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MATHEMATICAL MODELING OF THE SHIP’S MAIN ENGINE
RANDOM OPERATIONAL PROCESS

Introduction

The main engine (ME) of a transport vessel
works as a part of the ship’s propulsion complex
(SPC). This work is characterized by quasi-stationary
modes of operation at distant voyages of a long dura-
tion, but transitive modes at maneuvering, passing nar-
rows (straights, channels, river mouths, etc.), shallows,
calling to ports, and so on. Such modes are dictated by
operators (the subjects of operation) proceeding the
ideas of expediency and appropriateness. At this, the
process that is going on, as a rule, happens mostly
without failures of equipment, and, therefore does not
disturb execution of the voyage task.

However, sometimes, at operational conditions,
the process of the system transition from one state into
others is being realized occasionally in a random way.
Such phenomena are character for unexpected sudden
failures that occur instantly. For example, failures of
cylinders. And that, in its turn, can make difficulties
for fulfillment of the voyage task.

Urgency of researches

Thus, consideration of an operation process re-
quires a very attentive approach to the quite possible
equipment failures and probable restorations of the
equipment up state. Therefore, the stochastic rather
than determined problem setting allows taking into
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account the output of the ship’s power installation and
ship’s speed more accurately. Hence, the proposed
mathematical modeling of the random process of an
operation of the ME as a part of a SPC is an important
and actual task.

The innovation of the given article is in trying to
apply a random processes theory to solving the prob-
lems of SPC operation in multi-alternative operational
situations.

The problem setting in the general view relates to
some important science and practical problems of the
monitoring of the equipment aboard ship in terms of
subjective analysis. Considering a random operational
process one has to make allowance for the operators’
subjective preferences and their uncertainty.

Analysis of the latest researches and publica-
tions

In the work [1], it is being considered the modes
of loading of main ship diesels, influence of external
factors upon the mode’s indexes and parameters, re-
striction and barrier characteristics, performance
curves, methods and systems of control that provide for
a diesel operation without overloading. A considerable
attention is paid to the working process and change of
the modes parameters and indexes at loading, to a die-
sel’s thermal and mechanical tension, plotting and cor-
rection of the restriction characteristics. It is considered
the principles of a searching system for a ship hydro-
mechanical complex optimal work mode. Analyzing
the reliability of modern ship diesels, it is revealed that
they do not ensure for the reliable, failure-free work
within the guarantied useful lives [1, P. 67]. It is shown
the statistical estimates of the reliability and survival
functions, failure-free work probabilities [1, P.213],
resulted in the ship’s speed indexes and parameters,
speed characteristics of the vessel [1, P. 215].

In the book [2], it is analyzed the peculiarities of
interaction of the SPC.

In the work [3], amongst others issues, it says
about energy transformations that is spent upon the
ship’s motion [3, P. 132], as well as about estimating
the reliability measures [3, P. 178] and the system of
the working process of diesels control with ensuring
for their work on the optimal running modes [3,
P. 189]. At that, attention was being paid to specific
fuel-oil consumption for a mile distance passed at a
certain given ship’s speed.

At the work [4], it is analyzed the work of the
main ship’s diesel as a part of the hydro-dynamical
complex “engine-propeller-hull”. It is evaluated the

influence of the state of the ship’s hull, meteorological
conditions, and factors of the ship’s depth upon the
loss of her speed. It is investigated dynamical modes of
the ME running at the ship’s maneuvering, suggested
methods of assessment of the heat and mechanical
overloading in the processes of the engine loading,
given recommendations for assigning the restriction
characteristics of a diesel and choosing the loading
pace at the maneuvering of a ship. The acquired results
and recommendations are connected with the criteria of
the transporting effectiveness of the sea and river ves-
sels. Control of a diesel’s running modes, as a part of a
SPC in particular, is carried on by the criterion of
fumeness [4, P.245]. It is delivered the principles of
formation of a generalized purpose function of a die-
sel’s control [4, P. 283].

At the work [5], there are suggested solutions,
with the help of means of technical diagnostics, to such
tasks of the ship’s propulsion and her power plant
(SPPP) technical operation as optimization of the ME
running mode with taking into consideration its techni-
cal state change, prevention to sudden, unexpected
instant, and gradual failures, revealing the ship’s speed
loss due to her hull fouling, and others. It is adduced
the data concerning the main defects of the plunger
couples of the types of two-stroke crosshead reversible
supercharged 50 centimeter bore and 110 centimeter
stroke (TCRS 50/110) and TCRS 74/160 engines.
These are the wearing of the precise surfaces of sliding
parts of pair plungers and liners. On the average, about
80% of plunger pairs are defected on the causes of the
mentioned surfaces wearing, losing of hydraulic tight-
ness lower than the allowed limits, as well as because
of jamming and scratching. Actual useful life of a
plunger couple lies, on an average, within the limits of
6-13 thousand hours. The fuel-oil injectors’ tips, aper-
tures are the most vulnerable, fragile, weak elements of
the fuel-oil apparatuses. For ship diesels of the TCRS
type, damages of the tightening end (around 49%),
hangings of the sprayer needle (about 17%), loss of
tightness (approximately 19%), and others are pertain-
ing to the number of character defects of sprayers. The
total useful life of the sprayers of the mentioned diesels
with making allowance for their periodic prophylactic
repairs is estimated approximately in 8-10 thousand
hours [5, P. 144]. It is shown the scheme of the as-
sessment for the loss of the speed because of the foul-
ing and degradation of the technical state of the ME by
the passport diagram [5, P. 184, fig. 84]. It is presented
a nomogram for the determination of the output loss as
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a result of a diesel technical state worsening [5, P. 185,
fig. 85]. It is performed the comparison of the calcula-
tion and experimental data at the assessing of the ship’s
speed [5, P. 188, table 18].

In the article [6], it is said about that still the
problem of an internal combustion engine (ICE) brake
horse power (BHP) determination remains actual. The
absence of a possibility for a reliable control of the ME
outputs for middle and small ships makes researchers
find new methods of the output’s measuring. In par-
ticular, it is pointed out that the BHP of ICE is one of
the major energetics indexes of the ME, which is nec-
essary for a proper operation and appropriate choice of
the specified continuous rating (SCR), for normalizing
of fuel-oil and lubricating oil consumptions, as well as
for the estimation of the technical state of the engine
and its residual life. Indirect methods have a deviation
or inaccuracy in about 10-12%. In case of a decrease of
the technical state indexes, that value of the error may
reach even a greater magnitude.

In the book [7], it is presented the main informa-
tion concerning the technical use of the ship ICE,
maximally providing for their operational reliability
level. The great attention in the book is paid to a choice
of rational modes of engines running, ensuring their
reliable operation in ships specific sailing conditions. It
is described in details the running of an engine with
turned off cylinders [7, P. 70]. In operational practice
of ship engines, it is sometimes happens the necessity
of turning off of one or several cylinders because of the
impossibility to stop the engine (passing the narrows,
dangerous in the navigational sense places). Usually,
such a thing happens due to a failure of components
and elements of the fuel-oil injection system (injectors,
high pressure pumps, breakage of the high pressure
pipelines).

Thus, mainly, stochastic approach, if it is even
paid attention to in the mentioned above works, pre-
sents in the statistical estimates of probabilities, up
state duration. Calculations of SCR have deterministic
character although. Randomness, therefore, requires
more attention, being directly taken into account.

In works [11-13], there were researched the wa-
ter-coal slurries, atomization characteristics, and sub-
jective and legislative factors in engine building. This
approach needs further development in combination
with SCR and reliability.

Researching a random process, it is also neces-
sary to take into consideration the uncertainty of opera-
tors’ subjective preferences [14-16].

The task setting

Hence, the ship’s speed as well as the output of
the ME, SCR play sometimes the main role, at least not
the last, for controlling the operational processes of the
main SPPP.

In this article, it is suggested to consider a
mathematical modeling of a random process of opera-
tion of the ME [10], which would comprise the previ-
ous researches results as well as, at this, make allow-
ance for possible sudden failures, randomness and un-
certainty, and, as a consequence, the change of the
SPPP state, SCR, and BHP of ICE, show the change of
the ship’s speed in time. That is the purpose of the
given paper.

The main content (material)

Let us consider the process of the ME operation
in a simplified manner, which is principally allowable
for a rough problem setting.

The problem formulation

We will understand the process of transition of
the ME, as a system, from some states into others as
the random process of the ME operation. The transi-
tions from a state into another state occur in a random
way. At the given problem setting, we will consider
random processes with discrete states. We assume that
the system — ME, is characterized by a set of discrete
states (finite — that corresponds to the possibility of a
certain number of failures, those, however, cannot
happen absolutely simultaneously). The random transi-
tions of the ME between these states have a character
of instant, immediate sudden spasmodic changes. A
transition of the ME from a state into another state is
possible at any moment in time, thus, at the given
problem setting, we deal with a random process with
indiscrete continuous time. In such a case, it is neces-
sary to solve a peculiar probability problem related
with the work of the so called system of mass service
(SMS) [8, 9].

In order to describe a random process occurring
in a discrete system with a continuous time, first of all,
it is necessary to analyze causes that induce the system
transitions from a state into another state, like, for ex-
ample, the causes presented in the works [1-7]. For a
SMS, a flow of claims is the major factor that stipu-
lates the going on system’s processes. Therefore, the
mathematical description of the ME operation process
starts with the description of the claims flow.

In theory of probabilities, the sequence of events
that happen one by one at some moments in time is
understood as a flow of events. In our case, these are
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the failures of the ME cylinders (the claims for service,
maintenance), and returning them into the up state (the
served claims).

It is convenient to consider random processes
with discrete states using a scheme, which is called a
graph of states [8, 9]. In the scheme, it is convention-
ally represented the possible states of the system and
signified (with the help of arrows) the possible transi-
tions between the states.

For each cylinder of the ME, as a system, such a
scheme consists of two states: Sy — up state, S; — down
state, shown in the fig. 1.

Taking into account the failure and restoration in-
tensities, the transitions: Sy — S; — are realized as a
result of failures occurring in the system (in the given
case with a ME cylinder), S; — S — corresponds to the
repair finishing (restoration of the ME cylinder to the
up state), we obtain the marked graph of states.

A

u

Fig. 1. Graph of a cylinder states

In the marked graph of states fig. 1, it is symbol-
ized: A — failure intensity, p — restoration intensity.
Thus, we acquire a system of differential equations

(equations by Erlang):
dpst(t) ==L polt)+1- pi(¢),
% =% po(t) -1 p1(0)

where p, (t) — probability of a cylinder up state as a
function of time ¢; p; (t) — probability that at the mo-
ment of time ¢ the cylinder will be in the down state.

Integration of the equations system (1) at the ini-
tial conditions: p, (0) =1; p (0): 0 (at the initial
moment, the cylinder is in the up state) gives the de-
pendences py(¢) and p(¢).

Considering the ME as an aggregate of its cylin-

A A A
S0 < > Sl < > S2 l———
n n n

ders, we obtain the system of the differential equations
for the one channel system with a restricted queue ac-
cording to the number of the possible states, fig. 2:

d%(’) = <o (1) + 1y (1)

dlii;t(f) = (1 +2)py () + Ao () + upy (1),
............................. L
dpgt(’) = —(+ 1) pe () + Mgy () + upgsn (),
d%(t) =Py (1) + 2pya (1)

where n—1 — number of cylinders, at the failure of
which the ME is in the up state; p, (t) — probability of
the ME failure as a function of time.

Knowing the probability of the ME running with
this or that number of cylinders change in time and a
cylinder output, we may calculate the expectation (E)
of the ME BHP as a function of time:

n—1
E(N,)=Y pi(t)-N,. (3)
i=0

where N, — ME BHP, random variable; ; — number
of cylinders failed; N, — ME BHP on the condition
that the number of cylinders i has failed.

The summing up is conducted up to n—1, since
at the failure of n cylinders, the ME transits into the
down state.

In the similar way, it is found the E of the ship’s
speed:

E(v)= fZim (0)-v(v,, ): 4)

where v(N e[) — ship’s speed as a function of the ME

output, function of the random variable.

A A
..... H% Sn_l ( ) Sn
n u

Fig. 2. Graph of the ME states

The problem solution

For solving the systems (1, 2) we will apply the
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integral Laplace’s transformations. In case, when the

failure intensities A and p are constant values in time,

for the system (1), the Laplace’s transformation yields
a system of equations:

p-X(p)-1+1-X(p)-p-¥(p)=0
)
pY(p)=1-X(p)+u-¥(p)=0
where p — complex parameter; X(p) and Y (p) -
images (transformants) of the originals (probabilities)

of the p, (t) and p; (t) correspondingly; from where:

X(p): p2 +l;:(i+p):}7'(§:;+ﬂ):
=p+7l»+u+p'(pr7»+u)’ ©
Y(p)zpiu'X(p)zpiu'n(;:;w):
e g

Corresponding originals:

polt)==x(t)= }L—i“ : (1 B )+ ol

pl)=30)= =)

It is obviously, that the normalizing condition is

accomplished for every moment in time:

el S

s A o)
+e (}L “)t-l-m'(l—e (}L p’)t)zl' (9)

In case, if it is considered a marked graph of
states and transitions that is modeling the possibility of
failure of two cylinders, then the system of the differ-
ential equations, proceeding from the general (2), will
be the following one:

d’%t(t):_}b~p0(f)+}l'pl(t)’
d%(t):‘(um)'pl(t)m~po(f)+“'1’2(’)’ -(10)
dP;t(t) =~ py(t)+ - py(e)

The initial conditions are: pg(0)=1, p;(0)=
=ps (0): 0. In an analogous way to (5), the Laplace’s

transformation yields the system of the equations:

p-X(p)-1+%-X(p)-n-¥(p)=0
p-Y(p)=1-X(p)+(+p)-Y(p)-n-Z(p)=0}, (11)
p-Z(p)-%-Y(p)+p-Z(p)=0

where Z (p) — image of the original (probability) of the

)2 (t) ; from where:

PP 2 pthoptp’

X(p)= 5 =
p~(p +2~(7\.+u)~p+7\.2+7\.~u+u2)
2
_ p +a-p+b
T (prd) (2
— pHu _
R PRV )
3 A A-u
G pid) v peay P
}\’2
Z(p)= (14)

p(p+e)(p+d)
where a=A+2-u, bzpz, c=A+p—qA-p,

d=A+p+A-pn.

The originals:

poll)= ()= et )

a —ct —dt b %

+E.(e ¢ )+c-d~(c—d)
Je-a)yea-ee—cet], as)

p(0)=r)= e e
A e )
gl et
(16)

52
Pz(f)=2(f)=mX

x[(c—d)+d~eic't—c~e7d't]. (17)

By the formulas of (3, 4), it is found the E of the
ME output and the ship’s speed.

Practical application of the problem solution

Let us consider the operation of the SPPP with
the ME of 8 TCRS 60/195-10 (MAN Diesel, former
MAN-B&W, original B&W designation is 8L60MC;
manufacturing plant, the license holder, licensee desig-
nation is JIb-32). Let us presume that a possible up
state allows four cylinder failures. The marked graph

of states is presented in the fig. 3.
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From the source of information [10], we get the

necessary for the modeling technical data.

dpg

dr
dpy
dt
dpy
dt
dps
dt
dpy
dt
dps.
dt

The systems of equations by Erlang, similar to
the systems (1, 2, 10):

A A A A A
So < > Sl < > Sz < > S3 < > S4 < > SS
n n n n n
Fig. 3. Graph of the ME 8 TCRS 60/195-10 (Ib-32) states
= _X(I)PO + H(t)pln 30, 40
=—(u(e)+ 1)1 + Me)po +ult)p2. A1)
— 20 .
= —~(ule)+ Me)pa +1()py +1le)ps, » T
(18)
= ~(u()+ 2e))ps + 20)ps + nle)pa, ax107, '
500 1000

= —(ule)+ Me)pa +2(0)p3 +ule)ps, Q0. t 1x10°,

=—(t)ps + Me)py-

For intensities of X(t) and p(t), let us apply

models that reflect processes of elderliness of engineer-

ing. At the first approach, for a rough problem setting,

it is important just a mere fact that the failure intensi-

ties increase in the course of time:

(19)

where k — coefficient; and the restoration intensities

diminish:

where n —

1
)= —— + k-
(r) 1000+k ‘,
150
H(t)_ 54n-t’
coefficient.

The researches results

For the values of k=1-107 , N =1-1072 the re-

sults of calculations of X(t) and p(t) is shown in the

(20)

Fig. 4. Models of intensities of X(t), u(r)

Integration of the equations system of (18) with
taking into account (19, 20), at the initial conditions of:
Po (O)zl (at the initial moment, all cylinders of the

ME are in the up state); p;(0)=p,(0)=...=
= ps(t)=0, gives the dependences of the p;(t).

The results of modeling calculations are repre-
sented with the traces in the plot of the fig. 5.

In addition to the traces of the corresponding
probabilities concerning the ME being in this or that
state, in the fig. 5, it is illustrated the sum of the prob-
abilities:

% = po(e)+ pi(6)+ p2(0)+ p3(0)+ pa(0)+ ps()=1,
for every moment in time, the normalizing condition is
accomplished; there also shown the traces of the de-

pendences: 1-ps(t), 1-(ps (t))2 , 1=(ps (t))3 — prob-

fig. 4. abilities of being in the up state for a SPPP equipped
with one, two or three main engines of the mentioned
type correspondingly.
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1.1

0 5000
0, t

Fig. 5. Probabilities of the ME cylinders failures

1x10%,

The results of the E calculations for the BHP ENe
by the formula of (3) is demonstrated in the fig. 6.

L5010 |
1.32x10",
1-10* —
ENe
5000 |- —
981.945, 0 I
0 5000 1-10*
Q0. t 1x10%,

Fig. 6. E of the ME BHP

The results of the E calculations for the vl — ex-
pectation of the ship’s speed by the formula of (4) is
demonstrated in the fig. 7. Also, there is the trace of:

V= V[E (N e )]
in the fig. 7 that shows the change of the ship’s speed
in time dependently upon the E of the ME BHP. That
demonstrates the complete correspondence with the
well known Jensen’s inequality (theorem) [16, part II,
chapter 7, § 7.6, P. 103, (2)] in the parametrical form.

1s, 20
y
vl
1722, I )
0 5000 1-10
0, t 1x10*,

Fig. 7. Dependences of the speeds

Measure of uncertainty

For an active system functioning, it is not only
probabilities and their entropy that express a measure
of the system’s uncertainty, but also the preferences
functions and entropy of the subjective preferences.

For operational purposes, in particular, it is sug-
gested, as the measure of the considered system uncer-
tainty, the kind of pseudo-entropy that contains the
entropy of the active element’s subjective preferences
with respect to the set of achievable alternatives in the
view of Boltzmann’s or Shannon’s type:

o _Hmax_HTtﬂ’ 1)
maxfm max |ATC|
where H Aan — relative hybrid composed pseudo-
max

[an]
entropy function of subjective preferences; H ., —
the maximal value of the subjective preferences en-
tropy [14, P. 100]:

H,.. =N,
where N — number of achievable alternatives; H, —

entropy of the active element’s subjective preferences
1, with respect to the set of achievable alternatives, in
the view of Boltzmann’s or Shannon’s type [14, P. 98,

G.]:
N
1, =-Ya{a)nx(o,): oyes,, |
i=1

where 7i(c;) — function of subjective preferences; o;
— i™ achievable alternative; S, — set of the achievable
alternatives; o — alternative of the initial state of the

active system assessing the operational problem-
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where G}r- — positive and o) — negative alternatives

correspondingly; M — number of positive alternatives;
L — number of negative alternatives correspondingly:
M+L=N.
Substituting the corresponding values for them-
selves into the equation of (21), we obtain the extended
unfolded expression:

N
InN +Y n(s;)Inn(c;)
_ i=1

X

The results of modeling for four alternative prob-
lem-resource operational situation are presented in the
fig. 8.

The suggested pseudo-entropy (21) has several
advantages compared with the traditional uncertainty

measure in the view of the Shannon’s or Boltzmann’s
entropy.

Its magnitude changes from —1 up to 1 and at this
being the measure of certainty dependently upon the
positive or negative preferences domination, unlike the
traditional entropy that has the zero value as the point
of certainty, but saying nothing to a researcher regard-
ing whether it is positive or negative thing. Its relative
value is also more informative than the absolute one of
the entropy, because the closer the pseudo-entropy to
its marginal values, the more assuredness in the subjec-
tive preferences it describes showing the positive or
negative direction, i.e. right or wrong making a deci-
sion. Though this function is breakable at zeroth pre-
vailing/dominating index/factor, it brings the informa-
tion about a leap change of the active system sureness,
the so called zeroth pseudo-entropy values of the sec-
ond kind. The first kind of uncertainty it is when the
entropy has maximum.
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Fig. 8. Advantages of the pseudo-entropy H An compared to the traditional entropy H
maxfm
Conclusions as well as other spent materials needed to reliable tech-

The idealized problem setting of an SPPP opera-
tional process modeling in the view of — the ME run-
ning as kind of SMS, at the assumptions made, gives
the possibility to analyze the principal character events.
That allows making substantiated decisions regarding,
for instance, consumption of fuel-oil and oil materials

nical usage, also effective maintenance and overhaul.
The policy of logistics planning can be more reason-
able. It is expedient to evaluate the subjective uncer-
tainty with the suggested relative hybrid composed
pseudo-entropy function (21).

Prospects of further researches
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Okennyamauyus [JBC

The simplified variant of an SPC functioning
shows how the workability of the main SPPP will de-
pend upon the states of separate cylinders of the ME.
For further researches it should be obtained statistical
estimates of parameters for the formulae (1-21). Ap-
plying the entropy approach, it is necessary to investi-
gate a hybrid functional of the subjective analysis
variation principle.
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IHOKA3ZHUKH OHIHKN E@EKTUBHOCTI EHEPT'O3BEPEXKEHHA
TEIIJIOBO3HOI'O JU3EJIb-I' EHEPATOPA

Beryn

OnHUM 3 HampsSMKIB MiIBUIIECHHS €Heprosoepe-
KEHHsI ICHYIOUMX TEIJIOBO3HUX JIU3EIb - T€HEepaTopiB
(AI') € BrpoBa/KEHHSI Cy4aCHHMX CHCTEM YIIPaBIiHHS
4acToTor0 obepraHHs KoniHuacroro Banmy (KB) i mo-
TYXHOCTI, SIKI JTAalOTh 3MOTy €(EeKTUBHO BIUIMBATH Ha
PEKUM XOJIOCTOTO X0y, CTalli PEKUMH B YChOMY [lia-
11a30H1 HaBaHTaKEHb 1 MEepexifHi PeKUMH, SKi BH3HA-

YalOThCS XapaKTepoM eKcIuTyaTaniiiHoi pooorn. [lis
TEIJIOBO3HUX [JU3ENb-TeHEPATOpPiB XapaKTepHA EKC-
IuTyaTaniiHa pobora 3 OaraTtbMa IEpeKITIOYeHHIMHI
PEKUMIB, TPUIOMY NEPEXOAN MOXKYTh OYTH SIK TpUBa-
JIMMH, TaK 1 KOPOTKUMH, 3aJIEXKHO BiJl IIBUIKOCTI PYXY,
BaHTaxy, npodinaro komii Tomo. CyTTeBHH BIUIMB Ha
BUTpaTH IAJIMBa, OCOOJIMBO B MEPEXiAHUX PEXKHUMAX,
Ma€e CyO’€KTMBHMH YMHHUK — HaBHYKH MallWHICTA.
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