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Synopsis
Autonomous sailing is seen as one of the possible solutions to cope with tleaskedn qualified personnel, to
minimise the risk to humans and ships in challenging conditions, and to dectiea environmental impact of
the transport sector. Autonomous sailing is not limited to moving the veaga/ghrough the seas, but it also
includes docking the vessel. A feeder vessel that distributes cargdsperelative large percentage of its time
on (un)docking, compared to a seafaring cargo vessel. Automatingahisf the operation might further save
on resources.

The objective of this work is to automatically approach a dock for an wutigated vessel. It comprises
the design of a time-dependent trajectory, as well as a controller thatazdnthis trajectory. The solution is
tailored for our 71m long feeder vessel designed for the EU-H2028e8lproject. The focus is on approaching
the dock from cruising speed until the speed of the vessel is near-Ekeoresult of the study is a high-fidelity
time simulation that shows the behaviour of the vessel in combination with titeoteystem when it approaches
a dock. From these simulations it can be concluded that the ship careappte dock with only azimuthing
thrusters to a speed when the bow thrusters become effective. Théutlyeactuated vessel might be safely
docked with a dynamical positioning system.
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1 Introduction

Autonomous sailing is seen as one of the possible solutmospe with the decrease in qualified personnel,
to minimise the risk to humans and ships in challenging domth, and to decrease the environmental impact of
the transport sector. Autonomous sailing is not limited wvimg the vessel safely through the seas, but it also
includes docking the vessel. Feeders vessels collectialgippntainers from different ports and transport them to
central container terminals where they are loaded to biggssels, or vice versa. Such vessels spend a relative
large percentage of its time on (un)docking compared to taseg cargo vessel: the distance travelled between
the deep water port and smaller ports is smaller than betitveedeep water ports. Automating this part of the
operation, therefore, can save on resources.

The objective of this work is to automatically approach aldothe focus is on approaching the dock from
cruising speed until the speed of the vessel is near-zerthendlynamical positioning system can take over. This
is deemed the most critical part of the docking manoeuvréasship has to decelerate and steer without bow
thrusters and hence is underactuated, i. e. has less asttizo degrees of freedom. The design comprises the
design of a time-dependent trajectory, as well as a coatrtiiat can track this trajectory. The solution is tailored
for our 71m long feeder vessel designed for the EU-H2020 Mlpsaject. The vessel has two azimuthing thrusters
and a bow thruster. The ship used in this study is shown inrEigu

In section 2 a time dependent trajectory to the dock is tcealde optimal path to approach a dock can be
determined as an Optimal Control Problem (Okazaki and Q2808; Mizuno et al., 2015). However, solving
anocpis computationally demanding and might be difficult in réade applications. This problem can be cir-
cumvented by solving the optimal trajectory beforehandnfiany initial situations, and use machine learning to
interpolate between them (Okazaki and Ohtsu, 2008; AhmddHasegawa, 2015), or use @8er curve to de-
scribe the path (Sawada et al., 2021). In De Kruif (2022) & haen shown that&ier curves can be used to
generate smooth trajectories and the corresponding timeatlees. The acceleration and rate-of-turn values are
limited when the trajectory is not too challenging, but miostchecked afterwards. The results will be treated
concisely for the convenience of the reader.

A control model is needed for our control design. A simulatinodel based on manoeuvring coefficients
is available in a simulation environment (Yasukawa and Yasina, 2015). The manoeuvring coefficients were
determined bycFD calculations. This simulation model is too complex to baseraroller on, so a control model
is deduced from it. Since we want to follow a track in the plame are not so much interested in the heading as
we are in the course. Hence the model considered is a Nomadelmdth side slip (Sonnenburg and Woolsey,
2012). The surge-velocity dependent model is treated itiose8.

An underactuated controller is designed in section 4 basé¢kis control model. The generated trajectory from
section 2 provides ar( y)-position and an orientation, but at cruising speeds the thousters of the ship are not
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Figure 1: Feeder vessel used in this study
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Figure 2: Generated &ier trajectory. The left-hand plot shows the path, wHile tight-hand plots show the
velocities and accelerations. In these, the blue linesadated to the surge-velocity, and the orange line are klate
to the rate-of-turn.

available, and we can only control two of the three degredseefiom. The position can be directly controlled, as
shown in (Berge et al., 1998; Lefeber et al., 2003), in whighhieading is free. Alternatively, the required position
is translated to a speed and course which are then cont(@tedrik, 2010). The latter of these options is chosen,
as this gives more control on the actual heading during tipeogigching phase. When the switch to a dynamic
positioning controller occurs at low speeds, then the mgpshould only get by corrected a limited amount. The
designed controller is tested on the detailed simulatiatf@m to evaluate its performance in section 5. The
results are elaborated upon in the same section. Conctuarerdrawn in section 6.

2 Trajectory generation

Before the approach to the dock is started, the vessel isresbkto be sailing from waypoint to waypoint. When
the ship is at a distance of around 13 ship lengths, whichigbtsf above 900 meters for our feeder vessel, the
approaching phase is initiated (De Kruif, 2022). At thisipon, a fifth order Bezier curve is constructed that starts
at the switching position, and ends at the required postlose to the dock. The heading and rate of turn at the
initial position are set to the current heading and to zespeetively. The heading at the final position is set to
20 degrees with respect to the dock. This is done to avoid silgecollision with the dock due to waves, and to
minimise the suction between the ship and the dock. The fatelof-turn is set at zero degrees per second.

The resulting Bzier curve is a path in space only, and is dependent on hipaaameted < s < 1. A relation
between the path variable and time makes the path a timaidepetrajectory. If we relate the path variable to
time ass = t/T(2 — t/T'), in which¢ denotes timeT the duration to traverse the path, then the duration of the
approaching phase is fully determined by the initial velpaind by the path parameters. Furthermore, the final
velocity is guaranteed to be zero. Refer for more infornmettiothe above cited reference. With the path parameters
and the dependency of the path variable on the time, thectomjeand its time derivatives are fully determined.
An example trajectory is shown in Figure 2.



Table 1: Values identified for the three parts of the controtiel. The right most two column indicate the poles
and zeros for the linearised transfer function.

model || parameter value || pole/zero value

rate of a | —84710° - u Pr—0 927103 - u
turn B 4.8410° /u
K/T 1.09 1078

course a | 9.7841073 - u p| —9.78107% - u

—0.512 21 | —7.621073 - u

c —10.1/u 29 3191072 - u
speed || m — X, 3.310°
Xuu -1506

3 Ship motion model

A detailed numeric model based on manoeuvring coefficisrdsailable in our simulation environment (MARIN,
2022). This simulation model is the basis of the a control @hodn alteration that has been made to the detailed
numeric model, is to replace the azimuthing thrusters withree actuator. To mimic the underactuated behaviour
during the approaching phase, the force actuator is lodrm®deen the azimuthing thrusters and can only generate
a force in lateral and longitudinal direction. An allocatialgorithm that converts this force to settings for the
azimuthing thruster is not yet present and will be includefiiture work. The bow thruster is not available during
the approaching phase, and is therefore not included in tuem

The identification of the course of the ship due to the forse®ie in two steps. First a rate-of-turn is identified
as a result of lateral forces, and then the course is idehtifiea result of the rate-of-turn. The speed and course
model are assumed uncoupled.

3.1 Rate-of-turn model
The ship used in this study is course unstable. This behacau be described by a first order Nomoto model
(Nomoto, 1972):

. K K
r:—?(a—i—ﬁrz)r—i—?Fy, (1)

where the rudder angle has been replaced by the lateral fgrc this equation denotes the rate-of-turn, and
a < 0,8 >0,K/T > 0 are parameters to be determined. The values, 6fcan be found by fitting them on a
Bech'’s reverse spiral, while the value &f/T is found by the step response around Eye= 0 N equilibrium.

The results of the identification simulations are shown guFé 3. Figure 3(a) shows the relation between the
rate-of-turn and the lateral force. The hysteresis loohefdourse unstable ship is clearly visible. Running the
simulation for different fixed surge velocities results iset of curves. The top of Figure 3(b) shows the fit of the
Bech'’s reverse spiral with the parametetss for » = 2.5 m/s. The grey line is from the simulation, the orange
line is the fit. The values af, 3, and other values, are presented in Table 1. Bo#imd3 are speed dependent.

The bottom part of Figure 3(b) shows the response to stepgelsaon the lateral force at the equilibrium
F, = 0 N with a solid grey line. The dashed line shows the 63% changa the minimum to the maximim
amplitude from which the time constant of the first order egsis deduced. When this time constant is used to
estimate the responsetat 1500 seconds, then the orange line is found. For velocities bé&low's a first order
model does not adequately describe the response.

The linearised transfer function for= 0 rad/s is found as:

FL — Ki/T )
y Ss+aK/T
The pole corresponding to the linearised system is giveméntable and shows the unstable behaviour of the
system at this operating point. The location of the pole gearto the other side of the imaginary axis if we
linearise around a higher rate-of-turn.

3.2 Course model
The relation between the course and the rate-of-turn ischas¢he work of (Sonnenburg and Woolsey, 2012):
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Figure 3: Identification of the rate-of-turn model from aalktd numerical model.
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Figure 4: The course with fixed surge speeg 0.5 m/s and a step on the reference rate-of-turn.

in which x denotes the course, the heading and = y — « the slip angle. In the cited reference the parameter
¢ = 0. However, if we apply a lateral force, the vessel will movehe side first, and only when it has rotated,
then the surge speed will change the course to the othetidine@t lower speeds, this effect is significant. This
non-minimum phase behaviour is caught whe# 0.

The values of the parameters were identified in a closed looplation in which the rate-of-turn was con-
trolled. A series of steps was given as reference to theofatern, and by means of a least squares fit the relation
between the slip angle and rate-of-turn in (3) was calcdlaf&e values are again shown in Table 1. Figure 4 shows
the course when the rate-of-turn reference value is chaaiged 100 sec. The non-minimum phase behaviour of
the course due to the lateral force is clearly present atdhiselocity. The simulation and the approximation are
nearly on top of each other for this velocity. The transferchion of (3) is calculated as:

es?+(1+bs+a (1,8+1) (1,8 +1)

X _
ro s(s+a) B s(mps +1) @

in which we have used the knowledge that the transfer frordingdo course is equal to one when sailing straight,
i.e. whens = 0, to come to the right-hand side expression. The locatiotiseopoles and zeros are the inverses of
the time constants and are found through straightforward algebra. Their \&hre given in Table 1. The second
zero is in the right-hand plane and it approaches the imagands for low speed. This zero limits the bandwidth
of a course controller.

3.3 Speed model
The manoeuvring model for the surge speed, with the hydmaymcross coupling removed, is given as:

(m—Xu)u:mvr+Xu|u‘u|u| +Fac7 (5)
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Figure 5: Control setup for the course. The course setpqipt, results from thecs algorithm. The speed
controller is independent of the course controller.Thedshotes a differentiation in the Laplace domain. The
other blocks are treated in the text.

[ Cy i

Cx,fb

wherem gives the rigid body massy, the added mass, v, r are the velocities in surge, sway and yaw direction,
andF, the applied longitudinal force. The parameter values arergin Table 1.

4 Control

The vessel should track the time-dependent earth-fixedctiajy described in section 2. Before a controller is
designed, these positions are transformed to a speed andsediy a Constant Bearingg) algorithm (Breivik,
2010).

4.1 Constant bearing algorithm
The velocity vector that the vessel should track is givercbyas:

V4 = v = 0y With = = p, (6)
In this equationy, is the desired velocity vector, and is composed of the targleicity vector provided by the
trajectory,v,, and a velocity that brings the true vessel in the directifocuorent position of the trajectory,. The
position is denoted by. The speed and course of the vessel can then be obtained as:

U = ||vdll2, X = arctan (v4,y/Vd,z)- @)

The value ofy results from the distance between the target position amddtual vessel position:

- PP
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The parametelt/,,,.x is the maximum speed by which actual vessel is moving towseddrget point, andh the
distance at which it is halvedU ., should be smaller than the minimal target velocity, otheeathe desired
velocity can change sign, which results in large changesdrcourse. The value & is increased until a smooth
operation is obtained.

8

4.2 Cascaded course control

The controller to keep course is designed as a cascade bentrdhis approach is used as the non-linearities
and the unstable pole of the inner loop can be addressed Tirst. resulting inner loop then becomes stable,
which allows for a simple design for the outer loop. A singlep compensator with an unstable zero and pole
would otherwise lead to a high sensitivity peak (SkogestatiRostlethwaite, 2007). An overview of the cascade
controller with the system model described in section 3 @whin Figure 5. The elements of the figure will be
treated next.

4.2.1 Rate-of-turn controller

The rate-of-turn controller is built from a feedback colienand a feed forward controller. The feed forward
controller calculates the lateral force based on the settgor the rate-of-turn, while the feedback controller
should compensate for deviations. The feed forward siggrabe calculated directly from (1):

T
Cr,ff = QTsp + BTSP + = (9)
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In this, and following equations, the subscript ‘sp’ ind&sthe set point value. The feedback controller is based
on (2). When the loop is closed with. s, = K4, we obtain the transfer function:

r KqK/T
— = ) 10
F, s+ K/T(a+ Kq) (10)

A feedback gainky > —a will stabilise this system, as also found in (Neuffer and @e1992). With this
stabilised inner loop, the outer loop is designed.

4.2.2 Course controller
The linear transfer function from the required rate-ofatto the course is a series connection of (4) and (10):

X (12,8 + 1) (72,8 + 1) K4K/T (11)
Tsp s(Tps + 1) s+ K/T(a+ Kg)

If we design our feedback controller to cancel the pole,aind the stable zerg,, and use a gain ok, to close
the loop:

fob:K Tps+1

—_ 12
Pr s+1 (12)

then we get the characteristic equation:
f(s) =8 +s(K/T(a+ Kq) + T2, Kb KaK/T) + Ky KoK /T (13)

The poles are selected such that the system mimics a secdeidsyistem with natural frequency, and relative
damping(, if the gains are selected as:

Kqa = wn(T/K)(2¢ — T2pwn) — (14)
K, = (T/K)(w;/Ka). (15)
The value ofK; should be larger thar « to stabilise the inner loop. We selegt = —1/7.,, and in general we

set > 0.8. Since we relate the bandwidth to the location of right h&dhp zero, we decrease the bandwidth for
lower velocities. This is needed, as this zero poses a fuadtahbound on the bandwidth.
The feed forward controller is the stable part of the invefdhe transfer between from the required rate to the
course: ( 0
S(mps +
Cog=—P" 7/ 16
XA T,s+1 (16)
Note that this transfer function is not proper, but as we fzgess to the analytic time derivatives of the reference
signal, it can be implemented.

4.3 Speed controller

The linearised system of (5) is an open integrator. A singkdback gain is used as feedback controller.
Integral action could be used, but this would be advantagémconstant speeds, which will not occur during the
approaching phase. The forces due to the required acéeteeaitd damping are fed forward.

5 Results

A simulation is performed with in-house developed comnadlgiavailable simulation software (MARIN, 2022).
The manoeuvring coefficients are obtained frorD calculations in which the free surface effects were ignored
due to the low speed. As we are testing the ability to followoatimuous track, no external disturbances are
included. The force calculated by the controller is dingeibplied at the mean position of the azimuthing pods.

The identified parameters were used in the feed forward altertr The bandwidth of the course feedback
controller is scaled with the surge velocity, although ité&ped at a maximum of,, = 0.2 rad/s. In order to
avoid overshoot, a relative damping ©f= 1 is used. The maximum velocity with which the vessel appreach
the target vessel is used to select the value for the parafigte = 0.5 m/s. As argued before, this value should
be lower than the expected speed of the target vessel. Adpbisd, the bow thrusters would be effective, and the
controller would become fully actuated. The valde= 15 is found by increasing its value until we got a smooth
motion to the target position. The static feedback gaintiergpeed controller is set 6 = 10°, which results in
a closed loop bandwidth of = 0.03 rad/s.

Some results of the simulation are shown in Figure 6. The seajextory as shown in Figure 2 is used. This
trajectory is shown with the dotted grey line. Figure 6(a)ws the vessel path as well as the reference path. The
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Figure 6: Simulation showing the approach to the dock of titevactuated feeder vessel. The dotted lines indicate
the original Bezier trajectory, the dashed lines the output ofdBealgorithm and the solid lines are the simulated

responses.

maximum track error, emphasised at the zoom-inset, is appately 10 m. In this part of the trajectory there is a
large curvature with a surge speed above 1.25 m/s. As we atting the course, and not the heading, the vessel
has a sway velocity here, and hence is drifting. This patiettajectory should take place on a safe distance from
the dock. In the inset the black lines indicate the targetcies that stem from thes algorithm. It shows that
the required velocity direction is not only targeted to miise the current cross track error, but also incorporated
the actual trajectory velocity. This is the reason witgyis used instead of a more path based approach such as a
Line of Sight approach.

At the end of the simulation run one can observe that the eosrso longer tracked. The velocity at this
position is near zeroy < 0.5 m/s. At this velocity the manoeuvrability of the craft is ydow, and as the
trajectory velocity is lower than the maximum approach e#jo the sign coming from thes algorithm can
quickly change. This is not deemed a problem, as the bowttémwill be available at velocities around 1 m/s
and the ship can be controlled as a fully actuated ship. Ewgthie vessel stays close to the end point of the run in
Figure 6(a).

The course is depicted in Figure 6(b), while the rate of tarshown in Figure 6(d). The dotted line in (d)
gives thecourse-rate calculated by the Bzier trajectory, while the dashed and solid line showytve-rate. Their
relation is provided by (3). This again shows that the veissdrifting in this region. At the end of the run the
tracking error becomes large. While the rate-of-turn goes positive value, the course is initially going down.
This is the non-minimum phase behaviour. Although not shimwthe graph, the course increases slightly later. In
combination with the constant value for,,. in the CcB, the underactuated controller is not able to track the eurs
at these very low velocities.

Figure 6(c) shows the tracking of the speed. The maximunr &umd is approximately 0.2 m/s. The control is
done for the fast majority by the feed forward controlleiguite 6(e) shows the requested forces. Arotird250
seconds the longitudinal and lateral forces change dinrectihis indicate that the azimuthing thrusters need to
rotate to the other direction. This is a point of attentiontfee allocation algorithm.

Although a dynamical model has been identified and used asftaevard controller, there still are errors
between the reference and the response. This indicatethéhfited forward is not flawless. The identification for
the course behaviour is done at constant fixed velocity,enthils is not true for the simulation. Furthermore, at
lower speeds, the low order model fits the data worse. Whichesfd, or another effect, is dominant has to be

further investigated.



6 Conclusions

In this study a controller is designed and tested for an waudeated course unstable feeder vessel. In order
to do this, an available high fidelity model is simplified subht it could be used for control design. A smooth
trajectory that brings the vessel from the current posiéind orientation close to the dock could be tracked. As the
controller is designed as a cascade controller, interrteedignals have a clear interpretation which should help
when the docking is tested on a scaled ship in our basins.

In the next steps of the research, it is recommended to incaip disturbances to the ship such as wind and
wave effects, and to include the allocation from force toraghing angles andpms. With those included, a better
indication of the limitations of the approach can be achievieurthermore, the current underactuated controller
works well to approximately 0.5 m/s. To actually dock, thépshas to arrive at lower speeds. The control
architecture needs to be extended such that the bow thisistged at these low velocities to keep the vessel under
tight control.

Acknowledgement

MOSES project has received funding from the European Usibttrizon 2020 research & innovation pro-
gramme under grant agreement No. 861678. Content reflebtstton authors’ view and the Agency is not
responsible for any use that may be made of the informatioontains.

References

Ahmed, Y., Hasegawa, K., 2015. Consistently Trained AréfitNeural Network for Automatic Ship Berthing
Control. TransNav, the International Journal on Marine ijyatton and Safety of Sea Transportation 9, 417—
426.

Berge, S.P., Ohtsu, K., Fossen, T.l., 1998. Nonlinear @bofrShips Minimizing the Position Tracking Errors.
IFAC Proceedings Volumes 31, 129-134.

Breivik, M., 2010. Topics in Guided Motion Control of Maringhicles. Ph.D. thesis. Norwegian University of
Science and Technology.

De Kruif, B.J., 2022. Applied path planning for feeder véstmcking, in: 14th IFAC Conference on Control
Applications in Marine Systems, Robotics and Vehicles,GFKongens Lyngby, Danmark.

Lefeber, E., Pettersen, K., Nijmeijer, H., 2003. Trackiogirol of an underactuated ship. IEEE Transactions on
Control Systems Technology 11, 52—61.

MARIN, 2022. aNySIM XMF. URL:https://ww. marin.nl/en/facilities-and-tools/
sof t war e/ anysi m

Mizuno, N., Uchida, Y., Okazaki, T., 2015. Quasi Real-Timgti®al Control Scheme for Automatic Berthing.
IFAC-PapersOnLine 48, 305-312.

Neuffer, D., Owens, D.H., 1992. Global stabilization of taide ship dynamics using PD control. Proceedings of
the IEEE Conference on Decision and Control , 519-520.

Nomoto, K., 1972. Paper 1. Problems and Requirements otiwreal Stability and Control of Surface Ships.
Journal of Mechanical Engineering Science 14, 1-5.

Okazaki, T., Ohtsu, K., 2008. A study on ship berthing suppgstem - Minimum time berthing control -, in:
2008 IEEE International Conference on Systems, Man and@gkies, IEEE. pp. 1522-1527.

Sawada, R., Hirata, K., Kitagawa, Y., Saito, E., Ueno, MniZawa, K., Fukuto, J., 2021. Path following algorithm
application to automatic berthing control. Journal of MarScience and Technology 26, 541-554.

Skogestad, S., Postlethwaite, 1., 2007. Multivariablelbsek control: analysis and design. volume 2. Wiley New
York.

Sonnenburg, C., Woolsey, C.A., 2012. An experimental caiapa of two USV trajectory tracking control laws,
in: 2012 Oceans, IEEE. pp. 1-10.

Yasukawa, H., Yoshimura, Y., 2015. Introduction of MMG stard method for ship maneuvering predictions.
Journal of Marine Science and Technology 20, 37-52.



