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Collision avoidance is a priority task for ensuring the safety of a maritime transportation system. How-
ever, for a ship towing system, which is characterized by multiple vessels and physical connections,
the research works about collision avoidance is limited. Thus, this paper proposes a speed and heading
control-based conflict resolution of a ship towing system for collision avoidance. Two systems compose
the core of the proposed conflict resolution: the risk assessment system and the coordination control
system. The risk assessment is to identify the conflict and determine the time of avoiding action
by calculating the index of conflict and the available maneuvering margin. The coordination control
is based on the model predictive control (MPC) strategy to cooperatively control two tugboats for
regulating the position, heading, and speed of the manipulated ship. Simulation experiments show
that according to the index of conflict, the time cost, and the fuel consumption, a selected operation
of combined heading and speed can be recommended for a ship towing system to provide a safer and
more efficient towage manipulation.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of ISA. This is an open access article under the CC

Keywords:

Ship towing system
Collision avoidance
Model predictive control
Conflict resolution

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

In the maritime field, collision avoidance is a priority task for
ensuring the safety of a maritime transportation system during
its navigation [1]. It is usually solved by path planning algo-
rithm in the navigation system [2]. However, this issue becomes
more challenging and imperative when the maritime transporta-
tion system becomes complex and its maneuverability is re-
stricted. One of the typical examples is the towing system. As
the development and exploitation of ocean resources becomes
frequent, the application of a towing system plays a more crit-
ical role in the maritime field, such as drilling platform trans-
portation [3], offshore wind farm deployment [4-6], distressed
vessels salvage [7,8], ship escort in ice conditions [9-11], and
ship-assisted berthing [12]. Thus, an alternative way should be
designed to solve the collision avoidance problem for such a
maneuverability-restricted system.

From the perspective of the structure of a maritime trans-
portation system, the most vital components are guidance, nav-
igation, and control systems (GNC systems) [13]. The navigation
system is to obtain information about the environment and the
states of the maritime transportation system. The guidance sys-
tem is to provide missions and objectives for the control system
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according to the data from the navigation system. The control
system is to calculate the proper forces and moments for the
actuators of the maritime transportation system based on the
control objectives. While for collision avoidance problems in the
maritime field, there are also three key components: motion pre-
diction, conflict detection, and collision resolution [14]. Motion
prediction is to estimate the future trajectories (position and
heading) and speeds of the own ship and the obstacles. Conflict
detection is to check collision risk and make decisions on whether
to take action. Conflict resolution is to find solutions to relieve
risk or avoid collisions.

Combining the structure of the GNC system and the compo-
nent of the collision avoidance problem, it can be seen from Fig. 1
that the solution to the collision avoidance problem involves
all three GNC components. The problem of motion prediction is
solved through the dynamics model and the information on the
states of the own ship and obstacles provided by the navigation
system. The problem of conflict detection is tackled by a collision
risk assessment mechanism designed in the guidance system.
The problem of conflict resolution is addressed through both
the guidance and control system, where the guidance system
provides control objectives and the control system calculates the
corresponding forces and moments.

Thus, for a single vessel system, the general idea of solving
the collision avoidance problem is first to plan a collision-free
path in the guidance system by path planning algorithms, such

0019-0578/© 2022 The Author(s). Published by Elsevier Ltd on behalf of ISA. This is an open access article under the CC BY license (http://creativecommons.org/
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Fig. 1. Distribution of the collision avoidance components in the structure of
the GNC system of a maritime transportation system.

as artificial potential field algorithm [15,16], velocity obstacle
algorithm [17,18], (improved) A-star algorithm [19-21], etc. The
planned path or trajectory is actually a form of data carrying the
information of the position and heading of the vessel. Then, the
above data is used as the control objectives in the control system
to compute control input.

For a multi-vessel cyber-connected system, which is the mar-
itime transportation system in which all vessels are clustered in
a certain range maintaining a safe distance and the connection
is realized through the networks [22]. Researchers usually cope
with collision avoidance problems by first arranging a specific for-
mation to cooperatively control the relative positions of multiple
vessels, then keeping or changing this formation to avoid obsta-
cles. While in this process, multi-objective optimization problems
are also involved [23]. The typical formation is the triangle shape
composed of three vessels [24,25]. For more than three vessels,
the reconfigurable formation can be applied [26,27]. Alterna-
tively, a line formation (or a vessel-train formation) is proposed to
deal with the collisions in a narrow waterway of port areas [28].

For a towing system, which is characterized by multiple ves-
sels and physical connections, the research works about collision
avoidance is limited. Authors in [29] directly use the model
predictive control method to regulate the distance between the
towing system and the obstacles so that keeps the towing system
away from the risks. However, this research mainly focuses on
conflict resolution in the control system, there is a lack of rational
conflict detection mechanism designed in the guidance system.

Given the above analysis, the primary aim of this work is
to propose a novel conflict resolution for collision avoidance
problem of a towing system. The contributions of this paper can
be summarized in three aspects as follows:

1. Formulate a risk assessment criteria for a towing system
based on its velocity and heading to evaluate the collision
risk and put forward the risk relief strategy.

2. Propose a MPC-based control method for a towing sys-
tem to simultaneously regulate its position, heading, and
velocities.

3. Provide a recommended collision avoidance operation for
a maneuverability-restricted ship towing system by con-
sidering the efficiency of risk elimination, the time of path
restoration, and the consumption of fuel.

The remainder of this paper is arranged as follows. Section 2
introduces the dynamics model of the ship, tugboats, and their
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physically connected towing system. Section 3 presents the con-
flict detection mechanism based on risk assessment. Section 4
proposes the speed and heading control-based towage conflict
resolution method. A case study is simulated in Section 5 to
demonstrate the feasibility of the proposed method and the appli-
cability of the results. Conclusions and future research directions
are given in Section 6.

2. Dynamics model of the towing system

Without loss of generality, we consider a towing system op-
erating in port areas that consists of one manipulated ship and
two tugboats, where the ship is set as no power, and the power
sources of the towing system are offered by the two tugs. The
front tug (Tug 2) is to increase the speed and adjust the heading
of the ship, while the aft tug (Tug 1) is to decrease the speed and
stabilize the course of the ship.

The plane motion of a vessel can be described by the 3-DOF
(degree of freedom) kinematics and kinetics model, which is
expressed as [30]:

i(t) = R(Y(0))v(t)
Mi(t) + C(w(t)w(t) + Dv(t) = 7(t) + e(t),

where n(t)=[x(t) y(t) ¥ (t)]"eR? is the position vector in the world
frame (North-East-Down) including position coordinates (x(t),
y(t)) and heading v (t); v(t)=[u(t) v(t) r(t)]'eR3 is the velocity
vector in the body-fixed frame containing the velocity of surge
u(t), sway v(t) and yaw r(t); ReR3>*? is the rotation matrix
from the body frame to the world frame, which is a function of
heading:

(1)

cos(y(t))  —sin(y(t)) O
R(y(t)) = [Sin(llf(f)) cos(y(t)) 0] (2)
0 0 1

The terms MeR3>*3, CeR3>*3 and DeR>**? are the mass (in-
ertia), Coriolis-centripetal and damping matrix, respectively. The
first two matrices include rigid-body and added mass parts, and
the last matrix is only considered to have a linear part. The vari-
able 7(t)=[ty(t) 7,(t) 7.(t)]'€R? is the controllable input referring
to the forces 7,(t), 7,(t) and moment 7,(t), while z.(t)eR> stands
for the environmental disturbance forces and moment. Consider-
ing the wind effect is dominant in the port areas, the environ-
mental disturbances are divided into the wind effect 7,,(t)eR>
and the other unknown effects t,(t)eR> (mainly refer to waves
and currents):

Te(t) = Tw(t) + Tew(t). (3)

As seen the ship in Fig. 2, the controllable input of the ship
Ts(t) (in (1), (t) £ 5(t)) can be expressed as:

2 2
Ts(t) = ) Tsi(t) = ) Bsi(t)Fi(t), )
i=1 i=1
where tg(t) represents the towing forces and moment of the tug
i; Fi(t) is the towing force from the tug i through the towline;
Bsi(t) € R® is the configuration matrix with respect to the object-
body frame, it is a function of the towing angle «;(t) expressed
as:

cos (ay(t)) cos(a(1))
Bsi(t) = — | sin(aq(t)) | Bso(t) = | sin(ea(t)) |, (5)
L Sil‘l((X](t) I, Sin(az(t))

where [; and [, are the distance from the center of gravity of the
ship to its stern and bow, respectively.
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Fig. 2. Forces on the three vessels in the towing system.

As seen the two tugboats in Fig. 2, the controllable input of
the two tugboats (in (1), =(t) £ 7;(t) (i = 1, 2)) can be expressed
as:

Ti(t) = Tri(t) + Tr(t), (6)

where 73i(t)eR> denotes the thruster forces and moment of the
tug i; Tr(t)eR? is the forces and moment to compensate for the
reaction of towing force, which can be expressed as:

ri(t) = Bri(OFi(t), (7)

where Bri(t) € R? is the configuration matrix with respect to the
tug-body frame, which is a function of the tug angle Bi(t):

cos(Bi(t)) cos(pa(t))
Bri(t) = | sin(Bi(t)) | Bra(t)=— | sin(Ba(t)) | . (8)
Iry sin(Ba(t) Irz sin(Ba(t)

where I; is the distance from the center of gravity of the Tug 1
to its bow; Ir, is the distance from the center of gravity of the Tug
2 to its stern.

From (4) to (8), it can be noticed that the interconnection
between the ship system and the tug system is the towing force
Fi(t). For the ship, the towing force provides power to move it,
while for tugs, the towing force is the resistance effect which
needs to be compensated.

3. Risk assessment-based conflict detection
3.1. Conflict identification

To consider the dynamic nature of ship maneuvers during col-
lision avoidance, Non-Linear Velocity Obstacle (NLVO) algorithm
is adopted for conflict identification [31]. By utilizing the NLVO
algorithm, the spatiotemporal relationship between a ship pair is
projected into one ship’s velocity domain, see Fig. 3. An elliptical
ship domain is employed, and the prohibited area around this

(9)

towing system includes the elliptic ship domain around each ship
in this towing system and the area around the towline connecting
Prs, (X, Ys, t) = Pinue(%, ¥, k)
S k)= &
nLvo(k) U ( B
ConfP(O,, Ry)
where Syt vo(k) is velocity obstacle zone at time instant k marked
in light red in Fig. 3(b), which is the collection of all conflicting
velocities of the target ship that leading to collision with this tow-

the tug and the assisted ship:
)e
t—k)
ing system. The term Prg, (x,, Y., t) represents the trajectory of
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each vessel in the towing system (x stands for S or i, (i = 1, 2));
Pinee(, y, k) is the position of the intruder vessel. ConfP(O, , R;) is
the prohibited area around this towing system, shown in Fig. 3(a),
where O is the location of each vessel, R is the size of the elliptic
ship domain around each vessel.

A collision is projected to occur if the another ship’s velocity
falls into the velocity obstacle of this towing system (Sn. vo):

1, if Vs(£)NS £) £ ¢
IC(t) = {O LlseTS( )N Snevo(t) #

where Vrs is the velocity of the target ship (TS). In Fig. 3(b), the
dashed ellipse in red indicates the velocity obstacle zone of the
towed ship in a certain position, and the dashed ellipse in blue
and green presents the velocity obstacle zone of each tugboat in
a certain position respectively. The area marked in deep red is the
conflicting velocity set of this towing system in a certain position.
The collision risk exists for Vg1, while there is no collision risk for
V1s2.

(10)

3.2. Action timing determination

The timing of a vessel taking evasive maneuvers is primarily
affected by the risk perceived by the navigator [32]. The available
maneuvering margin AMM is selected as a proxy to reflect the
risk perceived by the navigator [33]. It is measured based on the
proportion of maneuvers of all the available maneuvers by which
a vessel can eliminate potential conflicts. So the AMM can be
expressed as:

AMM(t) = 255;({),

if 3V(t) € RV(S:(t)) : V(£) N S volt) = @
where §4(t) is the adopted rudder angle that can eliminate the
existing conflict; 8,(t) is all the available rudder angles of a ship;
RV is the own ship’s reachable velocity after steering with a
demanded rudder angle.

When determining the action timing of a towing system, we
made the following assumptions. Due to restricted maneuverabil-
ity and the distinctiveness of the assisted ship, the towing system
has the priority to use the fairway, which is consistent with the
practical scenario. The towing systems is required to maneuver
to prevent the risk severity becoming serious. Here, when the
AMM(t) of an intruder below its low threshold (AMM,, ), which
is set as 0.4 based on our previous work [34], the towing system
needs to maneuver for safe passing.

(11)
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Fig. 3. Ship conflict identification based on NLVO algorithm. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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t |
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Fig. 4. System structure of the collision resolution in the towage operation.
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v
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| | Tugl | 7 (1) ,| Ship 7,(6) | Tug2 |
System System System

Fig. 5. Diagram of the coordination control system.

4. Coordination control-based collision resolution

Based on the system model and risk assessment mechanism,
the collision resolution for a towing system can be put forward.

As shown in Fig. 4, the collision resolution is implemented
by consisting of two main systems: the risk assessment system
and the coordination control system. The risk assessment system
first uses the current and future states of the obstacle (xop(t))
and the towing system ( xiow(t)) to calculate the index of conflict
IC(t) and the available maneuvering margin AMM(t). Based on
the calculated IC(t), AMM(t), and the potential control objectives
y(t), the coordination control system then computes the control
inputs U(t) to the towing system. Finally, under the environmen-
tal disturbances 7.(t), the towing system takes avoidance action
according to the control inputs.
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The risk assessment system has been elaborated in Section 3,
so this section focuses on the coordination control system. Since
the towing system is restricted in maneuverability which requires
more time to respond to the control orders, and the control
inputs and control constraints are multiple, it is necessary to
use an optimization-based predictive control strategy to regulate
this system and achieve collision avoidance. Thus, the Model
Predictive Control (MPC) is applied in this work.

The diagram of the MPC-based coordination control system
is shown in Fig. 5. It is seen that the control system contains
two modules: the control objective decision system and the MPC-
based controller. The first module is to decide the current control
objectives 5s4(t), vsq(t) according to AMM(t), IC(t), and y(t).
Based on the calculated control objectives and the current po-
sition and velocity of the ship and two tugboats, the MPC-based
controller computes the towing angle («;(t)), towing force (F(t)),
and thrust forces and moment (z;(t)) for two tugboats. Finally,
the two tug systems provide towing forces and moment zg to the
manipulated ship.

4.1. Control objective decision system

In this system, the control objectives are determined by whe-
ther the towing system should take avoiding actions. According
o (10), if IC(t) = 0, meaning that there is no collision risk and
the towing system does not need to take avoiding actions. So the
control objectives are the position and heading of the waypoint:

Xwj 0
nsd = | Ywj vsg = | 0|,
Yrwj 0

where (xwj, yw;j) and vyw; are the position and heading of the
waypoint j, respectively.

If IC(t) = 1, although the collision risk exists, the towing sys-
tem still needs to check whether the value of AMM(t) is smaller
than its low threshold AMMyin. If AMM(t) < AMMp;,, the towing
system has to take avoiding actions, and the control objectives
are the reachable speed and heading:

Xwj Usd
Nsd = | Ywj vsa=| 0],
VYsd 0

where Y54 and ugq are the reachable heading and surge speed of
the ship.

The time of path returning for the towing system is deter-
mined by the variable IC(t) and the distance between the towing
system and the obstacles. When IC(t) = 0, it can only mean
that the collision risk is eliminated under the current speed and
heading of the towing system. So the towing system should still
maintain the speed and heading calculated in (13) a period of

(12)

(13)
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time until the distance between the towing system and the ob-
stacles does not reduce more. After this point, the towing system
can return to the original path.

The control objective decision mechanism is summarized in
Algorithm 1 (at the time instant k).

Algorithm 1 Control Objective Decision Mechanism

Input: Maneuvering margin AMM(k); Index of conflict IC(k);
Potential control objectives y(k); Flag variable Fg = 0.

: else if IC(k) == 0 &% Fg == 1 then

if The distance between the towing system and the ob-
stacles at time k is larger than that of the time k — 1
then

1: if IC(k) == 1 then

2: if AMM(k) > AMMpn(k) && Fg == 0 then

3: The control objectives are (12);

4: else

5: The control objectives are (13), and Fg = 1;
6: end if

7

8:

9: The control objectives are (12), and Fg = 0;
10 else

11: The control objectives are (13);

12: end if

13: else

14: The control objectives are (12);

15: end if

Output: Control objectives 7sq, Vsq.

4.2. MPC-based controller

The core of the MPC strategy is to design the cost function.
Based on the control objectives, the cost function of the ship at
the time instant k is designed as:

Js(k) = el ()Wsieys(Kk) + e (k) Ws;e,(k),

Vg

(14)

e, (k) = nsp(k) — nsq(k)

e, (k) = vep(k) — vsg(k). (15)

where e,7s(k)eR3 and eUs(k)e]R3 are the position and velocity error
of the ship; nsp(k)eR? and vsp(k)eR? are the predicted position
and velocity of the ship; sq(k)€R® and vsq(k)eR? are the desired
position and velocity of the ship; Ws; = diag(wsx wsy wsy ) and
Ws, = diag(ws, wsy ws;) are the weight coefficients.

It is noticed that, there are two parts on the right-hand-side
of (14). The first part is the quadratic term of the position error,
which is to achieve waypoint following and heading adjusting.
The second part is the quadratic term of the velocity error, which
is to track the speed profile. When there are no avoiding actions,
the second part is the velocity itself, whose role is to restrain the
speed of the ship so that the control action of the ship (towing
force) is not too aggressive.

For the process of waypoint following, the value of position
error at the beginning is maximum, the controller focuses on
approaching the waypoint and increasing the ship’s speed. As
the value of position error reduces, the velocity part is gradually
dominant in the cost function, the speed profile-tracking then
starts to play the role. Thus, when the avoiding actions have
to be taken, to ensure that the speed profile-tracking quickly
perform, 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
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the waypoint distance. The weight factor is designed as a diagonal
matrix:

P(t)

[wa,'(t)
(16)

1/dw(t) ] ;
1

dg(6) = / (x5(0) = xwi)” + (50 — ) (17)
where dwj(t) is the distance from current position of the ship
(xs(t), ys(t)) to the waypoint j (xw;, yw;)-

Remark (Weight Factor P(t)). There is no risk that the distance
dwj(t) equals zero, because in the waypoint switch mechanism
when the position of the manipulated ship is within a certain
range to the waypoint (in the simulation of this paper, this range
is set as the half-length of the ship), the controller will treat the
current waypoint is achieved, and the desired position of the ship
will switch to the next waypoint.

By applying (16) and (17), the cost function in (14) is changed
to:

Js(l) = €] (K)WsiP(K)e,s (k) + €], ()W ze,(K). (18)

The cost function of the tugboat i at the time instant k is
designed as:

Jik) = €8 (W sy, (K) + v (W 2vip(k), (19)

e, (k) = np(k) — m;q(k),

where em.(k)e]R3 is the position error of the tug i; n,p(k)eR> and
vp(k)eR> are the predicted position and velocity of the tug i;
Wi = diag(wix wiy wiy) and Wy, = diag(wy, wiy wji) are the
weight coefficients. The first part on the right-hand-side of (19)
is the position error, which is to achieve trajectory tracking for
tugboat i. The second part is the velocity of the tugboat i, which
is to restrain the speed of the tugboat so that the control action
of the tugboat (thruster force) is not too aggressive.

The term #;4(k) is the reference trajectory of the tug i, calcu-
lated by:

Nia(k) = nsp(k) + (kowi + li)Ei(Yrsp(k), ai(k))
+ LiFi(ysp(k)) + ei(K)[0 0 1],
where liow; is the length of the towing line; E;eR?® and F;cR> are

the vectors related to the predicted heading of the ship and the
towing angles, formulated as:

(20)

(21)

[sin(ysp(k) + (k)
Ei=(-1) |:C05(Wsp(k) + ai(k))}
0
[sin(ysp(k)) (22)
F; = (-1} |:C05(‘ﬁsp(k)):| .
0

Thus, according to the above cost function, the MPC strategy
in the coordination control system can be formulated as:

Hp

U(k) = arg min, Z

Ts'[Ti h=1
(i) The system dynamics,
(ii) Operational constraints,

2

(wsls(k + hlk) + Z wili(k + h|k)> (23)
i=1

subject to

where U are the control inputs of the towing system; ws and w;
are the weight coefficients of the ship and tugboat 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 i at k + h, respectively. The constraints
are defined below.
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The dynamics of the ship and the tug i are calculated by
discretizing the dynamic model in Section 2 (through the Explicit
Euler method) with a control sampling time Ts:

nsplk + 1) = ngp(k) + [ R(yrs(0)ws()dt

vp(k + 1) = vsp(k) + [T MG — Cs(us(E))ws(t) (24)
—~Dsvs(t) — Bl (1)Fi(£) + Bloa(t))Fa(0)]dt,

Mp(k + 1) = np(k) + [ RO wi(t)dt

vk + 1) = vp(k) + [ M = Ciw(©)wi() (25)

—Dyi(t) + Bi( Bi()Fi(t) + Tr,(t)]dt.

For all k and i = 1, 2, the operational constraints for the con-
trol inputs are expressed as:

—imax < (k) < Aimax (26)
0 < Fi(k) < Fimax (27)
—Timax < Ti(k) < Timax (28)
|ai(k)| < @ (29)
|Fi(k)| < Fi (30)

where «jmax is the maximum value of towing angle; Fimax is
the maximum value of towing force that the two towing lines
withstand; Tjmax 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 (26), (27) and (28) model the saturation of the
towing forces, towing angles and thruster forces, stemming from
the physical laws and maritime practice [35]; (29) and (30) 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.

The MPC-based coordination control scheme is summarized in
Algorithm 2 (at the time instant k).

Algorithm 2 MPC-based Coordination Control Scheme

Input: Control objectives 7sq, vsq; Current tug position and
velocity ns(k), vs(k), ni(k), vi(k).

1: if The control objectives are based on (12) then
2: Calculate the optimization problem (23) according to (14),
(15), (19) - (22) with the constraints of (24) - (30);
3: else
Calculate the optimization problem (23) according to (15)
- (22) with the constraints of (24) - (30);
5: end if

Output: Control inputs of the ship ts(k) and the tugboats r;.

5. Simulation and results

A simulation experiment is carried out in this section for a case
study to show the feasibility and applicability of the proposed
method adopted for a ship-towing system of small-scale vessels.

5.1. Simulation setup

The operation of towing an unpowered ship is conducted
by two tugboats. The model of the two tugs is represented by
the “TitoNer” [36], while the towed ship is represented by the
“CyberShip II” [37]. The parameters of the towing system can be
found in [12].

The parameters of the control system are given in Table 1. In
the premises of good visibility conditions, the information for the
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Table 1

Parameters of the control system.
Control sampling time Ts=1s
Prediction horizon Hp =3

Wsy =diag(1 1 0.2)
Ws, = diag(200 20 20)
W;; =diag(1 1 1)

Wi, =diag(2 2 2)

Weight matrices in cost function

Weight matrices in cost function

Maximum value of towing angle imax = 90°
Fimax =3 N

Timax = [10 N 10 N 5 N m]"

Maximum value of towing force

Maximum value of the thruster
forces and moment

Maximum rate of the change of a; =5°/s
towing angle
Maximum rate of the change of F=0.3N/s
towing force
Table 2
Information for the plan of towing operation.
Initial States (x(m), y(m), y(degree))
Tug 1 Ship Tug 2
[-2.17 0 90] [0 0 90] [2.08 0 90]
Waypoint Wind Information
(x(m), y(m), ¥(degree)) speed (m/s) Direction (degree)
[50 0 90] 1 225
Table 3

Information of the intruder.

Initial Position
(x(m), y(m))

Size of the vessel

Length (m) Width (m)
1.255 0.29 (40, -10)
Initial heading Speed Turning Time
(¥(degree)) (m/s) (s)

The 1st:100
330 0.05 The 2nd: 300.

plan of towing operation is shown in Table 2, which includes the
initial states (position and heading) of the ship and two tugboats,
the waypoint of the towing system, and the wind speed and
direction.

The intruder (target vessel) simulated in this scenario is not
under command. Its information is shown in Table 3, including
the length and width, the initial position and heading, the average
speed, and the turning time.

The detailed simulation results are presented in the next sub-
section, where they are illustrated in three parts: conflict de-
tection, conflict resolution, and conflict resolution assessment.
The first two parts show the performances of the proposed col-
lision avoidance method. The third part evaluates all the poten-
tial solutions to provide an optimal collision resolution for the
readers.

5.2. Conflict detection and risk assessment

In this phase, conflict detection is the focus of the ship towing
system. Fig. 6 shows the changes in the key performance indica-
tors (KPIs) for the risk assessment, and Fig. 7 shows the towing
process of the corresponding period.

In Fig. 6, from time 0-130 s, the value of IC remains 0 and
AMM stabilizes at 1, which means in this period there is no
collision risk for the ship towing system. At this time instant
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Fig. 6. Key performance indicators (KPIs) of the risk assessment: the blue line
stands for the index of conflict IC, the orange line represents the available
maneuvering AMM, the red dashed line is the low threshold of AMM. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

(t = 130 s), the position of the towing system and the target
vessel are seen in Fig. 7.

After that, the value of IC jump to 1 indicating that the col-
lision risk has emerged. Meanwhile, the value of AMM starts to
reduce, which implies that the situation is getting worse. Att =
260 s, the value of AMM is already smaller than its low threshold
(the red dashed line), the towing system has to take evasive
action to eliminate the potential collisions before this moment.
Since the frequency of calculating the above two risk KPIs is every
10 s, the time of taking action should be at 250 s.

Besides the position of the towing system, the heading and
surge speed of the three vessels can be seen in Fig. 8. It can be
seen that under the environmental disturbances, the headings of
the three vessels smoothly fluctuate at around 90 degrees, and
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their surge speeds are around 0.05 m/s. Thus, the above two
values are seen as the initial heading and surge speed of the
towing system before taking evasive actions in the next phase
(conflict resolution).

5.3. Conflict resolution

If the towing system remains at the original heading and
speed, collisions will happen. In order to reduce the collision risk,
these two states should be changed.

There are four operations for changing the heading and speed
of the towing system: Operation I, speed down and port side
steering; Operation II, speed down and starboard side steering;
Operation III, speed up and port side steering; Operation IV, speed
up and starboard side steering. Each operation is simulated in this
sub-section to show the collision avoidance performance, where
the speed changes are up and down to 20%, and the heading
changes are port and starboard side 60 degrees. These operations
will last 200 s, if the value of IC does not change (remains at the
value of 1) over this duration, then it is treated as a failure of
resolving the conflict.

Figs. 9 and 10 show the towing process, the risk assessment,
and the time-varying heading and speed of the towing system in
Operation I (speed down and port side steering). It can be seen
that the heading of the controlled towing system changes to 30
degrees. The speed should be controlled to 0.04 m/s, since the
towing system is influenced by environmental disturbances, the
resulting speed is a little large than this desired value, but it is
within the acceptable range. After 80 s (at 330 s), the value of IC
changes to 0, which means the collision risk is relieved.

Figs. 11 and 12 are the results under Operation II (speed down
and starboard side steering). It can be seen that the heading of the
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Fig. 7. Towing process in the conflict detection phase.
—— Ship
= =Tugl
o Tug2 0.06 - - 3 2 .
= -’—-—W
& =
g 9 ’—\\—/ =
3 E
g =
=
80 - 0.02 — Ship
= =Tugl
----- Tugz
0 50 100 150 200 250 0 50 100 150 200 250
t(s) t(s)
(a) (b)

Fig. 8. Time-varying heading and speed of the three vessels in the towing system: (a) Heading; (b) Speed.
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Fig. 9. Towing process and risk assessment of the towing system in Operation I (speed down, port steering): (a) Towing process; (b) Index of conflict.
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Fig. 10. Time-varying heading and speed of the three vessels in the towing system in Operation I (speed down, port steering): (a) Heading; (b) Speed.
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Fig. 11. Towing process and risk assessment of the towing system in Operation Il (speed down, starboard steering): (a) Towing process; (b) Index of conflict.
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Fig. 12. Time-varying heading and speed of the three vessels in the towing system in Operation II (speed down, starboard steering): (a) Heading; (b) Speed.

controlled towing system changes to 150 degrees, and with the a little smaller than the desired value of 0.04 m/s. As to the KPI
influence of environmental disturbances, its controlled speed is of risk assessment, it is noticed that the value of IC remains at
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Fig. 13. Towing process and risk assessment of the towing system in Operation III (speed up, port steering): (a) Towing process; (b) Index of conflict.
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Fig. 14. Time-varying heading and speed of the three vessels in the towing system in Operation III (speed up, port steering): (a) Heading; (b) Speed.
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and risk assessment of the towing system in Operation IV (speed up, starboard steering): (a) Towing process; (b) Index of conflict.
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Fig. 16. Time-varying heading and speed of the three vessels in the towing system in Operation IV (speed up, starboard steering): (a) Heading; (b) Speed.

1 till the end. Thus, this example of operation cannot make sure
collision avoidance.

The details of Operation III (speed up and port side steering)
are shown in Figs. 13 and 14. Besides the similar controlled
heading and speed states of the towing system (Fig. 14), it can
be seen that the time of resolving the conflict is shorter than the

operation of speed down (At time 310 s, the value of IC changes
to 0). This can be also reflected in the towing process (Fig. 13(a)).

Figs. 15 and 16 are the results for Operation IV (speed up and
starboard side steering). Compared to the operation of starboard
side steering in Fig. 11, the towing system successfully resolve
the conflicts. However, the time cost is much higher than the
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Table 4

ISA Transactions 135 (2023) 52-65

Conflict resolution time (first one), path returning time (second one), and the fuel consumption (third one) of different avoidance operations (part 1).

Speed Heading

15° 30°

45° 60° 75°

0.01 m/s (—80%) = =

150 s

0.02 m/s (—60%) =

60s,730s 130 s

0.03 m/s (—40%)

60 s, 700 s 80 s, 660 s

0.04 m/s (—20%)

60 s, 700 s 60 s, 650 s

0.05 m/s (Initial)

110 s 190 s

50 s, 660 s 60s,610 s

0.06 m/s (+20%)

150 s

50s,670 s

0.07 m/s (440%)

150 s

50s,630s

0.08 m/s (+60%)

150 s

50s,620 s

0.09 m/s (+80%)

150 s

50s,610s

0.10 m/s (+100%)

150 s

same speed of port side steering operation (110 s after the initial
states).

The computational time in each time step of the four oper-
ations is shown in Fig. 17. It can be seen that the main time
costs in the four operations are between 0.25 s and 1 s, while
the sampling time in the frame of MPC controller is 1 s. So it is
possible to apply the proposed control scheme in the real-time
controller hardware.

Overall, the results from the above four operational examples
indicate that: (i) the proposed control scheme can manipulate the
ship towing system to achieve the desired heading and speed;
(ii) the operation of controlling the heading and speed of the
ship towing system can relieve the collision risk. However, it is
also noticed that the operation of speed down and starboard side
steering fails to resolve the conflict. Thus, it is necessary to assess
all the potential solutions to check their feasibility and select an
optimal one.

5.4. Optimal operation selection

In order to select an optimal avoidance operation from all the
potential solutions, a set of reachable operations are simulated
from the speed of 0.01 m/s (—80%) to 0.1 m/s (+100%) and from
the heading of 15° (port steering 75°) to 165° (starboard steering
75°).

There are three criteria for evaluating the solutions: the time
of eliminating the risk, the time for returning to the original path,
and the fuel consumption of the whole process. The first one is to
check whether the conflict is resolved and how long it takes; the

T Max
|
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L Min

InterQuartile
Range

I
I
I
I
|

05r

Computational time in each time step (s)

‘ e K T

Operation I Operation I~ Operation III ~ Operation IV

Fig. 17. Computational time in each time step of the four scenarios, the symbol
“+" is the outlier.

second one is based on the first result to calculate the time cost
when the towing system returns to its original path; the last one
is based on the second results to calculate the fuel consumption
of the whole avoidance process.

The results according to the three criteria are presented in
Tables 4 and 5. The first value in the cell is the time of elimi-
nating the risk. It can be seen that the possible operations are
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gglﬂeicst resolution time (first one), path returning time (second one), and the fuel consumption (third one) of different avoidance operations (part 2).

Speed Heading

105° 120° 135° 150° 165°
0.01 m/s (—80%) - - = = -
0.02 m/s (—60%) - = = - -
0.03 m/s (—40%) - = - _ 120 s
0.04 m/s (—20%) - - - _ 70 s, 750 s
0.05 m/s (Initial) - - - 100 s 60 s, 730 s
0.06 m/s (+20%) - - _ 110 s 60 s, 670 s
0.07 m/s (+40%) - o - 60 s, 640 s
0.08 m/s (+60%) - = - 60 s, 620 s
0.09 m/s (+80%) - - - 60 s, 660 s
0.10 m/s (+100%) - - 140 s 60 s, 630 s

categorized into three parts with different colors: the red cell is
the operation that fails to resolve the conflict within 200 s; the
blue cell stands for the operation that resolves the conflict with
the time between 100 and 200 s; the green one represents the
operation that can resolve the conflict within 100 s. The results
indicate that for the operation of speed, a proper increasing
speed can help to reduce the time of conflict resolution; for the
operation of heading, a larger heading change can help resolve
the conflict faster (the initial heading is 90 degrees).

After eliminating the collision risk, the time of returning to
the original navigation path should be concerned. Figs. 18-20
show the path returning process after resolving the conflict under
different speed and heading conflict resolution operations, where
the risk is considered relief when every vessel in the towing sys-
tem has passed the minimum DCPA (Distance at the Closest Point
of Approach) to the target vessel. There are four-time instants
marked for the ship towing system in these three figures: the first
is the initial time of the conflict resolution operation, the second
is the time that the index of conflict IC(t) changes from 1 to O,
the third is the time that the towing system is in the minimum
DCPA to the target vessel; the fourth is the returning time. It is
noticed from the results that the operation of speed up not only
costs less time of resolving the conflict but also takes less time
for path returning.

In Tables 4 and 5, the second value in the cell is the path
returning time, where the standard green cells are the operations
with the returning time less than 600 s. The results reveal that
the speed-up operation can help a ship towing system quickly
resolve conflicts and return to the original path, but as the speed
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increases to a certain percentage, the rate of time reduction is
getting slow. The heading adjusting is another way to solve the
conflict: the larger the heading changes, the faster the conflict
is solved, but the longer time the towing system returns to its
original path.

Finally, the standard green cells are selected to calculate the
fuel consumption of the whole collision avoidance process. The
calculation is based on the Admiralty coefficient [38], which is
defined as:

A2/3 . V3
= #
where A is the vessel’s displacement; V is the vessel’s speed; P
is the engine break power. Then, the fuel consumption of a vessel

during the whole process of collision avoidance can be expressed
as [39]:

Ac (31)

)

Cruel = Ac - ca, (32)

where tca is the operation time of the collision avoidance.

Since the power source of the ship towing system come from
the two tugboats and they have the same model, according to
(31) and (32) the fuel consumption in this simulation scenario
is determined by the tugboat’s speed and the collision avoid-
ance operation time. The results considering fuel consumption in
Tables 4 and 5 indicate that the higher speed and the larger
heading changes result in higher fuel consumption.

Thus, taking into comprehensive consideration by the conflict
resolution time, path returning time, and fuel consumption, the
operation of speed up 20% (speed 0.06 m/s) and port side steering
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Fig. 18. Path returning process under the conflict resolution operation of speed 0.04 m/s and heading 30°
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45° (heading 45°) is recommended for dealing with collision
avoidance for a ship towing system in this simulation scenario
(the dark green cell in Table 4).

6. Conclusions

This paper proposes a speed and heading control-based col-
lision avoidance method for a ship towing system. With the
foundation of our previous research work on risk alert and detec-
tion, this paper focuses on the conflict resolution of the collision
avoidance problem.

The conflict resolution for a ship towing system consists of
two components: risk assessment and coordination control. The
risk assessment identifies the conflict by the calculated index
of conflict and determines the time of avoiding action by the
available maneuvering margin. The coordination control is based
on the model predictive control strategy to cooperatively control
two tugboats for regulating the position, heading, and speed of
the manipulated ship. To solve the objective conflicts in the opti-
mization control problem, an adaptive weight factor is designed
to effectively coordinate the position error and the velocity error
in the cost function.

Simulation experiments indicate that: (i) The proposed control
scheme can manipulate the ship towing system to achieve the
desired heading and speed under environmental disturbances;
(ii) According to the calculated index of conflict and considering
the conflict resolution time, path returning time, and fuel con-
sumption, an optimal operation of heading and speed changes can
be recommended for a ship towing system to provide a safer and
more efficient collision avoidance resolution.

In future research, the following improvements can be made:

1. Calculation of the optimal control objective.
The control objective decision sub-system in the coordi-
nation control system should be redesigned to calculate
an optimal control objective for the MPC-based controller.
This might be achieved by designing a relationship func-
tion that can transform the mentioned criteria into the
system states. And then, take advantage of the methods of
multi-objective optimization problems [40], to find an op-
timal reference trajectory and speed profile for the towing
system.
2. Implementation of the proposed algorithm.

In practical implementation, two important issues should
be concerned. The first is to consider the time delays in
the communication process, which will affect the control
performance of the proposed scheme. This issue might be
solved by the distributed buffer-based prediction strategy
to compensate bounded delays and predict the unavailable
states due to delays [41]. Another is to reduce the computa-
tion time, which is important for the implementation of the
MPC algorithm on real-time hardware. A possible way is
to transform the original nonlinear problem into the linear
one by linearizing the prediction model and the control
constraints [42,43]. The reduction of computation time also
helps to extend the prediction horizons, since the short one
may lead to instability.
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