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Abstract: In this paper, combined with the improved artificial potential field (IAPF) method and
the nonlinear model predictive control (NMPC) algorithm, a collision avoidance decision-making
support scheme considering ship maneuverability and the International Regulations for Preventing
Collisions at Sea (COLREGsS) is proposed. First, to comply with the requirements of COLREGs,
an improved repulsive potential field is presented for different encounter scenarios when the ship
detects the risk of collision, and the coordinated ship domain is applied to provide safety criteria for
collision avoidance. Then, by transforming the MMG model to a discrete-time nonlinear system, the
NMPC is utilized to predict the future state of the ship according to the current state, and the IAPF
method is incorporated to calculate the potential field in each future state as the objective function.
Following this approach, the action taken to avoid collision is more effective, the ship motion in
avoiding collision is more accurate, and the collision avoidance decision making is more reasonable.
Finally, two simulation examples of multi-ship encounter scenarios are applied to illustrate the merits
and effectiveness of the proposed collision avoidance decision-making support scheme.

Keywords: collision avoidance; improved artificial potential field; nonlinear model predictive control;
ship maneuverability; COLREGs

1. Introduction

In the past decades, due to the high incidence and serious consequences of ship colli-
sion, preventing collision accidents has always been in the spotlight among practitioners
and researchers. Through the analysis and investigation of a large number of accident
reports, researchers have come to a common conclusion that human factors are the main
cause of ship collision accidents [1]. To mitigate or even eliminate the impact of human fac-
tors, the research on ship anti-collision mainly focuses on assisting human and autonomous
collision avoidance [2].

Ship path planning methods are always presented to realize autonomous collision
avoidance and navigation. The application of A-star [3], rapid-exploring random tree [4]
and other algorithms [5] in ship path planning has been developed for many years. Com-
paratively, these studies take into account static obstacles and ignore dynamic obstacles.
The artificial potential field (APF) method, which was first formally applied [6] to real-time
collision avoidance of robots in known static environments, has gradually attracted the
attention of scholars and is widely used in path planning, such as unmanned aerial vehicle
(UAV) [7], autonomous vehicle [8], etc. Due to its ability to deal with static and dynamic ob-
stacles, the APF method is also applied in ship collision avoidance [9,10]. In the process of
collision avoidance, the requirements of some key rules in COLREGs are usually taken into
account. A COLREGs-constrained multi-ship real-time autonomous collision avoidance
decision-making algorithm based on improved APF was proved to have the advantages of
fast calculation speed and strong robustness [11]. The repulsive potential field was modified
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depending on the relevant descriptions of COLREGs for different encounter scenarios, and
a guidance strategy was proposed for an underactuated unmanned surface vehicle (USV)
based on improved APF [12]. However, the traditional APF method is prone to falling
into local optima in path planning. Some researchers gradually focus on combining APF
and other algorithms to overcome the drawbacks of traditional APE. A collision avoidance
scheme based on APF and deep Q-learning network (DQN) was presented, incorporating
the resultant force of APF and the requirements of COLREGs into the reward function of
DON [13]. To improve the feasibility and reasonability of an anti-collision scheme, a path
planning algorithm considering the requirements of COLREGs and combining modified
velocity obstacle (VO) and APF was proposed [14]. However, compared with the traditional
APF, the repulsive potential field for three encounter scenarios should be developed and
improved according to the rules of COLREGs.

At present, a lot of research works on path planning methods ignore whether the ob-
tained path is prone to being tracked by the ship. In other words, path planning should also
fully consider the ship motion control algorithm and tracking effect. Due to its outstanding
performance in predicting the future state and dealing with multi-constraint problems,
model predictive control (MPC) was widely utilized in ship motion control [15,16]. MPC is a
control method based on the object, and its control accuracy is directly related to the model’s
accuracy. For a nonlinear system, linearizing the nonlinear system and then utilizing MPC
control can simplify the control process and improve the calculation speed, but it may
also lead to low control accuracy, poor controller robustness and other consequences [17].
For ship trajectory tracking and obstacle avoidance in uncertain external environmental
disturbance, a trajectory tracking control method based on nonlinear model predictive
control (NMPC) was proposed to ensure the high control accuracy and strong robustness of
the controller [18]. A trajectory tracking with obstacle avoidance algorithm, incorporating
an event-triggered mechanism into the NMPC design, was presented, which can ensure
good obstacle avoidance effect and reduce the computational burden [19]. Obviously, to
improve control accuracy and controller robustness, the NMPC scheme is more suitable for
ship motion control than the MPC scheme.

Based on the excellent tracking performance of the MPC scheme, the combination
of MPC and APF has gradually attracted scholars’ attention in collision avoidance. A
repulsive potential field was included in an NMPC method to avoid collision with obstacles
and control multiple USV in arbitrary formations [20]. However, this scheme ignores the
COLREGs and only considers static obstacle avoidance. Considering the constraints of
ship maneuverability and the requirements of COLREGs, a novel motion planning method
based on MPC and APF was proposed for multi-object collision avoidance [21], which
can solve the problem of easily falling into local optima in traditional APFE. It is worth
noting that the ship kinematic model used was obtained by ignoring the influence of sway
velocity components and simplifying the hydrodynamic parameters and derivatives of the
model [22]. This model is mainly applied to describe the ship maneuvering characteristics of
a small rudder angle, while the accuracy of describing the ship maneuvering characteristics
of a large rudder angle is insufficient [23].

In particular, the maneuvering modeling group (MMG) model is one of the famous
and high-precision mathematical models for ship maneuvering presented by the Japanese
Towing Tank Conference (JTTC) [24]. To describe the ship maneuvering motion charac-
teristics for a ship meeting at a close rangg, a collision avoidance dynamic support model
was proposed [25] by combining a three-degrees-of-freedom (DOF) MMG model, a control
algorithm and a collision avoidance parameter mathematical model, which demonstrates
the importance and necessity of considering ship maneuvering motion characteristics in
collision avoidance. In addition, ship maneuvering motion characteristics should be con-
sidered when providing the safety criteria for collision avoidance. The coordinated ship
domain, which was proposed by taking into account ship maneuverability and mutual
interaction of meeting ships [26], can provide more reasonable safety criteria than other
ship domains.
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Motivated by the above observation, this paper proposes a collision avoidance decision-
making support scheme by combining the IAPF method and the NMPC algorithm, which
considers the COLREGs and ship maneuverability. The main contributions are summarized
as follows.

(1) According to some critical rules of COLREGs, the repulsive potential field for three
encounter scenarios, i.e., head-on, crossing and overtaking situations, is developed
and improved in this paper.

(2) A standard 3 DOF MMG model is applied to denote ship maneuvering motion
characteristics in the process of collision avoidance, and then, a collision avoidance
decision-making support scheme is proposed by incorporating the IAPF method into
the NMPC design.

(3) The coordinated ship domain, which considers ship maneuverability and mutual
interaction of meeting ships, is applied to determine the safety criteria in the process
of collision avoidance.

The rest of the article is organized as follows. Section 2 describes the IAPF method
considering the requirements of COLREGs and introduces the coordinated ship domain.
Section 3 introduces the MMG model and gives the NMPC design procedure. Section 4
shows the effectiveness of the presented collision avoidance decision-making support
scheme. Section 5 presents the conclusions.

2. Improved Artificial Potential Field Method

As a path planning method with simple principles and practical solid application, the
APF is widely used in collision avoidance. The core idea of the APF method is to regard
the motion of a ship in an actual environment as the motion in a virtual potential energy
field, where the ship is affected by all kinds of forces. The attractive force of the goal point
drives it toward the goal point. On the contrary, the obstacles in the environment produce
a repulsive force to prevent the ship from colliding with obstacles. Therefore, the resultant
force will bring the ship closer to the target point and away from the obstacles. In addition,
when the APF is combined with MPC, instead of calculating the attractive and repulsive
forces, the total potential field is calculated [21], and the path with the gradient of steepest
descent in the total potential field is the optimal path.

2.1. Attractive Potential Field

The attractive potential Uy (p) is defined as a function of the relative distance between
the own ship (OS) and the goal point.

1
uutt(P) = Ekattp(pos/ Pg)2 1)

where kg is the attractive potential field coefficient; pos, pg are the position of the OS and the
goal point, respectively. p(pos, pg) is the distance between the own ship and the goal point.

2.2. COLREGs-Compliant Repulsive Potential Field

Collision risk assessment is a vitally important part of the process of collision avoid-
ance. The closest point of approach (CPA) method is selected to assess collision risk and
decide whether to take avoiding action [27]. Meanwhile, in the process of actual ship
collision avoidance, the requirements of COLREGs cannot be ignored. Based on the above-
mentioned statement [12], this paper proposes an improved repulsive potential field, which
considers risk and complies with COLREGs. There are different ways to improve the
different encounter situations. Primarily, according to Rule 14 of COLREGs [28], which
describes the action of two power-driven vessels in a head-on situation, it can be found
that the own ship shall alter course to the starboard and pass on the port side of the target
ship (TS). Therefore, the repulsive potential field is constructed according to the change in
the distance between the OS and the TS, and the distance from the OS to the longitudinal
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centerline of the TS. Then, some settings are added, so that the own ship’s actions can avoid
collision and comply with the requirements of COLREGs. The repulsive potential field
generated by the TS is as follows:

ds(ppr)+d1)?
Upep = Skpep
ep 277ep P(Pasfpt)z

ifo(pos, pt) < lt,ds(p, pr) > —dy and TCPA > 0 )
0 others

where ki is the repulsive potential field coefficient; p(pos, pt) is the distance between the OS
and the TS; [; is the influence radius of the TS; d; is a preset reference distance in a head-on
situation; ds(p, pr) denotes the distance from the OS to the longitudinal centerline of the
TS. If the OS is on the port side of the TS, ds(p, pr) is a negative value; otherwise, it is a
positive value.

Similarly, according to Rule 15 of COLREGs, which describes the action of two power-
driven vessels in a crossing situation, it can be found that the give-way ship shall avoid
crossing ahead of the other vessel. Assuming the OS is a give-way ship, the repulsive
potential field is constructed according to the change in the distance from the OS to the TS
and the distance from the OS to the transverse centerline of the TS. The repulsive potential
field of the TS when the OS needs to avoid the TS in a crossing situation is as follows:

(ds(p.pr)+d2)*

P(Pos/Pt)z
ifo(pos, pt) < lo,ds(p, pr) > —da and TCPA > 0 (3)

urep = %krep

0 others

where d is a preset reference distance in a crossing situation; ds(p, pr) denotes the distance
from the OS to the transverse centerline of the TS. If the OS is on the stern side of the TS,
ds(p, pr) is a negative value; otherwise, it is a positive value.

For an overtaking situation, according to Rule 13 of COLREGs, it can be found that the
give-way ship can alter the course to the starboard or the port depending on the navigation
conditions. When the OS is a give-way ship, the repulsive potential field of the TS is
constructed according to the change in the distance between the OS and the TS, and the
distance from the OS to the transverse centerline of the TS as follows:

(d3—do(p,pr))*
. P(Pos/Pt)z
ifo(pos, pt) < lo,du(p, pr) < d3 and TCPA > 0 (4)

urep = %krep

0 others

where d3 is a preset reference distance in an overtaking situation; d,(p, pr) denotes the
vertical distance between the OS and the longitudinal centerline of the TS, which is a
positive value.

This paper aims to find a path with the gradient of steepest descent in the total
potential field. Here, the total potential field at the ith moment is used for analysis, and the
ship is assumed to be within the influence range of the N; target ships. The total potential
field Py, at the ith moment is expressed as follows:

Nt
Psi=Pgi+ Y Piin 5)
n=1

where Pg ; is the potential field of the goal at the ith moment; P; ; ,, is the potential field of
the target ship n at the ith moment.



J. Mar. Sci. Eng. 2023, 11, 1408

50f16

2.3. Coordinated Ship Domain

Over the past decades, the research on the ship domain of marine traffic engineering
has received much attention because the ship domain plays a vital role in the navigational
safety of ships. The concept of the ship domain was first proposed as an “effective do-
main” [29], which means the domain around a ship under way, which most navigators of
the following ships would avoid invading. Then, the ship domain was further regarded as
the effective area around a ship, which a navigator would like to keep free for other ships
and stationary obstacles [30]. Through years of progress, a large number of ship domains
have been presented for various purposes, which were classified into three classes in a
geometrical manner, i.e., circle, ellipse and polygon.

The shape and size of the ship domain model depend mainly on the characteristics of
the ship, such as length and speed. However, the difference in the size of the ship domain
between the two vessels can lead to a different identification of the danger level. Therefore,
the coordinated ship domain is applied [26], which considers the cooperation between
ships and the influence of the ship’s advance on the setting of a safe distance. In addition,
the distance from the middle of the ship to the bow of the ship is also a major factor and
should be considered when ships meet at close quarters. Hence, the radius of the ship
domain R, is expressed as

Re¢ = Deenter + TAmax (6)

where Denter denotes the distance between the center of the ship domain and the bow of the
ship, which is equal to 0.5Lmax; TAmax denotes the maximum ship length of the universal
advance and the tactical diameter based on turning circle maneuver data, which is equal to
4.0Lmax. Therefore, the size of the ship domain can be expressed as

Re = 0.5Limax + 4Lmax = 4.5Lmax @)

where Limayx is the maximum length of the ships, which are involved in an encounter
situation, which is expressed as follows

Lmax = max(Lq, Ly, ..., Ly),(n=1,2,...,N) (8)

When multiple ships are meeting on the open sea, the coordinated ship domain is
applied to the own ship and the target ships simultaneously to ensure passage at a safe
distance, i.e., multiple meeting ships use the same ship domain.

3. Collision Avoidance Decision-Making Support Scheme Based on IAPF and NMPC
3.1. Maneuvering Modeling Group (MMG) Model

Figure 1 shows the body-fixed coordinate system o-xyz within the space-fixed coordi-
nate system 0g-xoy0zo, and the origin o is located in the mid-ship of the ship.

The variations in the ship heading angle ¢ and ship position (x, y) in the space-fixed
coordinate system are expressed as

X =ucosyp —uvsiny
y=usinyp+vcosy 9)
p=r

U =0y + Xgr (10)

where 1, v and r denote the surge velocity, sway velocity at the gravity and yaw rate,
respectively; v, and xg are the sway velocity at mid-ship and the distance from the center
of gravity to the mid-ship.
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Figure 1. Coordinate systems.
Concretely, the standard 3 DOF MMG motion equations are defined as follows:

(m + my)it — (m 4 my)oyr — xgmr? = Xp + Xg + Xp
(m 4 my) vy + (m 4 my)ur + xgmr = Yy + Y (11)
(L + x2m + J.)i + xgm(vm + ur) = Ny + N

where m, my, my, |, and L are the ship’s mass, the ship’s added mass in the o—x axis
direction, the added mass in the o-y axis direction, the added moment of inertia around the
mid-ship and the moment of inertia of the ship around the center of gravity, respectively.
X, Y and N are the surge force, lateral force and yaw moment around the mid-ship; the
subscripts H, R and P denote the ship hull, rudder and propeller, respectively. The force
and the moment acting on the hull Xy, Yy and Np are defined as follows:

Xy = (1/2)pLppdU? X}y (v}, 1)
Yy = (1/2)pLypdUY}; (0}, 7')
Ny = (1/2)pL3,dU*Ny; (v}, 1)
u=u?+v2

where p, d, Ly, and U denote the water density, ship draft, ship length between the perpen-

diculars and the resultant velocity, respectively. v}, is nondimensionalized by v,,/U, and 1’
is nondimensionalized by rL,,/U. The force acting on the propeller Xp is defined as

(12)

Xp = (1= tp)ons Dy (kia ] +knJp + kio)
Ip=u {1 — wpo exp(Co(B — x;r’)2)} /nyDp (13)
B = arctan(—vy, /u)

where 4, t,, np, Dy and ], denote the rudder angle, thrust deduction factor, propeller
revolution, propeller diameter and propeller advanced ratio, respectively. kg, k¢1, ki are
the propeller thrust open water characteristic coefficients; wyo, Co,  and x, denote the
wake coefficient of the propeller in a straight moving direction, the experimental constant,
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the drift angle and the longitudinal coordinate of the propeller position, respectively. The
force and the moment acting on the rudder Xg, Yr and Ny are defined as follows:

Xg = —0.5(1 — tg)pAr (1% + v%) fu sinag sin

Yr = —0.5(1 — ap)pAr(u% + 0%) fu Sinag cos

Ng = —0.5(xg + agxy)pAR (u% + v%) fo sinag cos &
ag =6 —tan"!(vg/ug) ~ 6 — vr/ug

(14)

where g, ag, xy and xg denote the steering resistance deduction factor, the increase factor
of the rudder force, the distance from the additional lateral force component to the mid-
ship and the distance from the rudder to the mid-ship, respectively. Ag, ag, fa, ugr and
vR represent the profile area, the effective inflow angle, the lift gradient coefficient, the
longitudinal and lateral inflow velocity of the rudder, respectively.

Meanwhile, consider the actual performance of the rudder as follows

o= —(1/TE)5+(1/TE)5E (15)

where T is the steering factor; ¢ denotes the order angle of the steering gear and also
represents the actual input of the system.

3.2. Nonlinear Model Predictive Control Design

It can be seen from Equation (11) that the maneuvering equations are a system of
first-order ordinary differential equations. The common numerical methods for solving
such problems include Euler, Runge-Kutta, linear multi-step, etc. The Runge-Kutta method
is commonly used in an actual calculation because it can improve the order of the algorithm
to meet the different accuracy requirements [31]. Before solving the equation, combine
the aforementioned maneuvering equations into a new system of ordinary differential
equations, and transform it into the following form:

Z;l :fl(t/u/vn’urlérlp)

’(:Jm :fZ(tru/vm/r/(S/q))

i‘:f?)(t/u/UM/r/&/lP)

5= fa(t, u,0m,7,6,9) (16)
Ip :fS(t/u/vm/r/§/1/))

J.C :f6<tluivm/r/5/l/])

y:f7(t/urvm17’/5/¢)

If the value of each variable is known at time {;, then at time ¢;,1 = {; + T; the standard
four-order Runge—Kutta formula for calculating each variable is

i1 = u; + 7(Kyp +2Kq2 +2K13 + K14) /6

Um it1 = Um i + T(Kp1 + 2Kp 4 2Kp3 + Kp4) /6

riy1 =Ti + T(K31 + 2K3p + 2K33 + K34)/6

(5i+1 =0; + T(K41 + 2Ky + 2Ky3 + K44)/6 (17)
Piy1 = P + T(Ks1 + 2Ksp 4 2Ks53 + Ks4) /6

Xiy1 = X + T(Ké] + 2Kgp + 2Kgz + K64) /6

Vi1 = Yi + T(K71 +2K7p 4 2K73 + K74) /6

where 7 is the time of each calculation step. The value of Kj; in the formula is calculated as
follows:

Kji = fi(ti, wi, Om i, 73, i, ;)

Kjiv1 = fi(ti + 7, ui + 5K1i, om i + 5Koi, 1i + 5K3i, 6; + 5Kai, i + 5Ks;)
Kjivo = fi(ti + 5,0 + 5Ky ip1,0m i + 5Koiq01, 1 + 5K3,41, 0 + 5Kg i, i + 5Ks,41)

(18)

Kjivs = fi(ti + T, ui + TKyip0, 0m i + TKy g0, 1i + TK3i40,0i + 5Ky o, i + TK5i42)
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According to Equations (15)—(18), the general form of the ship’s discrete-time nonlinear
system can be expressed as follows:

¢(i+1) = f(E(1) + 810e() (19)

where (i) = [u(i), vm(i), r(i), 6@), ¥(i), x(i), y(i)]" represents the vector of the ship’s state
at the ith moment; g, = 1/Tf stands for control gain, which is a constant. Define the
predictive horizon N, the control horizon N, and N; < N,. According to the current state,
the predicted state in the future N}, horizon can be obtained as follows:

i+ 1) = f(E(i) + 819E(7)
§i+2) = f(E(+1]) + g10e(i +1)

&(i+ nli) =f<§<z‘+:n—1|k>>+g1fsE<i+n—1> o0

£+ Neli) = F(@(i+ Ne = 11i)) + 18 (i + Ne — 1)

E(i+ Ny|i) = F(E(i+ Ny —1]i)) + 105 (i + Ne — 1)

where (i + n | i) is the vector of the predicted state at i + n using the state ¢(i) at the i moment.
Whenn > N, 6g(i + n) = 0g(i + Ne — 1). Thus, the optimal control sequence can be expressed
as U = [0g(i), 6p(i+ 1), ..., 0p(i+n —1),...,0p(i + N, — 1)]T, and only the first control
action in the control sequence is finally applied to the plant in MPC applications [32].

In order to consider the influence of ship maneuverability in the process of collision
avoidance, this paper combines the NMPC and APF methods to transform the ship motion
planning problem into an optimization problem with constraints. Only the constraint
of control input is considered here, i.e., the constraints of the rudder angle and rudder
deflection speed are as follows:

—3°/s§5§3°/s 1)

{ —35° < §;,0p ; < 35°
The process of solving optimization problems with the NMPC method is as follows.
First, the objective function within the prediction horizon is obtained by predicting the
future state of the ship from the current ship state. Then, the objective function is optimized
to obtain the optimal input sequence at the current time. Moreover, select the first element
of the optimal input sequence as system input at the current time to calculate the ship’s
state at the next time. Finally, repeat the above steps. In this process, combined with the
improved APF, the objective function in the NMPC is defined as follows:

Ny
J= ) P (22)
n=1

where P, is the predictive total potential field at the ship’s location at the moment i within
the predictive horizon 7, which is detailed in Equation (5).

4. Simulation and Analysis

In this section, two simulations are conducted to show the effectiveness of the pre-
sented collision avoidance decision-making support scheme. Simulation 1 is a multi-ship
meeting scenario where only the own ship takes action to avoid other ships. Before this,
different collision avoidance action distances are set for different encounter situations
between two ships, and collision avoidance actions are taken only when two ships are close
to the set distance. Simulation 2 is also a multi-ship encounter scenario where the own
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ship considers the risk of collision with all target ships and takes appropriate actions to
avoid all target ships at once. Then, the proposed scheme and an existing method [12]
are simulated, respectively, under the same scenario, and the advantages of the proposed
scheme are analyzed based on the simulation results. The existing method, which is a
COLREGs-compliant guidance strategy based on improved APF, can choose a suitable
heading according to the change in the total potential field. Therefore, the heading and the
trajectory obtained by the two methods are compared in the simulation.

The benchmark ship KVLCC2 tanker is selected as a sample ship from multiple
meeting ships. The data of the sample ship [24] are given in Tables 1 and 2, respectively.

Table 1. Principal particulars of KVLCC2 tanker.

Symbol Quantity Symbol Quantity
Ly (m) 320.0 Cp 0.81
B (m) 58.0 Dp (m) 9.86
d (m) 20.8 Hg (m) 15.8
Displacement (m3) 312,600 AR (m) 112.5
xg (m) 11.2

Table 2. Hydrodynamics force coefficients of sample ship.

Symbol Quantity Symbol Quantity Symbol Quantity
R} 0.022 Nk —0.049 Wpo 0.35
X, —0.040 Nl oo —0.030 Co 21
X!, 0.002 Ny, —0.294 X, —0.48
X!, 0.011 Ny, 0.055 tR 0.387

X! oo 0.771 N, ~0.013 ag 0.312
Y) —0.315 M, 0.022 X4 —0.464
Yy 0.083 M, 0.223 YR (Br <0) 0.395

V. ~1.607 4 0.011 YR (Br > 0) 0.640
Your 0.379 ty 0.220 Lk —0.710
Y. —0.391 kto 0.2931 € 1.09
Y., 0.008 kip —0.2753 K 0.50
N} ~0.137 kiz —0.1385 fa 2.747

Simulation 1. In this simulation, a two-dimensional Cartesian coordinate system in nautical miles
(nm) is utilized to express the position of the goal point and the ship. In the simulation studies, all
ships sailed in open water with good visibility, and the initial states of the OS and the TS are shown
in Table 3. The initial sway velocity, yaw rate and rudder angle of all ships are set as zero. To assess
the collision risk, Table 3 lists the initial DCPA between the OS and the TS calculated from the
ship’s initial position, course and velocity. Based on the data in Table 1, the coordinated ship domain
Re = 4.5Lyax = 0.78 nm. The setting of a safe distance is closely related to the visibility conditions
at sea, and the safe distance can be set to 1 nm when the visibility is good [33]. Combining the size
of the ship domain, set the safe distance as dsap, = 1.6 nm in this simulation. Set different distances
to take avoiding action for different encounter situations between the OS and the TS, e.g., as 6 nm
for a head-on situation, as 4 nm for a crossing situation and as 3 nm for an overtaking situation.
The primary simulation parameters are shown in Table 4.

Table 3. The initial state of the own ship and target ships in Simulation 1.

o Course Surge Velocity DCPA
Position ©) (kn) (nm)
(O (10,01) 000 15.5
TS1 (13,05) 270 15.5 0.71
TS2 (10,14) 170 15.5 113

TS3 (14,08) 346 55 3.06
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Table 4. The significant parameters in the simulation.

Description Notations Value
Reference distance in a head-on situation (nm) dq 2
Reference distance in a crossing situation (nm) dp 2
Reference distance in an overtaking situation (nm) ds 2
Attractive potential field coefficient katt 5
Repulsive potential field coefficient krep 200
Time of each calculation step (s) T 5
Predictive horizon Np 10
Control horizon N, 8
Steering factor Tk 2.5

The simulation results are shown in Figures 2-6. Figure 2 shows the complete motion
trajectories of four ships, indicating the position and the ship domain at the moment of
closest proximity between the own ship and the other target ships. The curve represents
the trajectory of the OS, and the other straight lines represent the trajectory of the TS. In
addition, it can be observed that there is no collision risk between the target ships. Figure 2a
shows the trajectories generated by the scheme based on the IAPF and NMPC methods,
considering ship maneuverability. The trajectory in Figure 2b is generated by an existing
method, ignoring ship maneuverability. Combined with the variation diagram of the own
ship’s heading angle in Figure 3, it can be seen that the trajectory and the heading angle of
the OS in Figures 2b and 3b are not sufficiently smooth compared with those in Figures 2a
and 3a, and this difference is caused by whether the ship maneuverability is considered.
In addition, there is an apparent course oscillation in Figure 3b caused by the sudden
appearance or disappearance of the repulsive force at the edge of the TS’s potential field.
NMPC will predict the potential field information for a period of time in the future and
choose the path with the gradient of steepest descent in the total potential field to avoid
repeated disappearance and appearance of the repulsive force; consequently, there is no
course oscillation in Figure 3a. As observed in the figure, there is a crossing situation
between the OS and TS1, a head-on situation between the OS and TS2 and an overtaking
situation between the OS and TS3. According to the requirement of COLREGs, the OS
takes an alternative course of action to avoid TS1, TS2 and TS3 in a sequence. There is
no crossing of the ship domains, which shows that the collision avoidance effect is good.
However, when the OS avoids TS1, it does not take into account the collision risk with TS2
and TS3, resulting in frequent steering maneuvers.

20 20 -

18 0S - 46055

4 ~TS1:2770s TS1:550s

"v s 1
4+ ~TS1:2770s TS1:720s \
08 : 7205 (
2r U 1822 2805s

(a) (b)

Figure 2. Results of multi-ship, multiple encounter scenarios’ collision avoidance validation in
Simulation 1: (a) result of the proposed method; (b) result of the existing method.
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Figure 3. Variation diagram of the own ship’s heading angle in Simulation 1: (a) result of the proposed

method; (b) result of the existing method.
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Figure 4. Variation diagram of the distance between the own ship and target ships in Simulation 1.
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Figure 5. Variation diagram of the rudder angle of the own ship in Simulation 1.
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Figure 6. Variation diagram of the velocity of the own ship in Simulation 1.

Figure 4 shows the variation in the distance between the OS and the TS. Obviously,
combined with Figure 2, the minimum distance between the OS and the TS is higher than
the safe distance dsafe/ which reflects that the coordinated ship domain is more intuitive for
evaluating the effect of collision avoidance. It can be seen from Figure 5 that the change
in the rudder angle of the OS is always within the prescribed range in advance, which is
also the most intuitive manifestation of ship maneuverability constraints. The variation
diagrams of the OS’s surge, sway and resultant velocity are drawn in Figure 6, and it can be
easily seen that the surge, sway and resultant velocity vary with the change in the rudder
angle, which reflects the maneuvering characteristics of the ship.

Simulation 2. In this simulation, there is a risk of collision between the OS and all other ships,
and there is no risk of collision between the target ships. As shown in Table 5, the initial states of
the OS and the TS are given, as well as the initial DCPA between the OS and the TS. Here, the
distance to take collision avoidance action is enlarged, so that the OS takes collision risk with all
target ships into account when taking avoidance action. The repulsive potential field coefficient is
set as krep = 800, and the other parameters and values are configured identically to those used in
Simulation 1.

Table 5. The initial state of the own ship and target ships in Simulation 2.

o Course Surge Velocity DCPA
Position ©) (kn) (nm)
(O8] (01,01) 045 15.5
TS1 (04,05) 045 5.5 0.71
TS2 (15,02) 315 14.5 0.53
TS3 (13,11) 225 15.5 1.41
TS4 (04,16) 135 8.5 1.32

Figure 7 shows the complete motion trajectories of the OS and four target ships and
marks the moment and the position of the closest distance between the OS and the TS.
Figure 7a shows the trajectories generated by the scheme based on the IAPF and NMPC
methods, considering ship maneuverability. The trajectory in Figure 7b is generated by an
existing method, ignoring ship maneuverability. The own ship’s heading angle changes
during collision avoidance using the two methods are described in Figure 8a,b, respectively.
The reasons for the differences in the OS trajectory and heading angle in Figures 7 and 8
are consistent with those mentioned in Simulation 1. Combined with the variation in the
distance between the OS and the TS depicted in Figure 9, it can be seen that all target ships
are successfully avoided by relying only on the OS to take actions. From the perspective of
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the OS’s trajectory, the OS adopts fewer course alterations to avoid multiple target ships.
This suggests that increasing the distance of collision avoidance actions can simultaneously
consider the collision risk with more target ships, effectively reducing the number of course
alterations required by the OS. Meanwhile, as shown in the rudder angle change diagram
in Figure 10, the maneuvering amplitude adopted by the OS in the collision avoidance
process is also small. Figure 11 displays the variation diagrams of the OS’s surge, sway and
resultant velocity, which vary with the change in the rudder angle, indicating the ship’s
maneuvering characteristics.

TS1 : 55805
*

0S : 38555

TS4 : 54605 TS4 ; 55805
61 TSI:930s

(a) (b)

Figure 7. Results of multi-ship, multiple encounter scenarios’ collision avoidance validation in
Simulation 2: (a) result of the proposed method; (b) result of the existing method.
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Figure 8. Variation diagram of the own ship’s heading angle in Simulation 2: (a) result of the proposed
method; (b) result of the existing method.
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Figure 9. Variation diagram of the distance between the own ship and target ships in Simulation 2.
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Figure 10. Variation diagram of the rudder angle of the own ship in Simulation 2.
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Figure 11. Variation diagram of the velocity of the own ship in Simulation 2.

5. Conclusions

In this paper, a collision avoidance decision-making support scheme based on an im-
proved artificial potential field method and nonlinear model predictive control algorithm
is proposed. In order to make the ship’s collision avoidance actions conform with the
requirements of COLREGs, the repulsive potential fields of the ships in head-on, crossing
and overtaking encounter situations are improved, respectively. Meanwhile, the coordi-
nated ship domain is applied to the own ship and target ships simultaneously to ensure
passage at a safe distance. The 3 DOF MMG model is utilized and transformed with the
Runge—Kutta method to obtain the discrete-time nonlinear system, and then, the colli-
sion avoidance decision-making scheme is designed by combining the IAPF and NMPC
methods. Moreover, two sets of simulation results show that the collision avoidance path
planned by the proposed scheme not only complies with the requirements of COLREGs
but also considers the maneuvering motion characteristics of the ship. Compared with the
trajectory generated by an existing method, the trajectory obtained by the proposed scheme
is smoother, and the proposed scheme overcomes the deficiency of course oscillation in
traditional APFE.
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In addition, this paper does not consider the external disturbances and system uncer-
tainties, which will be further studied to improve the practicability of the planned path in
the future.
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