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Abstract

The paper presents the possibility of applying the theory of semi-Markov processes to determine the limiting
distribution for the process of changes of technical states being reliability states of the systems of sea-going
ships significantly affecting safety of such ships, which include main engine, propeller and steering gear. The
distribution concerns the probabilities of occurrence of the said states defined for a long time of ship operation
(t — o). The considered states are as follows: sy — full ability state of the systems, i.e.: main engine, propeller
and steering gear, s; — inability state of the main engine, s, — inability state of the propeller, s;— inability state of
the steering gear. Significance of the systems for safety of the ships at sea was demonstrated herein. General
conditions for performing transportation tasks by the ships, with particular regard to stormy conditions, were
also here described.
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1. Introduction

Sea-going ships carry out transportation tasks often in stormy conditions [4, 5, 6, 7, 21].
The conditions are formed by various factors, usually with random properties. First and
foremost, the factors include [2, 5, 6, 7, 23]: considerable wave motion through the sea
surface at high wind speed, acing of the hull above waterline, water flowing over and through
the deck of the ship.

Strong wind is dangerous in particular. Such a wind induces significant aerodynamic
forces and moments onto the surface of the ship’s hull above waterline. Therefore, there is
necessity to compensate the effects of the wind, which requires setting the proper rudder
angle. During stormy weather, especially at heavy wave motion and with a propeller partially
emerged from water, it may turn out that even the maximum rudder angle is not sufficient to
maintain the course of the ship. The ship loses its maneuverability (course stability) and in
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consequence is not able to head in a set direction [4, 5, 7]. The course stability is always lost
in case of failure of the main engine and/or the propeller. As a result generation of demanded
force to maintain the desired course of the ship is impossible. The stability is also lost when
the steering gear gets damaged [6]. Flooding the deck creates also a danger to the ship
particularly with water violently flowing onto the deck that can damage the ship’s
superstructure and enter its inside [5, 6, 7]. Another threat to the marine traffic comes from
icebergs travelling considerable distances, which sometimes results in collisions with ships
[21].

The considerations show that every ship can face different situations. The catastrophic
situation is particularly hazardous [8, 11, 14, 18, 21]. It is obvious that the marine scenario is
depended on technical condition of the systems that have major influence on the ship safety.
Such systems for each ship include main engine, controllable pitch propeller and steering gear
[5]. Therefore, the probabilistic model of changes of states of the systems, useful for making
rational operational decisions, can be developed basing on the model described in paper [5].
In the ship operational practice, the decisions that can be made are as follows: 1) to
commence task performance by the ship; 2) to carry out reconditioning of at least one or
simultaneously three of the mentioned systems considered as the ones which substantially
contribute to the ship safety, before task performance is commenced by the ship, and 3) not to
leave the port until the storm which hazards the ship safety ceases. Making a rational
operational decision from among the three options with regard to the statistical decision
theory requires to determine the probabilities of damage to the main engine, controllable pitch
propeller and steering gear. For this there is a need to develop a model of occurring changes
in the technical condition for this sort of ship’s systems that may appear while performing a
transportation task by the ship, and to recognize the atmospheric conditions in which the task
is carried out.

2. Atmospheric conditions during ship cruises

Atmospheric and marine conditions during performance of transportation tasks by ships
differ sometimes substantially. In the seasons like spring and autumn in the temperate climate
large surface waves are generated by strong winds affecting the surface of sea waters. A
scenario of such unfavorable hydrometeorological conditions during performance of a
transportation task by a ship is illustrated (as an example) in Fig. 1.

Fig. 1. Scenario of stormy conditions at sea where the container ship performs a transportation task (situation
considered at least as dangerous) [4]
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Strong wind (wind of high velocity w,) severely affects the ship's hull with forces being
produced while putting pressure onto the upper part of the hull, while large sea waves
strongly act on the underwater part of the hull. This wind in gusts can have velocity w,, = 24,4
m/s (severe gale, strength of the wind ranked 9 on the Beaufort scale), w,, = 28,4 m/s (storm,
strength of the wind ranked 10 on the Beaufort scale) w,, = 32,5 m/s (violent storm, strength
of the wind ranked 11 on the Beaufort scale) and even w,, = 36,6 m/s (hurricane, strength of
the wind ranked 12 on the Beaufort scale). Additionally, sea waves can reach over 10m at the
wind ranked 10 on the Beaufort scale [12]. Then the high water mountains are formed, and
the entire surface of the sea becomes white due to abundant foam of braking white wave
crests and the sea roars. This situation jeopardizes the safety of the ship and often leads to
sinking of it even when the propulsion system and the steering gear are not damaged. As a
rule, a ship sinks when damage occurs to the components of the main propulsion system like
main engine and propeller. Failure of the engine (1) or propeller (7) means in fact failure of
the propulsion system of the ship. In consequence, the thrust force T (Fig. 2) cannot be
produced. No thrust force (T) causes lack of a driving force (Ty) that balances the resistance
(Rx) and puts the ship into motion at velocity v (Figure 2). The force Ty along with the force
acting on the rudder ensure the required course stability (control) for the ship. This means that
the steering gear must not get damaged as well (Fig. 3).

The Rpa and Rg; forces acting on the arm a (Fig. 2) cause that the ship is trimmed by the
stern, which is further increased by Ty and Ry forces acting on the arm b. Consequently, the
driving force (Ty) is reduced significantly. This deteriorates remarkably stability of the ship's
course and thus the safety of the ship.

Fig.2. Forces and moments acting on a ship: T — thrust force, Ty — driving force,
AT — thrust deduction, R = R, — overall ship hull resistance which is balanced by force Ty,
Rpa — resultant force of all hydrodynamic and aerodynamic forces acting on the ship,

P — ship weight, W — ship’s buoyancy force, G — ship’s center of gravity, F — ship’s center of buoyancy, a —arm
being acted by the forces Ry, and Rgy, b — arm being acted by forces Ty and R, which generate the moment, 1 —
main engine, 2 — coupling, 3 — thrust bearing with (thrust) shaft, 4 — propeller shaft, 5 — radial bearings, 6 —
stuffing-box, 7 — propeller [4]

In case of failure of a main engine or propeller, or of a steering gear, each ship in stormy
seas usually ends in catastrophe. Even partial damage to the main engine or propeller makes it
impossible to generate the force T (Fig. 2) necessary to drive the ship. In such events the
rudder angle (Fig.3), even at the maximum, is not sufficient to produce enough force to
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compensate the effect of the wind and waves. As a result, each ship loses at the beginning its
maneuverability (course stability) and is incapable of moving in the set direction, and then
loses stability. Along with appearance of upwind and the following wave in the conditions of
high wave motion, usually it comes to capsizing [11].

Course stability is possible to be maintained by the ship when its main engine is capable of
being loaded in the full range to which it was designed and manufactured [9, 13] and during
the cruise no damage to the propeller and steering gear is found. An exemplary diagram of an
electro-hydraulic steering gear with feedback is shown in Fig. 3. Failure of any of its
components, particularly the positive displacement multi-piston pump (8), the electric motor
(6), the actuator of a steering gear consisting of a plunger (10) and cylinder (16), as well as
failure of the telemotor transmitter (3), the telemotor receiver (5) or loss of the rudder (9),
mean a damage to the steering gear.

Fig. 3. Diagram of an electro-hydraulic steering gear with feedback:
1 —steering wheel, 2 —steering column, 3 —telemotor transmitter, 4 — emergency steering wheel, 5 —
telemotor receiver, 6 —electric drive motor, 7 —emergency steering wheel,
8 —variable displacement piston pump, 9 —rudder, 10 — plunger,
11 —gquide; 12 —tiller, 13 —joint,14 —slide, 15 —gland, 16 —cylinder, 17 —emergency steering wheel, 18 —
displacement radial multi-piston pump [6]

Failure of the components of the main propulsion system such as main engine and
propeller as well as of the steering system during a cruise is hardly possible if the probabilities
of their proper operation are high. Estimation of the probabilities requires developing a model
of changes of technical states as reliability states for such ship’s systems.

3. Model of changes of reliability states for the systems of fundamental importance for
the ship safety

This model assumes that the systems of fundamental importance for the ship safety include
main engine, propeller and steering gear, because they get damaged the most often [6]. All the
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systems may break down during their operation. Usually they can be reconditioned (of course,
if it is cost-effective) by providing appropriate service.

For the systems, as well as for other shipborne equipment, the model for the process of
changes of their reliability states can be considered as semi-Markov process {W(t): t > 0}
withsetS=s;;1=0,1, 2, 3[5]. States s; € S(i =0, 1, 2, 3) are interpreted as follows: sy —
state of full ability of the all considered systems (main engine, propeller and steering gear), s;
— inability state of the main engine, s, — inability state of the propeller, s3 — inability state of
the steering gear. Changes of states sj (i = 0, 1, 2, 3) proceed at successive moments t, (n €

N), where at moment to = 0 all the mentioned systems are in state s,. The state s, continues

until any of the systems gets damaged. States s;(i = 1, 2, 3) last as long as one of the systems
is reconditioned or replaced with another when reconditioning is unprofitable. Transition from
state s; to statess; (i, j =0, 1, 2, 3; i # j) proceeds after lapse of time Tj;, which is a random
variable with a non-exponential distribution [4, 9, 12, 13, 20, 22]. Consideration of this
situation in the ship's operation phase requires probabilistic description of the ship operation
process with regard to probabilities of occurrence of the mentioned possible states si(i = 0, 1,
2, 3) at the particular moments to, ty, ..., t,_1, of the ship operation time t, [1, 2, 3, 17, 19, 24].

It can be assumed that states of the considered systems at time t,.; and the time interval of
duration of the state gained at the moment t, do not depend on states that occurred at earlier
moments to, ty, ..., th_1, NOr the time intervals of their duration. Thus, the process {W(t): t > 0}
can be assumed to be a semi-Markov process [7, 9, 10, 12, 13]. For that reason, a four-state
model for the process of changes of states s; (i =0, 1, 2, 3) classified to set S (i.e. sj € S, i =0,
1, 2, 3) can be applied just like in paper [15].

Fig. 4. Graph of changes of states for the process {W(t): t € T}: s, — ability state of the systems, {§O} — set of
inability states of the systems (engine, propeller and steering gear): {§O}: {Sl, S,,S; } s5e€S8(=1,2,3)-

states with the following interpretation: s, — state of full ability of the all considered systems (main engine,
propeller and steering gear), s; —inability state of the main engine, s, —inability state of the propeller, s; —
inability state of the steering gear, T;; — duration of state s; provided that the next state is s; (i, j = 0, 1, 2, 3; i #])

The initial distribution of the process is as follows:

1 dla i=0
P{W(0) =s;}= _ 1)
0 dla i=1 2,3

and the matrix function takes the form:
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A graph of changes of states for the process, as it results from the matrix (2), is
demonstrated in Fig. 4.

An exemplary realization of the process {W(t): t > 0} reflecting occurrence of reliability
states of the said systems under operation, in accordance with the matrix function (2), and
hence with the graph (fig 4), is depicted in Fig 5.
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Fig. 5. Exemplary realization of the process {W(t): t >0} for the considered systems:
sy — ability state of the all considered systems, s; — inability state of the main engine,
s, —inability state of the propeller, s; —inability state of the steering gear

Matrix function Q(t) is a model of changes of reliability states for the considered
(previously mentioned) systems. Non-zero elements Qjj(t) of the matrix Q(t) depend on
distributions of the random variables that are time intervals of staying the process {W(t): t >
0} in states s; € S(i =0, 1, 2, 3). The elements of the matrix function Q(t) are probabilities of

the process transition from s; to s; (si, S; € S) in time no longer than t, being defined as
follows:

Q1) = PAW(a+1) = 8, et — 7 < tW( ) = si} = pijfFi(t) ®3)
where:
pij — probability of one-step transition in the homogeneous Markov chain embedded in
the process {W(t): t > 0}; pij = P{W(m+1) = Sj|W(m) = si = }E{.}Qg(ﬂi
Fij(t) — distribution function of the random variable T;; denoting duration of state s; in
the process {W(t): t > 0} provided that the next state in the process is s;.

The matrix P of probabilities of transition in the Markov chain embedded in the process, as
it results from the matrix function Q(t) (2), is as follows [5, 7, 9]:

0 Poi Poz Pos
1
poyt 000 )
1 0 0 0
1 0 0 0
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In the process {W(t): t > 0} the random variables T have finite and positive expected
values. Consequently, its limiting distribution [6, 7, 9, 16]
P, =limP; (1) =limP{W (1) =5}, 5, € $(G=0.1,2,3) (5)

J
is of the following form:
7 E(T))

P, =—
Z”kE(Tk)

]

(6)

Probabilities 7(j = 0, 1, 2, 3) in formula (6) are limiting probabilities of the Markov chain
embedded in the process {W(t): t > 0}. E(T;) and E(Tx) are expected values of the random
variables T; and Ty, respectively which denote the time of staying of each system in state s;
and sk respectively, regardless of which state is later.

Derivation of the limiting distribution (6) requires solving the system of equations (7)
which include limiting probabilities 7(j = 0, 1,..., 10) of the embedded Markov chain and the
matrix P of probabilities of transition from state s; to state s; defined by the formula (4), i.e.
the system of equations like:

(0, m,m,73) = [m m, 7, 75)-P

Sz =1 @)

k=1

As a result of solving the system of equations (7) by using formula (6) the following
relationships can be derived:

b EM) L REM) L puEM)
E(ro)"‘z Pok E(Ty) E(ro)+z Pok E(Ty) ECI-O)_'_Z Pok E(T)

P - posE(Ts) _ ®)
E(To)+ 2 PoE(T)

Probability Pg is a limiting probability of occurrence of the event that in a long time of
operation (theoretically at t — o) the considered systems (main engine, propeller, steering
gear) will stay in state so. Thus, the probability defines the status of their technical readiness.
Probabilities Pj(j = 1, 2, 3) are limiting probabilities of occurrence of states s; € S(j = 1, 2, 3)
of the systems at t — oo which denote their stay in inability states.

Obtaining (of course, in approximation) the values of probabilities Py(j = 0, 1, 2, 3))
requires estimation of probabilities p;; and expected values E(T;).

Estimation of the probabilities p;; and the expected values E(T;) is possible after obtaining
realization w(t) of the process {W(t): t € 0} in a sufficiently long time of examination, so for t
e [0, tp], where the time of examination of the process is t, >> 0. It is possible then to
determine the values nj(i,j = 0, 1, 2, 3; i #j), and transitions of the process {W(t): t € 0} from
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si to sj in a sufficiently long time as well as to determine the values of the estimator PIJ of the

unknown probability p;. The estimator of the highest reliability of the probability of transition
pij is the statistics [9, 16]:

A N; .
P==— i#] i,j=012 3, 9)
ij

] z N
j

n.
“— is the estimation of the unknown probability of transition pj;.

2N
j

whose value p; =

From the above mentioned realization w(t) of the process W(t) there can be obtained
realizations ™, m = 1, 2, .., n; of the random variables T;. Application of the point
estimation allows easy estimation of E(T;) as the arithmetic average of tj(m). To obtain the
necessary information for estimation of the probabilities it is necessary to apply diagnostic
systems (SDG) adequate for the mentioned systems which hence are diagnosed systems
(SDN) [9, 13].

4. Remarks and conclusions

The paper describes the limiting distribution of the process {W(t): t > 0} representing the
probabilities of occurrence of states: sy — ability state of the all considered systems (main
engine, propeller and steering gear), s; — inability state of the main engine, s, — inability state
of the propeller, s3 — inability state of the steering gear. The probabilities were recognized
indispensable while making rational decisions in the phase of ship’s operation, especially in
terms of ship safety.

Usability of the mentioned probabilities for making rational decisions with regard to safety
of the ship’s systems was presented in papers [5, 6, 8] which provide description of the rule of
making an optimum decision by considering the expected value of consequences of the made
decisions as the criterion function.

The theory of semi-Markov processes can be applied to determine the said probabilities.

Application of the semi-Markov process as a model of changes of the mentioned reliability
states for the process {W(t): t > 0}, instead of the Markov process, results from that the
random variables T;; and T; can be supposed to have arbitrary distributions, other than
exponential, concentrated in set R: = [0, +0).

The model of the real process of changes of the considered herein reliability states shown
in the form of the semi-Markov process {W(t): t > 0} can be of practical significance due to
ease of estimation of both: the probabilities of transition p;; and the expected values E(T;). It
should be taken into account that the point estimation of the expected value E(T;) does not
allow to determine accuracy of its estimation. Such accuracy is possible with interval
estimation where a confidence interval is derived with random limits, lower tg; and upper tg
that with certain probability (confidence level) £ contains the unknown expected value E(T;).
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