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ARTICLE INFO ABSTRACT

Keywords: This paper proposes and demonstrates an automatic steering system designed for passenger ferries with dock-
Automatic control to-dock capabilities. The method consists of a modular control architecture and bumpless transfer transition
Buncllpless transfer strategies that enable the implementation of different independent controllers for different vessel operational
Guidance

phases. The method is expressed as a state machine and divides the ferry operations into three different phases,
UNDOCKING, TRANSIT, and pockiNG. The proposed modular architecture allows the use of well-proven vessel control
methods such as dynamic positioning for navigating within the marine harbor environment, and a speed-
and course controller for transit between the different docks. Bumpless transfer is achieved by resetting the
integrator of the receiving controller, to avoid discontinuities in the control action. Specifically, the output of
two controllers are constrained to be equal at the time of transition, and the integrator state value required by
the receiving controller is solved. The proposed method has been demonstrated in several simulations, taking
the vessel from one dock to another in a satisfactory manner.

Unmanned surface vessels

1. Introduction transit phase where the ferry maneuvers between the harbors in open
waters. The final phase is the docking phase where the ferry approaches
Urban waterways are expected to be an integral part of the future the destination and tries to dock at a specific location for unloading of
transportation system in many cities. Urban waterways will increase the passengers. The phases typically have independent control strategies
mobility for people and can be a cost-effective alternative to traditional based on different maneuvering models due to differences in the speed
transportation systems (Tanko and Burke, 2017). Consequently, urban regime of each phase.
passenger ferries will transport passengers on shorter pre-defined routes The undocking phase requires a controller that pushes the ferry
and can be a greener and cheaper alternative than bridges and cars. away from the quay with position and velocity control to leave the
Autonomy and automatic maneuvering are key elements to make pas- quay safely. This can be achieved with low-speed maneuvering using
senger ferries cost-effective, and proper path planning is necessary for a dynamic positioning (DP) system (Fossen, 2021; Saelid et al., 1983).

safe navigation (Oztiirk et al., 2022). Moreover, automating ship ma-
neuvers and developing decision-support systems can limit the number
of ship accidents by reducing the stress level of human operators (Antao
and Soares, 2019). It can also be a viable alternative to move the
operator to an onshore remote-control center in the future where the
operator monitors several ferries simultaneously.

A passenger ferry operating between docks goes through several
phases. We divide the operation into three distinct phases. Undocking is
the first phase of a ferry operation where the ferry leaves the dock and
maneuvers away from the harbor. The second phase is the crossing or

More advanced alternatives also exist for undocking, for example based
on optimization (Wang et al., 2022; Martinsen et al., 2020; Bitar et al.,
2020). The transit phase typically uses speed and course control and
a line-of-sight guidance law (Fossen et al., 2003). Transit is generally
conducted at higher speed and a maneuvering model that includes non-
linear damping is utilized to have a model suitable for the speed regime.
The docking phase needs position and heading control to maneuver
precisely and is often based on path following and velocity control.
Therefore, several different controllers must be combined to develop
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full dock-to-dock capability. However, switching between independent
controllers is not trivial and discontinuous jumps in the control action
and lingering integral effects are challenges that will persist if this is
done naively. This is particularly important since the different phases
occur in different speed regimes that use independent maneuvering
models and control strategies. Rapid accelerations and changes in the
control action are uncomfortable for passengers and lead to increased
fuel consumption. Moreover, the stability and maneuverability can be
affected by sudden accelerations, varying water depth (Chen et al.,
2021) and rapid changes in the desired states. Consequently, how
to switch smoothly between different controllers is key for making
automatic control systems with dock-to-dock capability. The aim of this
paper is to design a robust automatic control system with dock-to-dock
capability with seamless switching between the controllers in each ferry
phase.

Bumpless transfer is a common term for strategies that try to switch
between different controllers. Zaccarian and Teel (2002) generalizes
the anti-windup approach introduced by Teel and Kapoor (1997) and
applies it to the problem of bumpless transfer. By using supervisory
switching (Nguyen et al., 2008), all the controllers, even the uncon-
nected ones, are fed “fictitious” dynamics, letting them develop as if
they were connected to the plant. Thus, when switching controllers, the
plant’s current state smoothly converges to the fictitious state without
any jumps in desired control action, enabling smooth transitions be-
tween controllers. A downside is that every controller is running at the
same time through feedback of the control signal. Consequently, this
may be computationally expensive for certain systems. Lourenco and
Lemos (2006) also uses a supervisory system, but bumpless transfer is
achieved through a common integrator. By connecting all controllers
to a common integrator, continuity in the control signal is ensured.

Another solution to the bumpless transfer problem is through state
resetting. Kinnaert et al. (2009) considers a multi-controller scheme us-
ing a supervisory framework. When switching between two controllers,
the states of the new controller are initialized as if it had been the
previously active controller. To achieve this, a coherent reference signal
is necessary, which can be calculated by means of controller inver-
sion (Pasamontes et al., 2010). Consequently, a prerequisite for this
method is a state-space representation of both controllers. Pasamontes
et al. (2011) proposes a similar technique, however, it requires less
information on past states and also facilitates transitioning between
control regimes featuring both feedback- and feedforward controllers.
However, both of these techniques require coherent reference signals,
which can be a challenge when several different guidance laws are
involved.

This paper investigates how an automatic dock-to-dock control
system can be designed with independent controllers for each phase.
A DP controller is used for undocking at low speed together with a
guidance scheme that ensures that the ferry leaves the quay safely.
Bumpless transfer is used to switch between the undocking controller
and the transit controller. The transit controller is based on speed and
course controllers where a line-of-sight guidance law is used to generate
the desired course angle to move between the harbors at a desired
cruise speed. Bumpless transfer is used to transition from the transit
phase to the docking phase. The docking control system is based on
a DP system with low-speed assumptions and a third-order reference
model.

The main contribution of this paper is the bumpless transfer design
which ensures that the switching between phases can occur at any point
in time. A zero-velocity criterion (Bitar et al., 2021) is typically used
in existing literature to change between different controllers on surface
vessels. This is avoided here and improves the flexibility and efficiency
of the dock-to-dock system. A supervisor is designed to maintain the
high-level decision making and initialize switching between the phases.
The automatic dock-to-dock system is modular and the low-level con-
trollers in each phase can be replaced without affecting other parts
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of the system. The method has a small computational footprint and is
suitable for both large boats and smaller autonomous vessels.

The rest of this paper is organized in six sections. Section 2 in-
troduces preliminaries and modeling of marine surface vessels. The
guidance laws and low-level controllers used for simulations are pre-
sented in Section 4, including the proposed bumpless transfer solution.
Section 3 describes the dock-to-dock architecture. Section 5 present the
simulation results from the bumpless transfer and dock-to-dock tests.
Section 6 concludes the paper and proposes suggestions for future work.

2. Modeling of marine surface vessels

This section presents the mathematical model used to model the
ferry in the dock-to-dock scenario.

2.1. Reference frames and generalized coordinates

When describing the motion of a surface vessel in a local area, two
different reference frames are needed:

+ The North-East-Down (NED) reference frame is a tangent plane fixed
on the Earth’s surface, used for local navigation. It is expressed
as {n} = (x,,y, z,), where the x, axis points towards the true
geographic north, y, towards the east, and the z, axis points
downwards, normal to the Earth’s surface.

The BODY frame is a reference frame fixed to the marine craft,
and it is defined as {b} = (x,,y;.z,). The longitudinal axis x,
goes from aft to fore, the transversal axis y, is directed towards
the starboard, and the normal axis z, goes from the deck to the
keel. Typically, the origin of the body frame is often placed at the
vessel’s nominal center of gravity.

One can move between these frames by means of a rotation ma-
trix where attitude is parameterized through the heading angle when
horizontal motion in the plane is considered

x cosy —siny  Offu
f1=Ry(y)v or [y|=|siny cosy Of|v (€D)]
W 0 0 1

where the generalized position and velocity vectors are n = [x, y,w]"
and v = [u,v,r]7, given in {n} and {b}, respectively, where y is the yaw
angle and r is its angular rate. Rj(y) is a principle rotation around the
z-axis (yaw), rotating a vector from {b} to {n}.

2.2. Ship modeling

A fully actuated 3 DOF nonlinear maneuvering model is chosen for
simulations in this work

1= Ry(y)v (2a)
MV, + N(v,)V, =T + Tyind + Twave (2b)
where M = Mgy + M, is the total mass matrix, consisting of a

rigid-body and an added mass matrix due to hydrodynamic forces.
N(v,) = Cgg(v,) + C4(v,) + D is a collective term with Coriolis and
centripetal terms together with linear hydrodynamic damping (Fossen,
2021, Chapter 6). Note that v, denotes the relative velocity vector
v, = v—v,, where v, is the generalized ocean current velocity vector
represented in the {b} frame. 7;,q and 7,4, are the wind- and wave-
induced forces, respectively, while = are thruster control forces. It is
assumed that the vessel is sufficiently damped in roll. Moreover, surge
is decoupled from sway and yaw due to port-starboard symmetry, thus
the system matrices take the following form

m, 0 0 d, 0 0

M = my my|, D=] 0 dy do
0 myp  my 0 dyp dsy
0 0 c;3(v,)

c=| o 0 exnvy)

€31 (Vr) C3Z(Vr) 0
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2.3. Wind disturbance

Wind can be divided into two components: a steady average compo-
nent and a fluctuating gust component. From (2), 7,,;,q can be modeled
in 3 DOF for a moving vessel as (Fossen, 2021, Chapter 10)

Cx () AF,

Cy Ay, ®)
CN (yrw)AFwLoa
where p, is the air density, Ay and A, are the frontal and lateral
projected areas, and L,, is the overall length of the vessel. Cy, Cy,Cy
are wind coefficients that can be calculated from equations given
by Blendermann (1994). For a moving vessel, the relative wind velocity
V.., and angle of attack y,,, are used:

I/rw = \/ urz'w + Urz'w (4)

Yrw = —atan2(v,,,, u,,,) ©

1 2
Twind = E/’aer

where u,,, and v
respectively.

. are the relative wind directions in surge and sway,

3. Dock-to-dock architecture

The proposed method divides the dock-to-dock scheme into three
modes: UNDOCKING, TRANSIT, and DOCKING. The uNDOCKING mode uses a stan-
dard reference filter and DP controller as described in Sections 4.1.1
and 4.2.1. The pocking mode uses the same controller and filter, but
they are modified in the later stages of berthing. The TransiT mode
uses the line-of-sight guidance algorithm described in Section 4.1.2, and
the speed- and course controllers from Section 4.2.2. Motion in sway
is not controlled directly in the transit phase and this is common in
transit and higher speed domains. Additionally, the bumpless transfer
solution from Section 4.3 handles the transitions between the different
modes, ensuring smooth transitions when switching between the dif-
ferent control regimes. The transitions themselves are handled by the
use of waypoints. A mechanism to detect when the vessel is sufficiently
close to the waypoint is necessary. This can be done through a circle
of acceptance, or the more versatile ellipse of acceptance.

(e =y cos @ = (x, = x")sing)? |

@ ®)
(e =ysing = (x, —xcos @)

b2 -
where (x,., y.) is the center of the ellipse, (x", y") is the craft’s position
in {n}, and a and b are the lengths of the semi-major- and semi-minor
axis, respectively. Additionally, the ellipse can be rotated by an angle
@ € [—180°,180°], where 0° is defined as north and 90° is east. This
structure can be implemented as a state machine, depicted in Fig. 1.
The unpocking mode begins by moving the vessel in a straight line
away from the quay with constant heading. This is the first unpbockiNGg
waypoint, and is meant to safely bring the vessel away from the quay
structure without rotating. Following, the vessel maneuvers to the
launch waypoint, which has a larger ellipse of acceptance. This is in
order to let the vessel carry its speed before transitioning to TRANSIT,
as normally a DP controller will slow down and stop once it reaches
its waypoint. Transitioning to the Transitr mode, the reference filter and
DP controller go to idle, and the line-of-sight (LOS) and transit con-
trollers are initialized. Additionally, the bumpless transfer functionality
described in Section 4.3 triggers as the vessel switches modes. Note
that during transitions it is preferable (although not necessary with
bumpless transfer) to match the vessel’s speed to the new controller’s
reference speed, in order to avoid reference misalignment. In TRrANSIT,
the vessel iterates through its waypoints until it reaches the final
approach waypoint. Here, the mode switches from TrRANsIT to pockiNG and
the reference filter and DP controller take over while bumpless transfer
ensures smoothness. In the final pocking mode, the algorithm proposed
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Fig. 1. The dock-to-dock method expressed as a state machine. Note the intermediate
bumpless transfer nodes between the operational modes.

Bumpless
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nPP'oad‘gU\
control) [eod‘

by Knudsen (2021) and further modified by Larsen (2022), guides
the vessel to its berthing location. Note that the final docking mode
uses waypoints to approach the quay, signified by the quay wp_reached
flag. Alternatively, this can be achieved through quay contact detec-
tion (Helgesen et al., 2022) or berthing state estimation (Hu et al.,
2022) for improved efficiency and robustness.

4. Guidance and control

This section describes the guidance schemes and the controllers used
in the dock-to-dock scenario. In addition, a bumpless transfer algorithm
is presented to switch between the controllers in each phase.

4.1. Guidance

Two separate guidance laws are used for simulations, a reference
filter during low-speed maneuvering with DP, and a line-of-sight (LOS)
guidance scheme during transit operations.

4.1.1. Reference filter

The reference filter generates smooth trajectories and is motivated
by the dynamics of a mass—-spring—damper system (Fossen, 2021). It can
be expressed as

1) + A+ DQiyy + QA+ DDy + Py = Br" %)

where 7, is the desired position vector, r" is the reference position
vector, and the diagonal matrices A and Q are the relative damping
ratio matrix and natural frequency matrix, respectively. The filter is of
third order to ensure smooth signals to the tracking control system. Ad-
ditionally, saturation elements are added for velocity and acceleration
to avoid unreasonable changes in the reference signals. This ensures
that the generated references are physically feasible for the vessel to
follow.

4.1.2. Line-of-sight guidance

During transit, where the vessel is traveling long distances across
open waters, path fallowing is the common guidance method. Path-
following, contrary to trajectory tracking, does not have any temporal
specifications, only concerning itself with maintaining the desired path.
This path can be generated by the use of waypoints:

wp = [x", y", U1" ®
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Fig. 2. Figure showing the LOS method and relevant variables.

where U is the desired forward speed and (x", y") is the desired position
of a waypoint. For harbor maneuvering using dynamic positioning,
replaces U, as one wishes to control the heading angle of the vessel and
the horizontal position. The LOS guidance law forms a triangle from
three points: a reference point (the previous waypoint), a target point
(the next waypoint), and the current position of the vessel. See Fig. 2
for a sketch of the LOS method. The path generated by the reference
point and the target point is called the LOS path. The distance from the
LOS path to the marine craft is the cross-track error, y4. The goal of the
LOS guidance law is to make this cross-track error go to zero. It does
so by aiming towards a point on the LOS path, the lookahead distance
A. The cross-track error can be derived from the triangle formed by the
three points

yh = —(x(®) — x{) sin(z,) + (¥(t) — y}) cos(x,,) ©)
where x(r) and y(¢) are the current position in NED, and xt and A

are the coordinates of the previous waypoint. z, is the path-tangential
angle and is given by

— i n n n
T, = atarlZ(yiJrl A A x!) (10)

with the subscript i and i + 1 denoting the previous and current
waypoint. Finally, the desired course angle can be calculated as

Xq =7, —tan™" <%> an

The guidance controller also features an adaptive lookahead dis-
tance, based on Lekkas and Fossen (2012):

A= (Apax — Amin)e_ylyg| + Anin 12)

where 4., Anin are the maximum and minimum lookahead distances
respectively, and y is the convergence rate. A lookahead distance
following this law will be small if the vessel is far from the desired
path and large if it is close to the desired path. This ensures that the
vessel steers towards the desired path fairly aggressively if it is far away
and avoids oscillations when close.

4.2. Control

Two different low-level controllers are used: a DP controller during
UNDOCKING and DockiNG, and a speed and course controller during TRANsIT.

4.2.1. Dynamic positioning controller

A common design choice for the DP controller is the linear time-
varying model, based on the nonlinear 3 DOF model in (2). The linear
time-varying model is expressed as

1= R(@®)v (13a)
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Mv+Dv=RT(O)b+7+ Tying (13b)
bh=0 (13¢)

where b is a slowly-varying bias vector representing ocean currents
and other unmodeled effects. Note that of the collective term N(v,) =
Cgrp(v,)+C4(v,)+ D in (2), only the damping matrix D remains in the
DP model (13b) in addition to the bias b. For low-speed applications
such as harbor maneuvering, linear damping is a good assumption (Fos-
sen, 2021). The quadratic velocity terms from the Coriolis matrix can
be neglected at low speed if the ocean current is compensated for by
integral action, as is done with the addition of the bias term b. Note that
Twave from (2) is omitted. Commonly, DP is used for offshore vessels
with the goal of maintaining a fixed position and heading, however,
in this paper it is used for low-speed maneuvering in marine harbor
environments. Consequently, it is assumed that the waves are of a
smaller magnitude and are filtered by the bias term b. The generalized
position n can be measured if the vessel is equipped with a global
navigation satellite system (GNSS) receiver and a heading reference
system. This allows for the kinematic nonlinearity due to the rotation
matrix to be removed by assuming that R(#) := R, (y(?)) is known for
all + > 0.

The control system can be designed as a multiple-input and
multiple-output (MIMO) nonlinear PID controller:

T = —%yina + RTO7pp 14)

where %4 is an estimate of the generalized wind forces using a
feedforward term

%wind = kFF, veI%FF, vel (15)

with measured wind velocity feedforward to better compensate for
slowly-varying wind forces. 7pp is a standard controller expressed in
{n}:

t
Tpp = —K i — Kyi - Ki/o ii(z)dz (16)

with 7] := n — 5, being the error in the generalized position. The DP
controller also features an anti-windup scheme, saturating the integral
action to a given threshold 74,,- Defining the integrator as Z =
fot #j(r)dr, the saturation can be implemented as

Z = min{7inqup, MaX{—Tyindup, Z}} a7
limiting the integrator to the accepted values

Ze [_Twindup’rwindup] 18)

4.2.2. Speed and course controller

The transit controller consists of a speed and course controller,
following a path generated by the LOS guidance law. The desired speed
is specified in the waypoint as in (8), and a reference model is used to
avoid steps in this signal. In surge, it takes the form of a second-order
low-pass (LP) filter

@2
()= g a9
ref s+ 2§z4wn,us + @Dy

where o, , is the natural frequency, and ¢, is the relative damping ratio.
Since the reference model is of second order, a step in the command
uer Will give a step in the jerk ii;, while the acceleration i, and
velocity u, will be low-pass filtered and therefore be continuous signals.
Eq. (19) is converted to a state-space representation and will generate
the desired surge speed u, and surge acceleration u,. This is then fed
to a PI-controller to calculate the desired force in surge X

1
X =duy +m11ud—Kpﬁ—K,~/ adr (20)
0

where i = u — u, is the tracking error in surge. The first two terms are
for reference feedforward, d;, and m;; being the damping- and mass



J.E. Walmsness et al.

0 ’ ’ . TraJeFtory '

20 1 3

10 =1

North [m]

— Pos
30 —— Ref| 4

_50 1 1 1 1 1 1 1
-130 -120 -110 -100 -90 -80 -70 -60 -50

East [m]

Fig. 3. Plot of the trajectory from a TRANSIT to DOCKING test with an overlay from the
mA simulator map and the pose of the vessel at the waypoints listed in Table 1. The
vessel starts in transit (dark blue), then transitions (light blue) to pocking (brown). (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

element in surge, respectively. The PI-controller is designed with the
3 DOF nonlinear maneuvering model (2) in mind. The objective is to
cancel out the system matrices with the reference feedforward terms
and use the Pl-terms to drive the states towards the desired reference
value.

A pole-placement algorithm can find the values for K, and K;. By
specifying the tuning parameters, bandwidth w, and relative damping
ratio ¢, the natural frequency w, can be computed as

1

\/1—2§2+\/4§4—4C2+2

Consequently, the gains are given by

@,

o, (1)

K, = m”wﬁ (22)
,
K= 15K, (23)

The factor 11—0 is given as a rule-of-thumb by Fossen (2021, Chapter 15)

K on (24)
K, ~ 10

Preferably one wants a small value for the integrator gain, as it
introduces lags and phase shifts. This rule-of-thumb guarantees that the
integrator is ten times slower than the natural frequency w,.

Similarly to the surge controller, a reference filter is implemented
in course to avoid steps in the control input.

3
Xd Dy

(s) =
Zref (5 + @, (5% + 20,0, 5 + @2 )

(25)

Note that the course reference model is an LP filter cascaded with a
mass-spring—-damper system. Since the position is one order lower than
velocity, a third-order reference model is needed to filter steps in yf-
This ensures continuous signals for the angular acceleration j,, angular
velocity y,, and the course angle y,. Again, this is converted to a state-
space representation, yielding the desired course angle y,, angular
velocity r,;, and angular acceleration ;. Note that the crab angle is
assumed slowly-varying so that the course rate y is approximated as the
yaw rate 7. To get the desired control action in yaw N, a PID controller
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is used
t
N =ms3ig + c3ug + dyzry — Ky — K7 — Ki/ 7(0)dz (26)
0

The first three terms are for reference feedforward, where ms3, c3;, ds3
are elements from the mass, Coriolis, and damping matrices respec-
tively. 7 = y — x, is the tracking error in course angle, and 7 =r —r,
is the error in the yaw (or course) rate.

The Nomoto model is a common choice for model-based course
autopilots for marine crafts (Nomoto et al., 1956). It is a simplified
model for finding gains, as it directly relates the course angle y to the
rudder displacement § as

X, _ K
5O =T @)

where its time-domain representation is
Ti+y=Ké (28)

This is the first-order Nomoto model, where T is the Nomoto time
constant, and K is the rudder (Nomoto) gain. Using this model, the
PID controller gains can be expressed as follows (Fossen, 2021, Chapter
15.3.4)

- —2“"}: Lok - 0w (29)
where w, is given by Eq. (21), and the bandwidth w, and relative
damping ratio ¢ are design parameters. T and K can be identified
by observing a step response from the helm or a more advanced
maneuvering test.

K =a)21

P nK’ Kd

4.3. Bumpless transfer

To ensure smooth transitions when switching between controllers,
bumpless transfer functionality is necessary. In a general case with two
controllers

U =£fx,2z)
U, = f,Y,Z,)

(30a)
(30b)

where Z, and Z, are internal states and Y are inputs, when switching
from U, to U, one wants U; = U, to ensure continuity. This is achieved
by solving the following equation for Z, (Astrom and Hagglund, 1995,
Chapter 3)

U, = 1Y, Z) 31)

Typically, Z, and Z, are integrators and dim(Z,) = dim(U,), so the
problem has a unique solution. If dim(Z,) < dim(U,), then continuity
can only be maintained in some degrees of freedom. In the case of the
DP controller and the transit controller described in Section 4.2, (30)
takes the following form:

(32a)
(32b)

.
U, = tpip = [Xpp. Ypp. Npp|
.
Us = Trransic = [XTransit’ N Transit]

Where 7p is defined in (16), and Xppapsic @and Neppansic are (20) and
(26), respectively. From (32) it is observed that dim(U,) = 3 and
dim(U,) = 2. Similarly, while DP has an integrator in all the 3 DOF,
the transit controller only controls surge and yaw, thus dim(Z;) = 3
and dim(Z,) = 2. Since dim(Z,) < dim(U,), only surge and yaw can
maintain continuity in the control action when going from DP to transit.
Conversely, going from transit to DP allows a continuous control action
in all DOF. Moreover, it can be noted that the states of the two
controllers are also different. This is a challenging problem, and unlike
other solutions from literature this method does not require coherent
reference signals in order to ensure continuity (Kinnaert et al., 2009;
Pasamontes et al., 2011), nor does it require any state restrictions (Bitar
et al., 2021).
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Fig. 4. Plots of the surge speed, heading, and control action for the different TRANSIT to DOCKING tests.

Starting with the DP to transit transition, (30) takes the following
form in surge:

t
Xpp = —K,% - K;% - K, / %(r)dr (33a)
0

t
Xrransit = dijug +myiy — K,i— K; /0 adr (33b)

Defining the reference feedforward term tpp gyrge = d114y + my i, and
identifying the integrator Z,,,, = /01 idz, gives the following when
inserting in (31):

Xpp = TFF, surge — Kpfl - K; Z.vurge (€2

Solving for the integrator Z,,,,, yields the value needed to ensure
U, =U,:

Zsurge = K;I (TFF, surge Kpﬁ - XDP) (35)

This will cause a jump in the integrator state, but the desired control
action will remain continuous during the transition. The yaw case can
be solved similarly. Recall that the course controller is given as:

1
Nrransit = m33ig + c31ug +dszrg — K7 — KyF — K[/ Z(n)dr (36)
0

Again, defining the feedforward term tpp yaw = ms3iq + c31Ug + ds3rg
and the integrator as Z,,,, = fot #(r)dz, this can be inserted in (31) and

yaw
solved for Z,,

Zyo = K71 (g, yaw — Kyt = K;F — Npp) (37)

ensuring continuity in the desired control action.

When transitioning from the transit controller to DP (docking), the
equations are reversed. As the dynamic positioning control system is
expressed in NED, the equations differ slightly due to the rotation
matrix R. Recall the DP controller system equation

- T
T =—%ying + R O7pp

where the left-hand side = will be the control action from the transit
controller 7., and pp is given in (16). Following the previous
notation, it can be noted that gy = —%,;,4. Inserting (16) and writing
it on the form of (31) yields

t
TTransit = TFF T RT _Kpﬁ - Kdﬁ - K; /0 ﬁ(f)df] (38)
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Fig. 5. Plot of the trajectory from a dock-to-dock test overlayed with the mA simulator
map and the pose of the vessel at the waypoints listed in Table 4. It is taken from
a test with bumpless transfer and without any wind. From being docked (black), the
vessel begins unpockiNG (green), goes to TransiT (dark blue), then transitions (light blue)
to pockiNG (brown). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

where we identify the integrator term as Z = /ot fi(r)dz. Finally, solving
for Z gives the bumpless transfer equation from transit to docking

Z = K;l [_Kpﬁ - K i1—-R (Ttransit - TFF)] (39)

where Z = [Zgyger Zsway» Zyawl' - Zsway is the sway integrator. This
method ensures there are no jumps in the desired control action when

transitioning from the transit controller to the DP controller.
5. Results

This section covers the experimental setup used for testing and
presents the results. The presented results are a subset of a wide array
of testing, and showcase the most important scenarios which aim to
demonstrate both the strengths and weaknesses of the dock-to-dock and
bumpless transfer methods. The results in this paper are split into two
parts: a transit to docking case and a dock-to-dock case.

5.1. Experimental setup

The tests are performed on the milliAmpere (mA) simulator, a
prototype vessel at NTNU to further advance autonomous ferries. The
simulator is described more closely in Pedersen (2019) and the numer-
ical values in the simulator are based on the actual ferry. Moreover,
a heading autopilot with crab-angle compensation is used in these
experiments, which is interchangeable with a course controller. It
should be noted that the performance of the DP and transit controllers
themselves is not the focus of these results. If they are studied, it will be
in the moments after a transition, investigating the effects of bumpless
transfer on the independent controllers.

5.2. Transit to docking task

The bumpless transfer functionality will be investigated in detail
with the vessel going from TraNsIT to pockiNG. Generally, this transition
is the most challenging one, as the vessel has to reduce its speed as it
approaches the quay structure while changing from control in 2 DOF
(course and speed) to 3 DOF control in DP. Two test cases will be
presented: one where the vessel transitions from TRANSIT to DockING with

Ocean Engineering 268 (2023) 113425

Table 1
Table showing the waypoints used in the Transit and pocking modes. The initial state
of the vessel is [32, —61, —138°].

Transit
[North, East , U]

[-30.6, —116.6, 2.5]

Docking
[North, East,y]

[-45.5, —119.5, 138.0]
[—47.0, —118.0, 138.0]

Table 2
Table of the minimum- and maximum values of the heading error, as well as the RMSE.
All values are given in degrees.

Min value Max value RMSE
2.0 m/s entry speed
Without bumpless -28.5 20.3 9.6
With bumpless -12.8 6.1 3.2
2.5 m/s entry speed
Without bumpless (Failed) - - -
With bumpless -27.2 5.0 7.7

Table 3
Table of the minimum- and maximum values of the surge velocity error, as well as the
RMSE. All values are given in m/s.

Min value Max value RMSE
2.0 m/s entry speed
Without bumpless -0.75 2.01 0.43
With bumpless -0.47 1.04 0.27
2.5 m/s entry speed
Without bumpless (Failed) - - -
With bumpless -0.50 1.52 0.40

an entry speed of 2.0 m/s, and another at 2.5 m/s. The first two tests are
without bumpless transfer, setting a benchmark for a comparison with
two identical tests with bumpless transfer functionality. The test route
is depicted in Fig. 3, following the waypoints given in Table 1. The two
docking waypoints are the berthing and quay waypoints, respectively,
for more details see Knudsen (2021), Larsen (2022).

Fig. 4 shows the vessel’s surge speed, heading, and control action
for the various TRANSIT to DocKING tests. Tables 2 and 3 show the mini-
mum and maximum error values and the root-mean-squared deviation
(RMSE) for the heading and surge velocity respectively. Comparing
Figs. 4(a) and 4(c), the effects of bumpless transfer are apparent. Study-
ing the control action, the surge force in particular, the discontinuity
is replaced by a smooth descent in surge force following the transition.
Also note the significant reduction in the surge force with bumpless
transfer functionality, saving both time and energy. The effect is also
visible in the surge speed and heading of the vessel; yielding smoother
behavior across all tests. Figs. 4(b) and 4(d) further highlight the
differences, as the vessel failed its docking without bumpless transfer.
Table 2 quantifies the improvement in heading angle, which is an
important metric in docking situations as there is a large emphasis on
precision. Note that these speeds are at the border of what conventional
DP systems operate in, and are meant to showcase challenging scenarios
where bumpless transfer increases the vessel’s robustness and safety.
From an operating standpoint however, it is a realistic scenario. Ideally
one wants to avoid the vessel excessively slowing down before initiating
docking, as one wants to utilize the speed from transit for better energy
efficiency. Bumpless transfer facilitates this, docking both faster and
more efficiently while keeping a lower surge velocity error, seen in
Table 3. Furthermore, it helps ease the strain on the actuators, as
bumpless transfer reduces the load significantly.

5.3. Dock-to-dock task
Below, the bumpless transfer functionality will be placed in the

context of the dock-to-dock method described in Section 3. These tests
will feature wind forces, seeing its effect on a vessel transitioning
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Fig. 6. Plots of the surge speed, heading, and control action for the different dock-to-dock tests.

abruptly between independent control regimes, and when it transitions
with bumpless transfer functionality. The wind is heading south-east
at 135° degrees with a speed of 4.0 m/s. This combination was chosen
due to this wind angle being one of the more challenging ones, hit-
ting the vessel perpendicular at unpocking and TransiT, and diagonally
behind during pockinG. Note that several different wind variations have
been tested in simulations, both with changes in the magnitude and
direction. The planned route for the dock-to-dock test is depicted in
Fig. 5, showing the vessel’s position at the waypoints listed in Table 4.
The trajectory in Fig. 5 is taken from a bumpless transfer test without
any wind.

Without any wind influence, there is not much difference between
the cases without- and with bumpless transfer, seen in Figs. 6(a) and
6(c). This is due to the waypoint placements and the transition speed
following the proposed method in Section 3; having sufficient waypoint
spacing and comfortable transition speeds. This is reflected in Table 5,
where there is little to no difference in surge velocity error. Conse-
quently, the main difference is observed in the control action being

Table 4
Table showing the waypoints used for the dock-to-dock simulation depicted in Fig. 5.
The initial state is [58, 41, —138°].

DockiNGg
[North, East ,y]

TRANSIT
[North, East,U]

UNDOCKING
[North, East ,y]

[63.5, 55.3, —138]
[71.5, 8.7, =90]

[72.3, -28.5, 1.0]
[9.3,-92.4, 1.5]
[-30.6, —116.6, 1.0]

[-45.5,-119.5,138]
[-47, —118, 138]

continuous with bumpless transfer during the transitions. However,
once wind forces are present the benefits of bumpless transfer become
apparent. This is most notable in the TrRaNsIT to DockING transition, where
the oscillations in speed and heading in Fig. 6(b) are heavily reduced
with bumpless transfer enabled, seen in Fig. 6(d). The improvements
also come in the form of efficiency, as the amplitude of the forces are
significantly lowered. In the case of the surge force X, it is halved,
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Table 5
Table showing the minimum- and maximum values, as well as the RMSE of the surge
velocity error from the different dock-to-dock tests. All values are given in m/s.

Min value Max value RMSE
Without bumpless
Without wind —0.41 0.34 0.11
With wind -0.63 0.55 0.17
With bumpless
Without wind —-0.43 0.33 0.12
With wind —-0.52 0.36 0.14

Table 6
Table showing the minimum- and maximum values, as well as the RMSE of the heading
error from the different dock-to-dock tests. All values are given in degrees.

Min value Max value RMSE
Without bumpless
Without wind -9.12 9.27 2.96
With wind -35.0 38.26 9.43
With bumpless
Without wind -7.81 9.12 2.81
With wind -17.60 12.87 4.24

going from ~ 700 N to ~ 350 N with bumpless transfer. Its effect on the
heading angle is especially prominent, reducing the RMSE from 9.43°
to 4.24° (see Table 6).

6. Conclusion

Transitioning between independent controllers in a multi-controller
system introduces numerous challenges. These challenges come from
discontinuous jumps in the control action, misaligned references from
the different guidance laws, and external forces affecting the vessel
during transitions. Bumpless transfer is a general method for ensuring
continuity or smoothness during these transitions. The solution pro-
posed in this paper uses the integral action of the receiving controller to
avoid jumps in control action. This is done enforcing the control action
of the two controllers to be equal at the time of transition and solving
for the integrator state value. This bumpless transfer solution was tested
in the context of an autonomous passenger ferry using the milliAmpere
simulator as a test platform. A dock-to-dock method using a state ma-
chine approach was implemented, taking the vessel through the three
stages of ferry operations, uUNDOCKING, TRANsIT, and DockING using different
control regimes for the various phases. Previous work has validated
both the transit and docking controllers in field experiments, demon-
strating similar behavior to the simulator. As the proposed method
operates as a state machine, these controllers can be independently
replaced or altered. Simulation results demonstrate that the proposed
implementation successfully combines independent control regimes,
taking the vessel from one dock to another. Testing highlighted the
importance of bumpless transfer functionality, especially when transi-
tioning from higher to lower speeds. Bumpless transfer also provides
increased robustness to environmental forces, reducing their impact
when transitioning between the control regimes.

However, as bumpless transfer uses the integrator to compensate
for jumps in control action, it may lead to a wind-down period that
can affect the vessel’s performance. A possible solution is to have an
intermediate reference speed equal to the vessel’s speed after transi-
tioning, avoiding reference changes while the integrator unwinds. The
dock-to-dock method also relies on knowledge of the local conditions
the vessel will operate in. These local conditions are usually known for
passenger ferries, however, different weather conditions can affect the
waypoint placements.
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