TEME+ B w3

"‘l L 54 — 1
2ZAG 2 dSA2He] AF AT

The Fault Diagnosis and Prediction System of Marine
Diesel Engines Using a Statistical

Analysis Method

fREEE 2 k R

20054 21

HBHEAREKR KB

fio I U == S

< B -



u i

- — M 10

1.2 T O] QI Th ceeenene et

L1 Q1 Th B D ceeeene ettt

A1% A

Lg O A7 B9 A

2

A 2%

91 AurE T A7 The] A BEE it

11
12

W

2.2.1 A&7 vl o] ¥ <]

13
30

dlo] & ] ]

5}

o

77

3l

A

]

dl o] 9}

</

o

%

2.3 A

36
36
38
39
39
41

+ o] AF

T
p8i

ZFel 9]

AT

A

3.2

& ol

71 Holl 9

\=]
WA

332 TAA

64

67
- 69

Igl—x]&‘uﬂo]g_\.

35 HAE7FA A 71 Rk o] FF

N
£l

o

vl
XA
ﬂ.o

3.6 1



72

72
- 84

=

=

=
T
st

—

<

88

=

Ay T

44

4.3

94
95
99
101

}]’l 5 XJ— _g],\}é;gg.‘ég] /}_;]_2“

FVAEY QAP A AT E oot
53 A%7] % AZAF oA}

103

A6 3 EAY 2A/W A Bl

104
105
112

N

tﬂo]ag] SRA tcrer ettt titit i

5}

6.2 A&

]

6.3 SRAMD

117

Z-]] 7 ;g— 75 B T R R

119



u.fn
T

wE
i

5

I 21 e gAariad e A

- 14

)
Hr

Jo

J

A

1ed

EUEN

% 22 gAv)

17
17
18
18
19
19
20
20
21

1o} Nol TF7] 3] AT TSD crvvrerrreerneinaein.,

)

a9 23
a9 24
a9 25 §
a9 26
oy 2.7
a9 28 F

]’% 7]jr‘:]_§3j_/":g/] TSD crveerre i

)

FOb 22 7] 7] QF B O] TSI) +vvrvrvrrvreneananenananeaaneenns

)

TEA 7] 7P 222 0] TSD crvrrrerereeiiiiinnnns

FOb 20 7] 7] @ T 0] TSI #r e vverrreneananenaneeaaeean

)

3

da x

ot

)

1o} Nol 33 7] Wl 7] 7F 2@ 0] TSD veververereerennenen

)

I8 29 No.1/No.2 37 7] 7F 225 2] TSD rcovvrerrerercaeneeaenns

2% 210 No.I/No.2 ART] 7|7} A8 B o] TED «orvvoervreenes

I8 211 FwWd/Aft 27] 7] S5 2] TSI ccerrrerercrrteacntaeaneaenen.
4 212 Nod #4713

a9 213 &7

- 22
- 23
- 23
- 24

=%
TR

B
ap

o
T

~,

BH

a9 214 Aft 27| F7E9 &

23|

)b m w2

19 2.16 No.dl ¥37] 877k

3

I

a9 215 A9

24
27
27
28
28
29
29
31

L:_Q] TSD ceverrereeeiii

9} No.l A& wj7] 7} 2L L8] TSD +revverevrene

N

T

TSD -

TSD --

31

B

(o
n

B

nE
3l

X

Ho
3l

X

i}

a9 2.24



1) 225 AR ZEHIL Q0 ZG QLB O] TSI cevverrveerrtainiiieeaiiann 32
226 A7) AR AETHFHI =7 GHY TSD --oveeeeeeees 32
28 227 27127]08 STDE OPDE] TSD «:eeerrerrrerememeeneannens 34
1% 228 No.l 371315 STD OPDE] TSD -rovvvveeereereeeee 34
a9 229 AU FFE 7722 % STD OPDE] TSD «vvvovveeeeees 35
1% 230 Nol #F7] w71 7b 2% STDE OPDE] TSD -ovvvveeee 35
238 31 TAAG D o ZA]AE O] L e 37
23 3.2 AETFo] 913 WA TE E P e 40
I3 3.3 F3ke] MVSDo] thdt 339} A7) o] CC crvvrrrrrrvneesss 47
24 34 F3ke] MVSDl tigh &9k No.l 57

7172252 CEOARAMr e, - 47
a9 35 F3&ke] MVSDe| digh 3ot Ay

w28 (B BR8P 48
1% 3.6 No.l #57] wj7]7FA22 =9 MVSDel o g No.1/No.2

BFZ7] W7 ARty " . . ...................... 49
a9 37 A9y Feuf7l7kE 222l MVSDel tHE 2t

A7k 2% Nod A-E M7 7E=&%E 0] CC -rvvvveeees 49
1% 38 Fwd 4787|259 MVSDel of g Fwd/Aft

A I ) T B PP 50
18 39 PCOS UCOY #AZ 7FAE 23U 0] E] FoZb covveevveenenss 51
a2 3.10 B3 MVSDE PCOSDR TFZF cerverrrrrmeraeiiiiii, 51
1% 311 No.l Adt wj7]7b2&% MVSD® PCOSDR b «oeee 52
29 312 No.d #57] wj7]7k2& % MVSDe PCOSDR F3F «-vee 52
19 313 Nodl #F718 1% MVSD2 PCOSDR F-7F «wvveveeeeeeeee: 53
19 314 Fwd 2718712 % MVSD® PCOSDR TFZF «reveerereeene 53
28 3.15 239 Nol HF7]3) A0l AFTFTEA] oovvvereveemeeianns 54
% 316 ko] MVSDel that PCO 3k AR -oovveeeee 55

_|V_



18 317 F3519 PCO F7tol A 3373 Am9bo] CC vrvvrrrrreeeeens 57
a% 318 SAA A7 ol FAAREI] o] NG REY] 2 - 63
2% 319 TANGEEO A T EID cereeeennrerintaai 71
a9 4.1 No.dl A€y #j7]7b2~-& %9 TNDRN, PNDRNZ OPD ------ 74
19 4.2 No.l ##7] #1717} % ¢ TNDRN, PNDRN# OPD ----- 75
% 4.3 No.l #3713 A5 ¢ TNDRN, PNDRNZ OPD «:ceeeeveeeees 76
29 44 Fwd 47138712 %° TNDRN, PNDRN#} OPD «-rcveeeeeee 77
28 45 7] 7198 2] TNDRN, PNDRNI} OPD vrevervrrverreneenens 78

1% 46 Nol A#Y w7l 7k~ %2 FNDRNZ OPD
N0.3 AAE M 7] 7F 2L OQPD ccvvvvrerrvreemmereaieaaaeans 79

29 47 No.l 557131429 FNDRN¥ No.2

T 7] B A G2 0] OPD) ettt 79

a9 48 No.l #I57] wWi7] 722522 FNDRN3¥# No.2
F7] 7] ZFZ2 L8] QPD et 80
29 49 Fwd 2737|259 ENDRNZ A7]37]¢te 9] OPD ««----- 0
1% 410 Nol 29t #j7]7F=2%9 7[=CCe% FNDRN CC ------- 86
19 411 No.l #3713 58] 7]2CCE FNDRN CC cvvvvrvrvrerenen 7
19 412 No.l #gF7] wj7]7h =& %29 7]ECCe% FNDRN CC - 87
138 413 Fwd 2713712529 7]ZCCY FNDRN CC creveeerrvrmeeess ]8
18 415 o)A A A Al Ho] o] AA W O AFE] B e 90
2% 416 AAZF GO B ZFA] BFE e 91
I 417 AAZF o] AR Al 2 o] AFE] B e 92
27 418 AZFE 9 AEW o] AY olE TAZ BT eeeeeeinnns 93
I8 51 ZANG FH o SA AEH A YALAAEE e 97
T8 52 AAAE YGAFAATE oot 98
9% 53 AW AE QAFA A TE coveverrrnn 100
I8 54 A7) W BAIZAE YQAFAAHEE o, 102



6.2 F-3tol W Nol 571349 MADSS} SRA ---ovveee 109
6.3 F35lo] hat 7] F 7] E o] MADSS SRA rrrrerrrrereennns 109
6.4 No.l 23t w717k~ %e] B No2 23t

Bl 7] 7F 222 2 0] MADSEF SRA cccvvvvrerrrreeeeemaiiiieeee.. 110
65 No.l #7138 450 ta No2 #5F718 459

MADSOF SRA ceererrrreeeeeeeeaatiiiiii 110
6.6 No.l #w7] wi7]7b =% tfg No2 7]

H) 7] 7F 222 2 0] MADSEF SRA cccvvvvverrrreeeeeiiiiieeea.. 111
6.7 Aft &~7]F 7% ek Fwd 4273 7]=%9

MADSSOF SRA -« firsactities il 111
6.8 ¥5l¢] t]§ FNDRN No.l 3713 A5 9

MADSSF SRAM -+t imrie i talil 114
6.9 No.l A9 w77} 2% tigt FNDRN No.2

AAY w7 7F 225 0] MADSSE SRA «oocovrvevrrrreeeaaainns 114
6.10 No.l #w7]3]dF] g ENDRN No.2

FF 73] A5 MADSSF SRA cocvrevvrrrreeeeeiai... 115
6.11 No.l 5 7] 7] 7F2==%0 tjgt FNDRN No.2

FF7] W7 7P AL 0] MADSEF SRA cvvevrerreereriinnnnnn 115
6.12 5-3toll e Nol da718 x5 7708 R

B2 0] 0F 22 B ] Al e 116

_Vl_



= e < = < R < = < T - ~ B - < -~ S == - < R - < B <

kd

kd

kd

Fd

5]

kd

kd

21 7] T A B O] BB et ]
2.2 A2 AE T O E] wrrrrrrnt e 11
93 ATWE ] A E EJOJE] «evvrvrrrnrmnmn e 11
24 AET] W HIZAZ HO]E] crevrrrrrrrenaietai i 12
25 AlgAHolE el Hoto] W 2 AZFEIre] LAWY o 15
26 ALAE AZTGFEZ] LAWY wrorrrnriniiiaiaaa 929
27 AABNINAT AZTFEEZ] LAY errerrrernaeiaaaaas 26
28 AE7] W HIAE AZFFE L AW O] et 30
31 AxAE ASEF5Y PM, PTSD 2 #3519k 2] PCC --oovvvveeeee 44
3.2 7+ AT W] 7|72 L E AT ZE PCC crvrrerrerreaeeeens 45
3.3 ZF g7 M7 7R T AT TE PCC crrrvrrrerrrnaiaian, 46
34 A7) B L% AFETE PCC wetnns o enessstannseenasetneiataiaieaas 46
35 A2AE AZGFE AJ6]6] POC BB crerrrearrnaianiiaienn 45
36 %39 PCOTRLol t& A2 85 AFo] o] CC wvvmovreennes 59
37 AU BEw 7k EEY PCOFRNA 2 Aud

A I e ) T S PP 60
3.8 No.l #5713 ds2] PCOTZA 72 35 7]

B 7] 7F 22 Q0 0] (GG wvvevveemeee et ee e e 60

39 Fwd 271371 €% 2 PCOTo A Aft 27571252 CC -+ 60

3.10 No.l #37] 7] 7} =& 59 PCOTRFolA 7
) I A I e =) B O O 61
311 27137148 9] PCOFTNA 27| F7 L5 CC wrrrvrrreenss 61
3.12 AAY Hu) 7| 7FA& w9 PCOTFA A 2z
e R ) B B W ) BTG o R U 61

313 Add #Hduj7]7k=2 =0 PCOT- 1t A

- Vil -



5]

Fd

kd

FH

kd

FH

kd

kd

kd

=

=

kd

5]

FH

|

|

kd

ﬁ\_7]:67‘71%59] G v 62

314 AR Fw 7] 7k e me] PCOT kel A

Io 7] T ) QFEI Q] CC vvvrrrrrr e 62
3.15 PCOTgtell o A5 Abo] o] CC R rrovrrrrreeeeenes 62
316 O] AFZFA] A AL B O] 25 weeenitt e 65
317 O] AF RN EEA] A] | O] 25 «eeenineenie e 66
318 AE7FA A 71 bk o] AFFI TEA] AL O] 2 eeneeeeie e 68
319 A2AE AZSIFE Aol MCC 2 FDCC «vvverrrerreeeeees 70
4.1 No.l 494 ¥j7]7k2=2 % TNDRNZ PNDRNej| o]

No.2 A HI7] 7222 0] CC cvvvrrrrrrmrrreeeiinieeeaiee.. 81
4.2 No.l #5734 2] TNDRN¥} PNDRNe| °] g

No2 TF7) 8 A CC v oMot 81
43 Fwd 4713 7&%¢° TNDRN#} PNDRNo| o g

Aft A7) F7) Q0] CC -crer-mmecimneee s S 81
4.4 No.l #7] vi7]7b2=L2 =< TNDRN¥} PNDRNo| 2|3

No.2 3!4,%7] HH7]7}‘Z—:%E-O/] CC rrrrrremmii i 2
45 271% 719439 TNDRN#} PNDRNe| <] &

Fwd /\7]%’_7]% _/] CC v 2
46 271 71%4= ¢ FNDRNeol 93 Fwd &7]F712%9 CC - 82
4.7 No.3 2y w)7]7F22% 9] FNDRNe| ¢ g

No.l ABAH] 7] 7F 22 QT 0] CC vvvrrrrreermmeeeeeeeaeeeaaanns 83
4.8 No.2 3 7]3]d 42 FNDRNel 2% No.l #H 713 d59 CC 83
4.9 No.2 #57] #j7]7F2=2% 2] FNDRNe| ¢ g

No.1 J—r/} 7] HH7]7]_ _1):__4 CC vrrrrr i 83
6.1 SRA°l o3 AZFE Aol 71FE B2} 7] & 7] o 108
6.2 FNDRNo| tdt AZ=3TE o= HEF ccoorrirriiii, 113

- VI -



The Fault Diagnosis and Prediction of Marine Diesel
Engines Using a Statistical

Analysis Method

Young-/1, Aim

Department of Control and /nstrumentation Engineering,

Graduate School, Aorea Maritime University

Abstract

Recently acceleration of ship automation makes ship’s crew
decreased and ship’s schedule fast. That results in making harbour
time short and lack of ship’s maintenance time. Therefore prediction
maintenance using fault diagnosis system is more important to prevent
accidents by shortage of maintenance. While monitoring points for ship
machineries were about 600 in 1980’s ship, but now over 10,000 points.
So almost all systems of ship can be monitored by central control and
monitoring system. With this background and circumstance, various
kinds of study for fault diagnosis of machineries are carried out.

Almost ship monitoring systems are event driven alarm system

which warn only when the signal is over or under set point. These
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kinds of system cannot warn while signal is growing to abnormal
state until the signal is over or under the set point and cannot play a
role for preventive maintenance system. And fault diagnosis is started
by expert engineer after warning from the monitoring system. There
1s few study which automatically diagnose the fault from ship’s
monitored signal. The bigger control and monitoring system 1is, the
more important fault diagnosis and predictive maintenance is to reduce
damage brought forth by system fault.

This paper proposes fault diagnosis and prediction system which is
able to diagnose and forecast the fault from present operating
condition by analyzing monitored signals with present ship monitoring
system without additional sensors. For this all kinds of ship’s engine
room monitored data are classified with combustion subsystem, heat
exchange subsystem and electric motor and pump subsystem by
analyzing ship’s operation data. To extract dynamic characteristics of
these subsystems, log book data of container ship of H shipping
company are used. Even though almost all machineries installed on the
ship including main propulsion diesel engine and wvarious auxiliary
machineries have non linear characteristics and produce different
output data dependent on the operating environment, if those
machineries are operating under normal condition state, correlation
coefficient(CC) between monitored data of related machine each other
will be high. From analyzing this data having high CC, correlation
level of interactive data can be understood. Knowledge base of
abnormal detection can be built by referring level of CC(Fault
Detection CC, FDCC) to detect abnormal data among monitored data

from monitoring system and knowledge base of diagnosis built by



referring CC among interactive data for related machine each other to
diagnose fault part. Fault place can be ascertained by investigating
specific data of fault part with decision making tree like answer tree.
And fault prediction can be made by regression analysis of monitored
data.

To verifying capability of fault detection, diagnosis and prediction,
Fault Management System(FMS) is developed by C++. Simulation
experiment by FMS 1is carried out with population data set made by
log book data of 2 months duration from a large full container ship of
H shipping company. For fault detecting and diagnosing experiment
from population data set, three kinds of random number are generated
by computer. One is generated on the base of average and covariance
of population data set, other on the base of parts of population data
and the other on the base of fault detection range(FDR). In the
simulation experiment FMS is ascertained to detect abnormal data
from monitored data set including generated random number by
abnormal detection module with abnormal detection knowledge base
and diagnose the fault by abnormal diagnosis module with abnormal
diagnosis knowledge base and also forecast predictive fault by fault
prediction module.

If the FMS 1is developed to include maintenance manual and ship’s
inventory database inside near future, the system will be able to
recommend how to maintain the diagnosed fault and necessary spare

parts.
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cC

CIR MAmp

CM

Cyl MTexh

Cyl Texh

Eng Amb T
Eng FW Tin
Eng FW Tout
Eng SPD

FDCC

FDSD

FNDRN

FO CIR P'P Pin
FO CIR P'P Pout
FO SUP P'P Pin
FO SUP P'P Pout
f1~f15

Fw

H

JCFW Tin
JCFW Tout

L

M

MA

MADS

Nomenclature

correlation coefficient

circulation motor current[A]

correlation module

cylinder mean exhaust gas temperature[ C]
cylinder exhaust gas temperature[ C]

engine ambient temperature[ C]

engine fresh water inlet temperature[ C]
engine fresh water outlet temperature[ C]
engine speed[rpm]

correlation coefficient for fault detection

fault detection standard deviation

fault normal distribution random number set
fuel oil circulation pump inlet pressure[MPa]
fuel oil circulation pump outlet pressure[MPa]
fuel oil supply pump inlet pressure[MPal]

fuel oil supply pump outlet pressure[MPal]
knowledge base input and output variables
fresh water

high

jacket cooler fresh water inlet temperaturel C]
jacket cooler fresh water outlet temperature[ C]
low

middle

moving average

moving average data set
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MCC

MI
MVSD
MW
NCO
NCOSDR
NDRN
No. 1~No. 10
OPD
OPR

PCC

PCO
PCOSDR
PM
PNDRN
PTR
PTSD
R1~R6
RL1~RLI15
RQ

S

Scav air Aft Tin

Scav air Fwd Tin

Scav air Pin
SD
SDRN

mean of correlation coefficient

measure item

moving standard deviation

moving window

negative correlation

negative correlation scatter diagram

normal distribution random number

variables for the identical system classification
operation data

operation range

population correlation coefficient

positive correlation

positive correlation scatter diagram

population mean

partial normal distribution random number set
population range

population standard deviation

positive correlation ranges

rule number variables in knowledge base
coefficient of determination

slope

scavenging air after trunk inlet temperature[ C]
scavenging air forward trunk inlet temperature
[T]

scavenging air inlet pressure[MPa]

standard deviation

standard deviation range
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Seachest T
SDCC
SDR

SMA
SMVSD
SRA
SRAMD
STD

SUP MAmp
T

T/C SPD
T/C Texh
TNDRN

TSD
ucCo
UCOSDR

sea water temperature[ C]

standard deviation of correlation coefficient
scatter diagram

moving average of moving standard deviation
moving standard deviation of MVSD
simple regression analysis

simple regression analysis module

sea trial data

supply motor current[A]

temperature[ C ]

turbocharger speed[rpm]

turbocharger exhaust gas temperature[ C]

population normal distribution random number

set
time serial data
uncorrelation

uncorrelation scatter diagram
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Table 2.5 OPR of the measure item for load change in the STD

(MI : measure item)

Load[%] OPR Max-Min[%]

M7 50 | 75 | 90 | 100 | 50~100 [50~75|75~100
Load Indicator[L/1] 5.7 7 7.7 82| 5.7~82 1.3 1.2
T/C SPD(x10°[rpml]) 9.1 11.3| 12.5] 13.3] 9.1~13.3 2.2 2
Scav air Pin[kg/cm?] 11.65 2.2/ 25 1~25 0.65 0.85
T/C outlet Texh[C] | 296| 280 280[ 292| 280~ 296 -10 12
Cyl Texh[TC] 329| 345| 364| 388|329~ 388 16 43
T/C inlet Texh[TC] 380| 400| 425| 455| 380~ 455 20 55
Scav air Tin[TC] 36| 39| 44| 47| 36~47 3 8
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Table 2.6 OPR of MIs in a combustion system

MI OPR Unit
Load 50 ~ 70 %
T/C SPD(x10%) 79 ~ 117 rpm
Scav air Pin 0.66 ~ 192 kg/cm”
T/C Texh 282 ~ 372 ¢
Cyl Texh 321 ~ 370 (¢
Scav air Tin 29 ~ 52 (¢
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Fig. 2.12 Distribution of the No.l T/C speed
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temperature
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% 31 92A% A3 =9 PM, PTSD ¥ #3199 PCC
Table 3.1 PM and PTSD of the MlIs in combustion system,
and PCC of the MIs and load

MI PM PTSD PCC
Load 63.218 5.179 1
No.l Cyl Texh 336.919 11.897 0.399
No.2 Cyl Texh 347.036 13.652 0.453
No.3 Cyl Texh 343.867 14.688 0.449
No.4 Cyl Texh 341.877 14.249 0.372
No.5 Cyl Texh 336.891 11.943 0.379
No.6 Cyl Texh 359.367 12.974 0.391
No.7 Cyl Texh 333.859 26.855 0.523
No.8 Cyl Texh 360.843 13.737 0.481
No.9 Cyl Texh 338.907 11.367 0.347
No.10 Cyl Texh 342.907 13.314 0.458
Cyl MTexh 344.4438 13.050 0.440
No.l T/C Texh 319.065 19.145 0.452
No.2 T/C Texh 309.839 18.664 0.442
No.3 T/C Texh 328.823 18.894 0.408
No.4 T/C Texh 320.492 18.844 0.450
No.l T/C Spd 108 9.178 0.941
No.2 T/C Spd 105.569 9.005 0.938
No.3 T/C Spd 105.101 8.948 0.944
No.4 T/C Spd 106.847 9.049 0.944
Scav air Pin 1.482 0.303 0.888
Scav air Fwd Tin 42.661 4.367 0.629
Scav air Aft Tin 45 4.222 0.771
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332 4 A™g wirrtae e 4 s3 PCC

Table 3.2 PCC of the cylinder and the identical cylinder exhaust gas
temperature
1\‘10‘1 1\‘102 1\‘10‘3 No.4 No.5 N0.6 1\‘10‘7 1\‘10‘8 1\‘10‘9 No.lO Cyl M
P | Toxh [ Toxh |Toxh [Toxh [Toxh |Toxh | Toxh |Toxh |Toxn |Texh
No.l Cyl Texh 1] 0.968] 0.950| 0.915| 0.910] 0.938| 0.912| 0.932| 0.875| 0.912| 0.957
No.2 Cyl Texh 0.968 1| 0.963| 0.939| 0.918] 0.940| 0.926] 0.939| 0.902| 0.949| 0.972
No.3 Cyl Texh 0.950| 0.963 1| 0.957| 0.928| 0.912| 0.939| 0.945| 0.914| 0.948] 0.973
No.4 Cyl Texh 0.915| 0.939] 0.957 1| 0.934] 0.902| 0.932| 0.936| 0.941| 0.954| 0.968
No.5 Cyl Texh 0.910 0.918] 0.928| 0.934 1| 0.950] 0.96] 0.963| 0.957| 0.941] 0.973
No.6 Cyl Texh 0.938| 0.940| 0.912] 0.902| 0.95 1| 0.935| 0.954| 0.926] 0.930| 0.965
No.7 Cyl Texh 0.912| 0.926] 0.939| 0932 0.96| 0.935 1| 0.978] 0.942| 0.943| 0.975
No.8 Cyl Texh 0.932| 0.939] 0.945| 0.936| 0.963| 0.954| 0.978 1| 0.951] 0.960| 0.984
No.9 Cyl Texh 0.875] 0.902] 0.914| 0.941| 0.957| 0.926] 0.942| 0.951 1| 0.956| 0.963
No.10 Cyl Texh | 0.912| 0.949] 0.948| 0.954| 0.941| 0.930| 0.943| 0.960| 0.956 1| 0.977
Cyl MTexh 0.957| 0.972] 0.973| 0.968| 0.973] 0.965| 0.975| 0.984| 0.963| 0.977 1

% 33 7 A5 w7t E sk PCC
Table 3.3 PCC of the T/C and the identical T/C exhaust gas temperature

No.l T/C Texh |No.2 T/C Texh |[No.3 T/C Texh |[No.4 T/C Texh
No.l T/C Texh 1 0.990 0.978 0.967
No.2 T/C Texh 0.990 1 0.990 0.991
No.3 T/C Texh 0.978 0.990 1 0.992
No.4 T/C Texh 0.976 0.991 0.992 1
% 34 27FNRE 457 PCC
Table 3.4 PCC of the scavenging air Fwd and Aft temperature
Scav air Fwd Tin Scav air Aft Tin
Scav air Fwd Tin 1 0.864
Scav air Aft Tin 0.864 1
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¥ 35 A4&ATFT ASTE Aole PCC #F/

Table 3.5 PCC classification of the MIs in combustion system

F3F9Fe] CC(0.8°]14) A 7+ CC(0.89]7)
M1 CC MI MCC
No.l T/C SPD 0.941]| No.1~No.4 T/C SPD 0.985
No.2 T/C SPD 0.938| No.1~No.4 T/C Texh 0.986
No.3 T/C SPD 0.944] No.1~No.10 Cyl Texh 0.943
No.4 T/C SPD 0.944| Scav air Pin/No.1~No.4 T/C Texh 0.955
Scav air Pin 0.88| Scav air Fwd/Aft Tin 0.86
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F 36 F38te PCOT-roll gk AZ75E Atole] CC

Table 3.6 CC of the MIs in PCO ranges of the load

Load

R1 R2 R3 R4 R5 | MCC | SDCC
No.l Cyl Texh -0.121] 0.783] 0.554| 0.593| 0.741] 051 0.366
No.2 Cyl Texh 0.553| 0.702| 0.518| 0.857| 0.612)  0.65] 0.136
No.3 Cyl Texh 0.690| 0.805| 0.797| 0.887| 0.630] 0.76/ 0.102
No.4 Cyl Texh -0.081] 0.638| 0.520| 0.456| 0.458| 0.40, 0.278
No.5 Cyl Texh -0.243] -0.125| 0.119] 0.885| 0.636] 0.25] 0.488
No.6 Cyl Texh -0.324| 0.341] 0.104] 0.751/-0.014] 0.17|  0.403
No.7 Cyl Texh 0.158| 0.453| 0.701| 0.934| 0.594] 0.57] 0.289
No.8 Cyl Texh -0.353| 0.586| 0.667| 0.883| 0.737] 050, 0.491
No.9 Cyl Texh -0.329] -0.220| -0.044| 0.922| 0.226] 0.11| 0.499
No.10 Cyl Texh 0.500{ 0.244| 0.638| 0.723| 0.375] 050 0.193
Cyl MTexh 0.060[ 0.548| 0.563| 0.938| 0.512) 052 0.312
No.l T/C Texh -0.975| -0.936| -0.970| -0.997|-0.960] -0.97| 0.022
No.2 T/C Texh -0.974] -0.937] -0.953| -0.994| -0.956] -0.96| 0.022
No.3 T/C Texh -0.972] -0.875| -0.921] -0.984|-0.930] -0.94| 0.044
No.4 T/C Texh -0.967| -0.882| -0.932| -0.988|-0.932] -0.94| 0.041
No.l T/C Spd 0.995| 0.972| 0.977| 0.989] 0996, 0.99] 0.011
No.2 T/C Spd 0.995| 0.974| 0.980] 0.990| 0.996]  0.99 0.01
No.3 T/C Spd 0.996| 0.973| 0.980] 0.993] 0.996]  0.99 0.01
No.4 T/C Spd 0.995| 0.975| 0.976] 0.989| 0.995)  0.99 0.01
Scav air Pin 0.996| 0.982| 0.979] 0.992| 0.998] 0.99] 0.009
Scav air Fwd Tin 0.954| 0.636| 0.875| 0.527| 0.922  0.78 0.21
Scav air Aft Tin 0.925| 0.926| 0.967| 0.629| 0.990, 0.89] 0.147
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37 AdY Fuj7) b2 PCOFRel A 2 Ay wj7j7tagee

Table 3.7 CC of the cylinders exhaust gas temperature in a PCO ranges

of the cylinder mean exhaust gas temperature

Cyl MTexh

R1 R2 R3 R4 R5 MCC | SDCC
No.l Cyl Texh 0.982] 0.988] 0.99] 0.924| 0.868] 0.952| 0.055
No.2 Cyl Texh 0.990| 0.976| 0.987| 0.984| 0.958| 0979 0.013
No.3 Cyl Texh 0.992] 0.993] 0.986| 0.979] 0.962] 0.982| 0.013
No.4 Cyl Texh 0.995] 0.986| 0.993] 0.983| 0.916] 0.974| 0.033
No.5 Cyl Texh 0.996] 0.996| 0.960| 0.981| 0.952| 0977 0.020
No.6 Cyl Texh 0.991] 0.984| 0.991] 0.969| 0.940| 0975 0.022
No.7 Cyl Texh 0.998| 0.981] 0.990[ 0.974| 0.984] 0.985/ 0.009
No.8 Cyl Texh 0.995] 0.982| 0.996| 0.972| 0.974] 0984| 0.011
No.9 Cyl Texh 0.996| 0957/ 0.976| 0985 0.975] 0.978] 0.014
No.10 Cyl Texh 0.998| 0.979 0.984| 0991 0.973] 0.985] 0.010
¥ 3.8 No.l #}F713 "4 PCOFIAA 24 2F 7] w7 7t2ex 9 CC

Table 3.8 CC of the other T/C SPD in a PCO ranges of the No.l T/C

SPD
No.l T/C SPD
R1 R2 R3 R4 MCC SDCC
No.2 T/C Spd 0.998] 0.998] 0.991 1 0.997 0.004
No.3 T/C Spd 1] 0.997 1 1 0.999 0.002
No.4 T/C Spd 0.998] 0.999] 0.992] 0.998 0.997 0.003

¥ 39 Fwd £713712%9 PCOFZHAA Aft 27157129 CC
Table 3.9 CC of the Aft scavenging air temperature in a PCO ranges of

the Fwd scavenging temperature

Scav air Fwd Tin

R1

R2

R3

R4

MCC

SDCC

Scav air Aft Tin

0.992

0.973

0.975

0.991

0.983

0.01
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¥ 310 No.dl #57] w717k =& %2 PCOFLAAZ 57 w772 %
9 CC
Table 3.10 CC of the identical T/C exhaust temperatures in a PCO

ranges of the No.l T/C exhaust temperature

No.l T/C Texh
R1 R2 R3 R4 R5 R6 | MCC | SDCC
No.2 T/C Texh 0.999] 0.995 1] 0.991| 0.943 1} 0.988| 0.022
No.3 T/C Texh 0.998] 0.963| 0.918] 0.988| 0.913] 0.994| 0.962| 0.038
No.4 T/C Texh 0.995] 0.944 1] 0.988| 0.966| 0.994| 0.962| 0.022

¥ 311 &271F719 89 PCOFRAA £7]1F7]2%9 CC
Table 3.11 CC of the scavenging air temperature in a PCO ranges of

the scavenging air pressure

Scav air Pin
R1 R2 R3 R4 R5 R6 | MCC |SDCC
Scav air Fwd Tin | 0.964| 0.971| 0.982| 0.967| 0.956| 0.997| 0.973| 0.014

Scav air Aft Tin 0.937] 0.9] 0.983| 0.993| 0.934| 0.997) 0.957| 0.04

F 312 ¥y Hu )7t = e PCOFA 7t 37 wi7|7tse s
9] CC
Table 3.12 CC of the T/C exhaust gas temperatures in a PCO ranges

of the cylinder mean exhaust gas temperature

Cyl MTexh
R1 R2 R3 R4 R5 | MCC |SDCC
No.l T/C Texh 0.914| 0.956| 0.992] 0.992| 0.874] 0.946] 0.052
No.2 T/C Texh 0.872| 0.954| 0.989] 0.992| 0.864] 0.934| 0.062
No.3 T/C Texh 0.924| 0.942| 0.988] 0.992| 0.869] 0.943] 0.05
No.4 T/C Texh 0.923| 0.956| 0.992] 0.986| 0.892] 0.950| 0.042
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¥ 313 Ay HEa s 7ta =9 PCOTFIHAA A7]F 729 CC
Table 3.13 CC of the scavenging air temperatures in a PCO ranges of

the cylinder mean exhaust gas temperature

Cyl MTexh

R1 R2 R3 R4 R5 MCC | SDCC

Scav air Fwd Tin 0.97| 0.956] 0.969| 0.985| 0.959 0.968| 0.011

Scav air Aft Tin 0.946] 0.945| 0.986] 0.985| 0.925 0.957]  0.027

% 314 AdY Hou ) 7229 PCOTF A £71F 71489 CC
Table 3.14 CC of the scavenging air pressure in a PCO ranges of the

cylinder mean exhaust gas temperature

Cyl MTexh
R1 R2 R3 R4 R5 MCC | SDCC
Scav air Pin 0.857| 0.946| 0.988| 0.995| 0.812 0.92 0.081

3 3.15 PCOTzbell tigh AlS3E Afole] CC +
Table 3.15 CC classification of the MIs in a PCO ranges

Fakeke] CC AE 7+ CC
M7 CC MI MCC
No.l1 T/C SPD 0.99| No.1~No.4 T/C SPD 0.998
No.2 T/C SPD 0.99| No.1~No.4 T/C Texh 0.97
No.3 T/C SPD 0.99] No.1~No.10 Cyl Texh 0.977
No4 T/C SPD 0.99) R A il e 0.955
Scav air Pin 0.99| Scav air Fwd/Aft Tin 0.983
Nol~No.4 T/C Texh -0.95| Cyl Texh/T/C SPD 0.946
Cyl Texh/Scav air Pin 0.92
Cyl Texh/Scav air Tin 0.968
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Table 3.16 Fault detection knowledge base

Rule No. Rule
RL1 If f1SDRN = f1FDR and f2CC < f1 FDCC then f2=fault
RL2 If f1SDRN = f1FDR and f3CC < f1 FDCC then f3=fault
RL3 If f1SDRN = f1FDR and f7CC < f1 FDCC then f7=fault
RL4 I f6SDRN = f6FDR and f5CC < f6 FDCC then f5=fault
* Input variables - fl . Load
2 . T/C outlet temperature
f3 . Scavenging air pressure
f4 . Scavenging air temperature
5 . Cylinder outlet temperature
6 . Cylinders mean outlet temperature
7 . T/C Speed
f8 i Other f2
9 © Other {7
10 : Other f5
f11 . Other f4
f12 : Another f10
f13 : Another {8
f14 : Another 19
SD : Standard deviation
SDRN : SD range
CC . Correlation coefficient
FD . Fault detection
FDCC : CC of FD
FDR : FD range
* Qutput variable - f2,£3,f4,f5 {7
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Table 3.17 Fault diagnosis knowledge base

Rule No. Rule
RL5 If f2CC < f1 FDCC and f8CC = f1 FDCC then f2=fault
RL6 It f2CC < 18 FDCC and f13CC = {8 FDCC then f2=fault
RL7 If f71CC < f1 FDCC and f9CC = {1 FDCC then f7=fault
RLS If f71CC < {9 FDCC and f14CC = {9 FDCC then f7=fault
RL9 If f5CC < 16 FDCC and f10CC = {6 FDCC then f5=fault
RL10 If f5CC < f10 FDCC and f12CC = {10 FDCC then f5=fault
RL11 It f3CC < {4 FDCC and f11CC = 4 FDCC then f3=fault
RL12 It £5CC < {3 FDCC and f3CC = {6 FDCC then f5=fault
RL13 It f5CC < 4 FDCC and f4CC = {6 FDCC then f5=fault
RL14 If £5CC < {7 FDCC and f7CC = {6 FDCC then fo5=fault
RL15 If fACC < {3 FDCC and f11CC = {3 FDCC then f4=fault
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Table 3.18 Fault diagnosis knowledge base based on expert knowledge

Rule No. Rule
RL1 If f1=L and f2=L and f3=M and f4=L, then u=fault
RL2 If f1=L and f2=L and f3=H and f4=L, then u=fault
RL3 If f1=L and f2=L and f3=H and f4=M, then u=fault
RL4 If f1=L and f2=M and f3=L and f4=L, then u=fault
RL5 If f1=L and f2=M and f3=M and f4=L, then u=fault
RL6 If f1=L and f2=M and f3=M and f4=M, then u=fault
RL7 If f1=L and f2=M and f3=H, then u=fault
RLS If f1=L and f2=H then, u=fault
RL9Y If f1=M and f2=M and f3=H and f4=L, then u=fault
RL10 If f1=M and f2=H and f3=L and f4=L, then u=fault
RLI11 If f1=M and f2=H and f3=M and f4=L, then u=fault
RL12 If f1=M and f2=H and f3=M and f4=M, then u=fault
RL13 If f1=M and f2=H and f3=H, then u=fault
RL14 If f1=H and f2=H and f3=H and f4=L, then u=fault

* Input variables - fl : Load

2 T/C inlet temperature

f3 : Scavenging air pressure

f4 . Scavenging air temperature
* Qutput variable - u : Exhaust gas temperature
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A5 FsbH MCC+= 0.989, SDCC+= 0.008= veRdtt. =, H-312] FDROI
Ao Fetel g7 g CC7F 09650149 FEo] 99.7[%]10] % =
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F8 dolHE FAAAN ] COB Fate ol gATA o] 2E Ea
Awg e FAB olw AAHelE A ol FAANGAN AL o FA e 2
BRHAAG, o) 4 GH AN ol FHeHE BFHHA dvhd dolH
o guE AdHZ 27 A4Vt E 3195 ALY dolHury
Qe FEabele] CCH Bl o] BRAE $@ MCCo FDCCE ehiet,

% 319 dA&Als ASTEE Aol MCC ¥ FDCC
Table 3.19 MCC and FDCC of the MIs in a combustion system

Cyl Texh|T/C SPD|T/C Texh| D40 | Scav
Load MCC 0.99 -0.95 0.99
FDCC 097014 | -0.850]3} | 0.97°] %
Cyl Texh MCC 0.97 0.94 0.92 0.96
FDCC| 0.86°]7¢ | 0.820]7 0.79°]% | 091214
MCC 0.94 0.99
T/C SPD FDCC| 0.82°]73 | 0.98°]7%
T/C MCC 0.97
Texh FDCC 0.9°] %
Scav air MCC 0.92 0.97
Pin FDCC| 0.79°]% 0.89°] &
Scav air MCC 0.96 0.97
Tin FDCC| 0.910]4F 0.890] %
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Fig. 3.19 Flowchart of the fault diagnosis system
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Fig. 41 TNDRN, PNDRN and OPD of the No.l Cylinder

exhaust gas temperature
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Fig. 4.2 No.l1 TNDRN, PNDRN and OPD of the T/C exhaust

gas temperature
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Fig. 4.3 TNDRN, PNDRN and OPD of the No.l T/C speed
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Fig. 4.4 TNDRN, PNDRN, and OPD of the scavenging air

Fwd temperature
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Fig. 45 TNDRN, PNDRN, and OPD of the scavenging air

pressure
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Fig. 4.6 No.3 FNDRN of the No.l cylinder exhaust gas temperature and
OPD of the No.3 cylinder exhaust gas temperature
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Fig. 4.7 FNDRN of the No.l T/C speed and OPD of the No.2 T/C
speed

_79_



390 450

——No0.2 T/IC Texh
——No0.1 T/C Texh
350 , b . - 410
P 2
= ¢
% 310 A MWMI\”MUAV " lv | 370
g 270 LV/‘/\— l N N A l 330 ;
- ! \ N vs o TW TS
o @]
Z O,
230 o [ 290
NS U]
«—> » ol e > le—p—> < >
1 2 3 4 5 r_ 6
190 I I I I I I I 250
0 40 80 120 160 200 240
Sample/4dhrs

19 4.8 No.l ZhsF7] w717k & % 9] ENDRN# No.2 7]
w717k = &% ¢ OPD
Fig. 4.8 FNDRN of the No.l T/C exhaust gas temperature and OPD of
the No.2 T/C exhaust gas temperature
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¥ 4.1 No.d "9 wj7]7}~2% 2 TNDRNZ PNDRN 23 No2 4
dr w77k =8 CC
Table 4.1 CC of the No.2 cylinder exhaust gas temperature in a
TNDRN and PNDRN of the No.l cylinder exhaust gas temperature

No.l1 Cyl Texh
No.2 Cyl Texh R1 R2 R3 R4 R5
Reference CC 0.998 0.979 0.984 0.991 0.973
TNDRN -0.565 0.325 -0.365 -0.421 0.510
W5 =5[%] -156.6 -66.7 -137.1 -142.5 -47.6
PNDRN -0.365 -0.066 -0.182 -0.007 -0.191
W5 E[%] -136.6 -106.8 -118.5 -100.7 -119.6

# 4.2 No.l #5713 "2 TNDRN# PNDRNel g No.2 7 7]3 %

o CC

Table 4.2 CC of the No.2 T/C speed in a TNDRN and PNDRN of the

No.1 T/C speed

No.l T/C SPD
No.2 T/C SPD R1 R2 R3 R4
Reference CC 0.998 0.999 0.992 0.998
TNDRN 0.091 -0.149 0.075 0.157
W5 5% —90.9 -115 -92.4 -82.3
PNDRN 0.770 -0.013 -0.121 0.256
W5 5% -22.8 -101.3 -112.2 -74.3

% 46 Fwd &7]137]2%¢ TNDRNZ PNDRNY

= CC

o8k Aft 27T 7)<

Table 4.6 CC of the scavenging air Aft temperature in a TNDRN and

PNDRN of the scavenging air Fwd temperature

Scav air Fwd Tin

Scav air Aft Tin R1 R2 R3 R4

Reference CC 0.992 0.973 0.975 0.991
TNDRN -0.138 0.266 0.159 -0.304
W5 E[(%] -113.9 =727 -83.7 -130.7
PNDRN 0.309 0.264 -0.339 0.311
5 E[(%] -68.8 -72.9 -134.8 -68.6
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% 44 No.l 337

Hj 7] 7F A~ 2 %= 9] TNDRNZ PNDRN¢
7] w7172 29 CC

9] No.2 =}

Table 4.4 CC of T/C No.1/No.2 Exhaust T(C) in TNDRN and PNDRN

No.l T/C Texh
No.2 T/C Texh R1 R2 R3 R4 R5 R6
Reference CC 0.998 0.963] 0.918 0.988 0.913| 0.994
TNDRN 0.134 0.014] -0.465 0.108 0.354| 0.255
W5 E[%] -86.6 -98.5| -150.7 -89 -61.2| -74.3
PNDRN -0.283 0.227) -0.189| -0.113| -0.086| 0.080
W5 5[%] -1284 -76.4| -120.6| -111.4| -1094| -91.9

=1

45 A7)

ol

cC

7194 9] TNDRN# PNDRNOo]

)3 Fwd &7 %7]2%9

Table 45 CC of the scavenging air Fwd temperature in a TNDRN and

PNDRN of the scavenging air pressure

Scav air Pin
Scav air Fwd Tin R1 R2 R3 R4 R5 R6
Reference CC 0.964] 0971 0982 0.967| 0.956| 0.997
TNDRN -0.253| 0.288| 0.514| 0.167| -0.017] 0.210
WHEE[%] -126.2| -70.3| -47.7 -82.7 -101.8| -789
PNDRN -0.937]  0.051} 0.325] 0.392| 0.114| -0.036
WHEE[%] -197.2| -94.7] -66.9| -90.5 -88| -103.6

3E 43 &71F 7149 o] FNDRNel 9 Fwd &7 &7+ %9 CC

Table 4.3 CC of the scavenging

the scavenging air pressure

air Fwd temperature in a FNDRN of

Scav air Pin

R1 R2 R3 R4 R5 R6
Reference CC 0964| 0971 0982 0967 0.956| 0.997
Scav air Fwd Tin -0.702| 0.021| -0.149] 0.432] -0.446| -0.275
HEE[%] -1728| -97.8| -1152| -355| -146.6| -127.6
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¥ 47 No.3 A9 9]7]7F2=2&%2] FNDRNo| 23 No.l A&A¢na7] 7k
+=E° CC

Table 47 CC of the No.l cylinder exhaust gas temperature in a
FNDRN of the No.3 cylinder exhaust gas temperature

No.3 Cyl Texh
R1 R2 R3 R4
Reference CC 0.992 0.993 0.986 0.979
No.1 Cyl Texh 0.237 0.385 -0.299 -0.352
WHEE[%] -76.1 -61.2 -130.3 -015.7

¥ 4.8 No.2 #5713 442 ENDRNel ¢ & No.l #5713 dF9 CC
Table 4.8 CC of the No.2 T/C speed in a FNDRN of the No.l T/C

speed
No.2 T/C SPD
R1 R2 R3 R4
Reference CC 0.998 0.998 0.991 1
No.1T/C SPD 0.240 0.297 -0.078 0.387
HE 5 [%] -75.9 -70.2 -107.9 -61.3

* 49 No.2 57

=%9 CC

] 7] 7} 2~ 2% 9] FNDRNo| 28 No.l 253 7]wl 7] 7}

Table 4.9 CC of the No.2 T/C exhaust gas temperature in a FNDRN
of the No.l1 T/C exhaust gas temperature

No.2 T/C Texh
R1 R2 R3 R4 R5 R6
Reference CC 0.999] 0.995 1 0.991] 0.943 1
No.l T/C Texh -0.096| -0.137| -0.070 0.307] 0.068| -0.187
W5 E[%] -109.6| -113.7 -107 -69| -92.8| -118.7
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Fig. 4.10 Reference CC and FNDRN CC of the No.1 cylinder exhaust

FNDRN(CC)

gas temperature
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1 eference CC 1
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FNDRN CC
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Sample/AIMVSD

1% 411 Nol #5713 +9 71CC% FNDRN CC
Fig. 4.11 Reference CC and FNDRN CC of the No.l T/C speed
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temperature
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Fault Detection & Prediction(FDP) System

Eng RT Manitoring | Fault Detection  Engine Ref' | gimulation |
Engine Reference Set & State
Sea Trial Reference Set
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Cyl Texh 378 345 |Cyl Texh 345 B
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knowledge base
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Fault Detection & Prediction(FDP) System
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Fault Detection & Prediction(FDP) System @

Eng RT Monitoring  Fault Detection ] Engine Ref' | Simulation |

Real Time Fault Detection System I

Combustion System Heat Ex & Motar PP System
C5 Sys ltemn 8D HE & MP Sys ltemn 5D

.Se\ect Eng C5 Sys ltem Select Eng HE & MP Sys ltem

CITEMI ITEMZ | Corl Coetli’ | mEMI | ImEM2 Conl Coeffi
[Cylm Texh »| [Cull Texh ~]| | 0,954 J L |Eng FW Tin »| [Eng FW Touw| | 0,51
Fault State B SRS }-Eault Stéte-

CyIITexh CyI2Texh. Cy\STeth Eng Ccrolern Eng Tin B Eng Toutn
CyldTexh CyIETeth Cy\ETexh'- ‘ Eng CTin- Eng CTnutn

CyI?Texhn cwsmi- Cy\BTexh. o
cylto Texh B Cylrn Toxh ] T/C1 Texh ) M Current [E0 PP Pin PP rout [
iR o B o IR o i —

7/C spd B Tc7spd B Tec3sed BN : : - Motice

T/C4 5nd [ scav sk B ScavAirT_l | } :E:ur:a‘; = |
__ 3 !

Stat |

29 417 AAZE o) F A ~F e e 5k
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Fault Detection & Prediction{FDP) System

Eng RT Monitoring | Fault Detection | Engine Ref’ Simulation I
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Fig. 6.13 Fault prediction window of the MI and system
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