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A digital twin-based fault early warning
method for marine diesel engines based
on multimodal information fusion
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WANG Delong' ,PAN Mingyang' , WEI Dejian’

(1.Navigation College, Dalian Maritime
University, Dalian 116026, China;
2.Pinglu Canal Group Co., Ltd., Nanning 530000, China)

Abstract: To achieve accurate perception of the operational
status and effective fault early warning of marine diesel en-
gines, a multimodal digital twin method integrating mecha-
nism simulation and sensor measurement information was pro-
posed. This method introduced a performance degradation cor-

rection mechanism to construct a high-fidelity thermodynamic

e #s B #5:2025-07-23 ; & [E] H H#A : 2025-12-03

tion network integrating multi-scale convolution and attention
mechanisms, and accomplished deep feature extraction and
cross-modal fusion of the two types of complementary informa-
tion. Taking the deviation degree as the early warning index,
the self-learning of performance parameter thresholds was real-
ized combined with kernel density estimation, and a fault ear-
ly warning mechanism with dynamic adaptability was construc-
ted. The effectiveness and applicability of the proposed meth-
od under actual operating conditions were verified based on
the operational data of the 9L34DF dual-fuel marine diesel en-
gine.

Key words : marine diesel engine; multimodal information fu-

sion ; performance prediction;fault early warning;digital twin

0 5 =

B REMTAR A0 A S X A B ) B G W] SR PR
TR B R AR D AR R AR G R
B OSSP 21T T sl RS, B
BASYR B JERUGT R ST RER AL B S
BRI RS 2B S LIS 17 1 A e
E‘@E%f%’%”ﬁﬂ"% L,L‘Jﬁﬁﬁﬁfcéﬁfﬁgﬁ,@
IR G2 KL T 1 R BT Ji S U A6 T 00
AR I3 R 22, B i T A R T R ]
BRG, — ER SR — 2 R D T A R SR
B RS R BRI A TR 522 W, H
1, SEBUGHE BE S A0 R I U LA e T

BESTH . VIR ERL I (R AA23062053) ;)7 TH T S BF & 10191 B (R AB22080106)
BB IMEX (1995—) , 5, LA AT M * (1974—) , 55, WL #04%, 1A= B W, E-mail ; dmu_rhx @ dlmu.

edu.cn



66 KEHBFRFFHR

%52 %

F RS MLAG 32 17 T A, X6 B AR T L X
B MR R A R S,

X A FH S AL B4 B T 5 A e T i)
R, IAT BIFGY 1 2 B Ay kg WL AR T N AR A K
Sk wi2s ) Hoh HLUE AR L LU & B R s
FTHLEE A SE 6 0 3 A4 1) ) B AR R X R 5
BATIR S FEATHE R 507, Wang %1 R F
MATLAB/Simulink 4% T — s R i FH S hpL
(A BRABE TR R 3 AR 2 Ao L TR 5 s T S
A 22 40 5 B R TR ) 5 e R R S TR A . A5 2R
TR AT FLAR W, 2 A58 H HA By ]
FERERE L SR , 12y Tk %) T o A M AE AR K
FEE LA TR B (RORS B, Y R G A 2
SN AN B B S BRI 1) 8 JBORI 5 B 1Y) 1
SENG IR AT IR XE e A, Bt 25 S8 LR 2% 15} ]
AN, 253 2 BN [ R B A P B AR AL
SRR LA S o e e Hs AT IR S,
I B 5 S R R G 2 B A sl A8 2 L 1m0 2
ML PR AR T I %) DR R 2 —

Bifi 45 e B R AR HRAE A ML L 1) 3 S
550 B BR Bl vk A BRI | S TR R T A
i FH A5 TN S 4T85 2] 1)z s S RN,
2 T ELA B S M R AE 5 B 4 i v
FLAUHKS 22 58 D s i, PR e e S B TR vh LA
RAFRIE FAPE, TS R —Ffhal & e s
55 BP B2 25 10 i FH S i L HE =T B2 Toul oy
25 I AR ZE A T T FIINRS B2, 40k T 4K
WIR B e B2 T 00T AR, B g
SR FH WU 45 R 22 I 4% ( CNIN) 523 T XA AR AL
PSR/ N B 1 e TR, R T T B K B 1 AR 55
TR I2 Wi 5 T B35 N S HERR M, SR, BOHE
OK BT AE SR N FH A ATy A7 AE G 5 T i 3 R R
Ho— %07 s 2 X ERALE 032 40 5 e b e
SHE LAy HL 2 v 1) A A B (%) R 35858 7 HL R 5
2 SIS AS S N S50 A5 ) ) i 24 v I i
YIZEREA I ARIBCETIG AE A R, HLM s 57041 B
SOPEANZ AR RE P AR B T, )R BRI TR
—ERREE 2 TIZ R R AR S T S

SRR AN IR Sk AE AL A iz et e
T AN I B 2R (DT) VR A —Fl ki S 45 45 1) 4
REHLE AR 12 51 A2 2228 55 IR A W
SEsi2 Wit se b e Ae s i a5

PRAR GO Y g O L FUSEHRY SE B S iAR
REAUL S 6] (4 20 25 B S5 5 1 2. 58 B, 3 i e B AN
Vi AT AR S ST 2 TR Ak OT A AR RN
g RG R RISy T, JA 25 AR AR R —
] A S BIL A B MLV RE DV AN O v, B T 828
ARl A ZUAE R S T XHE TR R TEAS
SRR R T R kL SRR 1 A AN
FASARELR  SEIN T 2R SR B TR AR A
s e PR AL TR AL S . DAk, R AR
AR AT S AR AL 5 D7 s B O T s 1 3k
— o E R Hautala %5 DU F A e S ML o it
G AR — B T AL B AR Y 45 T ) BB AR
AL SRR T AR Sy 5 4 by
AT, FEBEIERE b Jeon 251 ] RS2 B4 XF
PR AT A AR M 1 HA Al 15 B DR Bt 1 4K
FAR AR I N TS ALK R G, Xu
AFE LISV AR Y — b 5 T T AL B S R S AR B AR A
BAY AL AL 5 AR IK S NARX P28 455,
T RENPUERES B, SKRE, BLA 5
TR 2R A AL AL S il T 2 IS e 2
Ji&  ELE S B0 o G R A SR 5 W B SR i i Ay
PLEL 2 [RITRFE A AR, HL IR %5 3 f Mg R
AR J5 T AT A Ttk — 2B T

R B E BB G Rk
PRI RO AR g AR T BB L
S50 FR G0 1 B AR | S A AR D 4 A
HSEPRIs AT s A TE A UL RRIE A5 5145
SRS FAPAE2E S M TR RS B AN C R
T SRR Al G, T 7E M S5 A5 ] 22 (] Ny —
FROCHK | PTTT$ THA5E AU 7R A [] 000 45 0 19 3 i
PESATEEE

BT BRI S, AR SO Y — i )
S Z SR B RS BCF 2R T vk . 0Tk
DAPS SRR Rl G %0, Bl HLEE £ 55 52
TR IRAF R, S5 I e S 19 D3 ] E4b A 5 9
TEMEAN 255w 22 B2 A 5 A% % LA 5 2%,
58 BN JCHME BE 2 8000 S A 5 U IR Ry
M ST AIL A B B GE PR it — P T A7 0 SR

1 BT ZEREL T EHR

1.1 AR HMNERZES BENBRUKRE
ACPIHE G BB T LNG S AY FLA 22 9L34DF



%1

FMEF AT S BEZ AWML INF EARBERET & 67

XKL R S T S B SR e 5 LA, %
BB A AR F 4R 2R e 0 & i S sh AL, H =
THRARSHIFE 1,
1 EH= 9IL34DF FARLE I EESH
Tab.l Main specifications of Wiirtsild 9L34DF

dual-fuel diesel engine

HARSH bt ind
ik B39 T
g PuhE

hH /KW 4050
55 /(r-min™) 750
I 4%/mm 340
5 FEATFE/mm 400
FHL R K 1-7-4-2-8-6-3-9-5

WE 1 B, i S ALY LA AL L T GT-
SUITE PR bR e TTiF e . Horh RSl
L CYL) N I #i i B 55 08 e 5k 72 43 3ol >R
Woschni 77 #2Hl Wiebe pRELHETT RAL, #EHE TG
65 ) A T 3 A D) g — ) L TR T
FoRE AR (TC) AL S W EE I i, — 35 43 Bl
BTS2 S8 HIE (CAC) BESE I HEX
HHHAU D ARG R A 2 A 4R B
et VA i FRAR SMOIR S Oy B A TR A, S B
JITA R A R TR B A

i
T {
v i !
]
k
] 1
]
K
@ 'y
ol .
1 N |
& ¥
) i
/
.
i |
% J
I 3 P
|
1
i
i
| |
! ) i
1
i
1 @ |
|
t
i
} N
g

1 £T GT-SUITE #Z KRR A St T EREY
Fig.1 Marine engine simulation model built by GT-SUITE

JiFs A ST AL A 2 A IR AR A R P R g AR Ak
MELLEE G, X5 BOCHE S 05 W i 25 SR, DT
BEAR T HLERASE R (e R E . SRS S HR
JrEM G, ST S SR RS AT 5B
T RESE N I & SR & s T 0S5 S8R Ty
PEo AU AR SR A A SR W I A A 5
IR EAYPERER A 18 Ry AR EARE R, AN 2 Jp
7N 1R Kullback-Leibler (KL ) HURE H48 84
TR ERES B R R R BE I 2 A 25 5%, &
Xof M T W ¢ AN 200 25 00 R AE 20 A5 43 31
e PRI PY | AR KL WU AT RR

PJ") X
QJWWHM:ZHNﬂmH%J M

xeX

POt B2 WA R , 28 U] F1E 55 31
BLEB IR A7 LR KL-D 0t BJS 3 K-
D fin i 5 MR 2 S LR S S S, SEfRIfE
Sk MLP A5 00 4430 1 fe B TR 74
A HIs, 2RI LIRR N

HIs = F; (Sea>Dir.) ©)

AP HIs e R™, R BINAT 20 n A48
P, B X L AL AR TR A ) — S SRR B A Ty 3R
IRSHON 6 1) MLP #2384 . HIs AUH 25 RLAFAYIR
SR, i B — e P B AT i ek, I
Jei ARG TIINAS 30 ) HTs X BB ASE TR v SC B3 1
PSS BOIEAT B IE , DL ORIEASE R A 1 300 T ) v
k. RIEJS APLBAR T Sy 2R e AR S R 2k
4 S ML BE B B85 1 R] 58 ) 4 LAl



68 KEHBFRFFHR

%52 %

VIES (&/h
(meTe) (mrre]
KL 5L

KL-D L

Vector Ko
| |
R T—
(P
RO |
L O/ mLp

— Q) 41— EFEE

O EEEE |
Q) #fEE

REFAETY
AR

=T

2 XM REIR L RONIIRAE R B & N IEAR IR

Fig.2 Adaptive correction module for performance degradation mechanism model
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Tab.3 Comparison of simulated and measured values of the engine under different loads

gaes  VEE L pa BW 1< YL cAC
N HEADLAE me e Nig /(rmin™) ¢, /°C Pm /Pa tye 1°C teac °C Peac /P2
PEM 1996000  4050.00 21300 412 11 290 000 531 46 184 000
100 BME 2015000  4059.42 21 556 408.62 11437000  530.54 46.70 187 000
) 0.95 0.23 1.20 -0.82 130 -0.09 1.52 1.63
PEM 1685000  3038.00 17770 402 10 034 000 528 42 173 000
75 B 1744000 3080.53 18 053 396.73 9863000  531.22 4251 177 000
A 3.50 1.40 1.59 -1.31 -1.70 0.61 121 231
MEMH 1213000 2025.00 15070 385 8410 000 501 38 119 000
50 BAUME 1242000 2066.53 15326 390.62 8243000  505.50 37.63 123 000
WRIE% 2.39 2.05 1.70 1.46 2.14 0.90 -0.97 3.36
ME 557000  1013.00 10 590 343 5073 000 412 29 58 000
25 HEHME 575000  1042.07 10420 35223 4969000  416.70 28.70 60 000
W% 3.23 2.87 -1.61 2.69 2.05 1.14 -1.03 3.45
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Fig.6 Comparison of multimodal and unimodal methods

in the prediction of average exhaust temperature
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Fig.7 Comparison of prediction performance between unimodal and multimodal methods under different loads
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Tab.4 Mean values and 95% confidence intervals of MAE, RMSE, and MAPE under different loads

A

E2L5

F13/% RZEFRAR ZMH A
¥ £95% CI ¥IE £95% CI
MAE 0.794 0.778~0.810 0.330 0.322~0.338 10.464
10~15 RMSE 0.999 0.985~1.013 0.417 0.408~0.428 10.582
MAPE 0.205 0.201~0.209 0.085 0.083~0.087 10.120
MAE 8.300 7.945~8.667 5.325 5.215~5.443 12975
20~40 RMSE 12.658 12.158~13.142 6.742 6.620~6.864 15916
MAPE 1.797 1.726~1.870 1.188 1.163~1.214 10.609
MAE 0.138 0.135~0.141 0.076 0.074~0.077 10.062
60~65 RMSE 0.181 0.177~0.185 0.099 0.096~0.101 10.082
MAPE 0.026 0.026~0.027 0.014 0.014~0.015 10.012
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Fig.8 Self-learning of deviation degree thresholds for

each parameter based on kernel density estimation
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Fig.9 Deviation degree analysis of key parameters

under normal conditions
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