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Paciran Port, serving as a multipurpose facility for both cargo transport and ferry services, plays a
crucial role in the transportation network of East Java province. With a significant increase in vessel
visits, particularly barges carrying limestone, ensuring safety during ship berthing operations has
become a critical concern. This study aims to identify the key elements of tugboat handling required
for safely berthing a barge. The element consists of the percentage of tugboat capacity, the heading of
the tugboat, the time series, and the duration. In this study, ship berthing maneuver simulations are
based on the Maneuvering Modelling Group (MMG) method. The prediction of the ship's maneuvering
motion is simulated using MATLAB software within a 3-DOF (Degree of Freedom) framework. A
simulation was conducted across four scenarios by varying the environmental conditions of wind
direction, wind speed, current direction, and current speed. Each environmental condition varies into
two initial speeds (0 knots and 2.9 knots). The berthing speed limits follow the P1ANC standard. The
results show that the element of tugboat handling angle can assist the barge to safely berth under
diverse environmental conditions and initial speeds, with final berthing speeds consistently below 0.3
m/s (0.58 knots), which falls within the moderate condition category according to PIANC standards.
Trajectory analyses further affirmed that the barge remained within the designated Paciran Port
channel throughout all simulated scenarios.

Article history:
Received: 12/06/2025
Last revised: 03/08/2025
Accepted: 04/08/2025
Available online: 11/08/2025
Published: 31/10/2025

DOI:
https://doi.org/!0.14710/kapal.
v22i3.74393

Copyright © 2025 KAPAL: Jurnal Ilmu Pengetahuan dan Teknologi Kelautan. This is an open access
article under the CC BY-SA license (https://creativecommons.Org/licenses/by-sa/4.0/).

1. Introduction

Paciran Port plays a crucial role as a multipurpose port serving domestic sea transport and inter-provincial as well as
inter-regency crossings, making it a vital transportation hub in East Java. There has been a significant increase in ship visits
and loading/unloading activities at Paciran Port, especially involving barges carrying limestone. This increased traffic
demands attention to optimizing management, services, and port infrastructure, and also raises concerns regarding the
safety of ship berthing processes. Considering the ship s dynamic movement changes, the ship operator must control three
segments: berthing speed, transverse distance, and closing angle, making necessary adjustments to meet the objective
condition requirements. Thus, the ship will eventually be able to berth smoothly at the designated jetty [1].

Although the berthing phase has garnered significant attention from researchers, it remains one of the most formidable
problems in ship maneuvering due to the associated dangers [2], Ships are more likely to have accidents when they approach
at a berthing velocity higher than what is permitted when calculating the risk range for a port [3], Tugboat assistance is a
vital component of port operations and navigational safety [4], It is crucial to estimate the required tugboat s capacity.
Inaccurate estimation can lead to a dangerous condition [5], Therefore, this research emphasizes the need for an in-depth
study regarding environmental condition limits (wind and current) and ship speed limits when entering the channel, as well
as the development of standard ship berthing procedures, including tugboat capacity requirements, to ensure operational
safety. The most important source of information for towing, berthing, and unberthing operations is the expertise of tugboat
captains and harbor pilots. However, an efficient operation method is not available [6],

The primary benefit of the MMG model lies in its ability to accurately replicate ship maneuvering dynamics across
various complex scenarios, including tugboat maneuverability [7, 8], Wu et al. conclude that the MMG approach can be
successfully used, which guarantees the accurate description of the ship's force [9]. Taimuri et. al. presented a reference
method and a modular mathematical model for the motion and maneuvering trajectories of the ship. It can be concluded
that the method can be used to predict the maneuvering trajectories of existing or newly built ships, as well as to indicate
the evasive speed in case of contact before grounding [10], Zhao et. al. propose a novel identification technique for 3-DOF
ship maneuvering modeling to further investigate more effective identification algorithms that can solve the ship motion
identification modeling challenge [11], Engineers and scientists worldwide use MATLAB to model and solve real-world
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problems across various fields. Including analyzing ship maneuvering performance using the MMG Model method, where
ship maneuvering movements are simulated using MATLAB. From the simulation, the results obtained are consistent with
actual conditions [12], Okuda et. al. reveal that an equivalent single rudder model is introduced for maneuvering simulations
of twin-propeller and twin-rudder vessels within the context of the Maneuvering Modelling Group. The simulation results
of maneuvers match with the results of free-running model tests, regarding practical application [13]. Dai et. al. investigated
the maneuvering performance of the ship using an MMG model, demonstrating good agreement and revealing insights into
the influence of lateral separation on turning performance and minimal impact on course stability [14], Wicaksono et al. use
the MMG model to study the maneuvering motions of a ship in calm water. It shows that the current model is appropriate
for the subject ship's maneuvering motion and can be applied to other ships [15], Iswandi et. al propose and demonstrate a
new method for evaluating the performance of ship-tracking algorithms for High-Frequency Surface Wave Radar (HFSWR).
The research confirmed the applicability of using the MMG model to realistically evaluate ship-tracking algorithms for
HFSWR [16],

The MMG model is extensively utilised in investigations of ship maneuverability, such as the turning circle and zig-zag
maneuver [17, 18], but their specific application and simulation for berthing processes at Paciran Port had not been
previously explored, especially the element of tugboat handling. The simulation program uses mathematical equations for
the hull, propeller, and rudder components integrated into the Maneuvering Modeling Group (MMG) method [19], MMG
simulation is capable of evaluating the ability of tugboats in assisting berthing and unberthing, and also assessing the
possibility of collisions [20], The MMG model was developed by considering environmental disturbances such as water
depth, wind force and moment, and current effect [21],

This research will use a simulation method based on the Maneuvering Modelling Group (MMG) with the MATLAB
program to analyze the safety of the barge berthing process at Paciran Port. This study aims to identify the key elements of
tugboat handling required for safely berthing a barge. The berthing speed limitation complied with Permanent International
Association of Navigation Congresses (PIANC) that provides guidance and technical advice for the sustainable design,
development, and maintenance of ports, waterways, and coastal areas, such as the berthing speed recommendation for ships
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[22].

2. Method

Tugboat handling simulation for ship berthing refers to the Maneuvering Modeling Group (MMG). A MATLAB program
is used to predict the ship s maneuvering motion in a 3-DOF (Degree of Freedom) simulation, where the X-axis represents
surging motion, the Y-axis represents swaying motion, and the Z-axis represents yawing motion. Figure 1 shows the
coordinate commonly used in ship dynamics to describe its motion and the variables that affect it.

x0
X

U

u
-v»?

7
/ <y

/

A
s'

y /

/
-To

0o

Figure 1. Coordinate System [23]

2.1. The 3 Degrees of Freedom (DOF) Equations

Equations 1 to 3 express the motion of surging, swaying, and yawing of vessels [23],

The left-hand side of Eq. 1 to Eq. 3 for X, Y, and N, are expressed as follows.



 
𝑌 = 𝑌𝐻 + 𝑌𝑅 + 𝑌𝐴 + 𝑌𝑇  
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Where the variable m denotes the vessel's mass, while mx and my represent the added mass components along the
longitudinal (x) and lateral (y) axes, respectively, the ship's forward speed is represented by u (surge velocity), its sideways
speed at the midpoint by vm (lateral velocity), and its rate of turn by 'r' (yaw rate). The position of the ship's center of gravity
along its length is given by xG. Furthermore, IzG is the ship's moment of inertia about its center of gravity, and Jz signifies
the added moment of inertia. Forces acting on the ship are described as the surge force (X), the lateral force (Y), and the yaw
moment (N). Hull, propeller, rudder, wind, and tugs are denoted by the subscripts H, P, R, A, and T, respectively.

2.2. Hydrodynamic Hull Force and Moment

The hull force and moment can be expressed as follows.

L, d, and U are the Length Between Perpendiculars, the ship's draft, and the speed resultant, respectively. denotes
non-dimensionalized lateral velocity defined by and non-dimensionalized yaw rate by . Ship s maneuvering
simulation requires accurate hydrodynamic derivatives [24], Empirical formula analysis is preferred over model testing,
because model testing costs a lot of time and money to simulate maneuverability at the design stage [25], To determine the
ship's resistance Using the Holtrop Method expressed as.

Rf is frictional resistance, The form factor of the hull, RAPP is appendage resistance, RB is additional pressure
resistance of the bulbous bow near the water surface, RTR is additional pressure resistance due to transom immersion, and
RA is model-ship correlation resistance.

2.3. Hydrodynamics Derivatives

The hydrodynamic derivatives, added mass, and added moment of inertia are obtained from empirical calculations from
several research [26], as shown in Table 1 - 4.

Table 1. The Formula of Added Mass and Added Moment of Inertia
Reference Empirical Formula
Clarke et.al. [27] (11)

Zhou.et.al. [28] (12)

Yoshimura and

Masumoto [29]
(13)

Table 2. The Formula of Hydrodynamic Derivatives on X-axis
Reference Empirical Formula

(14)
Lee et. al. [30]

(15)
Yoshimura and Masumoto [29]

(16)
Yoshimura and Masumoto [29]

(17)
Lee et. al. [30]
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(18)
Yoshimura and Masumoto [29]

Table 3. The Formula of Hydrodynamic Derivatives on Y-axis
Reference Empirical Formula

(19)
Kijima et. al. [31]

(20)
Lee et. al. [30]

(21)
Yoshimura and Masumoto [29]

Table 4. The Formula of Hydrodynamic Derivatives Acting on Yaw Moment
Reference Empirical Formula

(22)
Kijima et. al. [31]

(23)
Lee et. al. [30]

(24)
Yoshimura and Masumoto [29]

2.4. Wind Force and Moment

Several factors, including wind effects, influence the ship s maneuverability [32], The disturbance force and moment
of wind on ships maneuvering can be calculated as follows.

where is air density, is the transverse projected area, is the lateral projected area.
force coefficients concerning surge force, lateral force, and yaw moment, respectively, is relative wind direction, is the
correction coefficient when the ship heels, and is roll angle. Va is the relative wind velocity calculated as follows.

are aerodynamic

Where is absolute wind velocity, is the absolute wind direction, and is ships heading [33][34],

2.5. Tug Force and Moment

Tug forces and moment can be calculated by using Eq. 31-33, where denotes the tug's force, is the relative
direction of the tug force, and L/2 denotes the arm of the tug moment [35],

2.6. Current Effect

The current effect can be calculated by using Eq. 34-37, Where subscripts b and c represent the ship's body and current,
respectively[35],



𝑈 = 𝑈𝑟 = √𝑢𝑟
2 + 𝑣𝑟
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) 
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𝑟 = 𝛹𝑐𝑟 𝑑𝑎𝑛 𝛹𝑐𝑟
= 𝛹 − 𝛹𝑐  (37) 
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3. Results and Discussion

The barge used in this research is BG. Winposh 3301 with the principal dimension shown in Table 5. The barge is
simulated to berth at the multipurpose jetty of Paciran Port based on the trajectory obtained from AIS data. AIS is essential
in this research because it can present ship traffic data and berthing-unberthing routes [36], AIS provides a more
comprehensive picture, but it contains too much irrelevant information. However, if used correctly, it can be helpful for many
things [37], Figure 2 shows the ship coming from the north with an initial speed of 0 knots, then heading south until berthing
at the jetty of Paciran Port.

Table 5, Principal Dimension of BG. WINPOSH 3301
Main Principal Dimension
LOA 100.58 m

96.56 m
33.53 m

6.10 m
4.71 m
5 Knot

LPP
Beam (B)
Height (H)
Draught (T)
Kecepatan (V)
Cb 0.88
Displacement 13,754.92 tons

*T
\

l

l

I
I

i
i

i

l
Figure 2. Ships Berthing Trajectory at Paciran Port

Source: Marinetraffic.com

3.1. MATLAB Function

In Figure 3, for simulations using the Maneuvering Modeling Group (MMG) in MATLAB, it can start by creating the m-
files FI, F2, and F3. The m-file FI contains the forces acting on the ship along the x-axis, the m-file F2 contains the forces
acting on the ship along the y-axis, and the m-file F3 contains the moment acting on the ship around the z-axis.

When creating the primary function, it is necessary to first define which variables are constant and which are variables.
After that, make the 'for' loop logic from the beginning of the calculation to the end. The calculation starts with the values
for current and wind. Then, it continues with the tugboat force, which uses 'if logic.

Following that, there is a process of calling functions from m-file FI, m-file F2, and m-file F3. The output from these m-
files is the acceleration along the x-axis, y-axis, and the angular acceleration around the z-axis. By calling the functions from
these three m-files, the values of u, v, r, and heading at i+1 can be determined. The values of u, v, r, and heading at i+1 are
then used in the looping calculation within the main file.



 

’

– – –

– – – –

–

 

 

’

’
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m.file Main

Function
m.file FI m.File F2 m.file F3

T T T T
• Calculating the

forces acting on
the ship's hull
along

• Calcul
force

• Calculating the
tugboat force

• Calculating the
forces acting on
the ship's hull
along

• Calcu
fora

• Calculating the
tugboat force

• Calculating the
moment acting

on the ship's hull
along the Y-axis

• Calculating wind
fora

• Calculating the
tugboat force

• Ships Particulars

• Function for I

(repeated

calculation)

• Calculate tugboat

force at certain

; the X-axis

lating wind
the Y-axis

lating wind

I I I
Output =

acceleration on
The X-axis

Output = angular
acceleration on

The Z-axis

Output =
acceleration on

The Y-axis

Determine the
velocity at X, Y

axis, and heading

T
• Determining the

position and
heading of the sip

• Determiningthe

ship's resultant
velocity

End

Figure 3. The Flowchart of MMG Simulation using MATLAB

3.2. Berthing Speed Acceptance Criteria and Environmental Condition

Table 5 shows that the displacement of the ship is 13,754.92 tons, to ensure the barge can berth safely. The barge's
maximum berthing speed is 0.3 m/s during moderate conditions, as shown in Table 6. The more adverse the navigation
conditions, from favourable to unfavourable, the higher the potential for an unexpected accident with the jetty [38],

Table 6. PIANC s Requirement of Berthing Speed for Ships
Vessel Displacement Favourable Condition Moderate Condition Unfavourable

Condition (m/s)(tons) (m/s) (m/s)
Under 10,000
10,000 50,000
50,000 100,000
Over 100,000

0.2 0,16
0.12 0.08

0.45 0.3
0.3 0.15

0.6 0.4
0.45 0.22

0.08 0.15 0.2
0.08 0.15 0.2

The simulations are conducted under normal environmental conditions and use two conditions. The current direction
is from West to East for condition 1, and from East to West for condition 2. The parameters of environmental conditions are
shown in Table 7. Environmental conditions are based on data from the Meteorology, Climatology, and Geophysics Agency.

Table 7. Environmental Condition Parameters
Environmental Condition Condition 1 Condition 2
Wind Speed (Knots)
Wind Direction
Current Velocity (m/s)
Current Direction

5 5
Southeast to Northwest
0.44
West to East

Northwest to Southeast
0.31
East to West

3.3. MMG Simulation

According to the Minister of Transportation Regulation Number PM 57/ 2015, ships with a length of 70 m to 150 m
must be assisted by at least one tugboat with a capacity of 2,000 horsepower and a minimum of 24 tons of bollard pull. This
simulation assumes that a 30-ton bollard Pull tugboat pulls the barge. Uses four scenarios, each representing an
environmental condition with two initial speed variations, 0 knots and 2.9 knots.

a. Scenario 1 (Condition 1 with initial speed 0 knots)

Figure 4 and Table 8 show barge speed, heading, trajectory, and tugboat procedure during the berthing process of
scenario 1. The Barge has a speed of 0 knots at the initial condition with a heading of 210 degrees. The graph shows the
ship s speed increasing from 0.8 knots to 2.2 knots at 900 seconds. This is an effect of the barge being pushed straight by the
tug with 81% of its capacity. The influence of environmental conditions is immediately apparent at this stage. The current
moves from west to east with a speed of 0.44 m/s, causing the barge to drift continuously to the east as it is towed forward.
This drift is shown in the ship s trajectory in Figure 4-c, which curves slightly to the east. Therefore, the barge is braked with
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85% power with a heading of 180 degrees until 1300 seconds, so the Barge s speed becomes 0.8 knots, which not only serves
to reduce speed but is also crucial for counteracting the current s thrust. Furthermore, from 1300 to 1633 seconds, the Barge
is turned by being pulled by a tugboat, so the barge s heading becomes 300 degrees, parallel to the jetty. Finally, the ship
will be moved to berth at the jetty with a speed of 0.278 knots or 0.143 m/s. The trajectory graph indicates that the barge
remains within the Paciran Port channel, and the berth speed is still moderate according to the PIANC Standard.
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Figure 4. The Berthing Simulation Results of Scenario 1 (a) Speed, (b)Heading, and (c)Trajectory

Table 8, Tugboat Berthing Procedure of Scenario 1
Time (s) Bollard Pull Percentage Tugboat DirectionSteps

0 degree
180 degrees
22 degrees
-25 degrees

1 0 900
900 1300 85%
1300 1500 56%
1500 1633 35%

81%
2
3
4

b. Scenario 2 (Condition 1 with initial speed 2.9 knots)

Figure 5 and Table 9 show barge speed, heading, trajectory, and tugboat procedure during the berthing process of
scenario 2. The Barge has an initial speed of 2.9 knots with a heading of 189 degrees, then pulls with 5% of the tugboat s
capacity and direction of -15 degrees. The barge's high initial speed of 2.9 knots significantly amplified the impact of the
current moving from West to East. The combination of the significant forward momentum with the lateral force of the
current resulted in an eastward drift, as seen in Figure 5-c. Consequently, a much more forceful response from the tugboat
was required. Up to 95% of the brake force was essential to overcome the combined effects of the ship's inertia and the drift
caused by the current. This maneuver successfully reduced the ship's speed to 1.3 knots with the barge s heading of 175
degrees. Furthermore, between seconds 500 and 700, the barge is rotated so that its heading becomes 191 degrees. Then,
between seconds 700 and 1000, braking is carried out with 95% power, resulting in a barge speed of 0.61 knots. The barge is
rotated at seconds 1000 to 1172 so that the ship's heading becomes 300 degrees parallel to the jetty. In the end, the barge
will be moved to the jetty at a speed of 0.219 knots or 0,112 m/s. The trajectory graph shows that the current carried the
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barge to the east, but it was still within the Paciran Port channel, and the berthing speed was still in a favourable condition
according to the PIANC Standard.
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Figure 5. The Simulation Results of Scenario 2 (a) Speed, (b)Heading, and (c)Trajectory

Table 9, Tugboat Berthing Procedure of Scenario 2
Time (s) Bollard Pull Percentage Tugboat DirectionSteps
0-300
300 500 95%
500 700 12%

700 1000 95%
1000- 1172 31%

5% -15 degree
180 degrees
115 degrees
180 degrees
25 degrees

1
2
3
4
5

c. Scenario 3 (Condition 2 with initial speed 0 knots)

Figure 6 and Table 10 show barge speed, heading, trajectory, and tugboat procedure during the berthing process of
scenario 3. The barge has an initial speed of 0 knots with a heading of 152 degrees. Then the barge moves straight, pulled by
a tugboat with 65% power, for 850 seconds. The current comes from the west at a speed 0.31 m/s lower than in scenario 1
(0.44 m/s), causing the barge to drift to the west as seen in Figure 6 - c. However, the wind comes from the northwest and
exerts a driving force from the southeast, partially counteracting the drift. This interaction between wind and current
explains the relatively lower braking force required (39%) compared to scenario 1 (85%). The barge is braked with 39% power
for 1300 seconds until the barge speed becomes 0.9 knots. Furthermore, from 1300 to 1852 seconds, the barge is rotated so
that the barge's heading becomes 300 degrees. Then the barge will finally be berthed at the jetty at a speed of 0.398 knots or
0.2 m/s. The trajectory graph indicates that the barge is still inside the Paciran Port channel, and the berthing speed remains
in moderate condition according to the PIANC Standard.
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Figure 6. The Simulation Results of Scenario 3 (a) Speed, (b)Heading, and (c)Trajectory

Table 10, Tugboat Berthing Procedure of Scenario 3
Bollard Pull Percentage Tugboat DirectionSteps Time (s)

0 degree
180 degrees
26 degrees
191 degrees

1 0 850
850 1300 39%
1300 1560 35%
1560 1852 35%

65%

2
3
4

d. Scenario 4 (Condition 2 with initial speed 2.9 knots)

Figure 7 and Table 11 show barge speed, heading, trajectory, and tugboat procedure during the berthing process of
scenario 4. The barge has an initial speed of 2.9 knots. Then the barge moves, pulled by a tugboat with 76% power, for 100
seconds. The simulation found the barge drifted to the east even though the current direction was towards the west. The
ship's initial heading is 158 degrees, and the wind is blowing towards the Southeast with a speed of 5 knots. This means the
wind is coming from the ship's portside (rear-left), and its direction is indeed almost parallel to the ship's forward direction.
A wind from this direction will exert an aerodynamic force on the hull. Therefore, the wind itself contributes to a force
component that pushes the ship to the east. Furthermore, the barge is braked with 50% power for 800 seconds until its speed
reaches 0.8 knots. Furthermore, at the 800 to 1271 seconds, the barge is rotated so that the barge heading becomes 300
degrees parallel to the jetty. In the end, the barge will be berthed at the jetty with a speed of 0.132 knots or 0.067 m/s. The
trajectory graph indicates that it is still within the Paciran Port channel, and the berthing speed remains in a favourable
condition according to the PIANC Standard.
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Figure 7. The Simulation Results of Scenario 4 (a) Speed, (b)Heading, and (c)Trajectory

Table 11. Tugboat Berthing Procedure of Scenario 4
Time (s) Bollard Pull Percentage Tugboat DirectionSteps

0 degree
180 degrees
15 degrees
-35 degree

1 0 100 76%
2 50%100 800

800 1123 67%

1123 1271 65%
3
4

4. Conclusion

This research demonstrated the application of ship maneuvering simulations, utilizing the Maneuvering Modelling
Group (MMG) model within MATLAB, to determine essential elements for safe tugboat handling during barge berthing
operations at Paciran Port. By simulating various scenarios with differing environmental conditions and initial vessel speeds,
this research provides a quantitative basis for understanding the interaction of forces and the required tugboat interventions
to maintain control during the critical berthing phase. The results show that the element of tugboat handling (bollard pull
percentage, direction, Time Series, and Duration) can assist the barge in safely navigating even with environmental
disturbances, such as wind and current, with final berthing speeds consistently under 0.3 m/s, categorized as a moderate
condition according to PIANC standards. The trajectory analyses further confirmed that the barge remained within the
designated port channel during all simulated scenarios.
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