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Abstract— This paper aims to highlight existing relationships
between faults and symptoms on marine Diesel engines. These
causal relationships are usually described by maintenance
experts and characterized by uncertainties and fuzziness.In
order to cope with these drawbacks an analytical model is
built, putting in evidence physical parameters subjected to
faults. This procedure is applied to the injection system that is
equipped with an in-line injection pump and standard sensors.
After defining the most frequent and hazardous faults on the
system, sensitive parameters to these faults are identified. Then,
variations are introduced on each parameter to simulate the
faults and sensor outputs are monitored. The observed changes
caused by each fault are used to build causal relationships.
A validation of these relationships is made by introducing real
faults on the six-cylinder marine Diesel under study. The results
show good concordances between simulation and real results.

I. INTRODUCTION

In control engineering, a fault detection and isolation
(FDI) function is compounded by two major tasks: the fault
detection task and the isolation task. Whatever is the nature
of the fault detection task (model-based [1] [2], knowledge-
based [3] [4], empirical or signal-based [1] [5]), featuresmust
be checked if they belong to normal operating spaces. In
last decades and concerning the detection issues on Diesel
engines, many papers tackling this problem are published.
The mentioned references are some application examples
treating fault detection issues upon engine subsystems.

As it is the detection task, the isolation task in Diesel en-
gines is not an easy task. The traditional approach consisting
of finding the measurements subject to faults is not sufficient.
In fact, if for example, one of the temperatures raises, it
is important to know it. But, it is more important to know
the cause of this raise (fault). Concerning Diesel engines,
solutions are proposed to resolve this issue and among
them two major orientations can be listed: knowledge-based
approaches and model-based approaches.

Knowledge-based approaches use maintenance expert
knowledge that is formulated, for example in FMECA, HA-
ZOP ... or use analytical knowledge, usually transformed to
qualitative methods. These knowledge-based approaches can
regroup some studies. In [6], a diagnosis qualitative model
of the common rail injection system is proposed. In the same
context, rules related to faults in the air path system and the
combustion chamber are transformed to a fuzzy model in [7].
In [1], a model-based approach combining physical equation
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with neural networks and knowledge symptom-fault table,
for fault diagnosis in the air path and injection systems is
presented. In [8], a failure tree is used to establish causal
rules able to isolate faults on the air path system.

The published contributions concerning the model-based
approaches are more widespread. In fact these approaches
can be divided in two sets. The data-driven models where
known faults are introduced and a classification is applied
using pattern recognition methods. This subset of methods
can be illustrated with [3] where isolation between some
faults on the injection system is realized after feature extrac-
tion. Neural networks are used in [9] to distinguish between
normal and faulty operating conditions of an air inlet valve.
In [10], SVM-classifier is trained to differentiate a normal
state from air and exhaust gas leaks and faulty injectors.

The second subset contains analytical models where usu-
ally few faults and components, often very instrumented,
are monitored. Some examples can be given, like in [11],
faults on a common rail injection system are studied, in [12],
adaptive fixed and variable gain observers are used for air
leaking diagnosis in the air path system. In [2], an adaptive
and extended Kalman filter are implemented to diagnose air
leaking and EGR problems. Many other studies are carried
out and the given list of publications is not exhaustive.

Our contribution consists in highlighting the likely re-
lationships that exist between faults and symptoms that
can be observed on standard installed sensors. The goal
of this approach is to take advantage from the simplicity
of knowledge-based approaches and to cope with theirs
drawbacks. Notice that, the model-based approaches (data-
driven and analytical models) cannot be used since no data
for classification are available and no specific instrumentation
is available to perform analytical isolation. To this end,
a diagnosis-oriented model of a marine Diesel engine is
built. This paper presents the part related to the injection
system. Hence, in sectionII , a description of the entire
engine, under study, is given and the injection system is
detailed. A model is chosen from the literature in a way to
meet some specifications and is presented in sectionIII . In
sectionIV, the causal relationships for non-combined faults
are established and an experimental validation is also given.
SectionV is dedicated to the conclusion and perspectives.

II. D IESEL ENGINE DESCRIPTION

Diesel engines are mainly compounded of six subsystems.
The combustion system hosts the fuel combustion reaction
and transforms the liberated energy into a useful power.
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It contains mechanical elements like the engine block, the
crankshaft, camshafts, gears, pistons, connecting rods ... The
cooling system maintains the engine compartment and its
elements under an acceptable temperature. It is compounded
of one or many pumps, exchangers ... The lubrication system
has a double role, the lubrication of the moving elements to
reduce the friction and a cooling function at the same time. It
is mainly made up of one or many pumps, exchangers like the
cooling system. The air path system manages the circulation
of the admitted air and the exhaust gas. It includes an air
filter, a turbocharger, manifolds and an air cooler. Diversified
type of start systems can be found (hydraulic, pneumatic
or electrical) depending on the power of the engine. The
injection system is designed to supply fuel under a desired
pressure into cylinders at specific moments. It is mainly made
up of a lift pump assuring the suction of fuel from the tank
and the minimum pressure necessary for the proper operating
of the injection pump. Moreover, the fuel is filtered before
reaching the injection pump. The injection pump supplies
the fuel to the injectors under a high pressure and specifies
the time and the quantity to be injected. The excess of fuel
returns to the tank. The figure1 gives a global illustration
of the considered injection system.

Fig. 1. Scheme of the injection and exhaust systems

The health of the injection system is of crucial im-
portance. Troubles on it are equivalent to an increase in
pollution, a reduced fuel economy and may engender other
hazardous faults in the engine. The studied engine is a
Baudouin 6M26SRP1TMdirect injection six-cylinder Diesel
engine equipped with an in-line pump and a twin-inlet
turbocharger. To monitor health of this system, a list of
standard sensors are implemented:

(S1) engine speed (ω)
(S2) injection pump rack position (xrack)
(S3) engine power (Poeng)
(S4) fuel filter inlet pressure (Pe f c)
(S5) fuel injection pump inlet pressure (Pepi)
(S6) cylinders outlet temperature (Tech1, . . . ,Tech6)
(S7) exhaust gas temperature at the the turbocharger inlet

situated at the flywheel side (Tf lw)
(S8) exhaust gas temperature at the turbocharger inlet

situated at the gear distribution side (Tdis)

III. I NJECTION SYSTEM MODEL

This section aims to build a model of the injection system
able to estimate measurements provided by the sensors and

offering the possibility of simulating faults. The purposeis to
predict measurement behavior in fault presence. Hence, the
causal relationships are established. At the exception of the
engine speedω and the rack positionxrack that are considered
as inputs, all the other measurements are estimated.

A. Model

The relationship between the power of the enginePoeng

and the injected fuel flow ˙mf is given by (1) as formulated
in [13], [14]:

Poeng−Pof ric,org = ηeṁf LHV (1)

wherePof ric,org corresponds to the power lost in friction and
within the auxiliary elements (like pumps, alternator...), LHV
the fuel lower heating value. The overall efficiencyηe is
expressed by an empirical expression given in [13]:

ηe = λ (dc1+dc2λ +dc3λ 2+dc4λ ω +dc5λ 2ω
+dc6λ ω2+dc7λ 2ω2)

(2)

whereλ = ṁei
ṁf

is the air/fuel ratio anddc1, . . . ,dc7 are con-
stants to be identified. The injected fuel flow is approximated
by the following formula taken from [15]:

ṁf = ω(bc1+bc2xrack+bc3x
2
rack) (3)

wherebc1, bc2, bc3 are constants to be identified.
The air flow admitted to cylinders is estimated using the

expression (4) given by [13], [14]:

ṁei = ηvṁei,th (4)

whereṁei,th is the theoretic admitted air flow,ηv the volu-
metric efficiency and their expressions are given respectively
in (5) and (6),

ηv = ac1+ac2ω +ac3ω2 (5)

whereac1, ac2, ac3 are constants to be identified,

ṁei,th = ncyl
Vcylpa

rTa

ω
4π

(6)

where pa and Ta are respectively the pressure and the
temperature in the admission manifold,ncyl the number of
cylinders,Vcyl the displacement volume of a cylinder andr
the specific air constant.

By introducing the notion of mechanical efficiencyηm, the
lost powerPof ric,org is expressed by means of the produced
powerPoeng as follows [14]:

Poeng−Pof ric,org = ηmPoeng (7)

Assuming thatηm is constant, the expression of the engine
power becomes:

Poeng=
1

ηm
ṁeiLHV(dc1+dc2λ +dc3λ 2+dc4λ ω

+dc5λ 2ω +dc6λ ω2+dc7λ 2ω2)
(8)

Using equations (3), (4), (5) and (6), λ becomes:

λ =
ṁei

ṁf
=

ncylVcyl pa(ac1+ac2ω +ac3ω2)

4rTaπ(bc13+bc23xrack+bc33x2
rack)

(9)
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The temperatures of the exhaust gas at the cylinder outlet
and at the turbocharger inlets are estimated using the formula
(10) reported by [13]:

Tα = Ta+
ac4α +ac5αλ +ac6αλ 2

1.2+ λ
15

+
ac7α

ω
+ac8α (10)

where the subscript α takes one of following
values: {ech1,ech2,ech3,ech4,ech5,ech6, f lw,dis}.
Hence, it allows to write the corresponding variables
{Tech1,Tech2,Tech3,Tech4,Tech5,Tech6,Tf lw,Tdis}.
ac4α , ac5α , ac6α , ac7α , ac8α are constants to be identified.

It should be underlined that the estimation of the exhaust
gas temperatures at the cylinder outlet are done by consid-
ering that the same quantity of fuel is injected into each
cylinder (ṁf i = ṁf /ncyl). As the two inlets of the turbine
(turbocharger) collect the gas from respectively the two sets
of cylinders (set1 = {1,2,3} andset2 = {4,5,6}), as it can be
seen in Fig.1, the temperatures at these places are estimated
by summation of the individual fuel quantities injected in the
corresponding cylinders. Notice that the same reasoning is
also applied to the admitted air flow ˙mei.

The hydraulic heads of the injection system are modeled
as a succession of cylindrical pipes. The estimation of the
differential pressure at the fuel filter is made using the
equation (11) taken from [16]:

Pd f c = 32f
Lc1

π2ρcD5
c1

D2
carb (11a)

f =

{

16
Re laminar flow(Re< 2000)
0.079Re−0.25 turbulent flow(Re> 2000)

(11b)

Re=
Dcarb

π
4 µcDc1

(11c)

where f corresponds to the friction factor,Lc1 and Dc1

the length and the diameter of the fictive cylindrical pipe
(representing the filter),ρc the fuel density,µc the dynamic
viscosity andRe the Reynolds number.

Assuming that fuel flowing among the filter is propor-
tional to the injected fuel flow (Dcarb= kṁf ). Equation (11)
becomes:

Pd f c=



























Cc1(1+
bc21
bc11

xrack+
bc31
bc11

x2
rack)ω

(if Re< 2000)

C′
c1((1+

bc21
bc11

xrack+
bc31
bc11

x2
rack)ω)1.75

(if Re> 2000)

(12)

where Cc1 = 128µcbc11Lc1
πρcD4

c1
, C′

c1 = 1.7876
µ0.25

c b1.75
c11 Lc1

π1.75ρcD4.75
c1

. Notice

that the probable dependency of the dynamic viscosity and
the density with the temperature is neglected.

In a similar manner, the pressure at the inlet of the
injection pump is estimated according to:

Pepi−Pre f =



























Cc2(1+
bc22
bc12

xrack+
bc32
bc12

x2
rack)ω

(if Re< 2000)

C′
c2((1+

bc22
bc12

xrack+
bc32
bc12

x2
rack

)ω)1.75 (if Re> 2000)

(13)

whereCc2 = 128µcbc12Lc2
πρcD4

c2
andC′

c2 = 1.7876
µ0.25

c b1.75
c12 Lc2

π1.75ρcD4.75
c2

.

The pressure at the fuel filter inlet is simply computed by:

Pe f c= Pepi+Pd f c (14)

B. Model validation

All model constants are identified using either least square
method or Nelder-Mead optimization algorithm minimizing
the error between the estimation and the real values.

The performances of the model are tested upon a new
dataset different from the one used for the identification. The
results are summarized in Fig.2, 3, 4 and5.
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Fig. 2. Estimated pressures versus their real values
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Fig. 3. Estimated temperatures versus their real values

Some small biases can be noticed but in general, model
estimations are accurate. Remind that the principal purpose
of the model is to give information about the tendency of
the measurements and not to give a very precise estimations.
Hence, the validation of the model is accepted.

IV. CAUSAL RELATIONSHIP DEFINITION

A. Monitored faults and faults associated to parameters

1) Monitored faults: The injection system can be sub-
jected to many faults and some of them are frequent and have
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Fig. 4. Estimated temperatures versus their real values
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Fig. 5. Estimated power and estimated temperatures versus their real values

hazardous consequences. A particular attention is paid to this
kind of faults. Hence, a list of these faults is established in
collaboration with maintenance experts on Diesel engines.
This list is constituted of:

(F1) a faulty injector (nozzle stuck open, closed...)
(F2) a fuel contamination (water, air...)
(F3) a clogged fuel filter
(F4) a defective lift pump
(F5) a defective injection pump
(F6) a fuel leak (cracked lines, sealing aging)

It has to be noted that in the following sections only non-
combined faults are considered.

2) Parameter variation for fault description:In this sec-
tion, definitions of listed faults are firstly given. Then, the
way of introducing faults is presented and modeled by
varying parameters or variables.

A faulty injector (F1) is by definition an injector unable to
perform correctly the injection function. Hence, the injector
may be leaking, partially or completely clogged due to,
for example, the deposit of the combustion products in the
injector nozzles. Hence a faulty injector, that injects thefuel
in the cylinderi, is simulated by increasing or decreasing the
corresponding injected fuel flow quantity ˙mf i . A decrease of

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:

ṁf i = ṁ∗
f i(1+ δṁf i) (15)

whereṁ∗
f i is fuel flow injected into theith cylinder in a non-

faulty state. These parameter variations affects equations (8)
and (10). However, as the speed in our study is considered as
an input, a particular attention must be paid when simulating
this fault. In fact, in a normal state operating mode, additional
fuel flow causes an increase of the speed or the torque as it
can be noticed in the following equation [13]:

Jvil ω
dω
dt

= ηeṁf LHV −Crω (16)

whereCr is the resistive torque,Jvil the crankshaft inertia.
As no accessibility is available for modifying the resistive

torque, each action on the fuel flow must be accompanied
with an action on the engine speed to keep (16) satisfied. The
variation is introduced according to the following equation:

ω = ω∗(1+ δω) (17)

where ω∗ is the engine speed in a non-faulty state and
δω = ±0.01. The simulation of the two possible cases of
a faulty injector (closing and opening matters) are then done
by settingδṁf i = δω =±0.01.

A fuel contamination (F2) is due to the presence of foreign
elements in the fuel (water, air, soot ...). These elements
contribute to change the physical and chemical properties
of the fuel. Hence, (F2) is simulated by an action on the low
heat valueLHV, the densityρc and the dynamic viscosity
µc. These parameters are directly linked with the equations
(8), (10), (12), (13), (14). As the contamination effect on the
parameters is not known, all the probable effects are checked
one by one. The susceptible variations affecting the dynamic
viscosity are given by the following formula:

µc = µ∗
c (1± δ µc) (18)

whereµ∗
c is the dynamic viscosity in a non-faulty state.

The susceptible variations affecting the density are givenby:

ρc = ρ∗
c (1± δρc) (19)

whereρ∗
c is the density in a non-faulty state.

LHV is just subjected to a decreasing pattern because the
contamination elements have usually less heat value than the
fuel. At the same time, this introduced decrease inLHV must
be associated with a decrease in the engine speed to keep
(16) satisfied like in the case of a faulty injector. This can
be summarized by the following sub-equations:

{

LHV = LHV∗(1− δLHV)
ω = ω∗(1− δω)

(20)

To simulate the fuel contamination, the introduced variations
of the parameters (δ µc, δρc, δLHV andδω) are set to 0.01.

A clogging (F3) is linked to a deposit phenomenon leading
to the reduction of the flow area. Therefore (F3) is simulated
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by reducing the diameter of the representative hydraulic
charge of the filterDc1 as follows:

Dc1 = D∗
c1(1− δDc1) (21)

whereD∗
c1indicates the diameter in a non-faulty state.

This parameter is directly linked with the equations (12) and
(14). A reduction of 1% of the diameterDc1 (δDc1 = 0.01)
is introduced to simulate a clogging.

A defective lift or injection pump (F4, F5) is by definition
the inability of the pump to provide the necessary requested
flow. Consequently (F4, F5) are simulated by reducing the
fuel flows (ṁf andDcarb) as follows:

ṁf = ṁ∗
f (1− δṁf )

Dcarb = D∗
carb(1− δDcarb)

(22)

where the superscript∗ is put to indicate a non-faulty state
of the corresponding variable.
This variable is directly linked with (8), (10), (12), (13), (14).

A fuel leak (F6) is by definition an escape of some quantity
of fuel, which leads to the decrease of the principal fuel flow.
Accordingly, to simulate the leak (F6), the fuel flows (ṁf

and Dcarb) are reduced as showed in equation (22). These
variables are directly linked, like the precedent case, with
(8), (10), (12), (13), (14).
Defective pumps (F4, F5) and leaking of the fuel (F6) are
simulated by a reduction of 1% of the fuel flows ( ˙mf , Dcarb).

B. Fault simulation and symptom monitoring

In this section, the listed faults are simulated by acting on
parameters already listed in the previous subsection.

The simulation of closing and opening matters of a faulty
injector, that injects fuel in cylinderi, causes respectively
increase and decrease in:
- Techi

- Tf lw or Tdis depending on the membership ofi
- Poeng

An increase or a decrease of the dynamic viscosity induces
respectively an increase or a decrease in the pressuresPe f c

andPepi. An increase or a decrease of the fuel density pro-
vokes respectively a decrease or an increase in the pressures
Pe f c andPepi. A decrease inLHV andω leads to decreasing
pattern in the gas exhaust temperatures at the outlet of the
cylinders, at the two turbine inlets and in the engine power.

A decrease inDc1 causes the increase of the filter differ-
ential pressurePd f c.

(F4), (F5) and (F6) result in decreasing patterns on all
the variables (cylinders outlet temperatures, turbine inlets
temperatures, engine power, filter inlet and injection pump
inlet pressures).

These results are summarized in TableI.

C. Experimental validation

In this section, some real faults are introduced in the
engine injection system. The objective of this action is to val-
idate the causal relationships made upon a simulation which
are presented in the previous subsection. Unfortunately, not
all the simulation results can be checked, out of fear to

TABLE I

FAULT SIMULATION AND OBSERVED SYMPTOMS

Fault Variations Symptoms

(F1) ṁf i ↗ ω ↗ Techi↗ Tβ
1 ↗ Poeng↗

ṁf i ↘ ω ↘ Techi↘ Tγ
2 ↘ Poeng↘

(F2)

µc ↗ Pe f c↗ Pepi ↗
µc ↘ Pe f c↘ Pepi ↘
ρc ↗ Pe f c↘ Pepi ↘
ρc ↘ Pe f c↗ Pepi ↗

LHV ↘ ω ↘ Tech↘ Tγ ↘ Poeng↘

(F3) Dc1 ↘ Pd f c ↗ Pe f c↗

(F4) Dcarb ↘ ṁf ↘ Pe f c↘ Pepi ↘ Tech↘ Tγ ↘ Poeng↘

(F5) Dcarb ↘ ṁf ↘ Pe f c↘ Pepi ↘ Tech↘ Tγ ↘ Poeng↘

(F6) Dcarb ↘ ṁf ↘ Pe f c↘ Pepi↘ Tech↘ Tγ ↘ Poeng↘
1β = { f lw} or {dis} depending on the membership ofi
2γ = { f lw} and{dis} both variables undergo the specified change

damage the engine. Remind that the faults under study are
the most frequent and have hazardous consequences. Hence,
only filter clogging (F3) and fuel leaking (F6) are introduced
on the Diesel engine. In fact, two levels of clogging and
leaking were introduced. A soft clogging at 950s followed
by a rough one at 1640s until 2200s. At time 2595s a small
leaking flow is introduced followed by a rough one at time
3190s. The results are presented in figures6, 7, 8 and9.
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Fig. 6. Variables states in the presence of faults (cloggingand leaking)

It is clear from Fig.6 that a clogging of the filter (F3)
causes an increase of the differential pressure like already
showed in simulation. Hence, the causal relationship estab-
lished by simulation is validated. The causal relationship
corresponding to the presence of a leaking (F6) indicates
that decreasing patterns in the variables should be noticed.
Referring to the figures, only the rough leaking are observed
and some variables likeTech1, Tech2 andTf lw are less sensitive
than the others. In fact, the soft leaking introduces very small
changes that are hidden by the presence of noise.

V. CONCLUSIONS AND FUTURE WORKS

A. Conclusions

A diagnosis-oriented model for an in-line injection system
configuration is proposed. This model provides the option
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Fig. 7. Variables states in the presence of faults (cloggingand leaking)
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Fig. 8. Variables states in the presence of faults (cloggingand leaking)

of output estimation of standard sensors and at the same
time the possibility to simulate faults. The model shows
good accuracy compared to real data taken from the engine.
The simulation of faults allowed the setting of causal rela-
tionships. These cause to effect relationships are validated
upon some real faults introduced on the engine. The results
show good concordances between the simulation and real
situations. However, more attention must be paid to fault
sensitivity since fault effect on variables is not the same.
Same methodology is applied on other engine subsystems
and similar results are obtained.

B. Future Works

To complement this work, studies on fault sensitivity,
isolation enhancement and the effect of non-detection on the
isolation are currently started. Solutions for these issues are
planned.
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