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Abstract
The paper presents a relational diagnostic mode& athip main propulsion engine used in aiding thevise
decisions. Ship main engine has been identifiethasdiagnosed system, diagnostic parameters as ageihter-
relations taking place between the main engineestaind diagnostic parameters have been specifigéag us
appropriate mathematical apparatus.
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1. Introduction

A high power combustion piston engine used for ghgpulsion is a complex technical system designed
following the design assumptions, according to Wwitiés to ensure the execution of transport teehd,to
achieve its assumed parameters related to itssamfiability, safety and economy.

Depending on the application, it can be used tjirfmta direct drive of a screw propeller or idiasel-
electric system or diesel — electric — hydraulgtesy. Especially in case of a direct drive, thaliity of the
main engine (ME) can be of essential importancesiign safety. Therefore it is essential to effechs
operational policy that will aim at optimisationtbé operational parameters (operation rates) ehgine, as
well as at minimising the risk of any serious defec

For this reason, arriving at reliable diagnosgesetial for taking rational operational decisiah®est
based on the application of the engine diagnaststem.

A reliable diagnosis depends on the quality ofdiagnostic process, including: correct identifmabf
the object and its processes and phenomena, acseiattion of tested parameters measured in ageEop
measuring points, and optimum use of diagnosirimdtion obtained directly or as a result of infation
processing.

With regard to the above, in order to obtain aloii and accurate diagnosis of a diesel enginaticond
an optimal diagnosis system should be built, ctimgisf a diagnosed system (object) and a diaigsost
system (DS) specially built for a given type of diingect.

2. Practical usefulness of currently applied diagrsiics systems

Modern diagnostics systems being currently intreduisto use are applied for specific types of diagd
engines. These are systems of specific architestltions and their application needs specabtation of
the engines. Spare parts databases, maintenann@égland the procedures of ordering the origipaies
parts are very useful for an operator and forrmag@od data set useful for ship operator in hisattations
with the technical support services of a shipowaienjng at reduction of expenditures, but ofterhauit
taking the required safety level into account.

Also the diagnostic information concerning the sssent of element wear during the execution of
maintenance is very useful for the operator. Thetnnoublesome are those diagnostic systems wrech a



designed to aid the operator's decisions duringetiggne operation. A lot of diagnostic informatisn
calculated by the system, which provides correttiteeonly if correct input data are entered, #rdigation

of which is not always possible in practice. Ivisible in the design of such systems which featiata
transmission to the manufacturer's server andhieranalysis of data by the manufacturer's expénis.
knowledge and the experience of a ship engine toparat always allows him to properly interpret the
information feedback of diagnostics system predammets display screens.

There is a lack of data concerning discrete operaif MEs. Manufacturers normally determine the
service lives and wear values for parts, subasismiohd systems on the basis of laboratory tests an
experience in service. Also maintenance intenralprvided, after which preventative maintenahceilg
be carried out, resulting from the number of hafreperation (apart from other cyclical maintenance
provided for by the law). All these maintenancevgiets aim at renewal of engine’s operational ptidd

From the economical point of view, service lifeemtls for particular engine elements (their diitgbi
should be set as multiplies of a common basic itieeval, which would facilitate the execution dioae-
mentioned scheduled maintenance.

From the point of view of reliability and watt-haefficiency of engine operation this can howevessea
the accumulation of negative factors often leattingerious disturbances in the engine operatida s
extensive damage and complete failure. Simultanpmggess of element wear in the engine can cause
generation of ambiguous diagnostic signals.

With regard to the above, the manufacturers angigpe of main engines collect their experiences ov
the whole time of operation and try to introducarges aiming at increasing the reliability of nexgines
through the application of appropriate diagnostysgems for the determination of their technicaldimn
[5,7].

Despite intense research and modernisation of thethdiagnostics systems and the supervision
procedures of service processes, extensive fdilae®d on diagnostics still occur.

The reason for that is a continuous technical dpw@nt and stricter and stricter requirements degar
economics, environment protection and service éasig the increase of the main engine power with
simultaneous reduction of their sizes. This leadstroduction of new technologies with simultareou
increase of loads on yet-untested elements anchlsigse of main engines. Similar damages to pads an
assemblies of main engines discovered in diffetiagnostic conditions may be followed by differiegults

of their occurrence.

Modern diagnostics systems described in the p#p&i8] are examples of practically useful expert
systems, however the modern methods of accurbiddleecollection of diagnostic information, incing
technical possibilities and costs of their opematinboard require high qualifications from the afmer the
more so that the degree of the diagnostics systemplexity increases very quickly, which is followkeg a
variety of possible irregularities in their funciiog. Therefore along with the increase of opematio
requirements and development of engines as diafjsgstems, it is necessary to carry out works girain
improvement of their diagnostics systems. Ratisealice of main engines — and thus, at the sareediso
of ships being technical objects of enormous nahteslue, depend on their diagnostics systems. Same
applies to the ecological safety of the naturakenment and the crew’s health and lives.

3. The rationale for building of ME diagnostic modés

Analysing the collected material it can be notitted the building of diesel engine diagnostic medel
strongly linked to the development of engines tletvas being the diagnosed systems, as well as the
development of science fields focusing on the relaato phenomena and processes taking placeln su
engines.

Ship main propulsion engines are complex techaigatts of large size and mass, and what folloiNarge
inertias in parameters characterising their eneaggformations. They are also characterised layiety of
energy-related states, depending on their setaitee]$,2].

As a result of the above the phenomena and thegseg taking place in the service of a marineldiese



engine have been mathematically modelled in a nurobeways, including deterministic, pseudo-
deterministic and probabilistic ones.

Various types of models are used simultaneoushpoiiern diagnostic systems.

Deterministic models are most often used for opeatcontrol in conditions deemed to be normal.

The transitory or emergency conditions are modgdedbabilistically, which better renders the actual
conditions at sea. They provide information whiehilitates rational decision-making by the operator
[1,2,3,4].

It should also be remembered in the quest foratiolie and analysis of a largest possible number of
parameters that the crew selection process isfdtochastic nature, and that crews represeringdeyels
of technical training and competence (knowledgesapérience).

Because of that, the information presented bygndsgiic system should be as accurate and trusiwasth
possible.

Complex structure of a marine diesel engine anchtineerous criteria for the evaluation of its servic
states make a relational model being one of phigssbi

As it has been proved in numerous publication$ fiz2 the wear of engine elements and subassemblie
often does not depend strictly on their total mgriours, so the proposed relational model is based
a hypothesis that:

.t IS possible to predict the state of a servimeess of main propulsion engines init+noment when
its state in t moment is only known, due to thetfaat the condition in t At and its duration only depends on
condition in t, and not on an earlier conditiond tineir duration” [1, 2, 8].

This hypothesis allows for the application in tleeision-making process of the controlled semi-Marko
process theory or a statistical theory of decisatiing.

At the same time, a thesis is adopted that ,th&cappn of a probabilistic model for ship main putsion
engine should allow for a more rational decisiokingaand control of such engines’ operation andcer
process [1, 2, 3, 4, §].

4. Proposed diagnostic model

As a result of adopted assumptions, the procebsilding a ME diagnostics model required that the
following problems are examined.

Identification of a ship main engine as an eneygiem, used, operated, diagnosed and controlled.
Identification of a main propulsion engine as aelstics system, and a determination of its teahaiad
operational properties discovered its significdatracteristics in the process of building a ratidisgnostic
model, which should consist of a diagnosed sydtegrefigine), already adapted for diagnosing asteticby
identification results in the design phase, an&gndsing system necessary for identificationsoeithnical
condition.

Determination of the influence that the load hatherwear rate and wear condition allows for catog the
probability of reaching parameter limit values Wwihigay lead to possible engine damage.

A basis assumption made during the building ofagraistic model is not to establish the cause df pas
defects, but to take action which may lead to sledisions which would in turn enable preventioargjine
damage, or at least limit significantly its consames. Within such an activity, a particular imgace is
given to decision-based control of combustion engrvice process, implemented within the automatic
engine control system as presented in publicgtloas 3, 4].

Striving for full automation of engine control stemostly from a need to reduce the influence aethe
engines’ direct user on their operation, and toagedhe number of defects arising as a result stkas
made in service.

Automatic control of combustion engine running @mgine is both a controlled and a diagnosed system
should be monitored by a diagnostics system iriesywaith a control system . Such an integratiawallfor
controlling the engine in a way which could tak® iaccount the diagnosis generated by its diagsosti
system, and then control the energy-related estates following its changing technical conditiod asing



control signals adapted for this condition. Buidisuch a diagnostics system requires first buildiay
diagnostic model of the engine, which should irgltlie requirements for the identification of bdth t
technical conditions and energy-related statesgpfean engine, as well as the monitoring of engimrol
system and its running.

4.1 Identification of engine technical condition.

Technical condition of any engine is a set of taahproperties of its structure, which allowsoitdperate
(run) in accordance with its purpose for whichaswlesigned and manufactured.

This condition in any moment t in its service tiigpends not only on this moment, but also on tenieal
condition of the engine at initiakt moment, and the flow of engine control duririg time period.

Control has a definite influence on the changengine technical condition, which depends on a numibe
factors after the conclusion of its manufacturirggess, as described in literature [1,2].

What follows is that the process of changes of eagine technical condition is stochastic, butinantis in
state flow and time. This means that there isfanit@number of engine technical conditions. Diagjng all
technical conditions of the engine is neither iplsssor desirable due to both technical and ecanom
reasons, which leads to a need to have thisvigdlinto a limited number of classes (subsetggadfinical
conditions. Assuming a dividing criterion to be ier{$ readiness for service, the following classkes
technical conditions can be distinguished, to beccdirectly the conditions [1,2,8]:

- the condition of full readiness;(swhich allows the engine to be run in full rargdoads, to which it
was adapted in the design and manufacturing phase,

- the condition of reduced readines§ (ghich allows the engine to be run in full ran§i@ads, to which
it was adapted in the design and manufacturingeplas with a meaningfully reduced overall efficgn
leading to increased fuel consumption or non-ca@npé with ecological standards.

- the condition of partial readinesg)(svhich allows for operating the engine in a redliange of loads,
narrower than the one for which the engine wagidegiin design and manufacturing phase.

the condition of being out of operatiog)(svhich prevents the engine from any normal ugdgeto e.g.
damage, execution of maintenance works, etc.).

One important task is to build a model of engichrieal condition changes. In case of any diegghen
the process of its technical condition changeaeess where the periods of each of its conditiaration
are stochastic variables. Particular implememisitaf these stochastic variables depend on matoyysac
including the wear of tribological systems of thgiee, media quality and crew competences.

4.2 Identification of engine service conditions

Taking into account the knowledge contained imalitee and the results of own empirical researolas
assumed that the two-stroke low-speed diesel engegkas a main propulsor drive, may be in a nuofber
service conditions, divided into classes (setsjaphentary states, presented in the work [8].

Diagnostic activity is carried out in each of memdid state sets, with its scope depending on tlabittes

of diagnostics systems used, as well as on tinteedder the taking of rational service decision.

It is then necessary to identify impacts of padicelements/ subassemblies/ subsystems on ther prop
functioning of other elements, as well as the apresece of this impact on the quality of processkiad
place in the engine. Due to this reason the phyanchchemical properties of engine elements/stérags
having some influence on the quality of engine ingnand determining its technical condition claggeh
been identified.

A main purpose of ME is to provide the energy i@ propulsion of a ship during the execution aivary
service task.

The readiness of the engine to enable task execiiBooperational effectiveness and reliabilitytask
execution as well as safety of operation depertideoguality of its service process.



Engine service includes its running and maintenandehese can be simultaneous [1]. The spedfiosio
engine service in marine conditions require forvpgdning of the processes outlined in [8]:

- normal ME operation, where efficiency attainabithin environment protection limitations is the sho
important factor,

- emergency ME operation (complex, hazardous, dafecdisaster taking place), where priority eability
to reach a location guaranteeing safety of shiptsuacew,

- planned maintenance, during which there is ngefaio crew lives and ship, and the purpose issione
full readiness of ME,

- unplanned maintenance (necessary in case otgjeteten at sea and in unfavourable conditiomg)ing
dangers to crew lives and the ship itself, withghgose being just to restore partial readineS4Eoénd to
achieve a capability of reaching a safe destination

During the process of formulating and definingttsks for ME in its design phase, its service syste
formed at the same time [1,2].

The conditions on modern market make the shipovoisise the ME service system and press ME
manufacturers in this direction — and any sucbmadtiust be based on the appraisal of current Méitzmn
As a result of the above, it was necessary tordeterthe ME service states and technical condjtiwhigh
allows for a rational service of ME, and faciliatibe service-related decision-making also in eenesg
situations, where there is a reduced chance fanmektional decisions due to stress and time ymesas the
emergency situations develop rather quickly.

The service process of any diesel engine is a aamdgarocess including the simultaneous changés of i
technical condition and its service states, whah lieen presented in the literature in many foutis as
graphs or matrices comprising probability distrdms [1,2,8].

4.3 Determination of parameters identifying the telanical and service conditions

The diagnosis process is greatly dependent omfibienation obtained via measurements fed into the
diagnostics system.
It is thus necessary to define appropriate settaghostic parameters which are going to providsiable
representation of ME technical condition and igpprties.
These may include the sets of : thermodynamic peiess) parameters related to vibration and acspstic
parameters related to physical and chemical prepeart lubricants, and the geometric parametersitgf
the engine structure.
The parameter sets characterise the changes whiehresult of various physical and chemical psaes
often inter-related or derivative.
The values of parameters obtained during testsanufacturer's laboratory (in known conditions) are
adopted as benchmarks.
They are strictly connected with the technical @mefgy-related condition of the engine, and thpgotes of
engine elements, subassemblies and subsysterafieated in their values.
Attention should also be brought to the fact that diagnosing system should not only help colleet t
information about engine condition, but also t@teeintrol it in such a way as to avoid any damage.
In both cases the result is to be a reduction eratipg costs, and what follows, also a rise oficer
efficiency.
Due to the above, a main purpose in the buildirtipgfnostic models is to search for and use suemeters
whose changes should most readily indicate a clairegggine technical condition, including its sigbegns
and elements.
Progress of engine structure wear should be sgredicording to earlier adopted grading.



4.4 Determination of diagnostic relations between H technical condition and diagnostic parameters
used, taking into account the results of empiricakesearch

Another important problem in diagnostic model bogds the determination of mutual relations betwee
factors influencing the correct running and duitgiaf the engine and the diagnostic parameterstwisflect
its technical condition, while taking into accotivé operational priorities of particular ME senacaditions.
The relation sets have been defined followingvbereadiness criteria [8]:
- diagnostic relations projecting the full readgesndition set into a set of diagnostic parameters
- diagnostic relations projecting the reduced ressdi condition set into a set of diagnostic pasms)et
- diagnostic relations projecting the partial reads condition set into a set of diagnostic pass)et
- diagnostic relations projecting the out-of-operatondition set into a set of diagnostic pararaete

4.5 Definition of a relation-based diagnostic modeif ship ME

ME is a complex object and its model aimed at cintie of diagnostic information may be a combimatio
of various types of models, and may be presentadatytical, functional or topological form. Eacloael
representation form has its research and edudatane. The utilitarian value of a model of exaedirobject
depends on a number of factors, including a fored @ the presentation of the results of anghgiformed
on data collected within the real-life diagnosstem.

Scientists tend to use forms of models differegm those which could be easily understandablénipr s
crews which belong to a wide range of technicaluces and have highly varying levels of technical
knowledge and psychological predispositions. Inmaagnvironment, the most suitable form of ME model
seems to be a topological model containing therdoiithnal relations between engine condition and
diagnostic parameters. The drawing below preseatsdlected diagnostic relations projecting theliton
of full readiness;snto a set diagnostic parameters k.
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Fig.1 Selected diagnostic relations mapping thedatliiness conditions set s1 into a diagnostiaipeter set k[8].

Decision-based control of engine service procefiseisnost important and most difficult problem in
engine service, which follows from the fact thathsa control is carried out in a stochastic siaatiith
regard to decisions.

In such a situation, evaluation of statistical asknected with making a wrong decision shoulckert into
account.

Such a wrong decision may be taken as a resiriaility to precisely evaluate the unknown paransetf
stochastic variable distributions, which are thedi@ns of engine service process, and also dadatck of
capability to obtain full and reliable diagnosiofine technical condition.

Rational control of this process requires furthegnbat statistical decision-making models are ol
the purposes of control.



A theory of decision-based, controlled semi-Margmcesses or a statistical theory of decisionimgatan
both be used for the building of such models, baiagented in detail in publications [1,2,3,4].

In case it is impossible to use objective prolsilgilimeasure for the specification of diagnosialiity
which is the presented mathematic and logical piliiEs, there is a need to frame the idea ofrebap
trueness in terms of subjective probability, alted a psychological one.

This probability refers to the degree the user dibgnosis is convinced about chances of engingitimon
prognosis becoming true.

In this case, calling a diagnosis a reliable ore ssibjective process, as it depends on the kngevied
a person preparing a diagnosis and his/her camviabiout correct functioning of ME diagnosticseayst
The above discussion can be based on calculafised bn expert method [8].

On the basis of assigning appropriate diagnostanpeters to selected engine service states, wiaish w
presented in paper [8], a diagnostic model includelations shown in Fig.2 has been built, with the
following concepts includedj p- probability of gcondition occurring,js- engine service condition from the
setS (5 9, %), p(k/s;) — probability of diagnostic parameteokcurring simultaneously with condition s
ki — diagnostic parameter, S, S, §,— classes of ME conditions.

5. Opportunities to implement the engine diagnostimodel in service.

Main engine damage in real-life conditions is alcan phenomenon. The results of each defect depend
on:
- the time the change in ME condition leadingd@l@mage is identified,
- accuracy of ME condition change identification,
- aptness of decisions taken as a result of MEta@mmdhange.
In sea conditions, where it should be assumedtteatrew can count only on own skills and technical
capabilities, possibly quick detection of ME péartadiness condition may contribute to savingstber and
cargo, as it allows the crew to ensure the safetghip.
Due to that it is so important to use diagnostitesys adapted for service needs resulting frometbessity
that the decisions are made by the crew and thevaher together. This also applies to diagnostidetso
which should be adapted for operation in realdfmditions. Many factors capable of interfering in
diagnostics system operation need to be takeadaotmunt during their building, such as imperfestio ME
structure and varying levels of crew competen@&d]L,
Measurement relations should reflect the conditiohsmeasurement and the accuracy of applied
measurement methods, measurement equipment acqinggigal properties and measured signals and thei
parameters, and the required accuracy of diagmoesisurement results.
The obtained set of results of a diagnostic exdimma always charged with errors, sometimes fagnit
ones, which may be a reason for obtaining a wiamgkable) diagnosis.
Due to this the examination results reflect therémed ME condition only to an approximate degrdes T
means that they do not inform the user of diagratmisit ME condition itself, but only about an apprate
picture of this condition.
Therefore, what is important is to what degreertfuemation about ME condition contained in itsgitiasis
is reliable, because it has to be processed tm alignostic information about ME condition atlfigr stages
of deduction which are not immune to their ownrsreither.

It should be emphasized that the results which @l for a verification of a diagnostic modei (eal-
life service) or the aptness of decisions takdmuoyan operator, are their real-life consequences.
The engineers operating the engine room and mginespropose the concepts of rational servicerectm
the shipowner. Quite often they are unable to comgly justify the grounds for a specific preveeti
maintenance (as the diagnostic parameters doceekmit values) and are loathsome to take regplimn
for any decision which generates substantial chisése costs normally exceed the salary of a degisaker
by a dozen or a few dozens times, so their psygisalampact is rather strong as none wants taltelléd
as a source of such costs, which may lead tdiassational decisions being made.



At the same time the conditions of work in shipieagoom, the daily changing of shifts, crew caltur
multiplicity, random and varying work conditionse@ther, sea states, emergencies, cargo shifteegtare
constant attention and result in tiredness, lossen$itivity to stimuli and paradoxically in a Higlflux
environment, a routine and mindless execution désjuvhich also contributes to a loss of ratibpnati
acting.
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Fig.2 Relations in ME diagnostic modgl-pprobability of scondition occurring,js— engine service condition from the set
S(3,.935), pPk/s;) — probability of diagnostic parameterdecurring simultaneously with conditiop ls— diagnostic parameter,
S.S § §—classes of ME conditions



6. Summary

In order to make a correct service-related degisisrsignificance should be estimated first, ite.
consequences should be predicted. In spite of esitypbf this task some mathematical solutions e
proposed [1,2,3,4]. However, in real-life condiéipand particularly in random and variable conuiitiat sea,
it is very difficult to predict the consequenceseivice decisions, and even more so that in adddi the
above there are variable external conditions aactiw operating the ME also changes in a prdgtical
random fashion.

A relation-based diagnostic model of ship mainreabas educational value and utilitarian valuevels
In first case it is because the relations betwesanetie engine conditions and its signals have ideatified,
while in the latter it is because the model shiaihafor an identification of real-life main engitechnical
condition and to predict its future conditions &l wthrough deduction.

Use of this model in practice may facilitate theislens related to further engine operation orng a
preventive maintenance aimed at restoration tafatsnical condition.

Broad competences of humans are clearly visibteadern diagnostics systems. Most modern decision-
support systems on a ship are based on mutuakecatiop between the ship engineer (operator), sigo
experts and manufacturer experts. This co-operatiay bring about synergistic effect, but it is gsh
engineer who has to make a service decision anddsgansibility for it.

Because of that and as a part of expert-evaluatadserification, in further research on the dguslent
of diagnostic models and real-life diagnostic systefforts should be concentrated on the examimnefio
statistical reliability of: engine elements, stuat nodes, engine systems, engine as a wholegreie@nd
subsystems of a diagnostics system as well as aygitam, the ME — diagnostic system interfacesaritde
whole diagnosing systems.
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