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FORMALITY MODEL OF CHOSEN APPROPRIATE TUG’S SERVICE BY
METHOD OF BSLANCE HANDLING FORCES

Port tugs bring large vessels into the port and take them out of the port, assist them during
mooring and unmooring, move vessels from one mooring to another, tilt vessels, tow port
barges, transshipment mechanisms, dredgers and other floating objects. Calculation and
evaluation methods of the optimal request for tugs bollard pull port operations, are very
important in order to guarantee the navigational safety of the port and ships during the main
ship operations in the port.

The most dangerous situations are situations of sudden failure of the power plant when
maneuvering a vessel in the confined waters of ports, when tugboats become the only means
of control that can prevent an accident. This is observed when the vessel moves in an area
with hazardous sections of the waterway, calls into and out of the port, as well as when
performing mooring operations. Line and / or port pilots, as well as tugs for escorting,
escorting or when performing mooring operations of the vessel, are additionally involved in
the process of navigating the vessel. In foreign ports, there are also very tense conditions in
command management due to language barriers and the need for synergistic interaction of
individual independent ship crews without prior preparation for a responsible mission.

In this paper done a focus to improve tug possibilities and decrease navigational risks in
port areas by method of balance handling forces. Such decrease in risks at ports is important
issue to overcome, since the correct and proper usage of port tugs could highly improve the
situation there.

Keywords: tugs, emergency situation, port maneuvering, energy balance of the control
force.

Defining the general matter and its connection to important scientific or practical
objectives. The appropriate functionality of ports depends of safe operations by each services.
Among the most challenge operations in ports are inbound / outbound of vessels, mooring and
unmooring operations, where the tugs are of the utmost importance. Port tugs assist ships using
the port channels, manoeuvring of ships turning at basins, shifting to and from berths.
Nowadays, many vessels have thrusters, which replace some of the tug functions, but many
ships, especially tankers, bulkers and other, do not possess such thrusters, which is why tugs are
very important when it comes to the improvement of navigational safety [1-9].

Nowadays, tugs which operated in ports divide on a different type and capacity and mostly
depend on ship size and port-external conditions (waves, wind, shallow water and current). The
main risks at ports, which are pointed out by some authors, can be classified as follows: poor
vessel and port staff knowledge and training; the human factor in general; inferior maintenance
of port tugs; miserable communication between all parties during inbound / outbound the port, as
well as mooring operations (in the case that the ship’s crew, port pilot and tugs' masters
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communicate in different languages); wretched or outdated tug equipment; resourceless safety
culture, etc. [3,8,10-13]. According to research made in India at 2021 [11], the main risk factor
during pilotage with tugs was poor training (Fig. 1).

Risk factor

Fig 1. Risk’s factors combined with frequency in Indian’s ports in percentages

Port tugs influence on risks factors in many cases. The aim of this study is to improve tug
possibilities and decrease navigational risks in port areas by method of balance handling forces.
Such decrease in risks at ports is important issue to overcome, since the correct and proper usage
of port tugs could highly improve the situation there.

The lack of practical recommendations and methodologies for the optimal number of tugs
and bollard pull calculations may result in unreasonable risks or excessive measures being taken
in real life situations. The main objective of this article is to improve and provide practical
methods as well as suggest optimal decisions on proper tugs handling in ports and decrease the
potential risks during ship maneuvering operations in complicated conditions.

Previous researches analysis and definition of new trends in problem solution. To
begin the process of maneuvering is important to keep in mind a plan how maneuver is intended
to the vessel, consider the wind, tide, state of the ship’s trim, draft, and freeboard, orient in
navigation aids etc. To tackle with these multipurpose factors is better to use assistant of tugs.
Due to this there is highly important to understand operator activity in organizing the work of
tugboats, which has been managed at this research article [14]. The research [14] includes
analysis of existing methods of preparation for maneuvering; improving the ways of organizing
the management of the work of tugs; organization of the work of the bridge crew in case of
multi-operator control and ship’s engine failure. However, article did not present the method to
manage these problems.

Port tugs are important for port navigational safety, and different approaches to estimate
the quantity and quality of requested tugs in ports (bollard pull) have been implemented [5, 7, 8,
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16-18]. This also applies to transport and logistics systems functioning in pursuit of the
sustainable development of these systems [4, 16, 19, 20]. Direct and indirect tugs used in port
areas are associated with navigational safety [1, 9, 21-23].

Several studies address an interesting tugboat scheduling problem considering uncertainty
in both container ship arrival and tugging process times for large container ports. For a large-
scale problem, an ad hoc algorithm is designed to generate tugging chains such that the large-
scale problem can be tackled effectively [5, 24].

The aim of many papers is to rank the vessels entering and leaving the restricted channel of
multiharbour basins and generate the optimal traffic scheduling schemes for each vessel, to
ensure the safety and efficiency of vessel navigation. In these studies, through analysis of the
characteristics of a restricted channel in ports, a general structure of a restricted channel in
multiharbour basins is proposed, and the key areas of vessel traffic conflict are specified [13, 25—
29].

Generalized ship maneuvering models based on the real-time modelling of ships navigating
in ports are accessed and presented in [10, 11, 20, 33-39]. Two models of the prediction of ships’
trajectories have been developed and considered the probability of ships leaving the channel or
encountering navigational obstacles [20]: (1) an Auto Regressive and Moving Average
eXogenous (ARMAX) model is adopted to identify the ship steering dynamic system; (2) the
stochastic sequences of the inputs for the first model used are generated using a semi-Markov
model. The papers describe the implementation of the semi-Markov model for rudder actions.

Maneuvering models are dedicated for the rapid estimation of hydrodynamic factors in
deep and shallow waters and allow a rapid estimation and reconstruction of the vessels’ sailing
trajectories for single and double propeller vessels [34, 39-42]. Results are validated against
experiments available for the zigzag and turning cycle trajectories of vessels with different hull
forms and propulsion configurations [39].

Model predictive maneuvering control and energy management for all-electric autonomous
ships also aim to bridge the gap among maneuvering control, energy management and the
control of the Power and Propulsion System (PPS) to improve fuel efficiency and the
performance of the vessel [34]. In this regard, for the ship motion control, a Model Predictive
Control (MPC) algorithm is proposed which is based on Input—Output Feedback Linearization
(IOFL). Through this algorithm, the required power for the ship mission is predicted and then
transferred to the proposed Predictive Energy Management (PEM) algorithm, which decides on
the optimal split between different on-board energy sources during the mission. As a result, the
fuel efficiency and the power system stability can be increased.

Linear heave and surge movements recorded lower amplitudes compared to the values of
standard thresholds [19]. The specific behavior of each vessel was analyzed in terms of its size,
maritime conditions, and mooring location. Field campaigns, such as those performed in this
work, are an effective way of analyzing the operational conditions of ports, which could help in
identifying problems in the mooring zone [43-45].

The wave effects on ships moored in ports and a hybrid numerical model are proposed to
estimate the transient response of a moored ship exposed to the two types of waves. The hybrid
method is based on the combination of the 3D Rankine source method and impulse response
theory. The 3D Rankine source method is applied to address the wash waves and the wave—
structure interactions. The transient response is subsequently simulated in the time domain with
the impulse response theory [46-48].
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Human knowledge and experience accompanied by the ability to simulate the correct use
of tugs in ports are of the utmost importance. These issues have been investigated by many
researchers and seen by them as one of the key conditions for the correct use of tugs in ports [2,
3,11, 12, 20, 27, 28, 32, 49, 50].

It should be noted that port configuration and ship maneuvering areas are different in
particular ports [13, 15, 20, 21, 23]. The main factors influencing the optimal use of port tugs are
as follows: types of manoeuvring operations performed by ships and the efficiency of tug
assistance. On the one hand, ships moving in port areas must be safe. Therefore, it is very
important to optimize the time of ship movement and minimize manoeuvres inside the port that
mainly depend on the qualifications of people in charge [3].

Based on the conducted literature analysis, the following statements can be made:

1. The problem of decreasing or optimizing the use of port tugs is relevant, and further solutions
in this area should be developed.

2. There is a need to look for solutions to reduce (optimize) the use of port tugs that would not
require high volumes of investments.

3. To date, the influence of the human factor on port tug optimization has not been analyzed to
the required degree.

4. The need to investigate the impact of a ship’s crew and port pilots’ qualifications and
decisions on ship manoeuvring operations in port areas is justified, and further research in
respect to how to decrease (optimize) the use of port tugs is required.

The research objective. The main aim of this work is to ensure safe maneuvering in
extreme conditions in case of refusal of ship management. The existing methodology for
selecting the number of tugs when inbound / outbound from the port does not take into account
the power of the main engine of towing vessel, external influences and dimensions of the sea
surface. Therefore, it is necessary to develop new methods for choosing towing. The method of
solving the problem is a systemic analysis of the process of movement with a mathematical and
vector form of presentation of its parameters and the use of differential calculus and theory of
information. The method of solving the problem provides for the definition of the force of
inertia, forces from vessel management equipment, the choice of tugs and the method of their use
on the allowable speed in the port, vessel displacement and weather conditions. The research
objectives are following:

1. Creating an algorithm for replacing control influences when refusing devices based on the
analysis of the causes of emergency situations.

2. Calculation of the energy balance of the control force.

3. The algorithm for selecting the total towing power to normalize the velocity speed of the
vessel when performing marine operations.

Presenting the main material of a research with a full grounding of received scientific
results

1. The analyze of selecting the total towing power to normalize the velocity speed of the
vessel when performing marine operations

To ensure safe maneuvering, the degree of preparation of the navigators for interaction in

the organization of ship traffic control in normal, cramped conditions and in emergency

situations is of decisive importance. When working in extreme conditions, it is necessary to use

mental operations to find a solution, which leads to a slowdown in the control process. To obtain
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correct information about the movement process, under such conditions, preliminary preparation
for the action of the bridge team, in case of failure of the means of movement and maneuvering,
Is necessary. For this reason, the development of meaningful models of the control process and
the algorithm of the actions by bridge team in emergency situations is very relevant.

Automatic systems for managing the heading, speed and position provide the functions of
the systems and the method of information support for decisions made on motion control.

The ability to work in the bridge team in emergency situations requires the Master to
simultaneously perform operator functions for managing the vessel and operational functions for
managing people with a severe time deficit that persists throughout the emergency.

In the process of interaction of human operator (HO) with elements of human-machine
systems, analyzers, memory and thinking, the speed of intellectual actions and anthropometric
data are considered as its engineering and psychological characteristics.

The specifics of the vessel motion control process determine visual (receptor - eye) and
auditory (receptor - ear) analyzers as the main ones. At the same time, visual information
occupies about 90%, the use of auditory signals and speech is in second place, and the remaining
analyzers occupy an insignificant share.

If there has been a change in the composition of the controls, then the operator needs to
process the incoming declarative information on control over the parameters of the control
process to correct the planned route.

The safety of maneuvering in case of failure of the controls was usually not ensured due to
the lack of necessary information about the maneuvering characteristics of the vessel as a control
object and the relevant data on the current state of its technical devices, which are necessary to
control the movement process and support the decision made.

The preparation for maneuvering and its implementation will be considered as consisting
of three stages: planning of trajectory points; management of the movement process in
accordance with the preliminary plan; adjustment of the original plan for the choice of devices
used, in case of failure of controls or changes in external conditions during the movement.

The analysis of the process of traffic control in case of accidents will be carried out by the
operational - structural description, presented in the form of algorithms. In this case, the
description will be carried out in a strictly defined sequence of elementary operations. To do this,
the control process is decomposed into qualitatively different elementary operations, and the
logical connections between them are determined to determine the order in which they follow.
The criterion of elementality is the ability of the operator to perform such an operation accurately
on the basis of information in the form of knowledge.

In this case, we will consider the following characteristic points of the vessel: control
center (CC) - a point on the bridge of the vessel, where the navigator is located, who evaluates
his position relative to the signs of the navigation situation; pivot point (PP) - a point on the line
of the diametrical plane within the ship or outside it, around which the hull rotates; the center of
gravity (CG) is the point on the DP line at which the resultant of gravity is applied. When
considering the management of a conventional vessel, it is conditionally accepted as located on
the midship frame.

All forces acting on the ship are divided into three groups: dynamic, external and reactive.
The dynamic forces include forces created by the ship's controls and external ones to give the
vessel linear and angular motion. External forces include forces from the wind, waves of the sea,
currents. Reactive forces include forces and moments resulting from the movement of the vessel.
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The sources of control forces (internal and external) are propeller stop force; steering
power; force from the anchor device; force from the towing device; force from the mooring
device; thruster power. Since during the entire time of movement the vessel moves with
changing parameters (heading, speed, position), we will assume that maneuvering occurs
throughout the entire transition, however, it is of a different nature, depending on its position in
relation to the point of departure and arrival, as well as the nature of navigational conditions.
This effect is especially manifested when sailing in extreme conditions when inbound / outbound
the port and when the ship's devices fail.

To compile an algorithm for replacing control actions in the event of failure of devices that
provide maneuvering, we will classify the forces that are used by the navigator in organizing the
movement of the vessel, which is given on Fig. 2.

External Reactive
forces forces

Wind forces

Tide forces

Current forces

Fig. 2. Classification of forces influencing to the vessel during mooring operations

With further analysis of the causes of the incident, it is necessary to establish in which
element of the system a failure occurred in its operation, and what factor is the determining
factor, and what device should be used to compensate for the lost power for control.

Consistently checking all the devices included in the system, you can specifically specify
which of the elements or their sum can compensate for the failed one.

2. Calculation of the energy balance of the control force
To compile an energy balance, consider a brief characteristic of the forces.
The strength of the screw is the main active of dynamics forces of the vessel. The force of the
exposure screw is determined by the formula
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2
n
B, =K, xp(z) xDf, (1)
where p — density of water; n — rotation per minute; D,, - propeller's diameter; K,, — the screw
breaker coefficient on the mooring, which could be found by the formula:

. H . H
K, = 3O x Z) x (0,225 x sin’ o +0,098 st—g), @)
where 6 — screw disk ratio; Z — the number of blades; Di — stepper ratio of the screw.

Screw Disc Area could be defined as

dq =" 3)

To account for the influence of the case, need calculate the coefficient of strengthening of
the screw, Cyy, depending on the area of the submersible part of the Middle-Spanmost Sg :

S®=BXTXﬁ®, (4)
where fg - the completeness coefficient of the Middle-Schandout

Then can find the reinforcement coefficient of the screw:
S
Cyy = 0,508 + 0,106 A—i’. (5)

Finally, the calculated maximum strength of the breakers in the rear is equal to:
PRt = By X Cyy. (6)
The second hierarchy is the force from the towing device. The main characteristic of the
towers is the thrust on the forward. At the same time, if two tugs are used, the forward tug is the
following condition:
Ptl =RC+Rt2' (7)

where R. — the resistance of the vessel; R,, — The resistance of the aft tug.

Then the differential equation of the system of the ship - tugs in the process of braking will
be:

av
Mety o = _[(Cv+Ct) X V2 +Pt2]7 (8)

where m;,,, — tug mass and towed vessel with an attached mass;
C,, C; —hydrodynamic coefficients of the vessel and forward tug;
V' — speed of the system;

P;, — traction on the tug's hook.

The solution of the differential equation of the system relative to the brake path and the
power of the aft tug is:
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The nominal traction of tug is calculated by its engine capacity by the following formula:
P .. = 0,133 X P, (12)
where P, —traction on the tug's hook; P, —engine power.

The force from the thruster is always directed perpendicular to the diametrical plane (DP).
Its value can be determined by engine power device by formula (11).

To determine the transverse force on the steering gear, it is necessary to determine the
dimensionless coefficients, as well as the shoulder of the specified force. The equation for the
moment in the deployed form can be recorded [26]:

Mp = Rpy X Iy = (Cpy X p X S X VF) X I, (12)

where R,, — transverse power on the steering gear; C,, — dimensional coefficient; S,, — pole
steering area; V}, — the speed of the incident flow on the steering gear; l;— Dimensional Steering
Shoulder, which can be taken 0,5.

An anchor device perceives horizontal strength, which occurs on anchor equipment at the
return of the anchors on the seabed. Such a safe workload (SWL) is the 200 tons world standard
for a single deck stopper. This value is considered satisfactory at the wind speed of up to 30
nodes.

3. The algorithm for selecting the total towing power to normalize the velocity speed of
the vessel
In order to develop reasonable recommendations on the action of navigators in case of failure of
the controls, we will draw up the energy balance of the control forces. In this case, it is necessary
to balance along the axis along the DP and perpendicular to it:

AVy

My dT

+kVE S P+ Y5 Py + 27, er,- +Re,. (13)
where R, _— the total force from external influences along the X axis.

L 4 kVZ <R,, +P " p +R 14

myd_T+ y = py+ thr+2j=1 J’tj+ ey ( )

where R, — the total force from external influences along the Y axis.

At the disposal of the navigator there is an opportunity to determine the mode of
movement of the vessel, and only after that to make a choice of towing support and the mode of
use of control devices.
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The energy balance method also allows solving the inverse problem of analyzing the
causes of an accident. To do this, using equation (13), the towing power and the holding force of
the anchor device determine the speed along the X axis, at which they can stop the movement of
the ship. By comparing the actual speed and the calculated speed, you can determine the cause of
the accident.

To assess the importance of each of the components of the controls, we will determine its
weight in the overall balance of power. The balance of forces along the Y axis does not make
sense when assigning the number of tugs, since the means on the ship create transverse forces,
the magnitude of which is incommensurable with the thrust force of the tugs and propeller. The
main task, in case of emergencies, is to stop the movement of the vessel along the X axis.

The weight of each force can be determined by formulas. For screw break force:

Bur, = Pof (P Bk Poy + Zjos Py, + Ry ). (15)
For the force from the anchor device:
Bory = Ziey Pay/ (Po + Ty Py + BJos Py, + Rey ). (16)
For power from tugs:
Bbrt = ?:1 th]./(Pe + 21’2=1 Pai + 2?:1 th]. + Rex)- (17)
For force from external influences:
Bur,, = Reo/ (P + Zios Poy + Zjor Py + Ry ). (18)

For trouble-free control in case of failure of the main engine, the force from the tugs and
the anchor device must stop the movement of the vessel at the current speed. In the absence of
external influences, the necessary force can be determined from the condition:

i=1 o, + Xy Py, 2 KV, (19)

Knowing the holding force of the ship's anchor, it is possible to determine the required
total power of the tugs required for trouble-free maneuvering:

7:1 thj = kaz - l?=1 Pai’ (20)

The first step in creating a safe maneuvering model is to make its verbal-informational
description. It includes the following actions: description of the external environment with
parameters that make it possible to quantify its impact on the functioning of the system;
establishing links between the system and the external environment; description of the elemental
composition of the system and its subsystems, as well as the hierarchical structure; establishment
of functional direct, reverse, and local links between the elements and the control object.

The analysis of the control forces, made according to the formulas (15) — (18) shows that
the force from the screw has the greatest weight. For this reason, ensuring guaranteed safety of
maneuvering can be done by fully compensating the propeller stop force with towing support.
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In this regard, it is proposed to use the following algorithm for selecting the total towing
power by normalizing the speed of the vessel during marine operations.
1. Calculate the area of the wetted surface:

Q =D3x (4,854 + 0,492 X TE) (21)

m

where D — the displacement; B — the width of the vessel; T,,, — average draft.

2. Calculate the drag coefficient K
K = 5880_0,654 x 2 X \/TE (22)

m

3. Determine the force of hydrodynamic resistance kV;2.
The magnitude of the resistance force determines the total power of the tugs, which are
necessary to stop the movement of the vessel.

Conclusions and further research prospects

The analysis of the accident rate during moorings in ports showed that the main cause of
the accident is the lack of mooring lines submitted to the tugs. They occur due to insufficient
control by the pilot or captain of the proper organization of the management of the work of tugs.

The proposed method for choosing the number of tugs according to the maximum thrust
force of the ship's propeller allows us to speak about the creation of adequate reserve control
forces that create the prerequisites for safe maneuvering. If the propeller stop is not enough, then
anchors can be used, the holding force of which will reduce the braking distance and stop time,
which is of paramount importance in the conditions of the operating water area. However, for its
use it is necessary to perform preliminary calculations.

The scientific result of solving the second auxiliary problem is the development of a
formalized model for the choice of towing support by the force balance method. The results
obtained can be used to select reasonable restrictions for maritime operations in the port when
compiling the “Compulsory Regulations for the Port” and standardizing the provision of various
types of vessels with tugs, considering the power of their main power plant, weather conditions
and the size of the operating water area.
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Cypinos 1. JI., Ma3yp O. M., Onuienko O. A.
®OPMAJIIBOBAHA MOJEJb BHUBOPY BYKCHUPHOI'O 3ABE3INEYEHHSA
METOJOM BAJIAHCY KEPYIOUUX CHJI

Tlopmogi bykcupu € 8adciueum eiemMenmom NOpmoeoi OiIbHOCMI ma NumMaHs 6e3nexu
cyononnasecmea. Ilopmogi 6ykcupu 3a6e3neuyrome 6e3nexy eiuKkux cyoeH nio uac ix 3axooy,
MAHeBPYBAHHs, WEAPMYBAHHI MA BIOWEAPMYBAHHS, | MAOMb GelUYe3He 3HAYEHHS Ni0 4ac
IHWUX nopmosux onepayiti. Y moii dice yac onmumizayis KilbKOCmi nopmosux OYKCupig i
muny OYKCUpI8 mMaxoic 8axciuea 3 mouku 30py besnexku Hagieayii 6 nopmy ma eKOHOMIUHOT
mouku 30py. Memoou po3paxynKy ma OYiHKU OnmumMaibHO20 3anumy Ha pobomy 6yKcupie 8
nopmig € Oyice 8axcIusuMu 0Jis 3abe3nedents Oe3neku Hasieayii nopmy ma cyoeu nio yac
BUKOHAHHS OCHOBHUX CYOHOBUX ONepayiti y nopmy.

Hauibinbw Hebesneunumu € cumyayii panmogozo 8uxody 3 1ady eneKmponocmadants npu
MAHeB8PYB8aHHI CYOHA 6 3AMKHYMIL aKeamopii nopmis, Koau OyKcupu cmaroms €OUHUM
3ac060m KOHmMpOM0, AKull Modice 3anobiemu aeapii. Lle cnocmepicacmuvcs npu pyci cyoua 6
30HI 3 Hebe3neUHUMU OLIAHKAMU B00OHO20 WLIAXY, 3aX00i 8 NOPM I BUX00I 3 HbO2O, A MAKONC
npu BUKOHAHHI weapmosux pobim. /{o npoyecy 6edeHHs CYOHA 000AmMKO80 3ANyYAIOMbCs
JUHIUHI Ma/abo nopmoei 10YMaHu, a maxoxc OyKcupu O0Jisi Cynpogoody, Cynpogooy abo npu
BUKOHAHHI WEAPMOBHUX Onepayiil CyoHd. Y [HO3eMHUX Nopmax makodic OyxHce HANPYHCeHi
YMOBU YNPAGNIHHA KOMAHOAMU Yepe3 MO6HI 6ap’epu ma HeoOXIOHICmb CuHepeemuyHol
83A€EMO0II  OKpeMUX He3ANeHCHUX eKinaxicié cyoeH 6e3 nonepeoHvoi ni02omoeku 0o
8I0N0BIOANLHOI MICI].

V yiti pobomi 30cepedaiceno ysacy Ha NOKPAWeHHI MONCIUBOCIEl OYKCUPA MA 3HUNCEHHI
HagieayiHux pU3uUKie y pationax nopmie Memooom 0aiancy8anHs cuil po3eanmaicents. Taxe
SHUIICEHHS PUSUKIB Y NOPMAX € BANCTUBOIO NPOOIEMOIO Ol NOOONAHHSA, OCKINbKU NPABUNLHE |
NpasuibHe BUKOPUCHAHHA NOPMOBUX DYKCUPIB MOJICE 3HAUHO NOKPAWUMU CUMYAYII0 8 HUX.

Knwuosi cnosa: Oykcupu, a@piumi cumyayii, MAame8py8aHHs aAKEAMOPIE NOpmMy,
eHepeemuyHuLl Oanianc Kepyouux cull.
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