Autonomous docking and
navigation using Voronoi diagrams
and model predictive control

Autonomous shipping is an emerging field where it will be
important to operate a ship without manual intervention.
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Although there are many issues yet to be solved,
not the least the legal ones, it is interesting to
investigate functions that already now would be
possible to use in today’s ship operation. One
such field is autonomous navigation in narrow
areas. This paper presents a study where a ship

is docked autonomously while using informa-

tion only from the final docking position and the
harbor geometry. The Guidance, Navigation and
Control system (GNC) outlined here is based on a
combination of Voronoi diagrams for the waypoint
generation and an integrating model predictive
controller (MPC) for the path following between
waypoints. Simulations demonstrate how the
proposed procedure is able to autonomously dock
a cruise ship in the South Harbor of Helsinki.

Introduction

The shipping business is subject to major chang-
es in the future. Safety, costs, energy efficiency,
and environmental footprint are some of the
factors that drive the change. There is also a ten-
dency to decrease the crew size on board due to
cost and this type of labor is predicted to be less
attractive in the future. With less people and an
increased demand for safety and efficiency there
is a demand in many situations to use autono-
mous functions for consistent and predictable
behavior. One such situation is when the ship is
approaching a harbor where it is going to dock.

A Guidance, Navigation and Control system
(GNC) for autonomous or for automated oper-
ation could be used for this. Such systems are
commonly applied for motion control of vehicles,
spacecraft, aircraft, auto-mobiles and underwa-
ter vehicles, see [1], [2], [3], and [4]. Examples of
such systems could be found already in the 1920s
when the heading of a US navy battleship was
automatically steered [5].

The guidance system aims to provide a path or tra-
jectory which fulfills some specific requirements,
such as minimum time or fuel optimization. There
are various strategies for the guidance system,
and the most common strategies are target track-
ing, trajectory tracking and path following [1].

Some traditional approaches for path planning
are cell decomposition [6], the roadmap method
[7], and potential fields [8]. Voronoi diagram is
studied by Bhattacharya et al. [7] for finding a
path for vessel navigation along the South
American coastline, and the diagram is generated
by a set of points which are the edges of obsta-
cles. The advantage of the Voronoi diagram meth-
od is that the maximum clearance path can be
generated. However, the path is not necessarily
the shortest. The potential field method presents
potential from obstacles, and high potential will
be provided when a vehicle is close to an obstacle.



Once the path is defined in a list of waypoints it is
the task of the control system to maneuver the ship
along the desired path and finally reach the desired
position. There are several approaches for this.
Model Predictive Control (MPC) is one approach
which has been proposed in [9]. Other methods,
such as back-stepping, has also been introduced
to control an autonomous ship, see [10] and [11].

A switching control strategy was proposed in

[12] where switches between a linear feedfor-
ward-feedback strategy and an MPC can bring
the vehicle into a desired parking spot. Instead of
using waypoint tracking, a path following method
was investigated in [13] in order to park a car.
However, because the path was predefined, only
one case, reverse parking, was studied.

Waypoint tracking is another method for naviga-
tion which is popular for autonomous vehicle, see
[14], [15] and [16].

Few studies are reported for docking of ships
using MPC. Docking procedures for other crafts
such as spacecrafts can be found in [17]. However,
path following during docking of marine vessels
have been reported in [18] and [19].

A method for autonomous operation of a ma-
rine vessel is proposed here. In particular, itis a
procedure for the automatic docking of a vessel
in a harbor where only the final docking position
(including the heading) and the geometry of the
harbor are known. The method combines the use
of Voronoi diagrams for generating a desired
path from a set of waypoints and the use of MPC
with integral action for following the desired
path. The integral action is needed to handle
slowly varying disturbances as wind and current.
The proposed method for autonomous docking
isillustrated by a simulation in the South Harbor
of Helsinki where a simulated ship is navigated
through a narrow passage and docked. Further
details in this study can be found in [20].

Ship modeling
Ship modeling is extensively described in [1] and
details of the modeling are referred to this book.

For the control purposes in this paper it is suf-
ficient with a three degree of freedom (3-DOF)

model that describes the motions in surge,

sway and yaw. The generalized velocity in the
body-fixed coordinate system is definedasv =

[u v r]" and the generalized position in an Earth-
fixed coordinate is definedasn=[X Y ¢]”.The
generalized position and velocity is related by the
kinematic model

n=R()v )

where the rotation matrix is given by

cos(yp) —sin(yp) 0
R(¢) = |sin(y)  cos(y) 0
0 0 1 (@

The ship is assumed to be a rigid body and the
kinetics model describing the motion induced by
forces is given by

Mgy + Crp(v)v = Trp (3)

where Mgp is the rigid-body inertia matrix, Crs(v)v
v represents centripetal and Coriolis force and
Tre represents the generalized force acting on
the rigid body. For 3-DOF motion, this forces is
assumed to be given by

TRB = Thyd + Tenv + T 4)

where the terms in the right hand side are the
generalized forces induced by hydrodynamics,
environmental disturbances, and the actua-
tors, respectively.

The hydrodynamics forces are assumed to be
given by

Thya = =M — Ca(v)v — D(v)v (5)

where M, is the added mass/inertia matrix,
Ca(v)v represents centripetal and Coriolis force
due to added mass/inertia and the term D(v)v
represents hydrodynamic damping.

The ship under consideration is propelled with

a combination of Azipods, [21], [22], and tunnel
thrusters which gives good maneuverability. The
dynamics of the thrusters can be taken into con-
sideration to get better performance. A complete
model of the thrusters was deemed too compli-
cated and a simplified model was chosen in this



Figure 1: Structure

of the simulated
guidance, navigation
and control system

work. A suitable model was proposed in [1] and is
given by the saturated first order dynamics

I’mr‘i— +7= SAT(7-|OW) Te, Thigh) (6)

where Ty, = diag(Tiurge, Toway Tyaw), Tiow @Nd gy are up-
per and lower bounds in the different directions,
respectively, and 7. is the command from the
control algorithm. The saturation function SAT(:)
is acting on each element of the vector individual-
ly and each row is given by

I, ifz<l
sat(l,z,h) =¢ =z, ifl<z<h .
h, ifz>h (7

Inserting (4) and (5) into (3) and combining it with
(2) and (6) give the complete model

n=R(Y)v (8a)
M+ CW)v+ DW)v =T + Teny (8b)
T;hr‘i- +7= SAT(ﬂOW? Tey Thigh) (8C)

where M = Mgg + M, and C = Crg(v) + Ca(v). Alinear
MPC was considered sufficient to solve the control
problem. To provide a linear model of the vessel,

(8) is linearized about the current position, zero
velocity and zero force. This results in the linear
state-space model

o 0 I 0 [mp 0
v|=[0 —M'D M™7?||v|+]| 0 |TetTeny
T 0 0 T |T ! 9)

where 5, = [X,,Y,,%,]7 is the position vector in the
linearized model.

Ship control system

The overall system for guidance, navigation, and
control of the ship consist of three main compo-
nents. There is a guidance system for waypoint
generation and a control system for trajectory
following between waypoints. There is also a
navigation system that provides wave filtered
observations of the ship positions and velocities
transformed to the appropriate coordinate sys-
tem. The structure is shown in Figure 1.

Guidance System

Control System

Earth to Body
Frame

State Generator

Voronoi diagrams are used for waypoint gen-
eration in the guidance system and the control
system for waypoint following is based on Model
Predictive Control (MPC).

Guidance System

The potential complexity of the auto-docking
problem for a general harbor geometry is a
difficult problem to solve for an MPC if only the
starting position and the desired final position
were supplied. To simplify the task for the MPC
and make it more robust to complex geometries,
the guidance system will instead generate a list
of waypoints which the ship could follow to safely
reach its docking position.

One of the main concerns with autonomous oper-
ation is how to avoid obstacles. These obstacles
can, for instance, be islands and other vessels.

Obstacles are typically classified as static or
dynamic obstacles [23]. Static obstacles can be
predicted before the path is planned, while dy-
namic obstacles will appear during the motion. It
is assumed to have knowledge of the environment
and thus treat the obstacles and other ships as
static obstacles.

Here, obstacles will be treated as boundaries,
both for the Voronoi diagram generation and later
as constraints in the MPC. In most cases, bound-
aries are not symmetrical and the narrowness of
the path is changing. To present the obstacles
with one strategy, the path is divided into several
parts where each segment has their own set of
geometrical constraints.

The path and segments are constructed using a
Voronoi diagram which is constructed from a set
of predefined points (Piz,piy) in a plane. The pre-
defined points are given by the geometry of the
harbor. First, a set of cells are defined. Every point
in a certain cell is closer to the predefined point

in this cell than to any other predefined point, i.e.
a point (¢z,9y) lies in the ith cell if and only if this
point satisfies

(Piz — 42)° + (Piy — 0y)° < (Pjz — @2)* + (Pgy — 0)°

for all other predefined points j. These cells form
the Voronoi diagram which is defined by edges and



Figure 2: Voronoi
diagram for the Harbor
of Helsinki with tight grid

Figure 3: Voronoi
diagram based on few
predefined points

vertices. Since each cell presents the closest area
to the predefined point, the points on edges are as
far away from the predefined points as possible.

The number of predefined points under consid-
eration will affect the number of vertices. A large
number of predefined points will give a large
number of vertices. This can be seen in Figure

2 which shows a Voronoi diagram with a rather
tight grid for the Helsinki Harbor. The effect of
what happens when the number of predefined
points is decreased is seen in Figure 3, where only
a subset of the predefined points are used. These
predefined points are the corners of the harbor
(marked as z; to zs in Figure 3) and were regard-
ed as the most interesting with respect to the
narrow passage and the final docking position.
From these, the vertices (marked as v; to v;) were
obtained. Note that one vertex is not marked in
Figure 3 because it is located far outside the map.
Waypoints for navigation will then be defined

on a set of edges in the diagram to the desired
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docking position, which is located between the
predefined points X20 and x21.

The chosen subset of vertices are then used to
define waypoints that has a maximum distance
to the bounds [24]. The waypoints are chosen as
the middle points of two vertices in the Voronoi
diagram, i.e. a waypoint is given by
P = (v; +vi41)/2 (10)
where it is the middle point for vertices i and i+1.
The final docking destination is added as the last
waypoint (wp4).

It is was chosen to use a Voronoi diagram with
rather few points to get a limited number of way-
points. If there were many waypoints due to many
predefined points, then it might be necessary to
perform some kind of smoothing when the list of
waypoints are used to generate the future refer-
ence for the MPC.

For each waypoint in the list, a desired yaw angle
is also provided to allow the ship to navigate
through narrow passages on its way to the final
docking position. The yaw angle at a certain way-
point is determined from the average angle of the
path between the preceding and the succeeding
waypoint. The yaw angle for the docking position
is given by the angle of the shore.

The guidance system keeps track of the current
waypoint and once the ship approaches it, the
GNC will start to shift the MPC’s reference to-
wards the next waypoint. The switch occurs when
the following criteria are satisfied:

VX = Xa)2+ (Y —Ya)? < eu

[Y — s < &y )

where X, v and ¥ are surge sway and yaw in earth
frame, X,, Y; and ¥4 are desired surge, sway and
yaw. Further, ¢;; and ¢,; are the allowed deviation
for ith desired position. The procedure is outlined
in Figure 4.

To give a smooth change in the reference to the
MPC in the transition from one way point to the
next, a timebased linear interpolation is used.
This gives a gradually increasing position error
which avoid pulses in the desired control actions.



Figure 4: Guidance
system function

Figure 5: Waypoints for
the automatic docking

Figure 6: Positions and
headings during the
automatic docking
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When (11) is satisfied, the new reference to the
MPC is given by interpolating between the current
and the next waypoint, i.e.

@ Lwp(i+1)
i | + (L= a®) | Ywpii+1)

Yrap(i+1)

where r,, r, and ry, are the position and heading
references for the MPC, zyp(.), yuwp() aNd thyp(y are the
waypoint positions and heading. The weighing
factor is given by

Oz(t) { 1 if t > t, +to
=19 t—to
TO ift <=ty +1to (13)

where t0 is the time that (11) is satisfied and tb is
the interpolation interval chosen by the user.

Note that the reference generation has intention-
ally been kept simple to focus on the concept of
finding waypoint by using Voroni diagrams. This
concept could be extended with an improved
reference generation to get a smoother response
from the system.

Control using MPC

The ship control system takes the vessel to the
reference that is provided by the guidance sys-
tem. MPC was chosen to explicitly handle con-
straints. Constraints are here mainly coming from
limitations given by the harbor geometry and

by obstacles. There are also limits given by the
thrusters. All variables in the MPC are expressed
in the linearized coordinate system.

It is assumed that the navigation system has the
ability to filter out the influence of waves affect-
ing the vessel and oscillating disturbances are
thus neglected in the controller. To handle slowly
varying environmental disturbances, e.g. current
and wind, it is necessary to include integral action
in the MPC. This also improves how the MPC is
able to handle the mismatch between the model
and the real world ship [25]. Integral action is
introduced by using a model with the extended
state vector

z(k) = [AzT(k) 2T (k)" (14)

where Az(k) are increments to the original state
vector

z=[nf v7 77" (15)
The extended discrete-time model is given by

Z(k+1) = Az(k) + B,Au(k) (16a)
y(k) = Cz(k) (16b)



where y(k) are the outputs, Au(k) are the control
signal increments, and

< A 0] 5 B ~
Az[CA I}’Bz{CB}’CZ[O 7 an
where A, B, and C are matrices in the discrete
time representation of (9). Further, C = I since all
original states are assumed to be measurable.

By defining the error e(k) = Cz(k) — r(k) between
the actual outputs and the desired set-point ref-
erence, the optimization in the MPC is

min SV le(k)lIG, + |Aw(k — 1), + [e(N)[3,

Au(k)
&(k+1) = Ax(k) + BAu(k)
w(k+1) = u(k— 1) + Auk) (18)
st Ymin(k) < C&(k) < Ymax(k) k=0,...,N
Umin < w(k) < Umax
AUmin < Au(k) < AUmax

where |z[|3 = 27Qz. It penalizes deviations from
setpoints via Q,, and increments in the control
variables via Q,, i.e. the changed commanded
forces and torque. It is also possible to have a
penalty for the deviation of the final point in the
horizon via Q;. Note also that the limits Ywin(k) and
yuax(k) may vary over the prediction horizon.

The MPC operates in the linearized coordinate
system that at each sampling instant is aligned
with the body-fixed system. Position meas-
urements from the navigation system are in an
Earth-fixed frame and velocity measurements
are provided in a body-fixed frame. Hence, it is
needed that references, geometrical limits of the
harbor, and velocities are transformed into the
current linearized coordinate system.

Positions are transformed into the linearized
system using

zp = R"($)(z - 0,) (19)

where ¥ is the yaw angle, z, is the position of the
vessel in the linearized frame, z is the position of
the vessel in the Earth frame, and o, is the posi-
tion of the origin for the linearized frame in the
Earth-fixed frame.

The initial state vector for the MPC in the lin-
earized coordinate system is obtained in the
following way:

0007

R (p(k)(n(k) - n(k - 1))
v(k) — RT (% (k) R(p(k — D) (k - 1)

np(k)
Amnp (k)

(20)
Av(k)

The states in the Earth frame needs to be stored
from one sample to the next to be able to create
the differential states. Note that linearized frame
might have been rotated since previous sample,
hence, the velocity v(k — 1) has to be transformed
to the current frame.

Results

The proposed method for automatic docking
based on a combination of Voronoi diagrams and
MPC are here demonstrated for a simulated ship.

The simulations were done in Matlab where the
controller was implemented using the YALMIP
toolbox [26]. A quadratic programming solver was
used to solve the MPC problem. Constraints were
expressed as soft constraints.

A 294 m long and 37.9 m wide cruising ship was
used in the simulations. It is described by the
3DOF ship modelin (8) where

D(v)=D =
M =

diag(4.32-104,2.67 - 104,2.2 - 101°)
diag(4.62 - 107,6.77 - 107,2.54 - 101%)

The simplified thruster model (6) is used with the
same Ty, = 10 s for all actuators. This simple mod-
el is considered to be sufficient to demonstrate
the auto-docking concept.

A discrete-time linearized model (16) was used in
the MPC. The weights for the MPC problem in the
loss function (18) are chosen as

Qs = diag([101010°5-1045-10401041040])
Q. = diag([11107])
Ql = o.le

where the weights Q; and @, penalize deviations
in surge, sway, yaw, surge speed, sway speed, yaw
speed, surge force, sway force, and yaw torque.
The weight @, penalizes changes in surge force,
sway force, and yaw torque. The weights for the
final point are chosen much larger than for the
points for the transient behavior because the
main objective is to reach the final point.

The sampling interval is 10 s and the prediction
and the control horizons are both chosento N =
15. The bounds for thruster forces = are chosen to



Figure 7: Positions in
surge, sway and yaw in
earth fixed system

Figure 8: Velocities in
surge, sway and yaw in
body fixed system

Figure 9: Forces and torque
in body fixed system
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be 4 MN, £0.9 MN, and £50 MNm, respectively.
Further, for all waypoints, the deviations in (11)
are ¢;; =20 m and «; = 10 degrees, and the interval
in (13) is t, =150 s.

From the Voronoi diagram in Figure 3 waypoints
are created. The defined positions and headings
are seenin Figure 5.

The whole automatic docking procedure is illus-
trated in Figure 6 where the ships position is drawn
for selected samples during the docking. Here, it
can be seen that the docking procedure manages
to bring the vessel to dock without having any side
of vessel hit any of the bounds from the harbor.

The positions of the ship in the Earth fixed system
during the docking procedure are shown in Figure
7. The corresponding velocities in the body fixed
system are shown in Figure 8 and the correspond-
ing commanded forces and torques are shown

in Figure 9. In Figure 7 it can bee seen that the
ship’s position is changed smoothly towards

its docking position. It can also be noticed that
the settling time for heading (yaw), v, is long,
although it reaches the reference value at the end
of the simulation. In total it takes around 1200 s
for the vessel to reach its docking position with a
sufficiently small error in the heading.

The main purpose of this study was to use Voro-
noi diagrams for the waypoint generation and use
these in an MPC. Although the algorithm does its
job fairly well there is room for improvements in
how the transition from one waypoint to another
is handled. A main reason for that is that the MPC
is not using a trajectory of future references. To
handle the transition as good as possible, the ref-
erence smoothing in (12) was introduced. Even with
this smoothing is can be seen in Figure 8 that the
surge speed of the ship decreases when the ship
approaches a waypoint. The commanded forces
and torques are seenin Figure 7. They show that the
ship is gently docked with no excessive commands.

Conclusions

The main contribution of this paper is to propose
a GNC system for autonomous docking and navi-
gating of ships which combines Voronoi diagrams
with model predictive control. A Voronoi diagram
is used to generate a list of waypoints to be
followed during the docking. An MPC is applied to
control the vessel to follow set-points generated
from the list of waypoints. The proposed ideas
were demonstrated for a simulated autonomous
docking in the South Harbor of Helsinki.



Future work will improve the set-point path gen-
eration for the MPC to avoid the decreased speed
when intermediate waypoints are approached.
Further, is is also of interest to do studies on min-
imizing the time or the needed fuel for docking.
Another feature to include would be to dynam-
ically regenerate the list of waypoints to avoid
moving objects.
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