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Predictive Fault Diagnosis System of Marine Diesel Engines
Using Neural Networks and Fuzzy Inference Technique
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Predictive Fault Diagnosis System of Marine Diesel Engines

Using Neural Networks and Fuzzy Inference Technique

Haeng—-Choon Chun

Department of Control and Instrumentation Engineering,

Graduate School, Korea Maritime University

Abstract

In recent years, the ship's propulsion engines have tend to be
equipped with high efficiency diesel engines because of expensive

fuel cost even though they are different according to the cargo.

Their measurement points are substantially increasing over 10
thousands although there are some difference according to degree

of automation for propulsion diesel engine room.

Because it is difficult for operators to manage the huge data
obtained from various kinds of monitoring and control systems, it
1s nearly impossible to determine the faults before monitoring
systems make alarm. Some faults of systems can be found easily
by analyzing one or two data from monitoring systems, while some
are very difficult because many data are affected each other, they
are called interactive data. But expert engineer can infer the faults
by analyzing these various kinds of interactive data obtained from
monitoring systems for fault diagnosis of complex system using

their skillful experiences and decision making tools.
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Therefore in this paper, an predictive fault diagnosis system of
marine diesel engines using neural networks and fuzzy inference
technique 1is introduced. The huge data from the monitoring
systems are classified into combustion system which 1s most
primitive in diesel engine, heat exchanger systems which are
important to operate diesel engine safely and continuously, and
motor and pump systems which are inevitable to operate heat
exchanger systems. Specially, this paper makes fault diagnosis
models by analyzing methods which engineer with expert
knowledges infers the faults by analyzing various interactive data
and shows to build automatic predictive fault diagnosis systems
with three classified subsystems by managing collected data from
various monitoring systems using neural networks, fuzzy inference
and decision making technique by answer tree. Also this paper
shows simulation results and ascertains proposed fault diagnosis
systems being appliable to real diesel engine room for three

classified subsystems.
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C.F.W.

CS

C.W.
fi(i=1,2,---,4)
F.O.

HFO
HI
HT

Ip

Lp
LO
L.O.

MD
MDO
MP

Pa
Par

Nomenclature

cooling fresh water

data of combustion system
cooling water

fuzzy input variables

fuel oil

high range

heavy fuel oil

high effective data

data of heat exchanger system
current [A]

pump motor current [A]

low range

load [kW]

low effective data

lubricating oil

medium range

medium effective data

marine diesel oil

data of motor & pump system
number of strings or number of parameters
pressure [MPal]

scavenging air pressure [MPa]

cooling water cooler inlet pressure [MPa]
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Pco cooling water cooler outlet pressure [MPa]

Pr cooled fluid pressure [MPa]

Prp cooled fluid inlet pressure [MPa]

Pro cooled fluid outlet pressure [MPal

Ppr pump inlet pressure [MPal

Pro pump outlet pressure [MPa]

P T/C inlet pressure [MPa]

Pro T/C outlet pressure [MPa]

Pyw cooling water pressure [MPa]

Pwi cooling water inlet pressure [MPa]

Pwo cooling water outlet pressure [MPa]
Rili=1,2,---,14] i—-th rule

T temperature [TC]

Ta scavenging air temperature [TC]

Te cooling water temperature [T ]

Ter cooling water cooler inlet temperature [T]
Tco cooling water cooler outlet temperature [T ]
T engine inlet temperature [T ]

Ti inlet temperature [TC]

Ticli=1,2,---,9] i-th cylinder exhaust gas temperature [TC]
Tr cooled fluid temperature [TC]

Trr cooled fluid inlet temperature [C]

Tro cooled fluid outlet temperature [TC]

Tpr pump inlet temperature [TC]

Tro pump outlet temperature [TC]
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Trto

Yum

Vi

T/C exhaust gas inlet temperature [TC]
T/C exhaust gas outlet temperature [TC]
cooling water temperature [TC]

fuzzy output variable [0<u<1]

3 way valve opening [%]

valve

input data of neural network

output data of neural network included low
range

output data of neural network included
medium range

output data of neural network included high
range

output data of neural network excluded

operating range
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¥ 2.1 gA 9779

Table 2.1 Operation ranges of a diesel generator engine

o [e)
W

No. tlolE A &S H] 3L

1 |LOAD 750 - 900 &R 7] F-3F (kW)

2 |AMP 1150 - 1350 [&7] A7 (A)

3 |L.O.IN.PR 3.7 - 4.0 |&ZF 47t (keg/em?)

4 |F.O.IN.PR 7.0 - 85 |dEH 47 keg/cm?)

5 |SCAV.PR 0.6 - 1.0 |271¢= (kg/cm?)

6  |F.W.IN.PR 1.6 - 2.6 [37435F 4793 (kg/cm?)

7 |SW.PR 2.3 - 3.0 |5 ¢+ (kg/cm?)

8 |F.W.IN.TMP 70 - 80 |¥AHT JTF==(T)

9 |LW.CYL HAYZ S S5 Ay ¥
10 |LW.TMP 75 - 81  |[HAAYAT E2%(0)

11 |[HW.CYL HuYzt4 2% A4y HE
12 |HW.TMP 78 - 84 (HudZF EH2E(0)

13 |1EX.TMP 300 - 340 |1¥H ®j7|7}~ E2%(TC)

14  |2EX.TMP 300 - 340 |29 W77t EFLE(0)

15 [3EX.TMP 300 - 340 |3WH wj7|7}~ EF2E(TC)

16 |[4EX.TMP 300 - 340 |[4W wj7|7}A E2E(TC)

17 |5EX.TMP 300 - 340 |59 wj7|7FA EF2E(TC)

18 |6EX.TMP 300 - 340 |6W H}7|7}A~ EF2E(TC)

19 |7EX.TMP 300 - 340 |79 wj7|7}~ EF2E(TC)

20 |8EX.TMP 300 - 340 |8®H Hj7|7}A~ EF2E(TC)

21  |9EX.TMP 300 - 340 |99 wj7|7}~ E2E(TC)

22 |T/C.OUT 360 - 390 |[HEAA wj7]7kA EF2%E(0)
23  |L.O.IN.TMP 54 - 62 |8 JT=E(C)

24  |F.O.IN.TMP 135 - 145 |[d8H JF+L=(0)

25 |SCAV.TMP 42 - 52 |27 (0)

26 |GEN.BR.TMP 58 - 65 [T 7] Wy &%(T)

27 |S.W.TMP 156 - 32 |&dlF &%(0)

28 |L.O.SMP.LVL 6.0 - 8.0 |&&F AzZ®a AE(x10%)
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Fig. 2.2 Distribution of scavenging air pressure[MPa] vs load[kW]
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Fig. 2.3 Distribution of scavenging air temperature[C] vs load[kW]
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Fig. 2.4 Distribution of exhaust gas temperature of T/C[T] vs load[kW]
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Fig. 2.5 Distribution of exhaust gas temperature of no.l cylinder[C ]
vs load[kW]

_19_



ZER.ThF

- +
- + +F

350 - +¢ +
- +  ++ ++ . $H—H$ +++
B e £
E W b + +% e Vi ¥
. +H HH O H

LT +H+ sl i
- + 4+ o+
F +

G600 gao 1000
LOAD

a9 2.6 F3fol] w2 2 A-Y w77t R B
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Fig. 2.7 Distribution of exhaust gas temperature of no.3 cylinder[ C ]

vs load[kW]
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Table 2.2 Clustering of main data vs load[%]

Lp
W% (%) H M L
H 25.0 37.7 7.6
Pa M 62.5 62.3 81.8
L 12.5 0 10.6
H 25.0 34.8 6.1
Ta M 71.9 55.1 62.1
L 3.1 10.1 31.8
H 65.6 46.4 12.1
Tt M 18.8 36.2 54.5
L 15.6 17.4 33.3
H 25.0 17.4 3.0
Tic M 65.6 75.4 51.5
L 94 7.2 45.5
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Fig. 2.8 Distribution of C.F.W. engine inlet temperature[C] vs

opening of 3 way valve[%]
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Fig. 2.9 Distribution of C.W. cooler inlet temperature[C] vs

opening of 3 way valve[%]
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Fig. 2.10 Distribution of C.F.W. cooler inlet temperature[C] vs

opening of 3 way valvel[%]

E 2.3 3 WEFgHEL ko] g F8 oy 3t
Table 2.3 Clustering of main data vs opening of 3 way valve[%]

Vo
W% (%) H M L
H 0 15.4 100
Trr M 44 4 69.2 0
L 55.6 15.4 0
H 50 41.7 0
Ta M 50 58.3 63.6
L 0 0 36.4
H 0 33.3 100
Tr M 50 58.3 0
L 50 8.4 0
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Fig. 2.11 Distribution of pump outlet pressure[MPa] VS motor

current[A]
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Fig. 2.12 Distribution of pump inlet temperature[°C] VS motor

current[A]
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Fig. 2.13 Distribution of pump inlet pressure[MPa] vs motor current[A]
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Table 2.4 Clustering of main data vs motor current[A]

Ip

W% (%) H M L

H 12.9 51.1 84.6

Pro M 64.5 48.9 15.4
L 22.6 0 0

H 5.9 48.6 100
Tor M 58.8 50 0
L 35.3 1.4 0
H 0 0 0

Prr M 100 100 100
L 0 0 0
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Input Hidden Output
Layer Layer Layer

a9 3.1 HolE oA E A% AR RLe] Fx

Fig. 3.1 Construction of a neural network for data fault detection
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Table 3.1 Input signals of the neural network
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Table 3.2 Output signals of the neural network

ATy REEEL IS
Yu 3 dolele M9 Hel ddsve &9
Yu 53 dolge Wl Nel slgs: 54
Vi 3 dolee WY L gy &9
Vx 23 dolg WeE "eold 9 o

_48_



Hidden Output

Layer

Input

Layer

Layer
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Fig. 3.2 Treatment of data for fault detection
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Table 3.3 Results of trained data for the neural network

T
S
Ao Tic Tac Tac T Ta Pa Lp
8%
Tic 0.667 | 0.026 0.021 | 0.045 | 0.033 | 0.024 | 0.032
Toc 0.024 | 0.456 0.035 | 0.013 | 0.034 | 0.048 | 0.028
Tac 0.041 | 0.031 0.018 | 0.032 | 0.029 | 0.029 | 0.034
Tac 0.023 | 0.014 0.037 | 0.044 | 0.032 | 0.054 | 0.029
Tsc 0.042 | 0.090 0.039 | 0.019 | 0.033 | 0.040 | 0.041
Tec 0.007 | 0.033 0.025 | 0.041 | 0.032 | 0.033 | 0.011
Trc 0.020 | 0.094 0.046 | 0.012 | 0.040 | 0.035 | 0.022
Tsc 0.050 | 0.030 0.018 | 0.044 | 0.036 | 0.019 | 0.048
Toc 0.042 | 0.069 0.635 | 0.048 | 0.029 | 0.024 | 0.043
Tt 0.040 | 0.048 0.021 | 0.605 | 0.044 | 0.044 | 0.036
Ta 0.031 | 0.040 0.042 | 0.028 | 0.624 | 0.017 | 0.031
Pa 0.006 | 0.024 0.027 | 0.048 | 0.027 | 0.620 | 0.028
Lp 0.007 | 0.045 0.036 | 0.021 | 0.007 | 0.013 | 0.617
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¥ 3.4 o|=29] A(sHG dlolH)

Table 3.4 Results of estimation(training data)

o =4 2H=(%)

W% (%) H M L

H 100 0 0

Tic M 0.9 99.1 0
L 0 0 100

H 100 0 0

T M 6.3 98.5 1.5
L 0 2.6 97.4

H 97.2 2.8 0

Ta M 1.0 99.0 0
L 0 0 100

H 100 0 0

Pa M 0 100 0
L 0 0 100

H 96.9 3.1 0

Lp M 0 98.6 1.4
L 0 1.5 98.5

3 34004 YERD BRel o] AR IR A7) A4l oy ok
NNeAE 7 Be] RStz giRi =2 HolEe =, W& dHolH
= A 99 2v 2849 dol"e slEE o diolHel ois)A
T AMA e E A e AHelr® %] F& HolHE vl
=2 dolg Zhzte] disiA 54 g wrt th2A dERdh

—
o] dFAro] FxS Folstd oldHelHE FHeolle A=t =4

olgA ssd AAEE ML HAE HolH ool tidk dely o

=]
Az zute] glAE Au=2 Aysid ¥ 3.59 2}




% 3.5 dF9 AY(H2=E dHo|H)
Table 3.5 Results of estimation(test data)

o =4 2H=(%)

H M L

H 100 0 0

Tic M 0 100 0
L 0 0 100

H 100 0 0

T M 0 100 0
L 0 0 100

H 90.0 10.0 0

Ta M 3.4 96.6 0
L 0 0 100

H 100 0 0

Pa M 0 100 0
L 0 0 100

H 90.9 9.1 0

Lp M 0 100 0
L 0 5.9 94.1

FEHE 0.9% AAstar Fatol gk deolg el Ay A3E & 3.690 H
ebylict. 3goll ypeEbd mpel o] e 900kWe| st} dA|gkie o] flo]

Zgkell osf o] ddelHE EFE7| % 8L,
= Ae & 5 vk ol dHelHE EREHY 1] E¥E L Aol

FER 00 =4 Hn.

Oft

ft
A
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Table 3.6 Part of the output of the fault detection system for load

Lb target of Lp output dE&AEg= ALARM
850 M M 0.888 0
930 H H 0.961 1
1010 H H 0.972 1
930 H H 0.951 1
800 M M 0.843 0
970 H H 0.972 1
900 H H 0.666 0
900 H H 0.799 0
900 H H 0.915 1
900 H H 0.840 0
920 H H 0.919 1
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A dadselAde] dely Ad Wi Ao FAeHA & 4 gl
FAREOE AHE= dolHe rF Houw HolHAgrt dad 3hdst
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¥ 3.7 47452l ot s vlolEe] A

Table 3.7 Results of trained neural network

Tid

*JEH;] = Trr Pa Ta Vo Tro Tr

FQ%
Trr 0.652 0.103 0.065 0.098 0.051 0.052
Pa 0.069 0.582 0.076 0.015 0.074 0.148
Ta 0.082 0.082 0.635 0.090 0.075 0.026
Vo 0.074 0.098 0.071 0.594 0.079 0.145
Tro 0.057 0.045 0.073 0.112 0.649 0.035
Trr 0.066 0.090 0.080 0.091 0.072 0.594

# 3.8 AAA 8 dugtr] AFY HolHE 7HA AL stk 4
9

A& et mE e we
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Table 3.8 Results of estimation(training data)

o =4 2H=(%)

H M L

H 100 0 0

Tr M 0 100 0
L 0 0 100

H 100 0 0

Pa M 0 100 0
L 0 0 100

H 90.0 10.0 0

Ta M 3.4 96.6 0
L 0 0 100

H 100 0 0

Vo M 0 100 0
L 0 0 100

H 90.9 9.1 0

Tro M 0 100 0
L 0 5.9 94.1

H 90.9 9.1 0

Tri M 0 100 0
L 0 5.9 94.1
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Table 3.9 Results of estimation(test data)

o =4 2H=(%)
H M L
H 95.4 4.6 0
Tr M 1.2 98.3 0.5
L 0 0 100
H 98.9 1.1 0
Pa M 0.5 99.0 0.5
L 0 0.2 99.8
H 93.0 7.0 0
Ta M 4.7 95.3 0
L 0 0.2 99.8
H 97.6 2.4 0
Vo M 1.1 98.2 0.7
L 0 0 100
H 90.4 9.6 0
Tro M 0 100
L 0 4.7 95.3
H 90.5 9.5 0
Tri M 0.5 99.5 0
L 0 3.5 96.5

diole] o x| Al ~gl o Aeld HolH = Avs = volHeke] A

e D FHHEE ARAES A PHoE FEHS A8
e +
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Table 3.10 Part of output of fault detection system for 3 way valve
Vo target of Vo output dEAs = ALARM
25 L L 0.921 0
27 M M 0.954 0
29 M M 0.987 0
31 H H 0.964 1
32 H H 0.943 1
35 H H 0.985 1
26 M M 0.945 0
33 H H 0.921 1
34 H H 0.932 1
30 H H 0.890 0
24 L L 0.932 0
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Table 3.11 Results of trained data for the neural network

=L
Aoy * e Ip Pro Prr Trr
=9 %
Ip 0.706 0.008 0.005 0.080
Ppo 0.113 0.737 0.004 0.091
Ppi 0.101 0.140 0.988 0.120
Tpr 0.080 0.115 0.003 0.709
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Table 3.12 Results of estimation(training data)

o &4 (%)

H M L

H 100 0 0
Ip M 7.1 80.4 12.5
L 0 0 100

H 100 0 0

Pro M 0 100 0
L 0 0 100

H 100 0 0

Ppr M 0 100 0
L 0 0 100

H 100 0 0

Trr M 0 94.6 5.4
L 0 0 100

#3132 g5d AAIRTS 7L AEe H2E dolHd g
ARz ET dEFATEE YeEhlE Agdngolt). o] Xk AxAE
o] diolg ol dugr|AlFe] veolg Agdsel fAES & Ak &
3.14= AgH doly FoA Fxgs Fol 8 dE7] ARl g
olddlolE &¥ Aoty H& F#holgte o] YuHlolHRE RR{IV|E

stu A4 delHe BRANE §e & & Ak
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Table 3.13 Results of estimation(test data)

ol 54 2= (%)

H M L

H 100 0 0
Ip M 5.5 81.8 12.7
L 0 0 100

H 100 0 0

Pro M 0 100 0
L 0 0 100

H 100 0 0

Ppr M 0 100 0
L 0 0 100

H 100 0 0

Tpp M 0 95.7 4.3
L 0 0 100
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Table 3.14 Part of output of fault detection system for motor current

Ip target of Ip output dEAs = ALARM
55.8 M M 0.935 0
55.7 M M 0.929 0
56.0 M M 0.949 0
55.3 L M 0.881 0
57.3 H H 0.746 0
57.5 H H 0.900 1
58.0 H H 0.921 1
56.2 M M 0.956 0
57.0 H M 0.460 0
56.3 M M 0.953 0
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Lp

0.75
0.75
0.5
0.75
0.5
0.25
0.75
0.5
0.25
0.75
0.5
0.75

dH w717k

T
0.75
0.5
0.75
0.5
0.25
0.5
0.25
0.5
0.25
0.75
0.5
0.25
0.75
0.5

-y
a

0.75
0.5
0.75
0.5
0.25
0.5
0.25
0.25
0.5
0.25
0.75
0.5
0.25

Ta
Pa

Table 4.1 Membership degree of fault diagnosis for combustion system
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Table 4.2 Fault diagnosis rules of combustion system for diesel engine

Ta
Lp T Pa
L M H
L (0.25, 1.0) | 0.25, 0.75) | (0.25, 0.5)
L M (0.5, 1.0) (0.5, 0.75) (0.5, 0.5)
H .75, 1.0) | (0.75, 0.75) | (0.75, 0.5)
L (0.5, 1.0) (0.5, 0.75) (0.5, 0.5)
L M M .75, 1.0) | (0.75, 0.75) | (0.75, 0.5)
H (1.0, 1.0) (1.0, 0.75) (1.0, 0.5)
L 0.75, 1.0) | (0.75, 1.0) | (0.75, 0.75)
H M (1.0, 1.0) (1.0, 1.0) (1.0, 0.75)
H (1.0, 1.0) (1.0, 1.0) (1.0, 0.75)
L (0, 0.75) (0, 0.5) (0, 0.25)
L M (0.25, 0.75) | (0.25, 0.5) | (0.25, 0.25)
H (0.5, 0.75) (0.5, 0.5) (0.5, 0.25)
L (0.25, 0.75) | (0.25, 0.5) | (0.25, 0.25)
M M M (0.5, 0.75) (0.5, 0.5) (0.5, 0.25)
H (0.75, 0.75) | (0.75, 0.5) | (0.75, 0.25)
L (0.5, 1.0) (0.5, 0.75) (0.5, 0.5)
H M .75, 1.0) | (0.75, 0.75) | (0.75, 0.5)
H (1.0, 1.0) (1.0, 0.75) (1.0, 0.5)
L (0, 0.5) (0, 0.25) (0, 0)
L M (0, 0.5) (0, 0.25) (0, 0)
H (0.25, 0.5) | (0.25, 0.25) (0.25, 0)
L (0, 0.5) (0, 0.25) (0, 0)
H M M (0.25, 0.5) | (0.25, 0.25) (0.25, 0)
H (0.5, 0.5) (0.5, 0.25) (0.5, 0)
L (0.25, 0.75) | (0.25, 0.5) | (0.25, 0.25)
H M (0.5, 0.75) (0.5, 0.5) (0.5, 0.25)
H (0.75, 0.75) | (0.75, 0.5) | (0.75, 0.25)
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Table 4.3 Reduced rules of combustion system.

Ta
Lp T Pa - = -
L
L M Fault
H Fault Fault
L L Fault
M M Fault Fault
H Fault
H Fault
L
L
M M
M H Fault
L Fault
H M Fault Fault
H Fault
L
M
H L
H M
H Fault
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Table 4.4 Reduced rules

Rule

Explanation

Ry
R
Rs
Ry
Rs
Re
Rz

If f1=L, fo=L, fs=M and f;=L then u=fault.

If f1=L, fo=L, f3=H and ;=L then u=fault.

If f1=L, fo=L, f3=H and ;=M then u=fault.

If f1=L, f2=M, f3=L and f4;=L then u=fault.

If f1=L, fo=M, f3=M and f;=L then u=fault.
If f1=L, fo=M, f3=M and f,=M then u=fault.
If f1=L, fo=M and f3=H then u=fault.

If ;=L and f2=H then u=fault.

If f1=M, fo=M, f3=H and {;=L then u=fault.
If £1=M, f»=H, fs=L and f4;=L then u=fault.

If f1=M, fo=H, f3=M and {4;=L then u=fault.
If f1=M, fo=H, fs=M and {;=M then u=fault.
If £1=M, f»=H and fs=H then u=fault.

If f1=H, fo,=H, f3=H and {4;=L then u=fault.
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Table 4.5 Fuzzy inference specification
Type ; Mamdani Min—-Max.
No. of input ;4
Input variables ; f; : load
fo  : T/C-inlet temperature
fs © scavenge air—-pressure
f; © scavenge air-temperature
No. of output ; 1
Output variable ; u : fault
No. of rule ;14
AND method ;  min
OR method ;  max
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Table A.2 Data of Main engine
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Table A.4 Data of generator engine
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