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Main engine failures in ship operations can lead to a major damage in terms of the vessel itself and the financial cost, In this
respect, monitoring of a vessel's main engine condition is crucial in ensuring the vessel's performance and reducing the
maintenance cost, The collection of a huge amount of vessel operational data in the maritime industry has never been easier with
the advent of advanced data collection technologies, Real—time monitoring of the condition of a vessel's main engine has a
potential to create significant value in maritime industry. This study presents a case study on the establishment of upper control limit
to detect vessel's main engine failures using multivariate control chart, The case study uses sample data of an ocean—going
vessel operated by a major marine services company in Korea, collected in the period of 2016,05—2016,07, This study first reviews
various main engine—related variables that are considered to affect the condition of the main engine, and then attempts to detect
abnormalities and their patterns via multivariate control charts, This study is expected to help to enhance the vessel's availability
and provide a basis for a condition—based maintenance that can support proactive management of vessel's main engine in the
future

Keywords : Condition monitoring(AEH ZEA)), Multivariate control chart(CHHZEF 242|5), Condition—based maintenance(AE 7 [BH SX[=4),
Vessel engine(Ald} QlIX))

1. M B of7|x| o2 MRS AR YX|sh= Zig 2olBict (Pillay et

al., 2001). Muko| dejf 2| M= ek 28 o 2 Al

s2Ale] Y 3lH0| X|&Moz CkslE|HA|, Akl Alef g ol £ UeH, ol2fst AllE SRAte] FHA &4n
DLEE0]| 7|8kst AN 3k MAlslof| TSt @77} 7155t AT ZHAZ O|0fF o= 2A0f ARl MEte| AEfE FT|M2
1 Act (Jang et al., 2011). Mek Mef ZU{E{Ro|2 Mut 2 DLE|Zsk=s A2 of =8It (Lazakis et al., 2016;
W AxI=lo] U= Clekst Ad|Ee| MelE FV(HoZ HA510 Gkerekos et al., 2017). S| Hel AR Mute| Z=H2
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225101 Clpo| HRZte sifel Bz (TH)2=2 HEslof
L2|TE gi=s giHolct Hoteling T2 22lTes 23 o]
E{7} CHHE MAREE wWECkE 7150, #He| Tl (P),
& AEXQ| = (N), FelTZE (& 28slo] Ha| aFstd
2 MFsICt SHX|TH Clo|E7} CHHZE HAEEE waEX| o
2 49 7|1Z2 Hotelling T? &2|TolM &==E T2 SA
of 2| ASMe S-St Z0E Eeig 4= Qo 551, A
S0 =2E Ho|[EE2 RE ciHY HEXE =X
| W2of (Chen et al., 2004), 7|&2| 7oz MAH =
22| ASHM2 False AlarmE OP|shs S2 7S 2HAIZ
= Ut (Chou et al., 2001).
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Phaladiganon et al., (2011)0| X|ekst REAER J|dlo|
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=EE W2X| plot 2ol 22| AetdE ALt & 2 8l
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HIOIEE =Afch miel AZl MEfE ZUEZE S HAS
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of &AY els AYsIct

= HEXol H|24 =8 7|¥ (Efron & Tibshirani, 1993)
Z sjjolck REAEY J|gto] ciHEY 2|0 22| AskM 3.1 Al o7 3 ClolH
My g2 o2t 2ot MA| Ho|elE 223510 T2 SA
2 ik, ool tiEt 52 FEol{ REAEY HES &2 A70lM= 2-stroke CIA XIS ZFAkSH“6800 TEU A
ECh o2 oM EER XEAEY HEORSH  glo|” Ayt sk Ao| ool AR Alef Hole{S £g3igict mle!
100+(1-a)oll SiEfEh= 29i48 Adelch 222 29192 ozl aef clolefolle 9l Al Lf MBI Bi7|7krel 2, E
Yos Allket = 0|5 22| detioz ARgsict 2 WHE BXjxe] % RPM S3} Zo| B9l dxle| AEfE LIEf)=
2 25 2ol st AR YET gl g8 & lend, & 1457l Biz=e| ME7} 7|25|0f RUC} (Table 1), 1457) Bif=
2| deHig 77| 2ol 27 dEo| 5 2 + 2 DS C}2 EMS ZH= 7{0| ofL|2} J|AIZsH oz nh SAREH
Che &Fol Qo] & oA7ollA 8ISt HSEC i 73510 QUCh 1457) Bifo| M AMulo| AlS
Ol A% E W HE x| 7|F0] =o{, 5] 108 71422
2.2 Runger's T2 £35li7|& UMsp Ztsol MEEcks SRg ech
Cl2 Di2|So| S ol MAZIES sile| Biazfol T2 Table 1 Variable information for main engine condition
al= onl o SO P No.of
SAZCZ Hesh| e, 2| dehis okl UES Code Variable Explanation variable
of A} HelE &= o of2{30| Uk olzfst o2igE 3= (Total 145)
57| Qs T2 EAZS Bsliske whHo| Cleksi odTtEn A M/E CY%EMEFE(H. GAS| Ar templgr(ajture from 0
cylinder
Xol 2 ofToMs oA op sk HAE EX|shs S0
I“’_ = ATollM | = Plsks @58 &xlsk= | " M/E T/C EXH. GAS | Exhaust gas temperature )
P51 AL Dol ZHESH Runger's T2 238 718 wgs OUT TEMP from turbocharger
23} (Runger et al., 1996). & g2 T2 SAHZE 2 p3 | WET/C EXH. GAS | Suction gas pressure from )
A = AsH= =5 A - IN PRESS turbocharger
2t Bz SJS|E Aslo] 2olist 440l 2 HEE 0AkK] T
° e B} ~ M/E T/C EXH. GAS | Exhaust gas pressure from
ghAfol Exf Relol2} mhetske BHHO|Ch MA| Bt didE Ad OUT PRESS turbocharger 2
T2 SAZD 7HE g iE Mg we T2 SAH™e 0|2 a5 | METICEXH. GAS | Suction gas temperature )
&5101 7|0{£E AESICE ZH Bl MEE J(oiE gl 2 IN TEMP from turbocharger
2all, 7|0 gto] 2 wipof| o5 22| ASME o|ERIS & A6 M/E PSFgEASVS AR\ A pressure from scavenger 1
rclp meksk £~ 9l olE = s H{Z~0 -
S0| ECil HeE 5 /Uck oS 201, R g gpel 710 a7 | WVESCAV. AR IN Air temperature from 0
T 40| CHE H=o| J0iE giECt AtiMoz Z g2 JHK| TEMP scavenger
o, A Hu B2 ol3lo] 2| AsME olERkHE JsAo| B1 M/E CYL. LINER | Air temperature from liner in 19
woin moisich ST Ol J[0iE Zte me| ARIMS /EXtI: SIDE TEMP/ - cylinder (exhafust side)
L Mmoo _ ° e M/E CYL. LINER P/P | Air temperature from liner in
O|Eshe MES LMAI7|= ZIFHel delo| ol & 7ts B2 SIDE TEMP cylinder (pump side) 12
A& "otsk= MTo|7| Wi, 7|0ix gt 7|ekst METTe| o | WE JACKET C.FW | Pressure of incoming jacket "
=7} s|lMe E5) o|Ate| ElFE{ol Lol motsfjof s}, IN PRESS cooling water fresh water
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CiH 2e|=E &85 Mt Mol QIEIo| oAk 22| ASkd ZFof s o7
No.of 2 28 AlZholl Y|eksto] AR 285 AlZte| Ho[ERtE F
Code | Varable Explanation ol @shal 2asigich o Soi, P 9| wosel 85 (of: &
; sHoiz|, TEXo| 2 §) ol 2= HolEe{= MAHSINCE
ME J.CEW Temperature of outgoing et et xiAlL ot - et AD s
C2 | coMMON OUT TEmp | f2cket cooling water fresh 12 CESE SAX XAz g M2V J|AISEE XAlS &8st
water (Cornmon) 0{ O|M%|E HM7Hst, ol Sall HlolE W EXsk=s 0|=
M/E JACKET C.EW .Temperature of incoming Z z|45l510] 2AM519CH
C3 jacket cooling water fresh 12
IN TEMP
water
, BAM ClAF Z=H
Temperature of outgoing 32 =4 EHO E||0|E-| L I
M/E JCFWOUT | . ;
C4 TEMP jacket cooling water fresh 12
water s - i}
EAC CwouT Tp P—— |' 2 HHAHolM= EMol| gget HolelE Fd(s| flsh, ol
. ressure of outgoing cooling _ - e -
D1 PRESS water from air cooler 2 Bl Mxz| & H S $™sIch Hojee] 222 2|
02 M/E AICCW IN Temperature of incoming 9 T A Zaof 2 9gS olAP| WEof, 2RlE AE H U
TEMP cooling water from air cooler 2|& MAISH aliske Zdo| Z 3t £ o37oiAl= H|o|H
03 M/E A/C C.W OUT | Temperature of outgoing ’ M2 sl Mute] Al 28 & Clokst Alst ol Cl=9|
TEMP cooling water from air cooler A8 25 ADlResult of Sea Trial) 2 UL5iACt o2 £
D4 M/E AIC CFWIN Pl’eSSUfe of \ncomlng 2 6H D'Hol_l O.ilx._|0| g)g_ )c\:-l'EHoel [[H 7’-X=|0|: 3E|_ ﬁlkﬁfﬂ téll‘cl,’l QE
PRESS cooling water from air cooler | S Zer K|AlS A7) ol 7k510} Ao
— Eo| 7|HZ2s xJAlS 3. olol| 7|Hks Mol|A &
£1 | WETICLOOUT | Temperature of lubricating ) e EC’:_' = e = =
TEMP oil from turbocharger MEE @RS MASIACH (o Ao si7|7ia 22 Hat
E2 M/E T/C L.O PRESS Pressure of lubricating oil 9 tén"?’lf 420°C O|8|-%| OI ﬁ/\‘% _;F_j'—|'3|f g‘?’oﬂf HIOIEHI
| from tubocharger HAE. olet LiZof MM ol4, Fele| B Sof 2R ol
oy | MEPSTONCLO Te‘mgeratture Of‘l ?ooHng " stof Zyek ZEA|, Null g2 7K MMzt TE7t A28
ubricating oil from s 20l RiRa|2 As=I0]
OUT TEMP turbocharger S5l ®MAHsto HMMEIE TSI
; ; H o Me BEAM A B =H|=E 2|5 A5 E
Temperature of incoming [ _?—0'” -II_ | Ho ﬂol 'I_ L |E 'I"|°H 7|7;||<3 A=)
E4 | M/ELOINTEMP | lubricating oi from main 1 AX SMo| H|ZEH HEE 7 S22 TSI et O
engine OlE{ L 145719 o= 7[HSER o2 E40| FAFSH H
& | METCLOMN TeTupggﬁgut{ﬁgO;il‘”fng‘”9 1 40| Ci: 7|Z=l0] ot oS Sof mel AFlol= 1274e]
TEWP turbocharger MRIC{} ZRf5P| mi2ol, 1270e] ARIE Hiy|7iA RE7}
eg | WEMAN BEARG | Temperature of bearing from | 7|ZElch (&= A1 H=p). o HE2o| g2 7IASAeR
TEMP main engine b SMS 2| R0 MEEATL Ao e £t
C}. olofl 2 edFolM= ZHEZ| B0|&E ol AtaA 7t
145 variables - ==
0.73 o|afol HE-S5 stte| M2 SEISISICH (of: UM &
Cylinder Exhaust Gas. Temp. =~ J0EH 1270 ARIHE w77 |A 2E HEE WS &85t ¢t
Ti
"ot ez Cofinder3 R 7Hel H2 S, o] ol U0, ARRAIE A FE SAlo|
20160516 5545 2759 2179 472 a72 - = —= o = slos
000 HME7t ool T[BEE 7|ASEN SME FTIEeE &85l
2160516 27157 276 2782 515 515 _ o Ay s o mslo
A3 A3jo| YT ALsRIGICE B ATOIME B SE2
20‘253'053'16 2679 2486 2696 4925 4925
No. Variabl No. | Variables
5055 5055 B [ M/E No:chasx: c:ss OUT TEMP. 1| MECWL sx: GAS TEMP (A1)
.07- M/E T/CE Gi T (A2
o a7 3 7 w6 469 3T MWENOS OV DOL GAS OUTTEMS 3 M 7€ DX 65 INPRESS 4D
51.55 51.55 4 | M/E NO4 CYL EXH. GAS OUT TEMP. 4 | MET/CEXH GAS OUT PRESS (Ad4)
5 | M/E NOS CYL EXH. GAS OUT TEMP 5 | M/ET/C EXH. GAS IN TEMP (AS)
2016-07-21 715 732 72 514 514 6 | M/E NO6 CYL EXH. GAS OUT TEMP. 6 M/E SCAV. AIR PRESS (A6)
21:11 7 | MJ/ESCAV. AR IN TEMP (A7)
. . . . 68 M/E NO.1 J.CFW OUT TEMP. 8 | M/E CYL LINER EXH. SIDE TEMP (B1)
Fig. 1 Example of a main engine condition data 69 | M/ENO2JCFW OUT TEMP 9| M/E CYL UNER p/P SICE TEMP (82)
70 M/E NO.3 J.CFW OUT TEMP. 10 | M/E JACKET CF.W IN PRESS (C1)
7 M/E NO.4 J.CFW OUT TEMP. Integration 11 | M/EJCFW COMMON TEMP (C2)
72 M/E NO.S J.CFW OUT TEMP. (:PQPM"! 12 M/E JACKET CFW IN TEMP (C3)
=2 AFME 2016A 58 162 ~ 2016 7€ 2120 73 | M/ENO.6J.CFW OUT TEMP. mean value) 13 | M/EJCFW OUT TEMP (C4)
74 M/E NO.7 J.CFW OUT TEMP. 14 | M/E A/C CW OUT PRESS (D1)
— = o o=|l=llo M/E A/t TEMP (D2)
FHlolet dsto] F7ts RS el HQl X Hejf CjolE 138 | M/E NO7 MAIN BEAR"G TEMP_389 :2; msE:ccccv:ycz' 5;:.49?03,
. — 39 E NO8 N BEAR"G TEMP_390 7 /E A/C CFW IN PRESS (D4)
£ Ci2ct (Flg 1) HiM oz Mtloj|A —/I\—E% HlolE{oll= :.w: :it :o9m::: BE:RGTE:P:BQ! :s | ’:«xz{/uogur:m.w 1)
_ _ _ _ 141 | M/E NO.10 MAIN BEAR'G TEMP_392 19 M/E T/C LO PRESS (E2)
23t 7|21} 28 2 2 &= =o| 7|=0| ZeEof UCH 142:M;E NO.11 MAIN BEAR'G TEMP_393 20 | MJE PISTON CLLO OUT TEMP (E3)
Lo 4 = _ ° erm - A 143 ‘M/E NO.12 MAIN BEAR"G TEMP_394 21 | M/E LO IN TEMP (E3)
A | - =2 n C=x== = S| 144 | M/E NO.13 MAIN BEAR"G TEMP_395 22 M/E T/C LO IN TEMP (E4)
Oloff M=l £& ZRE TE3P| 2lstod Muf SlA=RE M us'sz:ouMAJ: BEAR'G TEMP 396 23| ME MAINLBEA:6 TENP (E5)
o 23 UXIS 4ok, 28 YR 28 JIZ (Of: GPS

Fig. 2 Data integration

CHEIRMEISI=F7] |55  X|6S 2018 128



Qo S4o| vlxe HEE 21| HaAE E35INCt Fig. Algiiel zjofi] 2 B (MACH), Al AIEl xHZ! 2k ¥

2(A)= M =D s s S BIRe S8 He & (JACKET), M2l AIZl offo] Z2f 2 B (A/C), mel

5 LIEfH Zolod, Fig. 2(B)= s HE 7t EdXE AT 2ew 2 W (L.O)2 2F=Act (Fig. 3). = A7

28510 sets et Zuo|oh. S8 At & 23719 M OlME o] 27 ZIE &35l 22|=E ZrdsIgict

£ 2T =&t Mek AIEl Al Cjole{e] g2 mQl AITIe| &5t (Engine

load)oll w2t HESo| alspr| mzof, 22| dekdg MEske

3.3 DHEZ oA MY o of2{=Z0| EMSIICt HSo| M Fat #Helol dAMgLol

2| dehiS OlESIALY, BIFAAl Helol MAglo] 22|

Mufel el AR Ljolle Cheft SMS K sigl £ES0|  STUS OS] 2E Aoz 2R 20| wolct of

Cles Z=xfsict o] BESe 77| Cl2 EAMS 201 97| 2 of = HAFolME AT T35t 7|FS HYsta, o] 7|FE=R o

of, EAO| b3 HES2 PMXoz B=25T 0|2 24zt O|E{E Z/sto] 225 ZsIict o] 2 7ol el

DLE{RISHE Zd0| W35t EMo| |28 RESS 285} ot Ho[Ef= AT F3te| He7F 0~35%0I7| w20l 5%

7] S5l 2 AFoIME UM £E3F 2379 HESS M2 of g i AX FslE EFSINUCH (0~5%: 5~10%:
J|AmE XAIS 7|HIsl0d 57lle] TE02 et B 10~15%; 15~20%: 20~25%; 25~30%; 30% O|4}).

2o el AT 47| & e7|7kA 2 M4 (SCAV/EXH

=

3.4 CiHE 22| =Hd

No. Variables SCAV/EXH| MACH | JACKET | A Lo

1 |M/E CYL EXH. GAS TEMP (A1)

2 |M/E T/C EXH. GAS OUT TEMP (A2) 2 EHoM= Mek AIE Ho|EE talez, 2. 1= &

3 [M/E T/C X, GAS IN PRESS (A3) _

= 2 =
4 |M/E T/C EXH. GAS OUT PRESS (A4) s“b‘-'"”" 70t TEAEHY 708l T ':—I'Hn_:i%t 2|8 =M1 2
S |M/E T/C EXH. GAS IN TEMP (AS) — 2 o o = = o
o: = H{o Bz 2 =Xs5lodo o

5 e e oo o ATolME 10008e] T2 SHZE 29 E&5igion, Ko

7 s s am w0 42 (1€ 0.012 XESIHC) £ =2oME Sl B0IA
8 |M/E CYL LINER EXH. SIDE TEMP (B1) Subgroup

9 |M/E cYL LNER p/P SIDE TEMP (82) 2 I 2 29| z|AslE 2510, 71 B2 ME (127670)2
10 |M/E JACKET CEW IN PRESS (C1) . = o = = =
11 |M/E JCEW COMMON TEMP (C2) Subgroup 2= ARl Hal 20~25%21 HR0ll Te|=E AMSH ZItE
12 |M/E JACKET CEW IN TEMP (C3) 3 = .

13 |M/E JCEW OUT TEMP (C4) j\—7H°|'<Jj\?\|:|'. |z &M ZAn= Fig. 49 Zct 2| =M
14 |M/E A/C CW OUT PRESS (D1) 247 Zb H{A~ 20| 1 AFSIM 2

15 |M/E A/C CW IN TEMP (02) Subgroup EJ"', S o7 =] 22| AFSIM 2 46.18, 9.32, 13.37,
16 |M/E A/C CW OUT TEMP (03) 4 15.90, 53.212 MXM=(ALCE

17 |M/E A/C CEW IN PRESS (D4) B - - _ _

e v oour o e 2o wEkIE ofgiEk ME (ofst OlE MZole} HSel £
19 |M/E T/C LO PRESS (E2) I - =

20 |M/E PISTON CLO OUT TEMP (E3) Subgroup Mg 7ichs| =olslEH ci2nt 2ot A, & M4 2F LHollA
21 [M/E LO IN TEMP (E4) s = = | o A = =

22 [M/ET/CLOINTEMP (€5) Ol HE8 &= 7 e Yy St ol 3=
23 |M/E MAIN BEARG TEMP (£6) == 47 St o E =0 ig. 49| Y= 12082 H
Fig. 3 Variables classification 21 2iE|TolM O|E MEZ pi=sie st oz}t O=
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Fig. 4 Creation of control chart (Engine load 20~25%)
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Fig. 5 Sub—control chart for subgroup 1 (Sample No. Runger’s T? 23l 7|#H2 235 Zojo|ct w4 I8 19| &
1200 - 1276) 2 & 1276712 MBS 5 107H2| 0|2t MBo0| wABIICH
2, 4, SOIME O[Z 4B2 BEsIgict, ofc ool glel iy  [e0Ie 28 SHIH, X vl B2 0/ A52el nes H
S 0[alo] ofl. mlol o] Aleh oatoz pia| Al of DY el 2iRef 2t oo £ Jlo] B2 mokict K o
SRIS Jlsio| B olojsich M, B2l A ofgt Mz M R JI0IE AL (d), £ =2 olZ fSe] UK UA
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Table 2 QOut of control samples and major contributors
Ol AFA] Tooe Subgroup 1
A1 A2 A3 A4 A5 A6 A7
301 Contributor (di) 174.95 417 0.01 13.07 4.81 1.64 1.20
Sensor value 224.40 259.50 241.60 109.75 -4.00 0.24 48.00
302 Contributor (di) 19.93 1.24 8.49 5.69 4.93 0.13 0.55
Sensor value 345.10 387.10 325.20 360.55 -5.60 0.53 43.28
1905 Contributor (di) 0.42 50.89 86.77 96.94 1.72 7.38 9.92
Sensor value 341.50 375.60 315.75 273.10 -5.20 0.48 45.36
1206 Contributor (di) 9.16 9.00 4.43 14.54 1.64 412 69.88
Sensor value 311.40 353.65 296.75 360.85 -5.30 0.49 50.00
1207 Contributor (di) 7.78 13.36 10.87 17.24 4.46 0.56 101.68
Sensor value 310.80 355.05 298.05 368.25 -5.25 0.51 50.96
1208 Contributor (di) 68.89 0.24 44.87 17.91 8.56 0.31 1.14
Sensor value 310.90 314.40 261.45 179.60 —4.45 0.36 49.10
1209 Contributor (di) 30.92 10.99 2.00 23.03 7.53 10.88 28.31
Sensor value 330.70 381.30 313.65 474.95 —6.45 0.60 44 .97
1ou1 Contributor (di) 101.97 20.81 0.00 11.71 0.1 12.98 6.07
Sensor value 318.10 337.20 282.15 282.45 -4.90 0.41 47.37
1942 Contributor (di) 13.12 8.67 23.03 6.39 20.14 12.16 12.91
Sensor value 345.70 385.50 325.95 328.05 -5.15 0.45 42 .16
1976 Contributor (di) 0.05 0.76 1.01 44 21 12.24 91.47 0.00
Sensor value 284.50 307.80 272.55 157.05 -5.30 0.42 47.48
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Fig. 6 Utilization of control chart
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