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Abstract: The towing operation of multi-tug-assisted ship navigation mainly relies on the experience
of the captain, and there is no set of effective operation methods. Therefore, it is difficult to achieve
accurate assisted navigation when multiple tugboats work in coordination. The calculation method
of maneuverability of the towing system with multi-tug-assisted navigation is proposed in this
paper. In view of the complexity of multi-tug-assisted large ship maneuvering, this article focuses
on solving the problems of force analysis and maneuvering modeling between the multi-tug and
ship systems. Firstly, a maneuvering mathematic model for towing ships is established, and the
hydrodynamic force of the hull, rope force of the tugs, and force of wind interference are analyzed.
The thrust and moment of the ducted azimuthal propeller are calculated, and the mathematical
model of the tug’s cable tension is discussed. Then, the fourth-order Runge–Kutta method is used
to solve the differential equations of the maneuvering motion of the ships and each tug. Based on
the ship-towing process by multiple tugs, a multi-tug-assisted ship towing simulation platform was
built by using the Visual Studio development tool. Finally, on the simulation platform, multi-tug
longitudinal-towing-simulation experiments at different speeds were carried out, and the simulation
of turning towing maneuvers under the influence of wind was done. The simulation results showed
that as the towing speed increases, the initial towing speed fluctuates greatly. There is a significant
drift effect on the ships by the wind force. And the wind will cause a fluctuation in the tug’s rope
force. The simulation of the multi-tugs towing a ship entering the port was carried out in the port
environment. The results showed that the multi-tug towing system and simulation platform may be
used for the safety training of the tug’s crew.

Keywords: multi-tugs; cooperative maneuvering; towing force; mathematical modeling

1. Introduction

With the prosperity of international trade, port and shipping companies have de-
veloped rapidly [1,2]. Shipping safety has become increasingly prominent. Especially in
emergency situations, fast, accurate and reliable information is needed to safely maneuver
the ship [3]. In this context, it is necessary to improve existing shipping models to provide
theoretical support for the optimization and development of the shipping industry [4,5].
This will be of great significance to the development of the shipping industry. In the devel-
opment of shipping and ocean engineering, towing operations have become increasingly
important. With the development of the towing industry, there have been many new
problems that need to be studied and resolved. The more prominent one is the coordinated
maneuvering of large ships assisted by multiple tugs. Tugboat operation is mainly to assist
ships in and out of port. A reasonable tugboat configuration will save port production
costs, improve port operation efficiency, and provide the most favorable guarantee for the
development of a port logistics system [6].
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At present, many ports attach great importance to the intelligent work quality of
tugboat teams of tugboat enterprises—for example, Shanghai port, Shenzhen port, and
other ports with large and frequent business volume. The fourth phase project of Yangshan
Port, which is under construction, will be the first show of an unmanned intelligent port.
The efficiency of tug-assisted ship handling has a great impact on the efficiency of port
operation. Whether the ship can be loaded and unloaded as soon as possible depends on
whether the tugboat can use the optimal scheduling strategy to drag the waiting ship into
the appropriate berth. A scan be seen from the above analysis, it is necessary to create a
reasonably structured and well-trained tugboat fleet. Under this premise, the auxiliary
rationalization of tugs and the coordination of berths can ensure the safety of ships and
accurate access to fairways and berths. The port’s production efficiency will be improved,
the use cost of tugboat will also be reduced, and the competitiveness of tugboat enterprises
in the market will be improved [7].

In port engineering, the manipulation of ships and the rational allocation of tugs have
always been a research focus of scholars. They have done a lot of corresponding research
on ship maneuvering with the cooperation of multiple tugs.

In the research of ship maneuvering, with the development of ships, the working area
of the harbor is limited, and the increase of navigation density also increases requirements.
At present, the main method of ship maneuvering research is to establish a corresponding
mathematical model and to carry out experimental research according to the actual process
of ship maneuvering. The main research was as follows: in the 1980s, Bangzhi and others
took the omni-directional tugboat model as an example, conducted in-depth research on
the propeller force and hydrodynamic force of the tugboat, analyzed the interference effect
between the tugboat and the tugboat, and carefully studied and evaluated the operation
capability of the tugboat. A mathematical model was established between the ship and the
tug, which set a precedent for future research [8]. In the 1990s, Kobayashi and Osaka [9]
fully considered the interference effect of the ship itself on the propeller and steering gear
under low-speed navigation conditions, and conducted digital simulation experiments
on them. The experimental results basically coincided with the model tests. Fang et al.
used linear system theory for analysis and modeling, combined with the characteristics
of the towing movement, and used time domain research methods to draw the following
conclusions: by changing the length of the towline and changing the position of the towing
point of the tug, the ship and the tug can be combined and this towing system reduces
volatility and maintains stability [10,11]. Inoue also used the linear system theory to study
the course stability of the towing system, and studied the characteristics of the towing
system under different conditions [12]. One of the breakthrough points of Inoue’s research
was to model the suspension chain model of the tugboat’s cable. It is assumed that the
towing line is symmetrical in front and back in the equilibrium state of the towing. The
disturbance mathematical model of the towing system is obtained by using the disturbance
of the towline in the towing process. The relationship and influence between the quality of
the streamer, the elasticity of the streamer, and the stability of the towing motion can be
obtained [13]. Based on the classical linear time invariant towing system theory, Charters
et al. analyzed the effect of shallow water factors on the course stability of four typical
towed ships, and obtained the parameter values of the course stability of the towing
system [14]. Tao Jiang applied the nonlinear system theory to study the directional stability
of the Proportion-Integral-Derivative (PID) rudder traction system, and compared this
with the previous linear system method, indicating the superiority of the nonlinear system
theory in the corresponding towing research [15]. In 2014, Ivan Catipovie et al. used a
time-domain numerical model [16] to systematically analyze the towline tension of a tug
under the action of waves. In 2015, S. Hara et al. studied the tension exerted by the streamer
on the patrol boat [17].

Yang et al. carefully calculated the practical estimation method of the tugboat hydro-
dynamic force and the tugboat Z-tube four-quadrant thrust coefficient, established a more
accurate tugboat auxiliary ship simulation model, and carried out digital simulation on



J. Mar. Sci. Eng. 2021, 9, 384 3 of 23

it. In the end, they got more accurate simulation results [18].Wang established a certain
reference value in the study of the maximum speed of ship tugs [19]. Zhang ignored the
reaction force of the towed ship on the tugboat in the experimental research, simulated the
movement of the tugboat towing the large ship through the elastic cable towing, and made
a preliminary judgment on the course stability of the towing system [20]. When studying
the influence of towing on the reaction force of tug boat, Zhu established the nonlinear
integral dynamic model of towing cable and towing ship, and simulated the stability of
the towed ship in still water and a wave environment under ship-heading control, and
creatively summarized the reasonable matching resistance point positioning method from
the experiment [21]. Yan and Huang have done a lot of research on the maneuvering
motion of towing systems and published many papers. In this paper [22], the gradual slow
motion process is used in the maneuvering process of the towing system, and the nonlinear
part of the hydrodynamic force is ignored. A complete mathematical model of the towing
system is established in wind and waves. The stability of the control motion process of
the towing system in the still water environment is discussed, the influence of the towing
speed, the length of the towline, the trim and the wind current conditions on the towing
maneuverability of the tug, and the influence of the change of streamer tension are ana-
lyzed. At the same time, Qi and Zhu [23] conducted an experimental study on the motion
of the towing system in an irregular wave environment, and analyzed the influence of the
length of the towing cable, the towing speed on the towing motion, and the influence of
the wave direction on the towing motion. Lovska and Píštěk studied the dynamic loading
and strength of wagons using mathematical and computer modelling [24]. Esposito [25,26]
adapted the quality function in several important ways to accommodate the distributed
nature of a large swarm of autonomous tugboats towing a ship. Thrust grouping and
sequential quadratic programming method was first used to achieve the thrust allocation
and control of four tugs [27]. Bui [28] used the redistributed pseudo-inverse algorithm to
determine the thrust and direction of four tugboats to berth a ship. A control method was
proposed for the large ship berthing by using tugboat formation [29].

In summary, the technical difficulties of multi-tugs assisting ship maneuvering mainly
include the following two points: (a) coordination and cooperation between tugs and (b)
analysis of forces acting on tugs at different maneuvering sections. The above two points
have been studies in few of the previous studies, so this paper introduces our research
based on the above two technical difficulties. Through the dynamic analysis of the ship, the
force analysis in the process of ship maneuvering is obtained, so as to ensure the accuracy
of the technical simulation. According to the actual port operation situation, the simulation
program is designed to complete the research on the tugboat scheduling algorithm and the
mechanical analysis of the tugboat cable in this process.

The arrangement of this article is as follows. In Section 2, a mathematical model of
the towed ship is established. In Section 3, a mathematical model of tugboat manipulation
and a mathematical model of towline force are established. The maneuvering motion
simulation of the multi-tug auxiliary ship is detailed in Section 4 and the simulation of the
multi-tugs towing ship entering the port is described in Section 5. Finally, the research
work of this article is summarized and the future research work is forecast.

2. The Mathematical Model of Ship Towing Operation

In this paper, a fixed coordinate system fixed on the center of mass is defined, undulat-
ing (vertical), pitching and rolling motions are ignored, a plane three-degrees-of-freedom
model is established, and the three-degrees-of-freedom motion is named according to the
corresponding naming rules.

In ship dynamics research, the main consideration is the relationship between ship
momentum and tug momentum. In order to simplify the force analysis, the ship is sim-
plified and defined as a rigid body, and the operation process is completed with the help
of the tug. The forces acting on the ship mainly include the hydrodynamic force of the
ship itself, the interference force of wind, wave, and current under the influence of external
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environment, and the external input thrust and torque of the tugboat. For the governing
equation of ship motion, this paper only discusses the ship motion under the influence of
wind. The dynamic equation of the water surface [30] can be expressed as follows:

m
( .
u− vr

)
= XWind + XHull + XTow

m
( .
v + ur

)
= YWind + YHull + YTow

Izz
.
r = NWind + NHull + NTow

(1)

where m represents the quality of the ship, u is the longitudinal velocity, ν is the transverse
velocity, r is the slewing angular velocity, and IZZ is the moment of inertia about Z axis.
The right side of the equation is the hydrodynamic force and external interference force
and moment of the ship in the X, Y, and N directions, the subscript Wind represents the
wind force, Hull represents the hull hydrodynamic force, and the subscript Tow represents
the force and moment of the cable acting on the ship between the tugboat and the ship.

2.1. Mechanical Model of Tugboat-Assisted Manoeuvring

Generally speaking, there are translational and turning maneuvers when the tugboat
controls the ship. Because the ship has a limited range after entering the port, it has poor
maneuverability. At this time, tug 1 and tug 2 are generally used for towing or pushing, as
shown in Figure 1.
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Figure 1. Schematic diagram of tugboat assisting ship maneuvering.

Taking the force analysis of tugboat- assisted ship forward maneuvering as an example,
as shown in Figure 2, the earth-fixed coordinate system x'o'y' and the body-fixed coordinate
system ζoη, tug 1 and tug 2 pull the cable forward to make the ship move forward slowly.
C1 is the towing point of towing force 1 on the ship, the longitudinal distance from the
towing point C1 to the center of gravity of the ship is D1,and w1 is the angle between the
pulling force FTow1 direction of tug 1 and the ship’s heading course. P1 is the vertical foot
from the center of gravity g to the pull force FTow1, and DGP1 is the arm of force FTow1 to the
center of gravity of the ship.Similarly, C2 is the towing point of towing force 2 on the ship,
the longitudinal distance from the towing point C2 to the center of gravity of the ship is
D2, w2 is the difference between the pulling force of tug 2 in direction FTow2 and the ship’s
heading angle, w2 = ψTow2 − ψ. P2 is the perpendicular foot of the ship’s center of gravity
g to the tension FTow2, DGP2 is the arm of force FTow2 to the center of gravity of the ship.
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The total towing force of the ship is as follows:
XTow = FTow1 cos(w1) + FTow2 cos(w2)
YTow = FTow1 sin(w1) + FTow2 sin(w2)

NTow = FTow1DGP1 + FTow2DGP2

(2)

On the basis of realizing one-way longitudinal motion, the force of the ship must meet
the force balance, as follows:

XTow = FTow1 cos(w1) + FTow2 cos(w2)
= M

.
u

YTow = FTow1 sin(w1) + FTow2 sin(w2)
= 0

NTow = FTow1DGP1 + FTow2DGP2 = 0

(3)

According to the geometric relationship in Figure 2, the following calculation formula
can be obtained: 

DGP1 = [D1 − 0.5B
tan(w1)

] sin(w1)

w1 = tan−1 PC1.x−Ptug1.x
PC1.y−Ptug1.y

DGP2 = [D2 − 0.5B
tan(w2)

] sin(w2)

w2 = tan−1 PC2.x−Ptug2.x
PC2.y−Ptug2.y

(4)

Among them, PC1.x is the position of towing point C1 of the ship in X direction under
geodetic coordinates, and PC1.y is its position in Y direction in geodetic coordinates. Simi-
larly, PC2.x, PC2.y is the position of towing point C2 in geodetic coordinates, Ptug1.xPtug1.y,
and Ptug2.x, Ptug2.y arethe positions of tug 1 and tug 2 in geodetic coordinates. The location
coordinates of towing point C1 is calculated as follows:

PC1.x = Pship.x + DGC1 × sin(Ang1)
PC1.y = Pship.y + DGC1 × cos(Ang1)
PC2.x = Pship.x + DGC2 × sin(Ang2)
PC2.y = Pship.y + DGC2 × cos(Ang2)

(5)
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Among them, Pship.x is the position of the ship in X direction in geodetic coordinates.
Pship.y is its Y-direction position;

DGC1 =
√
(0.5B)2 + D2

1
Ang1 = Pship.ϕ+ Sign× tan−1 0.5B

D1

DGC2 =
√
(0.5B)2 + D2

2

Ang2 = Pship.ϕ+ Sign× [π2 + tan−1 D2
0.5B ]

(6)

where B is the ship’s form width, Pship.ϕ is the forward angle of the ship, D1 is the
longitudinal distance from towing point C2 to gravity center G, and D2 is the longitudinal
distance from towing point C2 to gravity center G. Sign is the symbol for tug towing point
C1 or C2 on the port or starboard side of the ship, specifically expressed as follows: when
towing point C is on the starboard side of the ship, sign = 1; when towing point C is on the
port side of the ship, sign = −1.

In the process of the tug assisting the longitudinal motion of the ship, the longitudinal
speed of the tug gradually approaches zero in the process of controlling it close to the
target position, and the transverse speed V and turning speed r of the ship should be kept
at zero as far as possible. The above-mentioned process is an example of the longitudinal
maneuvering of a tugboat-assisted ship. The lateral translation and head turning movement
of the tugboat are similar to the above-mentioned process. Only the force direction of the
tug and the calculation of the corresponding arm of force can be changed. The calculation
and coordinate analysis of the towing point are the same as the above process.

2.2. Mathematical Model of Wind Disturbance Force

The resultant force of wind force acting on the ship can be divided into the component
forces on the three-dimensional axis, i.e., Xwind acting on the x-axis of the satellite coordi-
nate, Ywind acting on the y-axis, and Nwind acting on the z-axis. Each component force can
be regarded as the superposition of average force

(
Xwind, Ywind, Nwind

)
and variable force(

X̃wind, Ỹwind, Ñwind

)
.The formula is as follows:


Xwind = Xwind + X̃wind
Ywind = Ywind + Ỹwind
Nwind = Nwind + Ñwind

(7)

The calculation formula of average force and moment of wind pressure is as follows:
Xwind = 1

2 ρα A f U2
ACwx(αA)

Ywind = 1
2 ρα ASU2

ACwy(αA)
Nwind = 1

2 ρα ASU2
ACwn(αA)·L

(8)

where ρα is the density of air, A f is the forward projection area of the hull above the water
line, AS is the lateral area projection above the waterline, UA is the relative wind speed,
αA is relative wind direction angle, Cwx(αA) is the longitudinal wind pressure coefficient,
Cwy(αA) is the transverse wind pressure coefficient, Cwn(αA) is the wind pressure moment
coefficient around the z-axis, and l is the length of the ship.

The variable wind pressure can also be obtained by the corresponding estimation
formula. In the research [31] on the correlation between Åström and Källström. The two
authors put forward the method of white noise to simulate the variable wind pressure, and
the formula of the estimated simulated wind pressure is as follows:

X̃wind = ραUR|Cwx(αA)|L2σ

Ỹwind = ραUR
∣∣Cwy(αA)

∣∣L2σ

Ñwind = ραUR|Cwn(αA)|L3σ

(9)
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where UR is the average wind speed and σ is the intensity of relative variable wind speed,
which is proportional to the relative average wind speed, and is taken as σ = 0.2UR.

2.3. Mathematical Model of Ship Hydrodynamics

The ship hydrodynamic model adopted by Yang [18] in the research on the mathemat-
ical model of ship berthing and un-berthing is adopted. The details are as follows.

XHull = Xuuu2 + Xvvv2 + Xvrvr + Xrrr2

YHull = Yvv + Yrr + Y|V|V |v|v + Y|V|r|v|r + Y|r|r|r|r
NHull = Nvv + Nrr + N|r|r|r|r + Nvrv2r + Nvrvr2

(10)

3. The Mathematical Model of Tugboat Operation

The forces acting on the tugboat mainly include the hydrodynamic force of the tugboat
itself, the interference force of wind, wave, and current under the influence of the external
environment, and the thrust and torque input by the propeller of the tugboat. For the
motion control equation of tugboat, this paper only discusses the ship motion under the
influence of wind. 

mTug
( .
u− vr

)
= XWind + XHull + XTow + XT

mTug
( .
v + ur

)
= YWind + YHull + YTow + YT

ITugzz
.
r = NWind + NHull + NTow + NT

(11)

In the equation [32], the right side of the equation is the force and moment of tug in
X, Y, and N directions, the subscript Wind is the wind force, Hull is the hydrodynamic
force of the tug, the subscript Tug is the tug, and the subscript Tow is the force and moment
of the cable between the tug and the ship acting on the tug. The subscript T represents the
thrust and torque provided by the tug’s own propeller.

3.1. Mathematical Model of Rotary Propeller

The mathematical model of the full rotation tug is different from the traditional
tugboat. In this paper, the full rotation tug is a tug whose propeller can rotate 360 degrees,
as shown in Figure 3. The thrust calculation model [33] of the two propellers is as follows:{

TL = (1− tl)ρn2
l D4

l kt(Jl)
Tr = (1− tr)ρn2

r D4
r kt(Jr)

(12)

where TL and Tr are the thrust of the left and right propellers, respectively, tl and tr are
the derating coefficients of the left and right propellers, respectively. In this paper, the
value is taken as 0.7, ρ is the density of the fluid, nl and nr is the rotation speed of the
left and right propellers, respectively, Dl and Dr is the diameter of the left and right
propeller, respectively, and kt(Jl) and kt(Jr) denote the thrust coefficients of the left and
right propellers, respectively, which is taken as 1.2 in this paper.

The combined thrust of the tug can be obtained by the above formula:
XT = TL cos δL + Tr cos δr
YT = TL sin δL + Tr sin δr

NT = [TL cos δL − Tr cos δr]
1
2 lH −YT lZ

(13)

where δL and δr is the angle of the left and right propeller, the positive direction is clockwise
and the zero standard line is the stern direction, lH is the transverse distance between the
left and right propellers, and lZ represents the longitudinal distance between the left and
right propellers.
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Figure 3. Schematic diagram of full rotation tugboat operation.

The power of the tug is provided by the propeller, and its turning, forward, or
backward operation modes are also realized by the propulsion combination of different
directions of the propeller. For a better understanding of the dynamic model of the tug, see
the control schematic diagram of the full rotation tug below. In the Figure 3, green indicates
the tugboat hull, red indicates the direction of the tug’s motion, and blue indicates the flow
direction of propeller propulsion water.

3.2. Mathematical Model of Tugboat Cable Force

In this paper, the catenary linear model is used to calculate the cable tension, and the
elastic effect of the cable is added:

lc = 2T/w sinh−1(tan θ) + TLC/EA (14)

where lc is the horizontal distance between towing points, T is the cable tension, w is the
weight of the cable per meter, θ is the angle between the cable and the horizontal plane; LC
is the length of the cable, E is the Young’s modulus of the cable, and A is the cross-sectional
area of the cable.

In practical production and life, there will be a certain degree of suspension during
the operation of the cable, and there will be resistance effect in the process of ship running.
Therefore, the influence of cable resistance must be considered in the calculation, and the
expression is calculated according to the resistance calculation in reference [34], as follows:

Rt = 1.224
S

1000
d

10
V2

[
1 +

1.122
1000T

d
10

(
S

1000

)2
]

(15)

where Rt is the resistance of the cable, d is the diameter of the cable, V is the speed of the
towing, and S is the distance of the cable immersed in the water.

4. Maneuvering Motion Simulation of Multi-Tugboat-Assisted Ship

On the basis of the mathematical model of the tugboat navigation-aid system intro-
duced above, the simulation program of the tugboat navigation-aid system was written
using Visual Studio development tools. The operability of the tugboat navigation-aid
system can be divided into two parts for simulation. The model can be used to simulate
the navigation of a ship assisted by a single or multiple tugs, and can predict the maneu-
verability of the tug and the corresponding cable force distribution. At the same time, the
simulation program can also calculate the influence of wind and the hydrodynamics of the
tugboat’s navigation-aid system. In the process of operation, the tugboat can control the
motion state of the towing system by changing the speed and rudder angle of the tug at
any time. The flow chart of the simulation program is shown in the Figure 4.
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Before the program is simulated, the relevant information of the ship and the tug is
inputted into the program, and then the hydrodynamic model of the tug and the ship will
be automatically calculated. When the external environmental conditions are inputted, the
sea state in the simulation calculation can be defined according to the needs, including wind
speed, wind direction, wave height, wavelength, wave direction, velocity, direction, and
the water depth considering the influence of shallow water. After the above parameters
are inputted, the program starts to initialize the added mass, moment of inertia, and
various hydrodynamic derivatives of tugs and ships. After the start of the simulation,
various hydrodynamic forces of tugs and ships can be solved through the mathematical
model introduced above. The tension of the cable at this moment can be calculated by the
Newton iteration method according to the relative positions of tug and ship. Then, the
motion parameters of tug and ship at the next moment can be calculated by the Runge–
Kutta method. Then, the experimental parameters are calculated and saved. Finally, the
simulation analysis diagram is derived.

In order to facilitate the research and practical application, this paper introduces the
following simplified assumptions: (1) in the towing system, the distance between ships
is large enough to ignore the hydrodynamic interference within the towing system; (2)
the coupling relationship within the towing system is only the towline coupling; (3) the
ship has no self-propelled ability, and the hydrodynamic influence of the ship steering
gear and propeller is not taken into account; (4) the towing cable is catenary between
supporting points.

In this paper, the Runge–Kutta method is used to solve the differential equation of
ship maneuvering motion. The maneuverability of multi-tug towing system is calculated.
The system consists of tugboat, ship without self-propelled ability, and towing cable. The
parameters of the whole towing system are shown in Table 1.

Table 1. Theparametersof ship and tug.

Ship
parameters

Parameter Specific Value
Gross tonnage (t) 10,000

Length of ship L (m) 158
Draft dm(m) 8.3

Side wind force area
(
m2) 2539

Underwater stress area
(
m2) 1228

Yν −0.26
Yr 0.05
Nν −0.1
Nr −0.03

Tug
parameters

Displacement Tonnage ∆(t) 1463.7
Length of ship L (m) 54

Draft dm(m) 4.44
Ship width (m) 11.6

Yν −0.41
Yr 0.08
Nν −0.16
Nr −0.05
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Figure 4. Flow chart of towing control simulation.
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4.1. Longitudinal Towing Control Simulation of Multi-Tugs

Based on the above conditions, the longitudinal navigation simulation experiment of
the towing system is described in this section and the collaborative distribution position of
the tugs, the sailing speed of the ship, and the speed of the tug are shown in Figures 5–7.
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Figure 7. Speed variation curve of tug at different speeds.

The ship is towed by tug 1 and tug 2, so the speed change of the ship lags behind
the tugs, but the changing trend of the two is consistent. When the engine speed of the
tugboat is 100 r/min, the change of the cable force is not linear, so the speed change in
Figure 5 also fluctuates. Since the specifications of tug 1 and tug 2 are the same, and they
are symmetrically distributed on both sides of the ship’s central axis in the process of
assisting the ship’s longitudinal maneuvering, the forces provided by the two are equal. In
the speed change in Figure 5, those curves tend to coincide. When the cable force is enough
for the normal navigation of the ship, the speed of the towing system eventually tends to be
the same, and the numerical value is finally 0.45 m/s through the simulation experiment.

It can be seen from Figure 6 that the trend of the change curve of the cable force
is consistent with that of the distance between the tug and the supporting point of the
ship. With the increase of the distance, the cable force also increases. Due to the nonlinear
relationship between the distance and the cable force, they interact in the process of change.
When the distance between the tugboat and the supporting point of the ship is 136.3 m, the
cable force is stable at about 28,749.85 kgf. At this time, the ship can sail at a constant speed.

The speed of the tug is not only affected by the cable force but also by the engine
speed. Because of the coupling effect of the two, the velocity changes with time in Figure 7.
When the speed is 50 r/min, the fluctuation is small, and the final speed is stable at about
0.23 m/s; when the speed is 100 r/min, the speed change is more obvious in the initial
stage of navigation, and the final speed is stable at about 0.44 m/s; when the speed is
150 r/min, the speed change trend is consistent with the speed of 100 r/min in the initial
stage, and the final speed is stable at about 0.68 m/s. When the speed is 200 r/min, the
speed change of the tug is greatly affected by the coupling effect of engine speed and cable
force. In the initial stage, the speed change obviously fluctuates. With the passage of time,
the tug tends to be stable at about 0.93 m/s. It can be seen from Figure 7 that the speed
increases with the increase of the engine’s rotating speed. In the early stage, the speed
fluctuates due to the influence of the cable force but eventually tends to be stable.

Through the analysis of simulation data, we can see the distribution of the towing
system, the coordinated distribution position of the tug, the sailing speed of the ship, and
the position change of the towing system during the navigation. The results are shown in
Figures 8–10.
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It can be seen from Figure 8 that the turning process of tug 1 and tug 2 is relatively
stable. The rudder angle of the whole towing system tends to be consistent during the
turning process. When the engine of the tugboat is 200 r/min and the rudder angle is 10◦,
the ship can complete the turning experiment with the rudder angle of 10◦.

Since the ship has no self-propulsion capability, during the steering process of the
towing system, the normal steering navigation of the ship is realized by using the cable
tension between the two tugs. Due to the difference in speed between the tugs, the steering
of the tug is realized. In Figure 9, it can be found that during the whole turning process,
the ship’s speed change trend is consistent with that of longitudinal navigation control,
and the final stability is about 1.04 m/s. However, the speed difference of tugboats is more
complicated. When the speed of the two tugboats is relatively stable, there will be a speed
difference to ensure that the tugboat turns successfully.

In the process of turning the towing system, the difference of the cable force between
the two tugs is caused by the speed difference between the two tugs, as shown in Figure 10.
The variation trend of the cable force difference between the two tugs is consistent with
that of the speed difference between tug 1 and tug 2 in Figure 9.
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where 𝛼𝐴 is the wind direction angle, 𝐴𝑓 is the forward projection area above the hull 

waterline, 𝐴𝑠 is the side projection area above the hull water line, 𝑐 is the perimeter of 

the side projection area above the hull water line,𝑒 is the distance from the centroid of the 

side projection area above the hull water line to the bow, 𝑀 is the number of masts or 

mid plane pillars in the side projection plane, and 𝐿 is the hull length. The specific 
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Figure 10. Cable force analysis of tugboat under turning condition of towage system.

4.2. Maneuvering Simulation of Turning Towing under Wind Disturbance

Before the calculation of wind force, it is necessary to calculate the wind pressure
parameters. In this paper, the wind pressure coefficient calculation formula of Isherwood
is used for calculation, and the specific formula [8] is as follows:

Cwx(αA) = A0 + A1
2AS
L2 + A2

2A f
B2 + A3

2A0a
B + A4

c
L + A5

e
L + A6M

Cwy(αA) = B0 + B1
2AS
L2 + B2

2A f
B2 + B3

2A0a
B + B4

c
L + B5

e
L + B6

Ass
As

Cwn(αA) = C0 + C1
2AS
L2 + C2

2A f
B2 + C3

2A0a
B + C4

c
L + C5

e
L

(16)

where αA is the wind direction angle, A f is the forward projection area above the hull
waterline, As is the side projection area above the hull water line, c is the perimeter of the
side projection area above the hull water line, e is the distance from the centroid of the
side projection area above the hull water line to the bow, M is the number of masts or mid
plane pillars in the side projection plane, and L is the hull length. The specific parameter
(Ai, Bi, Ci) values are shown in the Figure 11.

Since the wind pressure coefficient is related to the specific parameter values of Ai,
Bi, Ci above, this paper first calculates the wind pressure coefficients Cwx, Cwy, Cwn, and
based on the ship parameters in the previous chapter, carries out digital simulation on the
force of the ship under different angles, and determines its specific numerical value. The
simulation results are shown in Figure 12.

In Figure 12, the specific stress values of the ship in X and Y directions can be found in
the left main coordinate axis. The right secondary coordinate axis can be found by solving
the moment of force in N direction.

Based on the above parameters of the towing system, this section realizes the simula-
tion experiment of the turning maneuvering of the towing system under the action of wind
(10 m/s wind speed and 90◦ wind direction angle). Through the experiment, we can know
the mechanical distribution of the towing system under the action of wind, the coordinated
distribution position of the tugboat, the sailing speed of the ship, and the position change
of the towing system during the navigation.
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According to the simulation results in the Figure 13, it can be found that the turning
process of tug 1 and tug 2 will deviate under the action of wind force, which shows the
adverse effect of wind on the turning process of towing. In the turning process, the rudder
angle of the whole towing system tends to be consistent. Finally, when the engine of the
tugboat is 200 r/min and the rudder angle is 10◦, the ship is assisted to complete the
turning experiment affected by wind.
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Figure 13. Rotation track of towing system under the action of wind power.

Since the ship has no self-propelled ability, the speed difference between the two
tugboats is used to realize the normal turning of the ship during the turning process of the
towing system. In Figure 14, it can be found that during the whole turning process, the
ship’s speed change trend is consistent with that during longitudinal navigation maneu-
vering, and the final stability is about 1.001 m/s. Due to the influence of wind force on the
towing system, the change of tugboat is more complex. When the ship speed is relatively
stable, the speed difference of two tugboats occurs. One part resists the influence of wind
force, and the other ensures the success of turning.
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Figure 14. Speed analysis diagram of rotation of towing system under wind action.

In the process of turning the towing system, the difference of the cable force between
the two tugboats is caused by the speed difference between the two tugboats. The change
trend of the cable force difference between the two tugs is consistent with that of the speed
difference between the tug 1 and the tug 2 in Figure 15. Affected by the wind force, the
change of the cable force in this process is more complicated.
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Figure 15. Analysis diagram of slewing cable force of towing system under wind force.

5. Digital Simulation of Multi-Tugs Towing a Ship in the Port Environment

Based on the research of the multi-tug longitudinal towing and slewing towing in the
previous chapter, it can be seen that the establishment of the mathematical model of the
ship is feasible. Therefore, this section describes a systematic digital simulation of towing
for multi-tug auxiliary towing. Using Visio studio simulation technology software, the
electronic chart of Rizhao Port is used as a digital simulation map. The whole process is
that the multi tug auxiliary ship approaches the berth. For a better understanding, the
specific process can be seen in the Figure 16.
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In this section, the tugboat-assisted ship towing movement is realized. During this
process, not only can the speed and angle changes of the towing system be observed, but
also the technical distribution of the tugboat and the position change of the tugboat in the
tugboat system. The specific change process is as shown in Figure 16.

During the whole movement process, the tugboat assists the ship’s longitudinal
navigation and steering movement. The speed of the ship’s movement is assisted by the
tugboat. In the initial stage of the movement, the speed is slow and the direct navigation
state is maintained, as shown in Figure 17. The engine speed of the tugboat is maintained
at 100 r/min, and the speed of the towing system is gradually increased, from a static
state to 0.93 m/s, and then stabilized for a period of time at this speed. When the entire
system gradually stabilizes, the tug continues to accelerate to increase its engine speed to
260 r/min, and the speed of the towing system gradually increases to 1.24 m/s. This speed
is maintained for a period of time to allow the entire towing system to gradually stabilize.
When the entire towing system gradually approaches the berth, the tugboat’s speed also
gradually decreases, and its engine speed is also reduced from 260 r/min to 200 r/min,
and then to 100 r/min after a period of stability, and gradually reduced to 0 r/min. During
this process, the speed of the towing system is also dropped from 1.24 m/s to 1.21 m/s,
then to 0.87 m/s, and gradually reduced to 0.46 m/s, and dropped to 0 m/s after reaching
the designated berth. The speed change process of the entire towing system can be seen in
the Figure 18.
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Figure 18. Speed change graph during towing.

In the movement of a ship with the assistance of a tugboat, the force of the process
is transmitted by the rope, so the mechanical changes of the rope are also particularly
important. In order to better understand the change process of the above-mentioned cable
force, see the Figure 19.
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Figure 19. The change of the rope force during the towing process.

During the towing process, the change of the rope force will also cause the change of
the rope length. The specific change process of the rope length can be seen in the Figure 20.
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In the process of towing movement, the whole movement mainly includes the direct
flight and steering of the towing system. In order to better understand the whole process,
establish the heading coordinates for the heading of the ship. When the heading is true
north, the heading angle is zero degrees. When the heading of the towing system rotates
clockwise, it is a positive value; when it rotates counterclockwise, it is a negative value.
Therefore, the initial heading of the towing system is −90

◦
. As it gradually approaches the

berth, the heading of the towing system also changes gradually. The process of change can
be seen in the Figure 21.
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6. Conclusions

In this paper, two main pieces of research are realized. Firstly, the mathematical model
of tugboat-assisted ship maneuvering is completed by digital modeling of the towing
system, and the mechanical analysis of the towing system is introduced in detail. Based
on the geometric relationship of tugboat assisted ship maneuvering, the force of tugboat
assisted maneuvering is completed. In addition, the towing simulation platform of multi-
tug-assisted ships is built by using Visual Studio development tools. On the simulation
platform, the longitudinal towing simulation experiments of multi-tugs at different speeds
are carried out, and the turning towing operation simulation of multi-tugs under the
influence of no wind and wind interference is carried out. The simulation results show
that with the increase of towing speed, the initial towing speed fluctuates greatly; the
wind disturbance force has an obvious drift effect on the ship, and the cable force of the
tugboat will fluctuate. The simulation results show that the multi-tugs towing system
and simulation platform may be used for the training of the tug’s crew. At the same
time, this paper still has shortcomings. For example, it lacks the test of a multi-tugboat
towing ship and the comparison with the measurement results of actual tug operation.
This is because the towing force is difficult to measure, and the test data for the towing of
a multi-tug-assisted vessel cannot be obtained. However, the towing simulation system
of the multiple tugs can be used for the training of tug drivers. It can also be used as a
simulation verification platform for the automatic berthing of multi-tug auxiliary ships. In
our future research work, the interference force of the port environment on the hull during
berthing movement will be fully considered, the automatic berthing path will be planned,
and automatic berthing control by multi-tugs will be carried out.

Author Contributions: Conceptualization, G.W., Y.S., and X.Z.; methodology, G.W. and X.Z.; soft-
ware, G.W.; resources, G.W.; writing—original draft preparation, X.Z. and L.W.; writing—review and
editing, G.W., Y.S., and L.W.; visualization, G.W. and X.Z.; All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Research Fund from Science and Technology on Underwa-
ter Vehicle Technology Laboratory (Grant number 6142215190104), and National Natural Science
Foundation of China(Grant number51309148).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



J. Mar. Sci. Eng. 2021, 9, 384 22 of 23

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request.

Acknowledgments: The authors gratefully acknowledge the financial support from the Science and
Technology on Underwater Vehicle Technology Laboratory and National Natural Science Foundation
of China.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dulebenets, M.A. Minimizing the Total Liner Shipping Route Service Costs via Application of an Efficient Collaborative

Agreement. IEEE Trans. Intell. Transp. Syst. 2019, 20, 123–136. [CrossRef]
2. Akbulaev, N.; Ayramli, G. Maritime transport and economic growth: Interconnection and influence (an example of the countriesin

the Caspian sea coast; Russia, Azerbaijan, Turkmenistan, Kazakhstan and Iran). Mar. Policy 2020, 118, 104005. [CrossRef]
3. Baldauf, M.; Benedict, K.; Fischer, S.; Gluch, M.; Kirchhoff, M.; Klaes, S.; Schröder-Hinrichs, J.-U.; Meißner, D.; Fielitz, D.; Wilske,

E. E-navigation and situation-dependent manoeuvring assistance to enhance maritime emergency response. WMU J. Marit. Aff.
2011, 10, 209–226. [CrossRef]

4. Pasha, J.; Dulebenets, M.A.; Kavoosi, M.; Abioye, O.F.; The ophilus, O.; Wang, H.; Guo, W.; Kampmann, R. Holistic tactical-level
planning in liner shipping: An exact optimization approach. J. Shipp. Trade 2020, 5, 1–35. [CrossRef]

5. Dui, H.; Zheng, X.; Wu, S. Resilience analysis of maritime transportation systems based on importance measures. Reliab. Eng.
Syst. Saf. 2021, 209, 107461. [CrossRef]

6. Zhang, Y. Discussion on port as Tug Configuration. China Harb. Constr. 2011, 6, 67–70.
7. Wang, W.; Zhao, H.; Li, Q. Research on optimization of port tug scheduling for multi-berth bases. Comput. Eng. Appl. 2013,

49, 8–12.
8. Bai, J. Simulation Research on Berthing and Handling of Large Ships. Master’s Thesis, Dalian Maritime University, Dalian,

China, 2010.
9. Li, Z. Simulation Study on VLCC u-Turn and Berthing Operation Assisted by Tugboat. Master’s Thesis, Dalian Maritime

University, Dalian, China, 2012.
10. Fang, M.; Ju, J. The Dynamic Simulations of the Ship Towing System in Random Waves. Mar. Technol. 2009, 46, 107–115.
11. Kobayashi, H.; Ishibashi, A. Maneuvering of a biaxial two-rudder ship in shallow water Research on harbor maneuvering at

extremely low speeds (1998 Japan-China Navigation Society Academic Exchange Meeting). Navig.J. Jpn. Voyag. Soc. 1998, 138,
80–82.

12. Inoue, S.; Lim, S. The course stability of towed boats. Trans. West Jpn. Soc. Nav. Arehitects 1971, 43, 35–44.
13. Inoue, S.; Lim, S. The course stability of towed boats—When the mass of tow rope is continued. Trans. West Jpn. Soc. Nav.

Arehitects 1972, 44, 129–140.
14. Charters, S.; Thomas, G.; Latorre, R. Aalysis of towed Vessel Course Stability in Shallow water. Tran.RINA 1986, 127, 247–258.
15. Tao, J.; Henn, R.; Sharma, S.D. Dynamic Behavior of a Tow system under an Auto Pilot on the Tug. In Proceedings of the

International Symposium and Workshop on Forces Acting on a Manoeuvring Vessl (MAN’98), Val de Reuil, France, 16–18
September 1998.
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