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Multi-Vessel Cooperative Speed Regulation
for Ship Manipulation in Towing Scenarios

Zhe Du, Rudy R. Negenborn, Vasso Reppa

Department of Maritime and Transport Technology, Delft University of
Technology, Delft, The Netherlands (e-mail: Z.Du@tudelft.nl).

Abstract: This paper proposes a multi-agent control scheme for multiple physically inter-
connected tugboats performing a ship towing process. These tugs are coordinated by two
control layers. In the higher layer, the supervisory controller outputs the desired towing forces
and reference trajectories for the tugs. This information is used by a tug’s local controller
in the lower layer to calculate the thruster forces and moment for manipulating the ship.
The control strategy is based on the model predictive control concept, with the performance
function designed by using the position and velocity error to make the ship follow waypoints and
speed profile. A distributed control architecture is designed based on the alternating direction
method of multipliers (ADMM) to reach a consensus between the predicted position generated
by the tug controllers and the reference trajectory generated by the supervisory controller.
Simulation experiments illustrate that the proposed method ensures the smooth and efficient

maneuverability of the towing process.

Copyright © 2021 The Authors. This is an open access article under the CC BY-NC-ND license
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1. INTRODUCTION

Autonomous Surface Vessels (ASVs) have been applied
for carrying out various types of missions (Liu et al.
(2016)). In recent years, the high mission complexity
motivates the research of the multi-vessel systems. There
are two types of connections for this kind of system:
cyber-connected and physical-connected. In the first case,
all vessels are clustered within a safe distance forming
a certain formation shape (Chen et al. (2018)), and the
connection is realized through a digital network. In the
second case, there is a physical link (through a cable
(Arrichiello et al. (2011)) or direct attachment (Bidikli
et al. (2016))) between vessels. Physical connection often
involves a floating object, manipulated by multiple vessels
to the desired states. Compared to the cyber-connected
system, this type has less ability of maneuvering.

As a typical application of the physical-connected multi-
vessel systems, the ship-towing manipulation is an impor-
tant but also hazardous and challenging task in the ship-
ping industry. In previous research, we have investigated
a set of cooperative control schemes for a ship-towing
system to deal with the position and heading control of
the ship (Du et al. (2020)), the robust control against
environmental disturbances (Du et al. (2021a)), and the
distance control for collision avoidance (Du et al. (2021b)).
All these works focus on implementing the mission of
ship manipulation but pay less attention to the towing
process. Since the vessel speed is relevant to the smooth-
ness of the motion, the efficiency of the navigation and
the fuel consumption, especially in the restricted inland
waterways (Tarelko and Rudzki (2020)), it is necessary
to take into consideration the speed regulation for such
a maneuverability-restricted system. In practice, before

carrying out the towage operations speed recommenda-
tions (Shipowner (The Shipowners’ Club (2015)) and DNV
classification society (Hansen (2014))) are given for dealing
with different situations, such as bad weather and variable
water depth conditions.

The vessel speed regulation is meant for improving the reli-
ability of small high-speed vessels (Sorensen et al. (2017)).
Scholars in (Klinger et al. (2017)) design an adaptive
yaw and speed controller using the backstepping method
for tracking the desired surge speed and heading angle.
In (Lv et al. (2019)), authors combine the backstepping-
based surge speed controller and the hamiltonian system-
based energy controller for speed and heading control of
unmanned surface vehicles. In (Peng et al. (2021)), re-
searchers combine an adaptive identification and a PWM-
driven model predictive controller to deal with the surge
speed control problem under the unknown model param-
eters of surge and propeller dynamics.

The above research works consider a single vessel case.
For the physical-connected multi-vessel system that we
consider, there is a lack of research focusing on speed
regulation. Thus, the goal and the main contribution of
this work is to propose a multi-agent cooperative speed
regulation scheme for a physically interconnected multi-
ASV system performing a towing process. The multi-agent
control architecture facilitates the scalability of the ship
towing process (Negenborn and Maestre (2013)), where
the number of tugboats depends on the weather conditions
and the length of the ship (Hensen (2003)). The proposed
control scheme can make the multiple autonomous tugs
cooperatively manipulate a ship to the desired position
with the desired heading and follow the recommended
speed profiles.
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The remainder of this paper is organized as follows: Section
2 formulates the problem of the ship towing. The proposed
cooperative control approach is given in Section 3. In
Section 4, simulation experiments are carried out to assess
the proposed method. Conclusions and future research
plans are given in Section 5.

2. PROBLEM STATEMENT

The objective of this work is to design a cooperative con-
trol scheme to manipulate a ship smoothly and efficiently
to the desired states by two autonomous tugs. The mo-
tion of each individual vessel is represented by the 3-DoF
(degree of freedom) hydrodynamic model (Fossen (2011)):

() = R(0. () (1) "
M0, (t) + Cy (v (t))vi(t) + Dyvi(t) = (1),
where * stands for S (ship) or ¢ (tug, i = 1, 2); . (t) =
[2.(t) y.(t) ¥.(t)]T € R? is the position vector in the
world frame including position coordinates (z.(t), y.(t))
and heading 1. (t); vi(t) = [u.(t) va(t) re(t)]T € R? is
the velocity vector in the Body-fixed frame containing
the velocity of surge w.(t), sway v.(t) and yaw 7.(¢);
R € R3*3 is the rotation matrix from the body frame
to the world frame, which is a function of heading; M, €
R3*3 C, € R**3 and D, € R3*? are the mass (inertia),
Coriolis-Centripetal and damping matrix, respectively;
Tu(t) = [Tuu(t) Tiv (t) Tur(t)]T € R? is the controllable input
referring to the forces 7., (¢), Twy(t) and moment 7, (¢) in
the Body-fixed frame. The motion of a vessel in this model
can be decomposed into speed (surge) and steering (sway
and yaw) parts. Speed regulation in this paper refers to
regulating the magnitude of the surge velocity.

The controllable inputs of the ship (75(¢)) are the forces
from the towing lines applied by the two tugs (see (Du
et al. (2020)) for details on modelling of the ship towing
system), which can be expressed as:

m@=m@+m@:§%@®mw

cos (a;(t)) (2)
sin (v (t)) (i=1,2),
lisin (o (1))

Bg =

where F;(t) is the towing force; Bg is the configuration
matrix which is a function of the towing angle (o (t)); I; is
the distance from the center of gravity of the ship to the
ship stern (I1) or the ship bow (I5).

To increase the flexibility of the towing process, the actu-
ator system of a tug usually contains two stern azimuth
thrusters and one bow tunnel thruster, known as the ASD
tug, that can create omnidirectional forces and moments
(Hensen (2003)). The inputs of the i-th tug (7;(¢)) are
expressed as:

’

7i(t) = By (Bi(t)) F; (t) 4+ 7, ()

cos (Bi(t)) (3)
sin (ﬁz(t)) ]
Ir, sin (5l(t))

B; =
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Fig. 1. Multi-vessel system control diagram.

where B; is the configuration matrix of the tugs; f5;(t) is
the tug angle; I, is the distance from the center of gravity

of the tug to the tug stern (I1,) or the tug bow (I, ); F, (t)
is the force applied through a controlled winch onboard
the tugboat to the towline. Assuming no force loss on the
towline, then F) (t) = Fy(t). The term 77, (t)€R? are the
forces and moment to move the tug.

3. DISTRIBUTED COOPERATIVE SPEED
REGULATION SCHEME

The cooperative control scheme is based on the distributed
multi-layer control structure as shown in Fig. 1. At the
higher layer, according to the ship reference path ng, (t),
speed profile vg,(t) and current states ng(t), vs(t), the
supervisory controller (located on the ship) calculates
the towing forces F;(t) and the reference trajectory of
the tugs m;, (a;(t)), which is a function of the towing
angles «;(t). At the lower layer, the tug local controller
uses the calculated above data and the current states of
tugs n;(t), v;(t) to first calculate the predicted position
Mip (t), and share this information with the supervisory
controller to reach a consensus between the predicted
position and the tug reference trajectory (n;, (t) = m;,(t)).
Then, the supervisory controller updates the towing forces
and angles. When the consensus is achieved, the tug local
controller outputs the thruster forces and moment 7;(¢) to
the tug system. Finally, the two autonomous tugs provide
forces and moment (7g,(t) and 7g,(t)) through a winch
onboard to manipulate the ship.

8.1 Control Performance Function Design

The manipulated ship in such a maneuverability-restricted
towing system requires more time to respond to the control
order provided by tugboats, making necessary to take
actions in advance over the prediction horizon. There
are also multiple control constraints such as kinematics,
kinetics, and actuator saturation. Considering the above
features, the Model Predictive Control (MPC) is applied
for the design of the controllers.

For the Supervisory Controller, the objective is to make
the ship follow the waypoints and speed profile. The
performance function of the ship at sampled time k is
designed as:

Js(k) = e} (k)Wsieys (k) + e, (k) Wisae, s (k)
Nsp (k) — nsy (K
(

(k) = ) (4)
evs(k) =Vsp k) - VSd(k)’
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where e, (k)ER? and e, (k)ER? are the position and
velocity error of the ship; ng, (k)€R? and vg, (k)€R? are
the predicted position and velocity of the ship; ng, (k)€R?
and vg,(k)€R? are the desired position and velocity of
the ship, where ng, (k) is the data of next waypoint, and
vs, (k) is the speed profile; Wg1 = diag(ws, wsy wsy) and
Wso = diag(wg, ws, ws,) are the weight coefficients.

For each waypoint-following task, the value of position
error at the beginning is maximum, the controller focuses
on approaching the waypoint and increases the ship’s
speed. As the value of position error reduces, the velocity
part is gradually dominant in the performance function,
the speed profile-following task then starts to perform.
Thus, it is necessary to add a weight factor in the position
part to normalize the order of magnitude between the
position and velocity errors, and to reduce the sensitivity
of the controller to the waypoint distance. The weight
factor is designed as a diagonal matrix:

1/dw; (1)
Ldw;(t) |, (5)
1

P(t) =

dw; (1) =/ (25(t) = ow;)” + (vs() —yw)’s  (6)

where dw;(t) is the distance from current position of
the ship (xs(t),ys(t)) to the waypoint j (zw;,yw;). By
applying (5) and (6), the performance function in (4) is
revised as:

Js(k) = e, (k)Ws1P(k)ens (k) + e (k) Wasze,s (k). (7)
For the Tug Local Controller, the objective is to track the
tug reference trajectory. The performance function of the
tug ¢ at sample time k is designed as:

s

Ji(k) = e, (k)Wirey, (k) + v (k) Wiavi, (k)
em(k) = Mip (k) — MNig (k)7

where e,,(k)ER? is the position error of the tug i;
Nip (k)ER? and v;, (k)€R? are the predicted position and
velocity of the tug i; m;, (k) is the tug reference trajectorys;
Wi = diag(wiz wiy wiy) and Wis = diag(wiy Wiy Wir)
are the weight coefficients.

(®)

3.2 MPC-based Control Strategy

Based on the above performance function, the MPC strat-
egy for the supervisory and tug local controllers are for-
mulated as:

Hp

Us =min »_Js(k+h|k), (9)
h=1
Hp

Ui = min ;Ji(mhm, (10)

subject to  the dynamics and operational constraints,

where Ug and U; are the control inputs of the ship and tug
i; Hp is the length of the prediction horizon; h is the hth
time prediction step; Js(k + h| k) and J;(k + h| k) are the

prediction made at k& about the cost of the ship and tug ¢
at k + h, respectively. The constraints are defined below.

The dynamics of the ship and the tug i in (4) and (8), are
calculated by discretizing the dynamic model in Section 2
with a sample time Tj:

)+ [ VT R(ys(t))ws(t)dt

)+ [T M- Cs(ws(t)ws(t)
(1) F(t >+B<a2< ) Fa(t))dt,

Nsp (k + 1) = nSP

Vsp (k —+ ].) = VSp

—Dglls(t) — B(Oél
(11)

)+ [T Ry wi(t)dt

! —Civi(t)vi(t)

( ) + 7 ( )]dt.

Nip (k + 1) = an

le(k+1) = v, k) _|_f(k+1)T

—Divi(t) + Bi(5i(1)) F,
(12)

For all k£ and 7 = 1,2, the operational constraints for the
control inputs are expressed as:

—30° < as(k) < 30° (13)
0 < Fi(k) < Fimax (14)
— Timax < Ti(k) < Timax (15)
| (k)| < o (16)
(k)| < A (17)

where Fjpax is the maximum value of towing force that
the two towing lines withstand; 7;max is the maximum
value of the thruster forces and moment; &; and F; are
the maximum change rate value of towing angle and force,
respectively.

Constraints (13), (14) and (15) model the saturation
of the towing forces, towing angles and thruster forces,
stemming from the physical laws and maritime practice
(Hensen (2003)); (16) and (17) limit the change rate of
the towing angles and forces, in order to make the tug
reference trajectory smooth improving the performance of
the trajectory tracking.

8.8 ADMM-based Distributed Control Scheme

The Altering Direction Method of Multipliers (ADMM) is
a widely used algorithm well suited to distributed opti-
mization, whose idea is to blend the dual ascent optimiza-
tion approach with the augmented Lagrangians method of
multipliers, which obtains superior decomposability and
convergence properties (Stephen et al. (2010)).

In our case, the supervisory controller provides the refer-
ence trajectory to the two tug local controllers (n;,(k)),
which is calculated by the desired geometrical relationship
between the ship and tugs (shown in Fig. 2) (Du et al.
(2020)); i.e. for i =1, 2:

Thd(k) = MNsp (k) + (ltOWi + lTi)Ei(wSP (k)7
LiF;(¥se (k) + ai(k)[0 0 1]7,

ai(k))+ (18)

where liow, is the length of the towing line; E;cR3 and
F;cR? are the vectors related to the predicted heading of
the ship and the towing angles, formulated as:
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Fig. 2. Kinematic model of the ship towing system.

[ sin(s, (k) + a;(k))
E; = (-1) [Cos(gsp(k) + Oéi(k))] : (19)
) Sin(wsp (k))
Fi=(-1) [Cog(wsp(k‘))] ~ (20)

Thus, the consensus between the ship and tugs can be
achieved by making the tug’s predicted position equal to
the tug reference trajectory. The augmented Lagrangian
form at time instant k can be formulated as:

Lp(rs (), 77, (.0, (0) = Js () + 3 (o, ()

T () i () = 064 ()] (0/2) i () = i, (013

(21)
where \;(k) is the Lagrange multiplier or dual variable,
and p is the penalty parameter. According to (18)-(20),
ni,(k) is a function of the towing angle a;(k) and ship’s
heading s, (k). The variable a;(k) is an element of the

Ts(k), and ¥g, (k) can be calculated by the ship dynamics
(11). Thus, n,, (k) is a function of Tg(k):

Ny (k) = fi(rs(k)).

Similarly, 7;.(k) can be calculated based on the tug
dynamics (12), as a function of 7r, (k):

Nip (k) =i (TTi(k‘)) (23>

According to (21) - (23), the ADMM form of the iterations
are formulated as:

(22)

77, (k) := arg min (Ji (71, (k) + /\f_l(k)T[gi (7r, (k) —
TTi(k)

Ji(r57 )| + (or2)|

(e (1) ~ (50|
(24)

75(k) = argmin (Js(Ts(k)) ) (=20 (s (k)
/2o (72,09 = irs)) ).
(25)

X (k) i= X710 + i (9 (72, () = fi(m5(0)) ),

S

(26)

where s is the iteration, -
variable at the sth iteration.

stands for the corresponding

The termination criterion for the iterations is provided
according to the following conditions:

| B a0l = [lgi (7, (00) = fi(r58) | < 2 B)

HRfiuaLi(k) H2 =

£(r5(0) = £i(757 1) | < e (B,
(27)

where R7 ; ; and R, ; are the primal and dual residual
at iteration s; e5,;; > 0 and £3,,; > 0 are feasibility
tolerances.

4. SIMULATION EXPERIMENT

A simulation experiment was carried out to show the
application of the proposed method to a ship-towing
system of small-scale vessels and the comparison with a
non-speed regulation method.

The model of the two tugs are represented by the
“TitoNeri” developed by TU Delft (Skjetne et al. (2004)),
while the ship is represented by the “CyberShip II”
(Haseltalab and Negenborn (2019)). The parameters of the
vessel model and the towing system can be found in (Du
et al. (2020)).

The value of weight coefficients are set as: Wg; =
diag(l 1 0.2), Wso = diag(200 20 20); W;; =
diag(1 1 1), W;s = diag(2 2 2). The parameters of oper-
ational constraints are set as: Fjmax = 3 N, Timax = 10 N,
a; =5°/s, F; = 0.1 N/s. The prediction horizon Hp is set
to 3. The objective is to manipulate the ship from initial
states ng, = [0 0 78.7]T to the target states ns, = [20 —
20 0]T. Between the origin (Wpo) and the destination
(W), there are three waypoints, whose coordinates are:
Wpi1 = (7.5,1.5), Wy = (15, 3), Wps = (20, 10).

We consider two scenarios, A and B. In the scenario A, the
position weight wg, and wg, are constant and there is no
speed profile, the second part in the cost function (4) is the
velocity as in (8). In the control scenario B, the position
weight wg, and wg, are time-varying calculated by (5)
and (6). The speed profile is set as: from Wpo to Wpa,
vs,, = [0.15 0 0]T; from Wy to Wpp, vg,, = [0.10 0 0]T;
at Wpp, vs,, = [0 0 0]T.

The towing process is shown in Fig. 3. For the first two
waypoint-following, the three vessels in the two scenarios
have similar trajectories where the three trajectories over-
lap in the straight path. However, for the next steering
process, the performance is much different. It is observed
that the three trajectories in scenario A have much more
fluctuations than those in scenario B, especially for the
two tugs. From the view of the time cost, comparing the
time for arriving at each waypoint, scenario B is more
efficient than scenario A. Thus, although the two scenarios
achieve to manipulate the ship to the desired states, the
vessels in scenario B have smoother trajectories and faster
accomplishment. The reason can be analyzed by looking
into the vessel’s states.
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Fig. 3. Towing process: (a) Simulation in scenario A; (b) Simulation in scenario B.
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Fig. 5. Towing angles and forces: the black solid line is
scenario A, the red dashed line is scenario B.

The time-varying states of the ship and two tugs are shown
in Fig. 4. The main difference between the two scenarios
is the changes in velocity. In scenario B, the ship’s surge

speed stably follows its profile from 0.15 m/s decreasing
to 0.1 m/s and finally fixing at 0 m/s, the ship’s sway and
yaw speed vary around zero. The only one-time change
of the yaw speed is when the towing system starts to
conduct steering operation (around 100 s). However, the
ship’s velocity in scenario A has much more oscillations.
For the surge speed, there are four “jagged” changes in the
towing process. These “jags” are derived from the changes
of the position errors in each time of the waypoint following
(totally four times), which is from the maximum value at
the beginning decreasing to the minimum value in the end.
With a constant position weight, such changes motivate
the surge speed to vary from the highest to the lowest.
Similarly for the ship’s sway and yaw speed, because of
the steering operation of following the third waypoint and
the destination point, the sway and yaw speed jump to a
high value at the beginning, while the two tugs have to
carry out more frequent and larger changes in sway and
yaw motion to satisfy the high sway and yaw velocities of
the ship. Thus, there are such frequent fluctuations for the
three trajectories in scenario A.
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Fig. 5 shows the time-varying towing angles and forces,
and all the variables satisfy the operational constraints.
For the towing angles, the values in scenario B are ob-
viously smaller than those in scenario A. For the towing
forces, the change rates and settling time in scenario B
are noticed lower and less than those in scenario A, re-
spectively. Thus, the proposed control scheme has better
motion smoothness and time efficiency.

5. CONCLUSIONS AND FUTURE RESEARCH

This paper focuses on the speed regulation of a phys-
ically connected multi-vessel system for performing a
ship-towing process. We propose a distributed coopera-
tive multi-layer control scheme to make the multiple au-
tonomous tugs cooperatively not only move the ship to
the destination with the desired heading but also make it
following the waypoints and recommended speed profiles.
The distributed control structure is built based on the
ADMM strategy to reach the consensus between the ship
and the tugs. In the higher layer, the supervisory controller
outputs the desired towing forces and reference trajectory
for the tugs. In the lower layer, the tug local controller
uses the above data to calculate the thruster forces and
moment for manipulating the ship. The control strategy
in the controllers is based on the MPC method, whose
cost function consists of position and velocity errors. A
time-varying weight factor is designed for normalizing the
two errors to make the ship follow both the waypoints and
the speed profile.

Simulation experiments indicate that the proposed method
has a better performance in the smoothness of the system
motion and the efficiency of the towing process. Future
research will focus on making the control scheme robust
against disturbances and performing collision avoidance.
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