimation by 20 'blobs’

nSplit=20,
pointB.xy=[poilntB.x;pointB.y];pointA. xy=[pointA.x;pointA.y]; distAB=norm(pointB.xy-pointA.xy);
uZone=(pointB.xy-pointA.xy)/distAB;

c_estim=zeros(nSplit, 2);

examplePoint.xy=[dataMorning.x_proj(1);dataMorning.y_proj(1)];
examplePoint.dProj=(examplePoint.xy-pointA.xy)"' *uZone;
examplePoint.uldrtho=(examplePoint.xy-pointA.xy)-examplePoint.dProj*uone;
examplePoint.dOrtho=norm{examplePoint.ulrthao);

FIGURE 25: Projection code

Least Squares estimation algorithm
Speed x, y by differentiation + filtering

Ts=0.85;Fs=1/Ts; dt=Ts;

filt.order=6; filt.cutoff_f=0.05;

[filt.b, filt.a] = butter(filt.order, filt.cutoff_f/(Fs/2));

vxdiff = diff(dataMorning.x_proj)/dt; vydiff = diff(dataMorning.y_proj)/dt; raw diffe tiatio

VXAiTT=[vxdiff;vxdift(end)]; vydiff=[vydiff;vydiff(end)]; % size adaptation

dataMorning.vdx=Filtfilt(filt.b, filt.a, vxdiff); dataMorning.wvdy=Tiltfilt(filt.b, filt.a, vydiff); zero phase Tilter to avoid delay

vxdiff = diff(dataANi.x_proj)/dt; vydiff = diff(dataANi.y proj)/dt;
vXdiff=[vxdiff;vxdiff(end)]; vydiff=[vydiff;vydiff(end)]; % size ada
dataANl. vdx=Filtfilt(filt.b, filt.a, vxdiff); dataANi.vdy=Filtfilt(filt.b, filt.a, vydiff); zero ph

vxdiff = diff(dataAN2.x_proj)/dt; vydiff = diff(dataAN2.y_proj)/dt;

vxdiff=[vxdiff;vxdiff(end)]; vydiff=[vydiff;vydiff(end)]; % size ada 1

dataAN2.vdx=Tiltfilt(fTilt.b, Tilt.a, vxdiffT); dataAN2.vdy=Tiltfilt(filt.b, filt.a,vydiff); Zero phase filter to
Test filter

figure;

plot(dataAN2.TimeGPS, vxdiff); hold on;
plot(dataAN2.TimeGPS, dataAN2. vdx);

legend( 'Raw diff', 'After selected filter')

xlabel( 'Time (s)'); ylabel('Speed v x (m.s"{-1}}")

Computation Speed Over Ground (SOG) and Course Over Ground (COG)
n S0G = Val+y?

» COG = atan2(y, 1)

dataMorning.S0G=sqrt((dataMorning.vdx) . 2+{dataMorning.vdy).”2});
dataAN1.S0G=sqrt((dataANl.vdx).A2+(dataANL.vdy). 2);
dataAN2.506=sqrt( (dataAN2.vdx).A2+(dataAN2.vdy) . 2);

FIGURE 26: Filter design and testing code
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5.5 Core Kalman estimator code

78 nState=5; X, ¥,psi,cx,cy

79 dataEKF=table(t_tar,x_tar,y_tar,psi_tar);

80 dataEKF.Properties.VariableNames={'TimeGPS", "x', 'y', 'heading'};
Initialisation

81 PEB_pos=1; POO_psi=10*pi/180; POO_c=100,

82 PEB=diag([POO_pos,PRO_pos,PRE_psi,POO_c,PEB_c]),; Pkk=PRE;

83

84 cxB=0;cyd=0;

85 x@0=[dataEKF.x(1);dataEKF.y(1);dataEKF.heading(1),;cx0;cyl];

86 C=eye(3,n5tate);

a7 vB=1.34;

88

89 % For formatting storage (this will be overwritten) to keep initial state estimation apart

j2L0] result.x_hat(1, :)=x@8"';

91 result.diagPkk(1, : )=diag(PoR);

92 wkk=x80,;

93

94 % For struct lisibility

95 EKFParams.PRE=PO0; EKFParams.x@0=x@80,;

Covariance () <-> Confidence in model

= positions : 10cm,
= heading : 10 deg (has to be == than the one comesponding to heading measurement)
= current : order of magnitude == 0.2 m/s (feedback from hydro team)

96 EKFParams.Q=diag([6.1,0.1,10*pi/180,0.1¢-3,0.1e-3]);

Covariance R =-> Confidence in measuremenis

= positions : 10cm GNSS station+corrections RTK (feedback from Fabrice, Pierre),
= heading : 1 deg default, to be tuned

97 EKFParams.R=diag([100e-2,100e-2,10*pi/160]);

(Recurrence)

Prediction

psik=xkk(3); vk=xkk(4);
Fk=eye(nState,nState), Fk({1:2,4:5)=eye(2)*dt;
Flk(1:2,3)=[-v@*sin(psik);v@*cos(psik)]*dt;
xdot=evolution_constant_speed(xkk);

xkl=xkk + xdot*dt;

Pk1=Fk*Pkk*Fk' + EKFParams.Q;
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Correction
Kalman gain

K=Pk1*C'/(C*Pki*C' + EKFParams.R);
Import measurement

ykl=[dataEKF.x(k+1);dataEKF.y(k+1);dataEKF.heading(k+1)];

Apply correction with Kalman gain
Kkk=xk1l + K*(ykl-xk1({1:3));
Pkk=(eye(nState) - K*C)*Pk1;
Storage
result.x_hat(k+1, : )=xkk';
result.diagPkk(k+1, :)=diag(Pkk)";

result.K(k+1, :, 1 )=K;
end

5.6 Core Arduino code giving PWM input for thrusters

Serial.println(left
L.printin({right

intln{"fin
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