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Abstract— This paper aims to highlight existing relationships ~ with neural networks and knowledge symptom-fault table,
between faults and symptoms on marine Diesel engines. Thesefor fault diagnosis in the air path and injection systems is

causal relationships are usually described by maintenance ,regented. In [8], a failure tree is used to establish causal
experts and characterized by uncertainties and fuzzinessn | ble to isolate fault the ai th ¢

order to cope with these drawbacks an analytical model is FU'€S @bl€ 10 1Solate faulls on the air path system.

built, putting in evidence physical parameters subjected @ The published contributions concerning the model-based

faults. This procedure is applied to the injection system tatis ~ approaches are more widespread. In fact these approaches
equipped with an in-line injection pump and standard sensos.  can be divided in two sets. The data-driven models where
After defining the most frequent and hazardous faults on the | no\wn faults are introduced and a classification is applied

system, sensitive parameters to these faults are identifiedthen, . tt iti thods. Thi bset of thod
variations are introduced on each parameter to simulate the using pattern recognition methoas. IS subset ol methods

faults and sensor outputs are monitored. The observed chaeg Can be illustrated with [3] where isolation between some
caused by each fault are used to build causal relationships. faults on the injection system is realized after featureaext

A validation of these relationships is made by introducing eal  tion. Neural networks are used in [9] to distinguish between
faults on the six-cylinder marine Diesel under study. The reults 54| and faulty operating conditions of an air inlet valve
show good concordances between simulation and real results In [10], SVM-classifier is trained to differentiate a normal

. INTRODUCTION state from air and exhaust gas leaks and faulty injectors.

i . ) ) ) The second subset contains analytical models where usu-

In control engineering, a fault detection and isolationyy few faults and components, often very instrumented,

(FDI) function is compounded by two major tasks: the faulte monitored. Some examples can be given, like in [11],
detection task anq the isolation task. Whatever is the @atufy its on a common rail injection system are studied, in,[12]
of the fault detection task (model-based [1] [2], knowledge,qantive fixed and variable gain observers are used for air
based [3] [4], empirical or signal-based [1] [5]), featunesst  |oaking diagnosis in the air path system. In [2], an adaptive

be checked if they belong to normal operating spaces. Uhq exiended Kalman filter are implemented to diagnose air

last decades and concerning the detection issues on Dief%%{king and EGR problems. Many other studies are carried
engines, many papers tackling this problem are publishegdyt and the given list of publications is not exhaustive.
The mentioned references are some application examplesyr contribution consists in highlighting the likely re-

treating fault detection issues upon engine subsystems. lationships that exist between faults and symptoms that
As it is the detection task, the isolation task in Diesel enzgn pe observed on standard installed sensors. The goal
gines is not an easy task. The traditional approach congistit this approach is to take advantage from the simplicity
of finding the measurements subject to faults is not sufficien,s knowledge-based approaches and to cope with theirs
In fact, if for example, one of the temperatures raises, {irawhacks. Notice that, the model-based approaches (data-
is important to know it. But, it is more important to know gyjven and analytical models) cannot be used since no data
the cause of this raise (fault). Concerning Diesel engineg,, c|assification are available and no specific instrumtiona
solutions are proposed to resolve this issue and amoRg gyajlable to perform analytical isolation. To this end,
them two major orientations can be listed: knowledge-based diagnosis-oriented model of a marine Diesel engine is
approaches and model-based approaches. built. This paper presents the part related to the injection
Knowledge-based approaches use maintenance expgfktem. Hence, in sectiol, a description of the entire
knowledge that is formulated, for example in FMECA, HA-gngine, under study, is given and the injection system is
ZOP ... or use analytical knowledge, usually transformed tgatajled. A model is chosen from the literature in a way to
qualitative methods. These knowledge-based approaches ¢geet some specifications and is presented in setfiorn
regroup some studies. In [6], a diagnosis qualitative modgkctionlv, the causal relationships for non-combined faults
of the common rail injection system is proposed. In the samge established and an experimental validation is alsangive

context, rules related to faults in the air path system aed thsectionv is dedicated to the conclusion and perspectives.
combustion chamber are transformed to a fuzzy model in [7].

In [1], a model-based approach combining physical equation Il. DIESEL ENGINE DESCRIPTION

This work is sponsored by CG13, CG83, CG06, CR PACA, TPM, FU Diesel engines are mainly compounded of six subsystems.
and MPM within the framework of the BMCI project (Bilan de sampour The combustion system hosts the fuel combustion reaction

la Maintenance et la Conduite Intelligente). and transforms the liberated energy into a useful power.
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It contains mechanical elements like the engine block, theffering the possibility of simulating faults. The purpaséo
crankshaft, camshafts, gears, pistons, connecting roflke. predict measurement behavior in fault presence. Hence, the
cooling system maintains the engine compartment and itausal relationships are established. At the exceptiohef t
elements under an acceptable temperature. It is compoundsdjine speed and the rack positior .,k that are considered

of one or many pumps, exchangers ... The lubrication systeas inputs, all the other measurements are estimated.

has a double role, the lubrication of the moving elements to

reduce the friction and a cooling function at the same time. fA- Model

is mainly made up of one or many pumps, exchangers like the The relationship between the power of the engitgng
cooling system. The air path system manages the circulatiand the injected fuel flonmy is given by () as formulated
of the admitted air and the exhaust gas. It includes an din [13], [14]:
filter, a turbocharger, manifolds and an air cooler. Diviezdi

type of start systems can be found (hydraulic, pneumatic

or electrical) depending on the power of the engine. Th@herePoyic org corresponds to the power lost in friction and
injection system is designed to supply fuel under a desiregithin the auxiliary elements (like pumps, alternatorL BV
pressure into cylinders at specific moments. It is mainlyenadhe fuel lower heating value. The overall efficiengy is

up of a lift pump assuring the suction of fuel from the tankexpressed by an empirical expression given in [13]:
and the minimum pressure necessary for the proper operating

of the injection pump. Moreover, the fuel is filtered before ~ Me= A (de1 +de2A +desA? + dead w + desA * o @)

POeng— POfric,org = Nems LHV (1)

reaching the injection pump. The injection pump supplies +0oeA @7 + de7A 2w?)
the fuel to the injectors under a high pressure and specifimere/\ — M s the air/fuel ratio andiy de; are con-
A . « . mf 1000
the time and the quantity to be injected. The excess of fug{ants to be identified. The injected fuel flow is approxirdate

returns to the tank. The figurk gives a global illustration

of the considered injection system. by the following formula taken from [15]:

Ms = w(be1 + beoXrack + bC3Xr2ack) (3)

Return fuel wherebe, bep, bes are constants to be identified.
f The air flow admitted to cylinders is estimated using the
expression4) given by [13], [14]:

Rack

Injection pump

Fuel tank

Mej = NvMeith 4)

where it is the theoretic admitted air flow), the volu-
metric efficiency and their expressions are given respelgtiv
Turbocharger in (5) and 6)!

P

Fuel filtes Lift pump

2
Fig. 1. Scheme of the injection and exhaust systems Nv = 8c1 + 8c2W + A3 W )

The health of the injection system is of crucial im-Whereac, ac2, acz are constants to be identified,
portance. Troubles on it are equivalent to an increase in , VeyiPa @
pollution, a reduced fuel economy and may engender other Meith = ncylﬁﬁ (6)
hazardous faults in the engine. The studied engine is
Baudouin 6M26SRPYdirect injection six-cylinder Diesel
engine equipped with an in-line pump and a twin-inle
turbocharger. To monitor health of this system, a list o
standard sensors are implemented:

(S1) engine speedud)

(S2) injection pump rack positiongek)

(S3) engine powerRoeng

vﬁwere pa and T, are respectively the pressure and the
femperature in the admission manifolt, the number of
ylinders,Vy the displacement volume of a cylinder and
he specific air constant.

By introducing the notion of mechanical efficiengy, the
lost powerPOsiic org is expressed by means of the produced
power Pogng as follows [14]:

(S4) fuel f”t.er i_nlet pressprd%fc) POeng— POtric,org = NmPOeng )
(S5) fuel injection pump inlet pressurB) ) ) , )
(S6) cylinders outlet temperatur@sfy, . . ., Tects) Assuming thatny, is constant, the expression of the engine
(S7) exhaust gas temperature at the the turbocharger inRRRWer becomes:

situated at the flywheel sid&y) _ PQeng= ,%meiLHV(ch-dcz)\ 4+ deA 2+ dur @
(S8) exhaust gas temperature at the turbocharger inlet J’r“dcs)\ 260+ oA 602 + derA 260%) 8

situated at the gear distribution sidgyf) ¢ ¢

1. | NIJECTION SYSTEM MODEL Using equations3), (4), (5) and 6), A becomes:
This section aims to build a model of the injection system - & _ NeyVeyiPa(@c + a2 + aiw?) @)
able to estimate measurements provided by the sensors and C My ArTam(beis+ bepaXrack + De3aXe, )
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The temperatures of the exhaust gas at the cyI|nder outlehereCe, = 128"°b°¢"c and Céz =1 7876¢LC2

175 D4 75"

(10) reported by [13]:

Potc= Pepi+ Pyt 14
T _ T o tacsaA +acsa A’ ac7a 10 e ¢ (1)
a=lat 124X +—5 Tasa (10) B Model validation
CT 15 . o . .
where the subscript o takes one of following A|r|1 rnjodel colgstants aJe |denF|f|eq us'Tg e.|trr]1er Ieeet square
values: {echL, ecl?, ect8, echy, ectb, ects, flw, dis}. method or Nelder-Mead optimization algorithm minimizing

Hence, it allows to write the corresponding variableéhe error between the estimation and the real values.
(Toctt, Tecte Tecrs, Tect, Tects, Tecrs, Triw, Tais) The performances of the model are tested upon a new
Aosa, Acog Bcser, Acr. gy Ale cONstants to be identified. dataset different from the one used for the identificatidre T

It should be underlined that the estimation of the exhau&gSUlts are summarized in Fig, 3, 4 and5.
gas temperatures at the cylinder outlet are done by consic
ering that the same quantity of fuel is injected into each 05 ‘ ‘ ‘ [ _realcen
cylinder (Mf = M /neyp). As the two inlets of the turbine
(turbocharger) collect the gas from respectively the tws se
of cylinders get = {1,2,3} andseb = {4,5,6}), as it can be % 1000 2000 3000 4000 5000 6000 7000
seen in Figl, the temperatures at these places are estimate time [¢]
by summation of the individual fuel quantities injected e t ‘ ‘ ‘ ‘

model output‘

corresponding cylinders. Notice that the same reasoning i g
also applied to the admitted air flomi;. ‘ ‘ ‘ ‘ ‘ ‘
The hydraulic heads of the injection system are modeles e U
as a succession of cylindrical pipes. The estimation of the 2 ‘ ‘ ‘ ‘ ‘
differential pressure at the fuel filter is made using the & L P e b
equation 1) taken from [16]: 3
Pdfc _ 32f p D Dcarb (11a) 0O 1060 2060 3(;0%me [;]1060 5(;00 6(;00 7000
C
18 laminar flow(Re< 2000
f= O 079:{6 025 tyrbulent row(Re> 2000) (11b) Fig. 2. Estimated pressures versus their real values
Dcarb
Re= —— 11lc
T lcDe1 (11c)

l — - —-real data model output

1000

where f corresponds to the friction factot,;; and D¢
the length and the diameter of the fictive cylindrical pipe + ,
(representing the filter)p; the fuel densityy. the dynamic 800 Too0 2000 3000 406_0 5000 6000 7000 8000 9000
viscosity andRe the Reynolds number. o0 fme fsl

Assuming that fuel flowing among the filter is propor- ]

800

echl K

<
tional to the injected fuel flowQ¢arp = ks). Equation (1) 5 700 ==y
-
becomes: 600 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
bep1 be31 2 O 1000 2000 3000 4000 5000 6000 7000 8000 9000
Ce1 (14 g Xrack + ot Xiack) @ . e
(if Re< 2000) = e
Pite= (12) % 700k [~ /=
Cl,((1+ Cle 4 Bea1y2  )6)175 " R
Cl(( b rack Be11 cl1 rack) ) 600O 1000 2000 3000 4000 5000 6000 7000 8000 9000
(lf Re> 2000) time [s]
where Cy; = 128%7°—1 Cy =1 7876%175#154'?51 Notice Fig. 3. Estimated temperatures versus their real values
that the probable dependency of the dynamlc viscosity and Some small biases can be noticed but in general, model
the density with the temperature is neglected. estimations are accurate. Remind that the principal perpos

~ In a similar manner, the pressure at the inlet of thef the model is to give information about the tendency of
injection pump is estimated according to: the measurements and not to give a very precise estimations.

Ceo(1+42 2 izxrackJr b 12Xrack)w Hence, the validation of the model is accepted.
(if Re< 2000 IV. CAUSAL RELATIONSHIP DEFINITION
Pepi— Pret = (13)  A. Monitored faults and faults associated to parameters

/ bepo 2
Ceo((1+ Bey rack T blZXraCk 1) Monitored faults: The injection system can be sub-
Yw) L7 (if Re> 2000

jected to many faults and some of them are frequent and have
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— — real data

__ model output it can be introduced to simulate problems of opening and
an increase to simulate problems of closing (leaks). The
following equation summarizes the introduced variation:

3000 4000 5000 6000 7000 8000 9000 Msi :m’;i(1+ omy;) (15)

time [s]

. .
1000 2000

whereni;; is fuel flow injected into thé'" cylinder in a non-
faulty state. These parameter variations affects equat@)n

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ and (L0). However, as the speed in our study is considered as
10002000 3000 40 g 9000 7000 80009000 an input, a particular attention must be paid when simujatin
this fault. In fact, in a normal state operating mode, addéi
fuel flow causes an increase of the speed or the torque as it
can be noticed in the following equation [13]:

. . . . . . . .
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

! dw .
time [s] ‘]VI| wa = nemf LHV — Cr w (16)
Fig. 4. Estimated temperatures versus their real values whereG; is the resistive torquel; the crankshaft inertia.

As no accessibility is available for modifying the resistiv
torque, each action on the fuel flow must be accompanied
with an action on the engine speed to ke&f) catisfied. The
variation is introduced according to the following equatio

l — - —-real data model output‘
T T

. . .
3000 4000 5000 6000

time [s] w=w"(1+dow) (17)

. .
0 1000 2000

£ ol . e | where w* is the engine speed in a non-faulty state and
= m dw = +0.01. The simulation of the two possible cases of
®%% 1000 2000 3000 4000 5000 G000 7000 8000 9000 a faulty injector (closing and opening matters) are thenedon
time [s] . .
<10° by settingdmy; = dw = +0.01.
4

g ‘ ‘ ‘ ‘ A fuel contamination (B) is due to the presence of foreign
jzm 1 elements in the fuel (water, air, soot ...). These elements
= : : : : contribute to change the physical and chemical properties
0 2000 4000 6000 8000 10000 . . .
time [s] of the fuel. Hence, (B is simulated by an action on the low
heat valueLHV, the densityp. and the dynamic viscosity
Fig. 5. Estimated power and estimated temperatures vensirgeal values Le. These parameters are directly linked with the equations
(8), (10), (12), (13), (14). As the contamination effect on the
hazardous consequences. A particular attention is pafdgo t parameters is not known, all the probable effects are cliecke
kind of faults. Hence, a list of these faults is established ione by one. The susceptible variations affecting the dyaami
collaboration with maintenance experts on Diesel enginegiscosity are given by the following formula:
This list is constituted of:

(F1) a faulty injector (nozzle stuck open, closed...) Ho = He (1 Oke) (18)
(F2) a fuel contamination (water, air...) where ¢ is the dynamic viscosity in a non-faulty state.
(F3) a clogged fuel filter The susceptible variations affecting the density are gbaen
(F4) a defective lift pump

(F5) a defective injection pump Pec=pc(1+0pc) (19)

(F6) a fuel leak (cracked lines, sealing aging) wherep? is the density in a non-faulty state.
It has to be noted that in the following sections only nontHV is just subjected to a decreasing pattern because the
combined faults are considered. contamination elements have usually less heat value tlean th
2) Parameter variation for fault descriptiontn this sec- fuel. At the same time, this introduced decreaskeHtY must
tion, definitions of listed faults are firstly given. Thength be associated with a decrease in the engine speed to keep
way of introducing faults is presented and modeled byl6) satisfied like in the case of a faulty injector. This can

varying parameters or variables. be summarized by the following sub-equations:
A faulty injector (F) is by definition an injector unable to B “1_
perform correctly the injection function. Hence, the irgec { t)H:V(;*E—lH_Vég) OLHV) (20)

may be leaking, partially or completely clogged due to,
for example, the deposit of the combustion products in th€ simulate the fuel contamination, the introduced veoiadi
injector nozzles. Hence a faulty injector, that injectsfinel  of the parameterd(c, dpc, SLHV anddw) are set to 0.01.
in the cylinder, is simulated by increasing or decreasing the A clogging (F3) is linked to a deposit phenomenon leading
corresponding injected fuel flow quantitys;. A decrease of to the reduction of the flow area. Therefore)ks simulated
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TABLE |

by reducing the diameter of the representative hydraulic
FAULT SIMULATION AND OBSERVED SYMPTOMS

charge of the filteiD¢, as follows:
Fault  Variations Symptoms

DCl = él(l_ 6DCl) (21) (Fl) mfi / w/‘ Techi/‘ TBl / POeng/‘
whereDg;indicates the diameter in a non-faulty state. e\ W\ Techi N« T2\ POeng ™\,
This parameter is directly linked with the equatiot&)(and e N Pete, Popi /*
(14). A reduction of 1% of the diametdd; (6D = 0.01) e Pete N\ Pepi \
is introduced to simulate a clogging. (F2) pc /" gefc\( Eep?\(
A defective lift or injection pump (& F5) is by definition LHVpc\\w\ Tech{j{\egoﬁg\
the inability of the pump to provide the necessary requested(F3) b Pate /Pt
flow. Consequently (% F5) are simulated by reducing the °1\_ dfe s Tete
fuel flows (mf and Dcarb) as follows: (F4) Dcarb \, M N Pete ™\« Pepi v Tech ™\ Ty ¢ POeng ™\
My = I (1_ 5mf) (F5) Dcarb \, M N Pete ™\« Pepi v Tech ¢ Ty ¢ POeng ™\
Deart = D% (1 5Deart) (22)  (F®) Doan N Poro™ Pep ™ Teen ™ Ty Ping s
carb carb carb I8 = {flw} or {dis} depending on the membership iof

where the Superscrim is put to indicate a non_fau|ty state 2)/: {le} and {dIS} both variables undergo the specified change

of the corresponding variable. damage the engine. Remind that the faults under study are

This variable is directly linked withd), (10), (12), (13), (14 the most frequent and have hazardous consequences. Hence,
A fuel leak (F6) is by definition an escape of some quantltyomy filter clogging () and fuel leaking (B) are introduced

of fuel, which leads to the decrease of the principal fuel flow, | e Diesel engine. In fact, two levels of clogging and
Accordingly, to simulate the leak 6‘7- the fue_l flows ri leaking were introduced. A soft clogging at 950s followed
and Dcar) are reduced as showed in equati@2)( These .y 5 rough one at 1640s until 2200s. At time 2595s a small
variables are directly linked, like the precedent caseh W'tleaking flow is introduced followed by a rough one at time

(8), (10), (12), (13), (14). . 3190s. The results are presented in figuseg, 8 and9.
Defective pumps (& F5) and leaking of the fuel (&) are

simulated by a reduction of 1% of the fuel flows(, D¢arp)-

B. Fault simulation and symptom monitoring T o1 | ‘ | | 1
In this section, the listed faults are simulated by acting or % O'Z: ]
parameters already listed in the previous subsection. 0 1000 2000 2000 2000 2000

The simulation of closing and opening matters of a faulty time [s]
injector, that injects fuel in cylinder, causes respectively

2 4

increase and decrease in: %l il
3

- Techi ot ‘ ‘ ‘ ‘ ]

- Tsw Or Tyis depending on the membership iof 0 1000 2000 ey 4000 5000
- Poeng - 15 T T T T

An increase or a decrease of the dynamic viscosity induce §a O;: |
respectively an increase or a decrease in the pressures o ol ‘ ‘ ‘ ‘ il
andPepi. An increase or a decrease of the fuel density pro: 0 1000 2000 3000 4000 5000

time [s]

vokes respectively a decrease or an increase in the pressul
Pefc andPepi. A decrease inLHV andw leads to decreasing Fig. 6. variables states in the presence of faults (cloggind leaking)
pattern in the gas exhaust temperatures at the outlet of the _ . i

cylinders, at the two turbine inlets and in the engine power. 't 1S clear from Fig.6 that a clogging of the filter (§)

A decrease iD¢; causes the increase of the filter differ-CaUSES an increase of the differential pressure I'ke_ aread
ential pressur® rc. s_howed in s.,lmulayon.. Henqe, the causal relatlonshlp esta}b

(F4), (F5) and (F6) result in decreasing patterns on a”hshed by s_|mulat|on is validated. The ca}usal rel_at|onsh|p
the variables (cylinders outlet temperatures, turbinetinl cOrresponding to the presence of a leaking)(fhdicates
temperatures, engine power, filter inlet and injection pum at dgcreasmg patterns in the variables should be noticed
inlet pressures). eferring to the flgur_es, only the rough leaking are ob_s_erved

These results are summarized in Table and some variables liK&, Tecrp andTy)y, are less sensitive

than the others. In fact, the soft leaking introduces verglbm
C. Experimental validation changes that are hidden by the presence of noise.

In this section, some real faults are introduced in the
engine injection system. The objective of this action isab v )
idate the causal relationships made upon a simulation whidh Conclusions
are presented in the previous subsection. Unfortunately, n A diagnosis-oriented model for an in-line injection system
all the simulation results can be checked, out of fear toonfiguration is proposed. This model provides the option

V. CONCLUSIONS AND FUTURE WORKS
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Fig. 7. Variables states in the presence of faults (cloggingd leaking)
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Fig. 8. Variables states in the presence of faults (cloggingd leaking)

of output estimation of standard sensors and at the san%
time the possibility to simulate faults. The model shows
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Fig. 9. Variables states in the presence of faults (cloggingd leaking)
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