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In the 4th industrial revolution, changes in the technological paradigm have had a direct impact on the maintenance system of
ships, The 2—stroke low speed engine system integrates with the core equipment required for propulsive power, The Condition
Based Management (CBM) is defined as a technology that predictive maintenance methods in existing calender—based or
running time based maintenance systems by monitoring the condition of machinery and diagnosis/prognosis failures, In this
study, we have established a framework for CBM technology development on our own, and are engaged in engineering—based
failure analysis, data development and management, data feature analysis and pre—processing, and verified the reliability of
failure mode DB using LSTM algorithms, We developed various simulated failure mode scenarios for 2—stroke low speed engine
and researched to produce data on onshore basis test_beds, The analysis and pre—processing of normal and abnormal status
data acquired through failure mode simulation experiment used various Exploratory Data Analysis (EDA) techniques to feature
extract not only data on the performance and efficiency of 2—stroke low speed engine but also key feature data using
multivariate statistical analysis, In addition, by developing an LSTM classification algorithm, we tried to verify the reliability of
various failure mode data with time—series characteristics,

Keywords : 2—stroke low speed engine(28i& X{&s2lIXl) Condition Based Maintenance(AE] 7|8t SXI22)), Maritime autonomous
surface ship(XtE2-2a ), Failure mode DB(IMEE H|O|EH0]A), Reliability verification(AZ2l AZ), Exploratory data
analysis(EME H|0 |5 2A)
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Fig. 1 2-Stroke low speed marine engine

Table 1 Specifications of low speed engine and dynamometer

2-Stroke low speed diesel engine(MAN B&W 6S46MC—-C7)

Rating output [kW/rpm] 7,400 / 129
No. of Cyl.-bore x stroke [mm] 6-460 x 1,932
Pmax(designed) [bar] 150

Max. fuel consumption [kg/h] 1,393

Firing order 1-5-3-4-2-6-1
Turbocharger type TPL73B12
Bearing monitoring system Kongsberg maritime

Hydraulic dynamometer (Fuchino CFSR 20.0)

Max. power [kW] |22,741 kW @ 200~400 rpm
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9|, zt Al o =, Ef=0|E{(Tachometer), H1Z 3=
2ol 2%, 8i7|H(Exh. Spindle) IX, HAZZAL H
o, Y3 Hjoj™ & OelHold 2= S8 TR
D Aleir] AR E{E XFX(Turbo Charger), QIR H mhd|
Ol Sel Ciekst 2IxollA 3% gheke| AE HEE FSsI%Ct
2t BUER A|ABIS] HEFT|(sampling rate)= Table 201 L}
EfH viet ZCt

I

dl

o
T
(=]

o o

A4
o

Table 2 Sampling rate of condition monitoring system

Sampling rate

Condition monitoring system [Hz] Points
Alarm monitoring system 1.0 149
Performance measurement 30 K 6

indicator

Vibration monitoring system 16 K ~ 32 K 13

Table 3 Failure mode of 2-Stroke low speed engine

No. Normal mode Abbreviation
1 First normal operation normali

2 Second normal operation normal?2
No. Failure mode Abbreviation
1 Gas leakage at exhaust valve exhGaslLeak
2 |Blocked orifice of exhaust valve| exhValveKnock
3 FIV & Fuel pump leakage fivDamage
4 Nozzle leakage & fuelOilLeak

Low opening pressure at FIV
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Fig. 2 Running plan of 2-Stroke low speed engine
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Table 4 Feature parameters of each Cyl. pressure data

(PMI)
Feature -
No. Description
parameter
1 &
vl
1 Pmax i=1
(N : number of samples in the range of
+1° at Pmax angle)
TDC+180°
T
2 Pl_comb - Jroc-1s0
(Compression—Expansion area of crank angle
—pressure graph)
3 | ABinject. to Pmax |6|/7:Pmaz - g‘p:PM,,W,,,,,|
4 AI:)injec. to Pmax | Pmax - Pfue\inec‘uon |
5 Slope AP\mect to Pmax / Aeimection to Pmax
6 | Curv_nearEVO Curvature of P to BDC
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Table 5 Feature parameters of vibration data (VMS)

Feature

No.| Domain Description
parameter
Largest value of the
1 Maximum | function, either within a

given range

Standard 1 .,
2 Time deviation m

Root mean 1
3 [ (P + a2+ 22
square n(xl % o

Crest | Xpeak |
4 1 peak |
factor Z
c Frequency ffm(f)df
center s(Hdf
— Frequency T
Root [-Forxsipar|?
6 variance

iS(f)df

frequency

s = [ x)ear
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Table 6 Structure of gate layer & equations of LSTM

Gate Structure Equation

Forget /,!

iy = G(VK * [h,,l,xt] +b[)

| ~
nput G =tanh(W, « [n,_,,x,] +b,)
Cell |™= o
state "T f"fé C=f%xG_,+ixG
Output

o : activation function, W, : weight of f,, 4 :
z, @ current input, 4 : bias, W, weight of o,

new output

7|8te| 127X| feature HIO[E1E S5l SHEA X LSTM 7|HE
MBS XEM I MM S AH.ASSHE HTE THSIRICE

3. 1 2E Fei7|H & HolE =4

3.1 Failure mode 1. Gas Leakage at Exhaust Valve

Fig. 30l LIEKA dif Zo| Muf 23y HElzle| 2+ ARl
F{B{of] Mx|=l l7 |2 = (exhaust valve)= ZHEHISE Zal Bi7|7 kA
7t 2IAHZ == o7 |[8E shFoll AX|El bottom piece
o} spindle2 MZ metal contact2 Eaf 7|2 FXITH)
HiZ |2 A|EHS| ANMME Hi7|7fAl| V|22 n) UXsH

AZE Aot 2, Bf7[™E A|EHO| Sak=H v |MET} Fe

S M 23| J|2E MEf2 HielE dAaMES TSR RS

S22 oMol bR B ZURPHOA Adadl LE7IATE 2R

_J|>|

sl

=

Bottom Plece

Valve Spindle

Fig. 3 Cross—section of exhaust valve

o= AlEol| FA0| =10 0|2 Qlol| dAAl L 2ol Bist g
AATIA ROl B MEE A2 o Mt

Fig. 4= ti7[E2 &=AZ FH5P| 25101 A bottom
piece2| A|EMo|| leakage grooves 7tEsH ARRIE LIEFH Z40|
Cl leakage groove= Z 10mm, Z!0| 1mmel 37|Z bottom
piece?| & 43(Exh. & Cam & Fore & Aft side)oll 7t=2310] &+

o
M2 FUSIES SUCh T TR ROl Fe3 MS0| B

2 F4 dEfet 1E meoMe HEAel tlole g Aol
Table 701 LIERH Bio} ZT},

mi2jalefof cHeh At dI-A MEfollMe| Load E Ak
H|WSE Z0[Ct Pmaxe| 29 i4Al LIEIL uli7|ES| A|E
o| SRt 7Lz olsf 25| HelE S7hs TASHK| Rt
2 ofAiZ Abnormal Fluctuation(0lsh, AF)Ol Normal Error
Range Avg.(0[3t, NERA) ZErCt 9| Weko 2 Holbls 4
&g HoIct Plcomb HESH Z2 OIFE AFZF NERA Pt
=2 Watoz HojLbs Agkg E2Ict Exh. Gas Out Temp.2|
4 AF= NERA GoHICt 2ol ghato 2 HiojLk= Zekg HO|
=0 ol 2K AAERX| 2 HATIAT| oA Fof Mofufet
A4l 2[R0 MM ZHoA 34Tt O|F0{Eol| w2} Hi7 |

Exh.

Fore At |

Cam

Fig. 4 Failure mode engineering of Exh. valve leakage

Table 7 Comparison of mean value difference for exnGaslLeak
mode

Failure mode : Gas leak at exhaust valve (Mean value)

Conction In process of load~up In process of load-down

Mean value per load Mean value per load

Load 25% | 50% | 75% | 85% [100%| 25% | 50% | 75% | 85% 100%|

Nomel1 | 76.7 [101.9]133.1]142.3|1563.4( 75.8 | 102.0|133.1|142.2| 153.4

Nomel2 | 76.2 [102.9]131.4]144.1]153.2| 76.1 | 103.0|134.0|144.3|153.2

Pmax - exhGasleak_Cylinder 4 Pmax - exhGasLeak Cylinder 4

0.5

————————————— Normal Error Range Avg.
— Normal Mean Value Avg
Abnormal Fluctuation

0.0

INd
xeuld
Percent
Percent
L

~2.0 1 - Normal Error Range Avg
-20 —— Normal Mean Value Avg
Abnormal Fluctuation

5% 50%  75% 8% 100% /% 50%  75%  85%  100%
Load Load
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Table 7 Continued

Failure mode : Gas leak at exhaust valve (Mean value)
Mean Value per Load Mean Value per Load

25% | 50% | 75% | 85% |100%| 25% | 50% | 75% | 85% 100%|

Normel1 | 3611 | 5470 | 7577 | 8240 | 9279 | 3591 | 5468 | 7621 | 8247 | 9279

Normel2 | 3596 | 5516 | 7495 | 8385 | 9441 [ 3592 | 5502 | 7644 | 8358 | 9441

Pcomb - exhGasLeak_Cylinder 4 Pcomb - exhGasLeak Cylinder 4

Load

————————————— Normal Error Range Avg.
— Normal Mean Value Avg
s Abnormal Fluctuation

------------- Normal Error Range Avg. +
—— Normal Mean Value Avg
= Abnormal Fluctuation

O o
o ! g
Q
=8 g
— 13
(o
3% 50%  75% 8%  100% 25%  50%  75%  85%  100%
Load Load
Mean Value per Load Mean Value per Load

25% | 50% | 75% | 85% |100%| 25% | 50% | 75% | 85% 100%|
Normel1 | 279 | 316 | 323 | 330 | 352 | 282 | 317 | 324 | 330 | 352
Nomel2 | 274 | 309 | 322 | 332 | 354 | 279 | 312 | 321 | 330 | 3A4
ExhGas - exhGasLeak_Cylinder 4

==+ Normal Error Range Avg.
— Normal Mean Value Avg
== Abnormal Fluctuation

ExhGas - exhGasLeak_Cylinder 4

- -+ Nomal Error Range Avg.
— Normal Mean Value Avg
s Abnormal Fluctuation

Percent
ES
Percent

SNV
.dwa] INO sen yx3

25% 0%  75%  85%  100% 9%  50%  75% 8%  100%
Load Load

# Normal Mean Value Average(NMVA) = Nor.1 Mean & Nor.2 Mean2| Hxat

% Abnormal Fluctuation(AF) = (Abn. Mean Value = NMVA) / NMVA * 100

% Normal Error Range(NER) = [Nor.1 Mean — Nor.2 Mean| / NMVA * 100

% Normal Error Range Average(NERA) = (NER25 + NERS0 + NER75 + NER85 + NER100) / 5
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3.2 Failure mode 2.
Blocked orifice of exhaust valve

Fig. 5= Hi7|@=9| oj7jgt S2 JHEX|cdof e uf7 W=
LZ(knocking) siatS oI5| 2510 orifice 7|s&3 ZA
giHs LIERH Zdolct 7 |@E=o| RiE2 oHZ0i|0|E{(actuator)
oflAf Z(cam)ol| 2l ZHE01ZI 2o| t2of| 2fslf o|FO{RICE
A 7|E= orificee] 22 SsHM ASHA HAH=D Th,
20| HAE|H 7|27} s E=|X| 2o} Bi7 2= spindle} bottom
piece?t F58l= knocking $Al0| Yhdsh| Elct siE IEZ
E= Hj7[Y¥E knocking SiAte| FRIQIQI orifice HAME ZAfSt

original type throttle valve

Fig. 5 Failure mode engineering of blocked orifice of Exh.
valve

7| 2510 7|1&9| orificeE #|2$H F blind steel plateE @1
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Table 82 blocked orifice of exhaust valve 1% ZES| £
bk mj2jo|Eof| chst Maknt oAk MefollMel load B HISEL
H| WSk Zdo|ck siE DA == IRl 2 ACiMez I
jo| LIELP|Ecks Aoz olst 228 AS0| F=2
22 VVS o[BS F2 #E mi2jo|e{2 MASICE Al
2io| MAXe} Fik ¥4l frequency center?| 2 AFZL
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Table 8 Comparison of mean value difference for exh-
ValveKnock mode

Failure mode : Blocked orifice of exhast valve (Mean value)

Condtion Horizontal vibration Vertical vibration

Mean value per load Mean value per load
25% | 50% | 75% | 85% |100%| 25% | 50% | 75% | 85% |100%

Load

Nomell | 23 | 16 | 1.7 | 19|20 |13 | 12| 1.7 | 19| 20

Nomel2 | 1.8 | 1.6 | 1.8 | 1.9 |18 |13 | 12 | 15 | 14 | 14

MAX - exhvalveKnock_ch2

g0 ~= Normal Error Range Aug
—— Normal Mean Value Avg
mss Abnermal Fluctuation

MAX - exhValveKnock_chl

UlBWop awil - SIA
Xe

==+ Normal Error Range Avg.
-60 —— Normal Mean Value Avg 0
= Abnormal Fluctuation

25%  50%  75%  85%  100% T T T T T
25%  S50%  75%  85%  100%
Load

100
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Table 8 Continued

Component

Failure mode : Blocked orifice of exhast valve (Mean value)

Mean value per load Mean value per load
25% | 50% | 75% | 85% [100%| 25% | 50% | 75% | 85% [100%
Normel1 | 5949 | 5462 | 5407 | 5397 | 5377 | 5126 | 4822 | 4968 | 5031 | 5055
Normel2 | 5876 | 5527 | 5427 | 5386 | 5361 | 5194 | 4825 | 4865 | 4863 | 4533

Load

FC - exhvalveKnock_ch2

——- Normal Error Range Avg.
0 —— Normal Mean Value Avg.
8 Abnormal Fluctuation

FC - exhValveKnock_chl

-104 ] 2008 198 -19.79
g 20868

Percent
Percent
o
i
ol

==~ Normal Error Range Avg
—— Normal Mean Value Avg.

ulewop Aousnbai4 — SIAA
JoJU8D Adusnbai4

Abnormal Fluctuation

25% 50% 75% 85%  100%

Load 25% 50% 5% 85%  100%

Load

Mean value per load Mean value per load
25% | 50% | 75% | 85% |100%| 25% | 50% | 75% | 85% |100%
Normel1 | 1868 | 1971 | 1983 | 1959 | 1984 | 2218 | 2341 | 2387 | 2387 | 2432
Normel2 | 1952 | 2050 | 2061 | 2030 | 2050 | 2479 | 2548 | 2550 | 2535 | 2673
RVF - exhvalveKnock chl RVF - exhValveKnock_ch2
2t Normal Error Range Avg 4

— Normal Mean Value Avg
138 Abnormal Fluctuation

Load

!
~

Percent

!
IS
)
-
=

- - Normal Error Range Avg.
— Normal Mean Value Avg
Abnormal Fluctuation

urewop Aousnbai4 — GINA
Aousnbai) aouelep 100y
Percent
&
2

25%  50% 75%  85%  100% 25%  50%  75%  85%  100%
Load Load

% Normal Mean Value Average(NMVA) = Nor.1 Mean & Nor.2 Mean2| @zt

% Abnormal Fluctuation(AF) = (Abn. Mean Value — NMVA) / NMVA = 100

# Normal Error Range(NER) = [Nor.1 Mean — Nor.2 Mean| / NMVA * 100

#% Normal Error Range Average(NERA) = (NER25 + NERS0 + NER75 + NERS5 + NER100) / 5
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3.3 Failure mode 3.
Fuel Injection Valve (FIV) & fuel pump leakage

Fig. 62 fuel injection systeme| fuel injection valve &' fuel
pumpe| IHZE AXLFS FHHSH ZHolch FIV LiFe
non—retun valve= E HX| F FIV LiFol| HRE TFA(A

Non—return
valve
(Cyl. 1)

Fuel Fulpr hsg
pump
(Cyl. 4) | fotwrmese

Fig. 6 Failure mode engineering of FIV & fuel pump
leakage

Table 9 Open & close pressure setting value of non-return
valve

Diagram Setting value

iy opening pressure | 26 bar

circulation

______ Non-return valve
close

fuel pump discharge pressure [bar]

closing pressure | 15 bar

Z7| 2lsll Mx|=|of 2Uct Table 90l MA|E B} 20| HZH=
E&Q12o| th2F 15bar7t 2 mi7EK|= non—retun valveZ + 7Hg}
o] =T} wSksll O o|MRCE 0| AE Alof= Eel o
Z o&ks Hofsict o= ARl HX| = FIV LRl HFO(Heavy
Fuel Oll)2F 22 THMT =7} 210x(0 HEl 7|50| 276 A
EiE @X|5P| fshMolct sie DEZEES| =M2 non-retun
valve 2 fuel pumpOllA] leakage? | 2HISH0 AR HIRF 2Al
ol Xal=[te o AE Mol HalE 2EsP| 2[gol qUck
Fuel pumpe= barrel@} plungere| =8HoZ AR EAlof &
2 gMot=t| dERel ol e I2 & sRE 3
E9| ¥skOZ parrelt plunger Al0| OFEMH Of27} 2hA
?lonq, ojz g Al clearance2| 712 F£571 LojLk
C}. of2d, AlM| 7 2AIZF =5 ZHAst 4= Qlc) 2 odolM

FO
o

= ok Y
o> o

Table 102 FIV & fuel pump leakage 12 ZEo| £
Z mjz2jolefol| chsh MAm} H|Y A AEefolAM2| Load E AlE
HE AZgE v|wst Zolct sy DERE= o ATHSH HE
of 20| 27tX|e| nEE J[8e 1oksto] Cyl. 12 FIVe| non-
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Table 10 Comparison of mean value difference for
fivDamage mode

Failure mode : FIV & fuel pump leakage (Mean value)
Condtion

Cyl.1 FIV internal leakage  |Cyl.4 Fuel pump internal Leakage

Mean value per load Mean value per load
25% | 50% | 75% | 85% [100%| 25% | 50% | 75% | 85% | 100%
Nomal1 | 77.41101.9]135.9]146.9(159.0] 76.7 [101.9|133.1 | 142.3|153.4

Normel2 | 77.31102.5134.8|149.4]158.4| 76.2 | 102.9|131.4|144.1|153.2

Pmax - fivDamage_Cylinder 4

Load

Pmax - fivDamage_Cylinder 1

05

1.62 446 468 496
-0 2.05
221
= A 2 6.54
oI5 g
3 |e- L -44 812
o |¢ 3.36 g
— | x

=25 -6

—30 ~=- Normal Error Range Avg
—— Normal Mean Value Avg
Abnormal Fluctuation 8

=== Normal Error Range Avg.
— Normal Mean Value Avg
Abnormal Fluctuation

25% 50% 5% 85% 100% T y ! ! T
Load 25% 50% 5% 85% 100%

Load

Mean value per load Mean value per load
25% | 50% | 75% | 85% |100%| 25% | 50% | 75% | 85% 100%\

Normrel1 | 3640 | 5520 | 8105 | 8737 | 9804 | 3611 | 5470 | 7577 | 8240 | 9279
Normel2 | 3640 | 5557 | 8153 | 8902 | 9982 [ 3596 | 56516 | 7495 | 8385 | 9441

Load

Pcomb - fivDamage_Cylinder 1 Pcomb - fivDamage Cylinder 4

o
@

]
°

|
&
@

1.39 3.49 3.64
o 168 -2 |
o I(T g 222 B G 5.07
<O e §-31 604
=5 & o) 288 &
o
-4
-2.0
-5
-25 - z:::: ;’;Z;sz"‘i:‘jg ——- Normal Error Range Avg.
—— Normal Mean Value Avg
30 Abnormal Fluctuation -6 Abnormal Fluctuation
25% 50% 5% 85% 100% iy y y y T
Load 25% 50% 5% 85% 100%
Load
Mean value per load Mean value per load

25% | 50% | 75% | 85% |100%[ 25% | 50% | 75% | 85% | 100%
Normrel1 | 280 | 325 | 334 | 338 | 363 [ 279 | 316 | 323 | 330 | 362
Nomel2 | 284 | 314 | 328 | 336 | 364 | 274 | 309 | 322 | 332 | 34

ExhGas - fivDamage_Cylinder 4

ExhGas - fivDamage_Cylinder 1

00 5.58
= o 6.3 [
H e 6.76
g -05 B [
b 1.15 ¥ 8.09

SNV
.dws} 1o seb yx3

~2.0 | == Normal Error Range Avg
— Normal Mean Value Avg
Abnormal Fluctuation

~-- Normal Error Range Avg.
—— Normal Mean Value Avg
Abnormal Fluctuation

25%  50%  75%  85%  100% y y y y T
Load 25% 50% 5% 85% 100%

Load

# Normal Mean Value Average (NMVA) = Nor.1 Mean & Nor.2 Mean2| gt

% Abnormal Fluctuation (AF) = (Abn. Mean Value = NMVA) / NMVA = 100

% Normal Error Range (NER) = |Nor.1 Mean — Nor.2 Mean| / NMVA * 100

% Normal Error Range Average(NERA) = (NER25 + NER50 + NER75 + NER85 + NER100) / 5
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3.4 Failure mode 4.
Nozzle leakage & low opening pressure at FIV

Table 1101 LIEKH HiQ} 20| 281X XA A 2A} C|A
AZFCZ fuel pumpollA] SHAMEl 1Qto| HAZRE FIV =& Bt
o 22 2 S5l FolEl AElZ EAlsict AR LY AMAE]

Rl
ol
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Me 2HIFE opening pressure settingd| £L23122 Flv W=

L2l springo] £ 24 o|aolM HARRE EAlslo{of Sich
Ch22l Fig. 70l LiEkA HiRE ZH0[ fuel pumpel SA44 o1z
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Table 11 Specification of fuel injection valve

Type 5125853-3X 105
Opening pressure 350 + 30 bar
Hole No. 1 2 3 4
Dia. of hole | 4 o5 | 105 | 1.05 | 1.05
Spec. [mm]

Vertical angle 29 19 14 12

Horizontal angle -4 10 28 46
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fuel injection range

{ opening pressure

1
FO inlet pressure : 7bar

fuel pump discharge pressure [bar]

L
start of injection end of injection

Fig. 7 Diagram of fuel injection pressure and range

Fig. 8 FIV structure and shape of nozzle

Failure mode implementation

—oi]
Lifting height 2.7—/ 261] Chack maasurement 41,140 1-

(a) FIV nozzle leakage : Cylinder 1

104.5 10.1
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(b) Low opening pressure : Cylinder 4

Fig. 9 Failure mode engineering of fuel oil leakage

on{ 2 Algo|M= Cyl. 1 fore sideoll ?Ix|8 FIVE Fig. 9(a)oll
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x| 6.85mmof|A] 5.04mmZE £0|11

Table 12 Comparison of fuel injection pressure setting

No. of Cyl. Cyl. 1 Cyl. 4

FIV Position | Fore side | After side| Fore side | After side

Nor. . 346 bar | 338 bar | 330 bar | 323 bar
Opening

Abn.F’ressureU”mslaeSura 376bar | 150 bar | 170 bar

Nor. No No No No
Leakage| eak over

Abn. 20 bar No No No

MEZE =R 7t2 9 2M2| 45° 20P|E 5101 ZE opening

pressureE 170bar2 MESIFCE o|2A ZH AlRIH Flvel
opening pressureE Table 122F 20| BAIE|ES 1E ZAE
THSIQICE siE T&T oM e 2iEt mi2jo|Ee AREH o
A Q13 (Pmax, Pcom 5), Exh. gas out temp., fuel index,
Cyl. liner wall temp., Jacket cooling water outlet temp., Piston
cooling ail outlet temp. S22 2] 3.32| Fuel Injection Valve
(FIV) & fuel pump leakage AR ER} FAlSH T2 |o[E{7}F 12t
0| 28 HeE old=dct Cifh JdEf F3t S =
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Table 13 Comparison of mean value difference for
fuelOilLeak mode

Failure mode : Nozzle leakage & Low opening pressure at FIV

(Mea

n value)

Condtion| Cyl.1 Nozzle external leakage [Cyl.4 Low opening pressure of FIV

Load

Mean value per load

Mean value per load

25% | 50% | 75% | 85%

100%| 25% | 50% | 75% | 85% |100%

Normel1 | 77.41101.9]135.9(146.9

169.0| 76.7 |101.9]133.1|142.3|163.4

Nomel2 | 77.3 [102.5(134.8/149.4

168.4] 76.2 | 102.9]131.4|144.1 | 153.2

Pmax - fuelOilLeak_Cylinder 1 Pmax - fuelOilLeak_Cylinder 4
~=- Normal Error Range Avg
o g8 —— Normal Mean Value Avg
Abnormal Fluctuation
05
4 18t
229 216
026
» L 0 008
|35
= 8 5 e | |5
] o5 291
127
41
~=- Normal Error Range Avg. -1.0
—— Normal Mean Value Avg.
5 Abnormal Fluctuation
25%  50%  75%  85%  100% 25%  50%  75%  85%  100%
Load Load

Mean value per load

Mean value per load

Load

25% | 50% | 75% | 85%

100%| 25% | 50% | 75% | 85% |100%

Normrel1 | 3640 | 5520 | 8105 | 8737

9804 | 3611 | 5470 | 7577 | 8240 | 9279

Norrel? | 3640 | 5557 | 8153 | 8902

9982 | 3596 | 5516 | 7495 | 8385 | 9441

Pcomb - fuelOilLeak_Cylinder 1 Pcomb - fuelOilLeak_Cylinder 4
~=- Normal Error Range Avg
o 2.0 —— Normal Mean Value Avg
— ‘Abnormal Fluctuation
-1 227 L5
-2 411
2.1
- IE - s01 ||, 0
§ g
Q |o-3 o 139
Z|0 |é 6.44 8 128
=13 05 167
4]
c 051
s 0.0
=== Normal Error Range Avg,
6 | —— Normal Mean Value Avg Zos
Abnormal Fluctuation
25'% 50‘% 75% BSI% 106% 25% 50% 5% 85% 100%
Load Load
Mean value per load Mean value per load

25% | 50% | 75% | 85%

100%[ 25% | 50% | 75% | 85% |100%

Nomrel1 | 280 | 325 | 334 | 338

363 | 279 | 316 | 323 | 330 | 3b2

Normel2 | 284 | 314 | 328 | 336

364 | 274 | 309 | 322 | 332 | 34

ExhGas - fuelOilLeak_Cylinder 1 ExhGas - fuelOilLeak_Cylinder 4

==+ Normal Error Range Avg

10 — Normal Mean Value Avg.

Abnormal Fluctuation

36

Percent
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.dwsa| INQ sen uyxg

== Normal Error Range Avg,
— Normal Mean Value Avg.
Abnormal Fluctuation

10.4

Percent

25% 50%

75% 85%
Load

100% 25% 0%  75%  85%  100%
Load

# Normal Mean Value Average (NMVA) = Nor.1 Mean & Nor.2 Mean2| gt
= (Abn. Mean Value = NMVA) / NMVA * 100

% Abnormal Fluctuation (AF)

#% Normal Error Range (NER) =
% Normal Error Range Average (NERA)

[Nor.1 Mean - Nor.2 Mean| / NMVA = 100
= (NER25 + NERS0 + NER75 + NER85 + NER100) / 5
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1.4 == Cylinder 1_Pmax
mes= Cylinder 1_PI_comb
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Fig. 10 Comparison of PMI data for each failure mode
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Fig. 12 Multivariate time series data input & training data
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Table 14 Input data and model information

Input data dimension

™ AW )

Sliding Window

Type ,ROW [s] Column (Feature)
Train Test
AMS 64,057 16,054 149
PMI 64,031 16,048 36
VMS 63,797 15,987 78
All 63,793 15,986 263
Model Summary
Layer | Output Parameter
(type) | shape | AMS | PMI | VMS All

LSTM  |(None,5,512)|1,355,776(1,124,352|1,210,368(1,589,248
LSTM | (Nore,256) | 787,456 | 787,456 | 787,456 | 787,456

Dense | (None,128) | 32,896 | 32,896 | 32,896 | 32,896
Dense | (None,64) 8,256 8,256 8,256 8,256
Dense | (Nore,32) | 2,080 2,080 2,080 2,080
Dense | (Nore,5) 165 165 165 165

Total parameters  |2,186,629(1,955,208(2,041,221(2,420,101
Trainable parameters |2,186,629|1,955,208|2,041,221(2,420,101
Hyper—Parameter

" Data Chiiiks Option Value
Fig. 13 Sliding window method Train-test ratio 8:2
Scaler type StandardScaler
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