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Abstract

The waterborne sector faces nowadays significaalieriges due to several environmental,
financial and other concerns. Such challenges reagddlressed, among others, by optimising
voyage plans, and diagnosing as early as possibigne failures that may lead to
performance degradation. These two issues are ssittdoy the Decision Support System
(DSS) presented herein, which focuses on the aperadf merchant ships. For the
development of voyage plans, a multicriteria decigiroblem is developed and handled with
the PROMETHE method, while a multivariable contcbkrt is used for the fault diagnosis
problem. A MATLAB-based software implementation tife DSS has been developed
adopting a modular architecture, while, in ordeiptovide a generic software solution, the
required input data are retrieved from dedicatedb-services, following specific
communication and data exchange protocols.

Keywords

Voyage plan, marine engine fault diagnosis, coadittased maintenance, decision support
systems, multicriteria decision analysis

1. Introduction

Environmental concerns in light of climate changecietal pressure for cleaner transport
modes, competition, rising oil prices, potentidl shortages in the long term, and increased
traffic congestion are some only of the many cimgiéss that the waterborne transport sector
needs to address nowadays (EC, 2011). For thdirganers and operators are interested in
their ship competitiveness once they are operatutgzh may be achieved by improving the
energy efficiency of vessels, optimising voyagenplaor through the development of
innovative vessels based on designs and constnugtiahniques, which reduce operation and
maintenance costs (EC, 2011).

From the operational point of view, the new praetaf slow steaming i.e. sailing at lower

speed can reduce fuel consumption and as reselltetbvant costs and the resulting pollutant
emissions. If a ship that normally sails at 18 knglows down to 14 knots, it can reduce the
gaseous emissions by 40%, a difference that idaltiee fact that the propulsion power varies



with ship speed in a power of 3 or more (EC, 20Hgwever, the ship speed is strongly
related to the load condition, sea states, curi@miswinds, as well as any existing constraints
on Estimated Time of Arrival (ETA), factors thathedugh should be well considered and
balanced while developing a voyage plan, cannoteasily taken into account in the
maximum possible extend while manually developingage plans. In addition, appropriate
and timely ship maintenance is a prerequisite ésgnve the engine at an operating level that
would allow slow steaming produce real benefitse TDecisions Support System (DSS)
presented in this paper is built upon these twiargili.e. the development of voyage plans
considering factors such as the ones mentionedeatand the early diagnosis of engine
failures that would allow a timely planning of minance activities.

In contrast to other approaches presented in theanat literature (see Psaraftis and Kontovas
(2012) for a comprehensive review), which mainlgue on the operations of ship fleets when
criteria such as cost effectiveness and environahémendliness are considered, the approach
followed by the DSS presented herein, focuses erofieration of merchant ships. A similar
focus is also present in other proposed methodscamgsponding DSS, which take into
account environmental data, ship responses anccbndlition. For example, a new weather-
routing algorithm based on the composite influerafe multi-dynamic elements for
determining the optimised ship routes has beemtigcproposed by Lin et al. (2013). Also,
Kosmas and Vlachos (2012) developed a simulatecesdimg based algorithm for the
determination of optimal ship routes through thaimisation of a cost function including
effects of voyage time and comfort, as well as tgafectors. Furthermore, various expert
systems have been developed to aid shipboard peistor solving ship main and auxiliary
machinery troubleshooting (Cebi et al., 2012). klithese approaches, however, the
problem of developing voyage plans is not addressedhe DSS proposed herein via a
rigorous mathematical optimisation procedure (H8arand Kontovas, 2012), but rather
faced as a mutlicriteria decision one, thus mutéda decision aid (MCDA) techniques are
employed to model and solve it.

MCDA (Figueira et al, 2005) is a scientific diséi@ that includes several approaches,
models and methods aiming at handling and evalyatioblems where multiple criteria have
to be taken into account. The main difference avhatage of MCDA compared to other
alternative approaches is that is does not simphthgsises all the problem parameters,
synthesis that may be achieved equally well by rofipproaches, such as e.g. mathematical
optimisation, but is makes this synthesis in tatliof the decision making policy, as well as
the preferences, priorities and value system thatdorresponding decision maker (DM),
consciously or unconsciously, uses.

The rest of the paper is structured in four moises. Section 2 provides an overview of
the overall DSS, while Sections 3 and 4 descritge nitain modules and software
implementation, respectively. Section 5, finallpyides some concluding remarks along with
suggested future extensions of the system.

2. DSS Overview

As mentioned earlier, the aim of the DSS preseh&din is to support and contribute to the
cost effective and environmental friendly operatioh ships via the development of



appropriate voyage plans and the diagnosis of enfgilures in order to develop timely
maintenance plans. Figure 1 provides an overvietneDSS.

As far as the voyage plans are concerned, uporeraraguest, the DSS is fed with data

concerning the departure and arrival ports, andrthim route connecting them, as well as the
particular ship that will undertake the trip ansl libad condition, a range of acceptable mean
speeds as well as any existing constraints ondaesumption and emitted pollutants and

arrival time. In addition to these user-providedagddahe DSS retrieves data regarding the
prevailing sea states, currents and winds arouadrihin route from internet-based weather
services (see Section 4.4 below for external detmiaition). Using these data, it develops

and displays to the user several alternative voydayes ordered according to the preferences
that he/she has expressed to criteria such azdmsumption, pollutant emissions and travel

time.

In the heart of the corresponding DSS module thaesponsible for the development of the
voyage plans, the PROMETHE (Preference Ranking iisgion Method for Enrichment
Evaluation) Il methodology lies, which allows fdret complete ranking of the considered
alternative voyage plans. The same module incladss a ship propulsion system model,
which evaluates each developed voyage plan ag#iestriteria of concern to the user.
Section 3.1 below provides an insight to this DSRIate and the adopted MCDA approach.
PROMETHE Il has been selected for this DSS forsitaplicity, which is a significant
element for this particular application that is mx$ed to DMs that do not necessarily possess
the knowledge required for the application of othreare advanced MCDA methods, as well
as for its non-compensatory nature that preverterratives to be selected, which may
outperform in some criteria but have a really levfprmance in others.

As far as the detection of the ship’s engine failigrconcerned, a multivariable control chart
based on the Mahalanobis distance is used. Inwhig the interrelation of the various

measured variables is taken into account (Bersénial., 2005). A systematic analysis of
cause-effect relations amongst the various mordtgrarameters and the most common
marine engine faults, reveals the necessary semisatsneed to be employed. Extensive
simulations on normal engine operation provide nbedault statistics, while selective fault

conditions verify the effectiveness of the propoakgbrithm. The whole plan is further tested
with near-real life conditions, utilising an expmantal laboratory engine and the system'’s
remote data acquisition system.

The particular DSS module implementing the faudtydiostics runs at discrete user-specified
time intervals. An insight to this module is prositiin Section 3.2.

The software implementation of the DSS platform basn based in MATLAB. Here, a

modular architecture has been adopted, where thageoplan development and the fault
detection functionalities are developed as differemodules, accompanied by separate
Graphical User Interfaces (GUIs). In the former oled separate panels for the trip data, the
ship data and the user preferences have been deWinde these data are used as inputs to
the model of the ship and the PROMETHE |l methadyrider to evaluate the best alternative
voyage plan. In the latter module, a pre-definedo$eengine parameters measurements is
provided and the fault detection function estimatesn engine fault is present. Here, the
notification on a possible fault is accompaniedsbyne statistical information on the values



of the monitored engine parameters, in order tovigeo additional information to the
maintenance staff for determining the root caus@fproblem.

In an effort to provide a generic software solutitime input data required by the DSS
platform are retrieved from dedicated web-servideowing specific communication and

data exchange protocols. Section 4 below providdssight to the software implementation
and the interfaces of the DSS.

3. DSS modules
3.1. Voyage plan development module
3.1.1. Methods and tools

Within this DSS module, the development of a voyplgm is formulated as a mutlicriteria
decision problem whereby several alternative paesdeveloped, evaluated against different
decision criteria and ranked from the most to thasl satisfactory plan according to the
preferences and priorities of the user. As mentogearlier, for the ranking of the alternative
plans the PROMETHE Il method is adopted.

PROMETHE Il (Brans and Mareschal, 2005; Moffett &atkar, 2006; San Cristdbal Mateo,
2012) is one of the most widely used methods of family of outranking multicriteria
decision aid (MCDA), a scientific discipline thaicludes several approaches, models and
methods aiming at handling and evaluating problesmsre multiple criteria have to be taken
into account for the evaluation of alternative @es. Based on the principle of their pairwise
comparison, PROMETHE Il provides a full rankingaif the examined alternative actions.
This ranking provides the best compromise solutexording to the evaluation criteria, the
preferences and the priorities of the decision méR#).

To apply PROMETHE lI, one has to define the setltd#rnative actions to be ranked, the set
of criteria to be used for the ranking, as wellvesights reflecting the preferences and
priorities of the DM with respect to the criteriBased on these, a multicriteria table is
created, which includes the evaluation of eachrradtéve action against each considered
criterion. In addition, a preference function isfided for each criterion that reflects the
preference of an action from another accordindpidriterion.

In the PROMETHE 1l method, the following six predece functions represented by specific
shapes are available for the pairwise comparisorthef alternative actions (Brans and
Mareschal, 2005; Moffett and Sarkar, 2006; SantGe Mateo, 2012):

e Usual criterion (type 1)
O’ann(A)_gn A| <0
P(AA)= )
1’ann(A)_gn(Aj)>o
e U-shape criterion (type 2)
O’ann A -0, ] Sqn
o (AA)- (A)-a.(A)
1’ann(A)_gn(Aj)>qn

n



V-shape criterion (type 3)
0, avg,(A)-g,(A)<0

g.(A)-9.(A)

D 1avoggn(A)_gn(Aj)Spn

1 avg,(A)-g,(A)>p,
o Level criterion (type 4)

0, avd,(A)-9.(A)=<aq,
P.(AA)=1¥2,0v0,<0,(A)-0.(A)< P,

L avg,(A)-9.(A)>p,

e V-shape with indifference criterion (type 5)

P(AA)=

01 ann(A)_gn(Aj)Sqn
_ A)—
Pn(A,A‘)Z gn(A)pg_n((:I J) q“,oqu<gn(A)_gn(Ai)§pn
1 ann(A)_gn(Aj)> P
e Gaussian criterion (type 6)
0, av d,(A)-9d.(A)<0
P(AA)= (s )
1-e %) Lavg,(A)-g,(A)>0

where, Py(A, A) is the preference of an alternatide over an alternativey for a given
criterion n, gy(A) andgn(A) are the evaluations of alternativesandA for the considered
criterion, andy,, p, ands, are thresholds that define the shape of the quoreing preference
functions. More specificallyg, is an indifference threshold representing thedsrglifference

of the evaluationg,(A) andg,(A) of two alternative actions that is consideredligége, p,

is a preference threshold representing the smaliffsrence that is considered as decisive,
ands, is a threshold in betweeap andp, that defines the inflection point of the corresgiog
preference function.

The selection of an appropriate function as welthesdefinition of its parameters requires
generally a good knowledge of the methodologicpragch of PROMETHE Il as well as of
the implications that such choices have on theltesin case that such knowledge is not
available and/or desirable, as in the case of the vizhich will be the user of the DSS
proposed herein, i.e. the ship owner and/or opertte Gaussian type preference function
(i.e. the function type 6) should be better seldkciehis particular function possesses two
distinguished properties compared to the others:

e To define the Gaussian criterion function type doparticular criteriom, only the
inflection point represented by threshadneeds to be defined. This threshold is
typically computed via the standard deviation of #valuations of the alternative
actions against the considered criterion.

e |t is the only function type that does not havecdiginuities. It may therefore ensure
stability of the results. Stability is of great iorpance since it concerns the magnitude

5



at which the values of the involved parameterscaffge results. Since the DM is not
always capable to define accurate values for thielved parameters, it is important
for the results to be stable, i.e. to not preséghificant variance when small

deviations are introduced to the parameter valOesthe other hand of course, it is
necessary for the results to vary significantly famge deviations of the parameter
values. Otherwise, the method has failed in taking account the particularities of
each different case.

Based on the selected preference functions, aregatd preference indeXA, A) is then
calculated for each pair of alternative actids\

ﬂ(A,Aj)=§;Wnﬁ(A,AJ)

with N the total number of considered criteria &fdthe weight of each criteriamaccording

to the involved DM. The aggregated preference inebgresses the overall preference of the
one alternative over the other, and is used toldpver each alternative action two further
indices:

e The positive outranking flow¢+(A)=zA7z(A,A‘.)/n—l, which expresses the

degree to which an actidgi is preferred over all the other alternativgsand
e The negative outranking flowp™ (A): ZA‘ ﬂ(Ai,A)/n—l, which expresses the

degree to which all the other actiohsare preferred from this specific one.

The differencep™(A) — ¢ (A) of the aforementioned two flows is the net outiag flow

o(A), which reflects the overall preference, of theresponding DM, for the alternative
actionA;, and is used to rank the alternatives in suchativat the larger the net flow of an
alternative, thus its preference by the DM, théhbigts rank order relative to the other ones.

3.1.2. Applying PROMETHE Il to the voyage plan devieopment problem

To apply the PROMETHE Il method to the problem atdyahe alternative voyage plans i.e.
the alternative actions to be ranked, need to beldged at first. These plans are generated
by a combination of the available alternative sohd regarding the route, the speed, and the
fuel type. To this end, the main route connectihg teparture and arrival ports is first
designated by the user. This route is divided neg¢hmain segments for each of which the
user defines acceptable speeds and fuel typese Theee segments practically correspond to
the three main parts of a trip: departure, cruisargval. The designated main route is then
used to define a corridor within which several raédive routes can be developed. The
alternative routes in combination with the accelgtapeeds and fuel types defined by the
user for each part of the main route are finallgduto determine the sétof the alternative
voyage plans that will be examined and ranked. Toexe each alternative voyage plan
AneAwithm=1, ...,M the plan index anil the total number of defined plans comprises of
a specific route from the departure to the arrp@it, with a given speed and fuel type for
each of its three main parts. Obviously, the afametioned process may lead to an extremely
large setA of alternative voyage plans the examination ofolthivould have been practically
impossible without the assistance of a DSS.



The alternative voyage plans developed throughptbeiously described procedure are then
evaluated in terms of criteria that reflect thetadfective and environment friendly aims set
forth for the ship operation. The ebf criteriaC, withn=1, ...,N the criterion index anil

the total number of criteria, adopted by the DS&is respect includes:

- The volume of consumed fuels, a criterion thateeti the operational cost which
should be minimised;

- The travel time, a criterion that reflects the EBAd it should also be minimised;

- The volumes of released G@nd SQ@ emissions, criteria that reflect the trip's
environmental impacts, and need also be minimised.

User-defined constraints on these criteria may laésdefined, as necessary, to eliminate from
the set of alternatives to be ranked by PROMETHEhbse that are a priori known to not
satisfy given needs and limitations of the DM (gigen budget and/or time constraints).

Given the above, it is obvious, that it is not plolesto identify even a single voyage plan
AneA that could satisfy, i.e. minimise all the abovéetia simultaneously. A voyage plan,
for example, incorporating higher speeds would migsé the travel time, to the detriment,
however, of all the remaining criteria. A plan dwe tother hand incorporating lower speeds
would increase the travel time but would decreasgeftiels’ volume and the corresponding
released emissions. Finally, depending on the quaati fuels utilised, different volumes of
CO, and SQ emissions would be released in the environmentttersame speed levels.
Consequently, all the considered criteria are remogsfor the DM to develop in a cost
effective and environmental friendly way voyagenslawhich will also allow the ship to
reach its destination the sooner possible or, adt|esatisfying, as much as possible, any
potential ETA-related requirements and constraiB&iond their necessity, these criteria are
also competitive and they incorporate a tradetudt should be carefully balanced by the DM
according to his/her preferences and prioritiesclviare expressed via the respective criteria
weightsW, withn=1, ...,N.

To evaluate each alternative voyage plan agaimst eansidered criterion, i.e. to develop the
multicriteria table, a ship model is required. Suofodel, taking into account the
characteristics of each alternative plan, i.e.rthge, the speed and fuel type at each route
segment as well as the sea states, currents ams$,winll estimate the required volume of
fuels, the corresponding volumes of £&hd SQ emissions that will be released, and the
time that will be required for the ship to reachdestination under this plan. Plans that do not
satisfy potentially existing user-defined constraian these criteria are excluded so that the
final decision problem formulation necessary foe thpplication of PROMETHE Il is
reached.

In this particular DSS version, a ship model depetb based on a specific ship propulsion
system type has been used. It is possible, howevetevelop, import in the DSS and use
other ship models too, depending on the specifjairements of a particular trip.



3.2. Fault diagnosis module

3.2.1. Engine fault simulator

Marine engine fault diagnosis has been investigditgdmany authors (Kyrtatos, 1989;
Hountalas, 2000; Benvenuto and Campora, 2007; Laraad Hountalas, 2010). However, it
remains a difficult problem due to the complexifytoe engine system, and the variation of
the external influences. In this study, the shipinmangine is regarded as a disturbance
attenuation PID controlled system (Figure 2).

The ship main engine, which is of the two-strokerine Diesel type for the majority of
merchant ships, is modelled using a modular condsptinterconnecting flow receiver
elements (control volumes) with flow elements. Bixkiid elements with constant pressure
and temperature are used for modelling the enginmdaries. Shaft elements are used for
calculating the engine crankshaft and turbochasieaft rotational speeds by solving the
differential equations which are derived by applyihe angular momentum conservations.
The propeller torque is calculated consideringgtapeller law, whereas the engine fuel rack
position is provided as input. The model was afapleémented in the MATLAB/Simulink
environment as shown in Figure 3. Thus, the mode#iadine elements form discrete
subsystems, which exchange the required variabiesigh appropriate connections. The
flow elements use as input the pressure, temperand the properties of the working
medium (air or gas) contained in the adjacent eteméflow receiver(s) or fixed fluid),
whereas their output includes the mass flow andggnetes entering and exiting the flow
element as well as the absorbed (for the casemp@ssor) or produced torques. The former
are provided as input in the adjacent flow recedlements, whereas the latter is required as
input in the shaft elements. The output of shaftments, i.e. the engine crankshaft and
turbocharger shaft rotational speeds, are supplgethput to the respective flow controller.
The detailed description of the used model canobed in Theotokatos (2010), while below
its main elements are outlined (see Table 1 foofisdopted model symbols).

The flow receiver elements are modelled using fhenadhermodynamic system concept (Watson
and Janota, 1982). The working medium mass andeenype are calculated using the following
differential equations, which are derived by appdyithe mass and energy conservation laws in
each volume, respectively:

dm )
E: m, —my,

: i . dm
dT Q1t+(rrh)in_(rrh)om_ua
dt e,

wherelin, (k)i are the mass flow and energy rates entering the ffeceiver, andout,

(k) are the mass flow and energy rates exiting the feceiver, respectively. Subsequently,
the working medium pressure is calculated usingdbal gas law.

No heat transfer is taken into account for the snging air receiver, whereas the transferred heat
from the gas contained in the exhaust gas rec&vtdre ambient is calculated using the exhaust
gas receiver overall heat transfer coefficient &edt transfer area. The overall heat transfer
coefficient in the exhaust receiver is calculatsthg a Nusselt-Reynolds number correlation for



gas flowing in pipesRohsenow et al., 1985)

The engine cylinders bank is regarded as a flomefd, where the incoming air mass flow rate is
calculated considering the equivalent of two couBee orifices, each one representing the
cylinders scavenging ports and exhaust valve, otispdy (Meier, 198). Thus, the engine
cylinders air mass flow rate is calculated basedwrsonic flow consideratiotdéywood, 1988)
using the equivalent cylinders flow area, the aopgrties and the pressures upstream and
downstream of the engine cylinders. The equivabeifice geometric area can be estimated using
the instantaneous area variations for an engink fcthe intake ports and exhaust valves, as
proposed irMeier (1981)

The mass flow rate of the exhaust gas exiting tigine cylinders is found by adding the mass
flow rates of the air entering the engine cylindansl the injected fuel. The latter is calculated
using the number of the engine cylinders, the engitational speed and the injected fuel mass
per cylinder and per cycle. The injected fuel mpes cylinder and per cycle is regarded as
function of engine fuel rack position.

The energy flow rate exiting the engine cylindelenment is calculated by taking into
consideration the energy conservation equation thadfact that a portion of the fuel energy
remains in the exhaust gas; thus:

(mh)cylid = I”half]a\J:yI _u + élncombmf H L
where( is fuel chemical energy proportion in the exh@as exiting engine cylinders.

The proportion of the fuel chemical energy contdiie the exhaust gas is considered to be a
function of the engine brake mean effective presgMeier, 198), which is calculated using
available engine performance data measured duhniegehgine trials or provided by the engine
manufacturer. The indicated mean effective pres@urealculated using the rack position, the
maximum indicated mean effective pressure of thggnenand the combustion efficiency, which,
in turn, is regarded as function of engine airuel fratio (Watson and Janota, 1982). The friction
mean effective pressure is considered functiorhefimdicated mean effective pressure and the
engine crankshaft speed. The engine brake meastieéfg@ressure is calculated by subtracting the
friction mean effective pressure from the indicateean effective pressure, whereas the engine
torque is calculated using the brake mean effeqiressure and engine cylinders displacement
volume (Heywood, 1988).

The compressor is modelled using its steady s&tenmance map, which is provided as input in
a digitised form containing lines of the turbochargpeed, pressure ratio, corrected flow rate and
efficiency. Given the turbocharger shaft speed #medcompressor pressure ratio, the corrected
flow rate and efficiency are calculated using iptéation. The turbocharger shaft speed is taken
from the turbocharger shaft element, whereas tinepoessor pressure ratio is calculated by the
following equation using the pressure of the fifledd connected upstream the compressor, the
pressure of the scavenging air receiver connectunsiream the compressor, the air filter
pressure drop, the air cooler pressure drop angréssure increase in the auxiliary blower:

— P _ApAC + ApBL
Pams — ApAF

pre

The air filter and air cooler pressure drops amsimered to be proportional to the compressor air
mass flow rate squared, whereas the blower preseuarease is regarded as function of its
volumetric flow rate. The temperature of the aiiting compressor is calculated based on the
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compressor isentropic efficiency definition equati¢Watson and Janota, 1982) using the
temperature of the air entering the compressott@mdompressor pressure ratio and efficiency.

The temperature of the air exiting the air cootecalculated based on the air cooler effectiveness
definition equation (Watson & Janota, 1982) ushmg air cooler effectiveness and the temperature
of the cooling water entering the air cooler. The aoler effectiveness is assumed to be a
polynomial function of the air mass flow rate. Té@mpressor absorbed torque is calculated by
the following equation:

Q. =30 (hcfd _hCiu) /(”NTC)

where the enthalpies of the air exiting the comgpesnd the air entering the compressor are
calculated using the respective temperatures.

The turbine is modelled using its swallowing capa@nd efficiency maps, which must be
provided in digitised form. Given the turbine pmass ratio, the turbine mass flow rate and
efficiency are calculated using interpolation. Ttiaebine pressure ratio is calculated using the
pressure of the exhaust gas receiver, the amhiessyre downstream the engine exhaust pipe and
the exhaust pipe pressure loss, as follows:

pER

fo=—=

P

The pressure loss of the exhaust piping systeegiarded as proportional to the exhaust gas mass
flow rate squared. The temperature of the gasngxiiirbine is calculated based on the turbine
isentropic efficiency definition equation (WatsondaJanota, 1982) using the temperature of gas
entering turbine, and the turbine pressure rati efficiency. The turbine torque provided to the
turbocharger shatt is derived by using the follaywguation:

Qr =30, () o)

where the enthalpy of the gas exiting the turbsealculated using the respective temperature,
whereas the enthalpy of the gas entering the teriintaken from the upstream exhaust gas
receiver element.

The engine crankshaft and turbocharger shaft ootakispeed calculation is carried out in the
shafting system and turbocharger shaft elemenspentively. The former uses the engine and
propeller torques fed from the engine cylinders prapeller elements, respectively; the later uses
the compressor and turbine torques supplied foenrdélpective elements. The propeller torque is
calculated by applying the propeller law equatioasging through the engine maximum

continuous rating (MCR) point.

The engine crankshaft and turbocharger shaft astaktispeeds are calculated by integrating the
following equations derived using the angular momenconservation in the propulsion plant
shafting system and the turbocharger shaft, reispgct

dNg 30(76,Q: —Q»)

dt w(le+lg+lp+1y,)

dNyc — 3O(QT _QC)
dt i I
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In order to make a starting list of the targetadtfaonditions, the most frequent engine fault
cases were considered as derived by Kawasaki (188@)Banisoleiman and Rattenbury
(2006) (see Figure 4). Furthermore, taking intoocaot the limitations of the employed
engine simulator, the targeted fault list is fornzexdin Table 2, while, in order to construct a
fault cause-effect table, the Simulink diagram igfufe 5 is used.

After an excessive number of simulation runs, waved at Table 3. This table was
constructed by noting the most significant effeatle fault had on the system’s variables.
Faults were simulated by changing appropriate patars of the ship’s engine model.

3.2.2. Engine fault detection procedure and results

The fault diagnosis subsystem is based on a mukia Shewart control chart structure
(Mason, 2002), an approach mainly used for faulect®on. Fault isolation is also possible,
however not pursued in this study. In order to inmént the fault diagnosis subsystem:

e No fault (healthy) data is collected, in order tstimate the healthy operation
statistics (to be used in the fault detection atgor). A representative sample was
created using the values of Table 4. Thus, a t§tab86 samples were collected,;

< insert table 3 >

e The sample mean vectan and sample covariance matcXof the healthy data s&t
are calculated using the usual unbiased estimates,

Twacl)  Ta()  FR@)  s@ - s,
X = Twac(2) Ta(2) FR(2) s - s,(2)

Twac(7986) Ta(7986) FR (7986)s (7986) s, (798

M=ty x, S= S (x - m)(x - )
N = N-113
e The control chart UCL (upper control limit) is cdlated, using the fact that the
Mahalanobis distance,
D, = /(x- )2 (X - )’
follows they?® distribution withn degrees of freedom. Therefore, at significancellev
a=0.95, UCL =440.99, 15) = 30.58.

In order to test the proposed algorithm, each faoih Table 3vas simulated using a random
value from Table 4. All faults were satisfactorilgtected.

As an example, the control chart for a simulatadtfa the air cooler is shown in Figure 6.
Air cooler fouling results in the reduction of ainoler effectiveness,c, which is calculated

as a function of air cooler mass flow ratg using the following equation:

eac= Kaco *+ Kac1 M, + Kaco M
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wherekaco, Kact, andkac, are appropriate constant values. In order to midelengine fault,
the constant®aco, Kaci, andkac, are perturbed from their nominal values in the Bink
model. Reduction of air cooler effectiveness desgedhe air cooler heat transfer coefficient,
which should result in significant increase of eregscavenging receiver temperature and a
moderate rise of the exhaust gas temperature anoctuarger speed. The simulated air cooler
effectiveness decrease was 30%.

As seen from the chart, the detection algorithm ediately detects the fault, as the control
statistic rises above the UCL. The initial out-ofilis response is due to the transient phase of
the engine simulator, since, for the fault detettawork, steady-state operation is assumed.

Furthermore in Table 5, details of the sensor valamd 3 individual limits are shown. As
expected, engine scavenging receiver temperat@é)(is significantly increased (being out
of its & limits), while exhaust gas temperature (TO4) antbdcharger speed (N_tc) are also
increased but within their respective 95% limitshisT behaviour demonstrates the
effectiveness of the multivariable approach, simmividual components may stay within
their respective statistical confidence limits, l@hthe sample as a whole is well out of its
bounds.

4. DSS software implementation
4.1. Generics

The DSS software implementation is based on thess#ty to provide a software platform
that would facilitate expandability properties candal with a user-friendly interface. For the
former requirement, the software is designed iremaegc manner, being able to address a
large collection of setups, regardless of the dffie trip routes and ship or engine types,
while for the latter requirement, a Graphical Useerface (GUI) is provided, requiring only
problem-relevant inputs, thus without necessitatexpert knowledge on multicriteria
decision making or fault detection theory.

To this direction, a modular implementation hasrbidlowed for the DSS software, where
the voyage plan development and the fault detedtinationalities are developed as different
modules, accompanied by separate GUIs. This altbeend users to select to deploy only
the module necessary to address their needs, hasvi follow different execution patterns
for each module (e.g. the voyage plan developmantbe invoked on demand, while the
fault detection module can be executed in pre-éeftime intervals, using a task scheduler).

4.2. Voyage plan development module implementation

The GUI for the voyage plan module is develope®MlRTLAB and includes the following
structural components as separate graphical panels:

e Trip data;
e Ship data;
e User data and preferences.

The data related to the specific trip/route anddae related to the ship and engine type are
the necessary input data for designing all theradtere voyage plans. The user preferences,
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such as criteria weights or constraints, are thdisad to determine voyage plans that are
infeasible (i.e. violating hard constraints), aslivas to provide the basis on which the
alternative voyage plans will be evaluated.

The execution of this DSS module starts with thevigion of the trip data in the
corresponding panel, as displayed in Figure 7. Rtosmpanel, the departure and arrival ports
are selected from the available main routes databslere each main route is divided in
segments, based on a list of coordinates. Substgueeather predictions in each segment
of the main route are retrieved as a list of tuglestaining information on the significant
wave height, mean period and direction of wavesaddition, specific types of fuels can be
selected for each route segment, addressing pessistrictions on fuel consistency enforced
by international sailing regulations. Finally, theaximum width along the main route is
defined, regulating the allowed deviation from timain course (channel width), which
enables the generation of alternative trip routedeu a pre-defined segmentation algorithm.
In particular, for each segment of the main rotdar alternative options within the channel
are defined, one deviating to the starboard sidbe&hip, one deviating to the port side and
two zig-zag options. An example of the alternativetes for a given channel width is shown
in Figure 8a. Furthermore, in order to produce sgmmetrical alternatives, a random factor
can be activated on the algorithm (checking théoaptandom perturbation in the dialog box
of Figure 7) that produces irregular alternativésv({ations of the main course), as illustrated
in the Figure 8b. The latter non-symmetrical pédrations permit us to better distinguish
between alternatives near optimum results..

Of course, it is important to emphasise here tlest main route (e.g. port pairs along with
route coordinates), as well as new fuel types, lmamdefined and stored. The new elements
will be available on the current planning taskwedl as on future platform deployments.

Moving forward to the ship-related data panel shawhRigure 9, inputs related to the model
and the condition of the ship are required. Hdre mhodel of the ship is selected from a list of
available models, as well as the load conditiofi/ffallast), the age of the ship and the time
from the last hull cleaning. Moreover, the desigeed (mean speed) along the main route, as
well as its allowed deviation is defined.

This set of inputs, along with the route data,tissed by the available model of the ship, in
order to estimate the fuel consumption, ETA andssiains in each alternative voyage plan.

Finally, in the user preferences panel shown infedL0, the final inputs to the multicriteria

decision algorithm are provided. Here, the costaath fuel type is provided, along with upper
bound constraints on the trip duration, the fuelstonption and the Gand SQemissions.

In addition, the DM can indicate preference ovemsocriteria (e.g. travel time over

emissions), by adjusting the default criteria wésghn the panel.

Once the user preference inputs are provided, thicniteria analysis process initiates. Here,
a table with all the alternative voyage plans sabed and the model of the ship is utilised to
estimate the performance of each alternative pleer ahe defined criteria. When the
multicriteria table is generated, an initial pracesjects the voyage plans that violate the
constraints, and the remaining plans are passe&@METHE Il for ranking.

The final outcome of the multicriteria decision rmak process, i.e. the complete ranking of
the alternative voyage plans is shown in FigureHdre, the performance — with respect to
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the defined criteria — of the first 10 in the ramkialternative voyage plans is shown, as well
as the coordinates, speeds and fuel types per se@ithe very first plan. Moreover, a map
of the route implied by this first in the rankingyage plan is included for visualisation
purposes.

4.3. Fault Detection module implementation

The Fault Detection module is also implemented iATMAB. Here, the pre-defined set of
engine parameters measurements defined in Sectois 3etrieved, and the measurements
are evaluated over the developed fault detectionleinof the engine. Subsequently, the
response of the fault detection module (“healthgrapon” or “engine fault”) is produced. In
addition, in order to assist the maintenance teammake informative decisions, the mean
values of the trained model, as well as the intieadperation range for each parameter, are
also provided (see Figure 12) along with the resiuthe fault detection process.

4.4. Data Acquisition

Both the voyage plan development and fault deteatiodules rely on available inputs from
external sources; in the former case, a weathaigtien service has to provide forecasts on
the wave conditions along the main route, whilethe latter case, engine performance
parameters measurements have to be available.dar do develop a generic software
solution, the ability to retrieve the required infation from different sources (e.g. various
weather services) or through different technolodeeg. different ship SCADA systems) is
essential.

In an effort to achieve this, a communication ifgee has been developed, facilitating a
generic communication protocol. To start with, dademodel for the exchange has been
defined, containing all the necessary basic défimit (e.g. coordinates, route segments, wave
information, etc.), as well as the required inpatadstructures for the modules (table of wave
information for the voyage plan and engine paramsateeasurements for the fault detection).
Note here, that the responses of the modules swedafined, in case logging of the outcome
of the DSS is required. Subsequently, a set of @dasses defining the interface have been
generated and exported to a java library file fjj@). Finally, the data exchange is achieved
through calling specific RESTful web services (Riakson and Ruby, 2008) and exchanging
object instances of the defined interface classeslavaScript Object Notation (JSON)
messages, as follows:

¢ Voyage plan module:

1. Arequest containing the main route coordinateeig from the DSS and the
response is a table containing the wave forecastach segment of the main
route;

2. Upon completion, a message containing the datheffitst in the ranking
voyage plan, i.e. the route, along with the spesud fuel types in each
segment is communicated.

e Fault Detection module:
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1. An empty request is sent from the DSS and the respds a vector
containing the pre-defined collection of enginegpagters measurements;

2. Upon completion, a message containing the engatasstas indicated by the
fault detection process, is communicated.

This way, the data-exchange mechanism is defingdowti posing any constraints on the
types of data sources or hardware and softwarasinircture of the server, thus any external
tool can provide the required data to the DSS.

5. Concluding remarks

Making cost effective and environmental friendlyyage and maintenance planning decisions
are processes difficult to handle manually duehto iumerous factors (weather conditions,
speeds, load conditions, engine states, etc.) d@ffiatt ship performance and need to be
considered. To this end, a DSS is proposed hetledtt, supports the development of cost
effective and environmental friendly voyage plaasd the diagnosis of engine failures in
order to timely develop maintenance plans.

For its first purpose i.e. the development of vayadans, fed with several data concerning
the involved ports, the main route connecting thém, prevailing sea states, currents and
winds, around this route, as well as the particahap that will undertake the trip and its load
condition, a range of acceptable mean speeds dsawedny existing constraints on fuel
consumption, emitted pollutants and arrival tintes DSS develops and presents to the user
several alternative voyage plans ranked via PROMEHdcording to the preferences that
he/she has expressed to criteria such as fuel ogign, pollutant emissions and travel time.

For its second purpose, i.e. the fault diagnosimudtivariable control chart based on the
Mahalanobis distance is used to take into accdumiriterrelation of the various measured
variables. Extensive simulations of normal enginerafion provided the no-fault statistics,
while selective fault conditions were used to werihe effectiveness of the employed
algorithm.

The software implementation of the DSS has beerdas MATLAB adopting a modular
architecture whereby different independent softwaredules implement the two DSS
constituent modules so that they can be deploy#u droindividually according to the needs
of the user. In addition, in an effort to providgeneric software solution, the required input
data are retrieved from dedicated web-servicetoviiithg specific communication and data
exchange protocols.

In this first version of the DSS, both the voyadanpdevelopment and the fault diagnosis
modules have been developed based on a specificastd engine type. It is however,
possible to extend the DSS so as to consider additship and engine types by developing
corresponding ship and engine models and structdmasther area for future research and
development concerns the way that the voyage maaldpment problem has been addressed
in this DSS version. The particular problem is @ckastic one since the evaluations of the
considered alternatives, and thus the resultingimgn depend upon parameters such as the
sea states, currents and winds, which are stochastiature. The approach followed herein,
however, considers the problem as deterministic dods not take into account the
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uncertainty involved in the weather predictions. aiditional and interesting therefore future
extension would be to consider the voyage plan ldpweent problem in its real stochastic
dimensions and examine the use of alternative MGipiroaches (Stewart, 2005), more
suitable for decision making under uncertainty ¢touais.
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Table 1. List of symbols adopted by the simulation model

Notation

A area (m°)

BMEP brake mean effective pressure (bar)

BSFC Brake specific fuel consumption (g/kW h)

cy specific heat at constant volume (J/kg K)

h specific enthalpy (J/kg)

H, fuel power heating value (J/kg)

I polar moment of inertia (kg m?)

k coefficients

m mass (kg)

m mass flow rate (kg/s)

MCR maximum continuous rating

MVEM mean value engine modelling

N rotational speed (r/min)

p pressure (Pa)

pr pressure ratio

Q torque (N m)

0 heat transfer rate (W)

R gas constant (J/kg K)

t time (s)

T temperature (K)

u specific internal energy (J/kg)

Y ratio of specific heats

¢ proportion of the chemical energy of the fuel contained in the exhaust
gas

n efficiency

Subscripts

a air

amb ambient

AC air cooler

AF air filter

BL blower

comb combustion

cyl cylinder

C compressor

d downstream

ep exhaust pipe

ew entrained water

E engine

ER exhaust receiver

f fuel

i isentropic

in inlet

out outlet

P propeller

SC scavenging receiver

Sh shafting system

T turbine

TC turbocharger

u upstream
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Table 2. Simulated engine faults

Fault no.

Fault description

~No ook~ wdNhDE O

oo

healthy operation — no fault

dirty air filter

air cooler fouling

air cooler pressure drop increase

compressor fouling

turbine fouling

exhaust piping system fouling

variation of cylinder flow area

(blockage/worn scavenging ports/exhaust valve)
cylinder components fault
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Table 3. Fault cause-effect table

Parameters

Air

Air Air cooler Compresso Turbine

filter cooler pressure

blockafoulin

ge

drop
g

r

fouling

fouling

Exhaust Cylinder Cylinder
piping flow area component
system variation s fault
fouling

9

10

11

12
13

Propeller resistance
(disturbance input — non
measurable)

Ambient water temperature
(K)

(disturbance input-
measurable)

Air cooler cooling water inlet
temperature (K)
(disturbance input —
measurable)

Rack position

(control input)

Engine speed (rpm)

(system output)
Turbocharger speed (rpm)
Engine brake power (kW)
Scavenging air receiver
pressure (Pa)

Exhaust gas receiver pressure
(Pa)

Gas temperature at turbine
inlet (K)

Gas temperature at turbine
outlet (K)

Compressor air MFR (kg/s)
Air temperature at A/C inlet
(compressor exit) (K)

14 Air temperature at A/C outlet

15

16

(K)

Air cooler pressure drop (air
side) (Pa)

Air filter pressure drop (Pa)

X

X X X X X X

X X X X X X

XX X X X X
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Table 4. Input variable intervals

Variable Interval

1  Propeller law constant 0.125 % (0.7to 1)
6 values

2  Air cooler cooling water inlet temperature  25-35 °C

(°C), Twac 11 values

3 Ambient air temperature (°C), Ta 11-46°C
11 values

4 Rack position, FR 0.6-1
11 values
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Table 5. Engine parameters values for air cooler fouling fault

0 1 2 3 4 5 6 7
Kq Twac Ta FR Neng N_tc Pbeng p_sc
°C °C rpm rpm MW bar
M 0.106 28.85 27.35 0.8 1.511 151.31 8.46 2.83
P 0.16 20.79 2.9 0.6
ut+3c 0.0875 25 10 0.6 1.991 213.68 15.03 4.63
w30 0.125 35 45 1 1.03 88.94 189 1.03
fault  0.093 33 27.99 0.9829 1.8 192 12.37 4.06
8 9 10 11 12 13 14 15
p_er T er TO4 mfr ¢  TO2 T sc DPac  Dpfilt
bar °C °C ka/s °C °C Pa Pa
M 2.65 399.67  281.58 2448 15537 51.87 1180 90
2 0.56 29.5 23.89 5.13 31.2 7.7 311 37
ut3o 4.33 488.17  353.25 39.87 24897 7497 2113 200
u-30  0.97 311.17  209.91 9.09 61.77 28.77 244 6
fault  3.79 486.9 313.4 33.11 2179 1024 1702 162

Kq: propeller law constant

Twac: Air cooler cooling water inlet temperature
Ta: Ambient air temperature

FR: fuel rack position

Neng: engine rotational speed

N_tc: turbocharger rotational speed

Pbeng: engine brake power

p_sc: scavenging receiver pressure

p_er: exhaust receiver pressure

T_er: exhaust receiver temperature

TO4: temperature of exhaust gas exiting engine
mfr_c: engine air mass flow rate

TO2: temperature of air exiting compressor
T_sc: scavenging receiver temperature

DPac: air cooler pressure drop

DFfilt: air filter pressure drop
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Figure captions

Figure 1. DSS overview

Figure 2. Block diagram of engine control system

Figure 3. Ship main engine MATLAB/Simulink model
Figure 4. Marine diesel engine component failure distribution
Figure 5. Simulink diagram for fault cause-effect construction
Figure 6. Control chart for air cooler fouling at t = 50

Figure 7. Trip data panel

Figure 8. Alternative routes for a given main route: (a) symmetrical and (b) non-symmetrical
Figure 9. Ship data panel

Figure 10. User preferences panel

Figure 11. Voyage plan development module output

Figure 12. Fault diagnosis module output
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About

@) Trip data () Ship data () User data and preferences

Trip diate
Departure from
Channel width (N

Random perturbation (013 [

| load route coardinates ‘ | see map with possible paths |

Coordinate N Coordinate E| Hsm) | Tm(s) | Thets(deg) | Type of fuel per sectian|
1 312500 32 5000 4 35000 300 1| Select fusl .
2 | 32 31.5000 4 5000 300 | 2 |select fuel .
EN 3 Al 4 8.5000 300 |3 |Select el .
4| £ 285000 4 9 260 |4 |select el v
5 | 3 7 4 9 315 | 5 |Select el .
3 * 25 5000 4 a 30 6 | Select fuel v
| 7| ses000 24 5000 4 8 300 | 7 |Select fuel v
| g | 37 24 4 7 5000 300 | 8 |Select fuel v
R % 245000 4 75000 310 | 9 |select fuel v
10| El 235000 4 75000 310

Figure 7
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Abhout

() Trip data (®) Ship data () User data and preferences
 Ship dat

Ship model | AFRAMAX tanker 10500...

Ship age in years _
Marths from last cleaning of hull —

i spaa dnsign knc)

() of Vs Range of Vs

L1 0.30 1260
2 085 1330
[3 | 108 1470

Figure 9
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About

) Trip data () Ship data (®) User data and preferences

User data and preferences

Type of fuel | Cost (euro/tn)|

hADHC B0
HFO 455

Criteria eights  |Upper boundaries
Trareel time th) 0gs 43
Fuel wolume rtn) 005 g2
CO2 emissions (tn) 048 ]
50 emissions (i) 042 ]

Sum of weights 1 |
Mutticriteria Analysis

Figure 10
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-] Multicriteria Analysis

The “best” al
Ranking of the alternative scenarios according to the PROMETHEE | method
| Alternative | Travel tirme (hours)| Fuel volure (In)ICOE ernissions (tn) S0x emissions (tn)l
. 4644 745980 2387137 2.0@
| 2 mes 44 68 774998 247 9393 22138
| 3 mes 4561 76.1508 2436819 24328
LHBQ 4507 76 5763 2450443 21584
w| |5 pws 4696 765710 2450273 22800
E| | 6 [zses 4396 787343 2519497 22812
% | ¥ _me3 4550 751453 240 4549 20725
= ’Lmﬁ 4648 TEATI1 2447074 22740
|9 184 4394 789308 2525766 22997
| 10 [2585 44 54 Lt 247 2566 21938
Route for the "best” atemative scenario \L.
0 O for the "best” tive scenario for each section of the route
Pibiy) | Pibgyd | Vsiknots) | Type of fuel |
1 -(3125‘32.5:] (32.5,3087) 133 MDO
| 2 [a25,3067) (3375,2869) 133 MDO
3 [(33.75,2883) (35,27) 133 MOO
4 j@s2n (356,263 133 O
=
5 (356,2634) (359,25.16) 133 HFO
| 6 (359,2516) (365,245 133 HFO
7 (365,245) (3717,2428) 126 HFO
8 717,24 28) (37 67,2394) 126 HFO
| 9 o767, 2394) (98,235) 126 HFO

30
20

Figure 11
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800 Graphical User Interface for fault dete
Twac (C) ‘ Ta(C) ‘ FR ‘ Neng | N_tc | Pbeng (MW) ‘ p_sc (bar) ‘ p_er (bar) |
mean 28.8500 27.3500 0.8000 15110 151.3077 8.4633 28296 26512
std 0 0 0 0.1600 20.7900 2.1800 0.6000 0.5600
mean+3*std 0 0 0 1.9910 213.6800 15.0300 4.6300 43300
mean-3*std 0 0 0 1.0300 88.9400 1.8900 1.0300 09700
Values 33.0515 43.6553 0.9430 1.0556 170.3677 0.3818 1.8599 1.9550
Ter(C) | TO4(C) | mfrc(kg/s) = TO2(C) | TOS(C) | DPac(Pa) | Dpfilt(Pa) |
mean 399.6689 281.5632 24.4765 155.8664 51.8708 1.17886+03 92.4409
std 28.5000 23.8900 5.1300 31.2000 7.7000 3 37
mean+3*std 488.1700 353.2500 39.8700 248.9700 74.9700 2113 200
mean-3*std 311.1700 209.9100 9.0800 61.7700 28.7700 244 6
Values 396.0532 340.3948 30.5488 167.2627 77.9321 2.3209€+03 158.3773
Engine Fault

Figure 12
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