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The paper contains a formal description of ship propulsion systems operation proc-
ess. The model of the process is presented in the form of two-dimensional stochastic
process of which coordinates are semi-Markov processes of the final states set. The
former process describes the process of changes in technical states of ship propulsion
systems, the latter — the process of changes in their operating states. A monovariate
model of ship propulsion systems operation process has also been proposed.

Model procesu eksploatacji ukltadu napgdowego statku
Stowa kluczowe: proces eksploatacji, proces semi-Markowa, uklad napgdowy statku

Podano opis formalny procesu eksploatacfi ukiadéw napedowych statkéw. Model
tego procesu priedstawiono w formie dwuwymiarowego procesu, ktérego wspotrzednymi
sq procesy semi-Markowa o skonczonych zhiorach standw. Jeden 7 tych procesow jest
procesem zmian stanéw technicznych ukladéw napedowych a drugi — procesem zmian
ich standw eksploatacyjnych. Zaproponowano takie jednowymiarowy model procesu
eksploatacji ukladdow napedowych statkéw.
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Introduction

The most significant problem in operating a propulsion system {e.g. diesel
engines, propeller, mechanical transmission, propeller shaft, intermediate shaft)
is the problem of rational (especially optimum) control of the machines operat-
ing process. Such control may facilitate an employment of the iterative algo-
rithm for determining an optimum strategy, elaborated by R. A. Howard [7].
However, the employment of the algorithm in the control of a machines operat-
ing process requires, among other things, a model of a machines operating proc-
ess [2, 4] as well as a concept of control of a machines operating process on the
basis of diagnostic tests [3, 5].

In the paper an attempt has been made to characterize both of these prob-
lems.

2. Description of ship propulsion systems operating process

Any ship propulsion systems' operating process can be considered as
a combined process of simultaneous changes in technical states s;* € S*(i = L,

...) and in operating states ¢;* € E*(j = 1, 2,...) of the machine.

Assuming the performance ability of ship propulsion systems as the d1v1-
sion criterion for the set S*, three classes of technical states can be distinguished
[2, 3, 4]. They are referred to:

— state of full ability s,
— state of partial ability 5,,
— state of inability s3.

The process of changes in technical states of the ship propulsion systems
which has been distinguished is firmly connected with the process of changes in
operating states of the machines. In the period between overhauls, for many ship
propulsion systems, the following operating states can be distinguished:

— state of active operating e;,

—~ state of passive operating e,,

— state of planned maintenance e,

— state of forced maintenance (non-planned) e,.

The set of technical states S = {5y, 52, 535} can be considered as the set of
stochastic process {W(f): t = 0} of constant intervals and continuous right-hand
realizations. This process is the process of changes in ship propulsion systems
technical states. The stochastic process {W(#): ¢ 2 0} is a semu-Markov process
[1,2,3].
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The set of operating states E = {e|, e, 3, ¢4} can be considered as the set of
values of a stochastic process {X(#): ¢ = 0} of constant intervals and continuous
right-hand realizations. This process is the process of changes in ship propulsion
systems operating states. The stochastic process {X(#): r 2 0} is a semi-Markov
process [1, 2, 3].

Since the processes: {W(¢): ¢t 2 0} and {X(r): r 2 0} are interdependent proc-
esses, the bivariate process {Y(¢): t 2 0} of which components are W(z) and X(2),
the processes should be considered as the following process

Y()) = [W(1), X)), 120 (H

This process is the ship propulsion systems operating process. An example
of the realization of the two-dimensional (bivariate) operating process
{Y(5): 120} of a machine of a propulsion system has been presented in Fig. 1
and Fig 2 [4].

In order to describe the stochastic process {¥{f): ¢ = 0} it is necessary to
find its combined distribution. The combined probability distribution of the
bivariate process Y(#) = [W(#), X(?)], 2 0, can be presented as follows:

p(si ¢ 1) = P{W(1) = 5;, X(1) = ¢;} (2)
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Fig. 1. An example of the realization of the two-dimension process {Y{t): t 2 0}, for instance of
the ship power transmission systern, also main engine (propuision motor}, propeller and so forth
Rys. 1. Egzemplifikacja realizacji procesu {Y(1): t 20] na priyklad ukiadu napedowego, takie
silnika gléwnego, Sruby napedowej itd.
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Fig. 2. Graphic examples of the processes {¥(£): 2 0}, {W(r): 1 2 0} and {X(#): t = 0}
Rys. 2. Obrazowa egzemplifikacja proceséw {Y(t): t 20}, {W(1): 1 20} and {X(1): 1 =20}

Since the processes: {W(f): ¢ 2 0} and {X(z): ¢ 2 0} are interdependent it is
not possible to find a combined distribution for the process {¥(5): t 2 0} on the
basis of distributions of the processes: {W(£): + 2 0} and {X(#): ¢ = 0} presented
above [5]. The distribution can be determined by forming a monovariate sto-
chastic process {Y(£): t 2 0}.

3. Semi-Markov process as a monovariate model of ship propulsion
systems operating process

The combined consideration of the set of technical states of a given ship
propulsion system § = {515, 53} and the set of its operating states E = {ey, e, €3,
e4) permits forming the following set of states of the ship propulsion systems
operating process [3, 4, 5]: '

Z={zy, 22, 23, 24» Zs» 26} (3)

The following: z; = (51, €2), 22 = (51, €1), 3= (52, €1), Za = (52, €3), Zs = (53,€3),
26 = (53, €4) 1s an interpretation of the particular states.

The physical characteristics of the ship propulsion systems operating proc-
ess imply a strictly defined form of a graph of process changes.

An exampleof a graph of changes of states of the operational process of the
ship power transmission systems and their devices in the period between over-
hauls is shown in Fig. 3.
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Fig. 3. Graph of changes of states of the operational process of the ship power transmission

system, also the main engine (propulsion motor), propeller and so forth

Rys. 3. Graf zmian standw ukladu napedowego, takie silnika gléwnego, Sruby napedowe; ird.

The operating process under consideration {¥(z): ¢t = 0} is a semi-Markov
process — discrete in states and continuous in time. An example of the realiza-
tion of the monovariate operating process { ¥(#): t 2 0} of a machine is shown in

Fig. 4.

The semi-Markov process{ ¥(¢): t 2 0} is fully determined if the functional

matrix is known:

o ={o,]

and when the initial distribution is given

P=PY({®)=z}, i=16

4)

(5)

Functional matrix for the considered process has got the following form:
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0 0 0
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Fig. 4. An example of the process {Y{#): 12 0} in the period between overhauls:
=0, 4, ..., iy — moments in which changes in process values occur
Rys. 4. Egzemplifikacja procesu {Y(t): t 20} w okresie miedzy obstugami profilaktycznymi:
%= 0, T ..., Tz —chwile, w ktdrych nastepujq gmiany standw procesu

Non-zero elements of the matrix Q can be determined on the basis of the
following formula:

04 = PLY(Tut) = 5 Tt — <t ¥(%) = 2} = (D)

where:
2,z € Zi, j=0,1, .., 6, i £]);
p; ~— the probability of changing in one step of homogeneous Markov

chain put in the process {¥(£): 12 0};

F;(f)— distribution function of the random variable T, determining the du-
ration time of the state z; of the process {¥(r): ¢ 2 0} on condition
that z; is the next state.

The probability p; is interpreted in the following way:
py=P{¥(5u) = | ¥(5) =z} = im @, (1) (M)

In this situation, in order to solve the formulated problem, it is necessary to
find a limiting distribution of the process {¥(#): r 2 0} of which the interpreta-
tion is: :

P =lmPy()=z,} Jj=L16 8)

4 t—roe
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The initial distribution of the process {¥(z): r = 0} is determined by the for-
muia;

P=PyO=z=" % =] ©
- "% 0 dia i=16 '

The matnx elements Q(¢) are non-decreasing functions of the variable t,
which determine the probability of changing the process {¥(#): ¢ = 0} from the
state s; into 5; (5, 55 € S; 4, j =1, 2, ..., 6) in a time not longer than . They are
denoted as follows {5, 6]

7 E(T,
limPﬁ(t)=PU=Pj=—6—f—(L (10)
t—ea ¥
Z”J'E(T;)

=

1 . . .
where 7, =Ilgg—;; PY(z) =2, f@ =2z}, %) =0,1, .., 4] is a stationary

distribution of the Markov chain {¥(z,): ne N} put into the process {¥(#): 1 = 0}.

Using the formula (10) we can determine a limiting distribution of the proc-
ess {¥Y(#): t = 0} being the model of the ship Diesel engines operating process in
the form of the following formulas:

P [pzl + palpw + P23P34)+ Ps:(st + Py Pas )15(71) B s E(T,).

= g y = =

H H

2 =M; P o= (Prat PP )EXL) P, = (Pys + Paa P35 ) E(T5) |

4 )

H H H
P = 0= Pay = Pa(Pag + Py3P3s) = Psi(Pas + Paa Pas IE(T) (11
H

when
H ={py + pu(Pr+ PiaPsa) + sy Pas + Puapas) ) ET) + E(Ty) +

T P E@) + (Pay + Poy D3 )E(T,) + (pos + prapas ) E(TS) +
1= Py = Par{Pas + PraP3a) — Psi{Pas + Py Pas)IE(T)
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where:

pi — probability of changing the process [Y(): £ = 0} from the state z;
tothestate z; (z, 7€ Z; ij =1, 2, ..., 6: i #);

E(T) — expected value of random variable T{j = 1, .., 6) determining
the duration time of the state z; € Z(f = 1, ..., 6) of the process
{Y(£): t 2 0), regardless of the state from which the change takes
place. Expected values E(T) depend on the expected values E(Ty;)
and probabilities py, as follows:

ET)=ET)= pETy). i.j=16; i# (12)
i

Particular probabilities Pj(j = 1, 2, ..., 6) are interpreted as follows:

B=limP{Y()=z}, B, =limP(Y(t) =z}, B = limP{Y (1) = z,}
oo 1—en =

P =lmP{Y@®) =2}, B=EmPY()=z5), B=HmP(Y()=z)

Because the states z; and z, of the process {¥(#): ¢ 2 0) exist only when the
ship propulsion systems finds itself in full ability (s,), the probability P = P, +
P, can be considered as a measure of the ship propulsion systems reliability.

Receiving approximate values of probabilities P(j = 1, 2, ..., 6} calls for an
evaluation of p; and E(T}).

The evaluation of the probabilities p; and expected values E(T}) is possible
after getting the realisation y(#) of the process {Y(#): + = 0} in the adequately
long time interval of testing, so ¢ € [0, 7,] where #, >> 0. Now, it is possible to
estimate the numbers ny (i, j = 1, 2, ..., 6), which determine the amount of
changes from the state 5; into the state s; in an adequately long time.

The estimator of the greatest reliability of the transition probability py is s-
tatistics [3, 6].

~ Ng .
P:j = L it f, 1, ]=1,2,..,6 (13)
2N

)
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: Ry
and its value p; = Z—

&

is the estimation of transition probability p;.

i
From the mentioned y(f) course, we can obtain realisations 7™, m = 1, 2,
.. n; of random variabies T;. Applying the point estimation allows to easily
estimate E(T;) as a value of the arithmetic mean of realisations {,-(’”’.

4. Final conclusions

The rational, and above all optimum, control of ship propulsion systems op-
erating process with the use of the model { ¥(¥): + 2 0} of this process is impossi-
ble without developing and employing a broadly-understood diagnostic system
for the machines as well as using all the forms of the diagnostic activity (diag-
nosing, supervising, forecasting and originating). Proposals referring to such a
diagnostic systern have been included in the publication [3] and a concept for
employment of the forms of diagnostic activity mentioned above has been dis-
cussed 1in the publications [3, 5].
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