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Abstract:To address the degradation and failure of pressure sensors in the sealing water system of dredger mud pumps, an interpretable
fault diagnosis and health assessment framework that integrates hydraulic physical principles of sealing pumps with data-driven modeling
is established. Firstly, a physical model of sealing water pressure is constructed based on the hydraulic characteristics of the sealing
water pump to derive the sealing water pressure at the pump outlet, which serves as a physically groundedreference reference independent
of the sensor health state. Considering the nonlinear degradation and parameter drift of the equipment during long-term operation,
dynamically optimized power-law fitting coefficients are further introduced to improve the adaptability and accuracy of the physical model
under different operating conditions. A multi-scale convolution-Transformer attention fusion network incorporating physical information
constraints is developed, where a piecewise dynamic loss-weight scheduling strategy is introduced to achieve synergistic optimization

between physical consistency and data-driven fitting accuracy, thereby significantly enhancing sealing-water-pressure prediction accuracy
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and improving generalization capability under complex operating conditions. Based on the residual variations among the theoretical

pressure, the model-predicted pressure, and the sensor-measured pressure, a threshold-based discrimination mechanism is established to

realize explainable identification of transient, intermittent, and permanent faults. Meanwhile, a multi-parameter fusion reliability

calculation method is proposed to quantify the full-life degradation trajectory of the pressure sensor from a healthy state to initial

abnormality, accelerated deterioration, and functional failure, and the reliability curve can accurately present the degradation evolution

characteristic of " slow-accelerated-sharp decline”. Simulation results based on real vessel operation data show that the proposed method

outperforms the comparison models in prediction accuracy, stability, and convergence, with R* up to 0.952 7, and can identify short-

term anomalies in the healthy stage, realizing high-confidence fault diagnosis and intelligent maintenance support for pressure sensors.

Keywords : mud pump sealing water system; physics-informed neural network; pressure sensor fault diagnosis; reliability calculation;

health assessment
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Diagram of the mud pump sealing water system
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in the sealing water system of mud pump
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Table 3 Comparison of accuracy before and after

fitting physical models

52 & « y B R? RMSE

0.7159 0.4530

ill 1 1 1 1

J& 21007 0.9999 2.9760 0.8706 0.9857 0.101 4
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1) Transformer: 5T F 14 & 7 1 42 Jm) FRAIE £ A5

Transformer F75 (14 T 2544 32 18 20N ( 28) FiR

y =f(X) = FFN(MHA(X) ) (28)

Horp MHA A £k A2 /12 (multi-head attention ,
MHA) ; FEN & 5if 5% it 28 B 2% )22 (feed-forward network ,
FFN) iSRS 5D 10 4 i 4 2K 4 Jm) I TR, %o Jm) 748
GRAR MR ANHURR

2) MCNN-Transformer ; ¥ FH 4 50 FA

MCNN-Transformer 7E Transformer Bij I A = B3,
= (29) Firs

Z = [ Conv,_,(X),Conv,_,(X) ,Conv,_s(X) ]

BREE J5 BHIA Transformer, W (30) Fis .

¥ =fur(X) = fy( Concar(Z)) (30)

TZRAY 4 R T3 S A R IR 2% 4l A5 Jm) 3 A0 R
TiE, 3 s A A 4 Jy A A 1 KA BE

3) PINN : il 54 BISRL 24 o f 1R 25 T 45 4

PINN 1) 700 ph 540 51K 20 0 100 471 4y 38455 #8000 4 [+
F, =X (31) #1(32) BivR .

Py = fur(X) (31)

P =ePmQf (32)

S5 PINN (eIl 25 B bransX (33) Bis .

L=AP,, -P>+(1-M)P, -P’ (33)

Hrp, P MRS B SR JI50 HE SN E, Z
PINN FERL R a5 2 5 | A B — S0 29 5, nT A& 1E 5k s gt
PR IR AR T OU RN S e AT SR A B

Zr LAk, 3 BB RIAE S5 0 kit 5 05 BRI H 7 X
2 R T 0 B p S IR Bl 1 S - S 3 A 1
54 PR R A 32 - Transformer £ 55 Ay 17 5. AR U 78 )
BLHI 35 2 R RO ¢ 3R, AR ) 5 & B PE 2 IR

(29)
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SeRE PR Ay, R = TR I R ) S AR PR R Y
BERL, 3 SRR 1 22 AR I H « Transformer (FfIRS 2% i)
—MCNN-Transformer( 1555 24 &£ ) —PINN ( fix i & 24 )&
ERG R R AE) .
3.4 ET PINN EBIUE N B[R BTN TER

S PTA R UL ) 15 SR AU R BE | AR AT TERE £ HER
SBAEBENLTELG 1% 8:2 X 4r Al g 5l 4R | DLkt
Yo Ja il e 22 I THZ AL RE T . Zr eI e St
SO EAR L ) FIOORG BE 5 SO R VRN SR AR e S S
B (R*) W HRIRZ (root mean square error, RMSE ) 1
¥4 X H 2 HiR 22 ((mean absolute percentage error,
MAPE) , 115X (34) ~ (36) 77 , WC S50 Ui 2o 45 2k ity 2k

FRISF-  SC AR B S e AT R AR A T 255 0BT o

Z,(yi _3’1')2
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> (v =y’
i=1
e .
RMSE = :Z(yi _yi)z (35)
i=1
13 -
MAPE =— =¥ | 1oos (36)
noi=i Yi

Horpr ) n MRS 5y, N | REAR I LSy, J2
A REA ELLAE R 5y, S5 | R BTN
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SHARIUA RS R, S REAS [ ACEE SR s PR R K
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Table 4 Accuracy analysis of weight ratio

T
dn

AR i L 1l Y Z4E R Mtk R Y%k MSE MIXSE MSE

0.1, 0<e<0.5E
1 A= 0.993 0
0.8, 0.5E<e<E

0.1, 0<e<O0.5E
2 A= 0.869 5
0.9, 0.5E<e<E

0.1, 0<e<O.7E

3 A= 0.730 1
0.9, 0.7TE<e<E
1

4 A=—e, 0<e<E 0.963 3

0.50, 0.3F <e=<0.6F 0.957 9

0.25, 0<e=<0.3E
0.75, 0.6E <e<E

0.992 4 0.005 2 0.005 0
0.837 4 0.079 8 0.0753
0.699 0 0.199 1 0.199 0
0.960 8 0.027 1 0.0259
0.955 1 0.031 1 0.029 7

HH2e 4 nT 0L, BCE sh 25 T LL I8 0 1 A% 190 355 2R B
P, 600 3 WO e 2%, MK AE R? N REZ 26.47% , XL
T 0L 1~ 3 AT, J5 A2 H50H 40 6 AR 2o i ml i B 24 R
155, 4 W I SR iz AePERE s T O 2 T 3,
U A0 B8 I B0 A AR R A R TR,
B 4 WA T I- 00 5, 2 BH FiT I 56 4k 4 2 24 SR T 40 il
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TP BRI H 5 WER BUEE SUA 0 oy B AL R, ST
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JEEE X BRSO sh

EE AN AR R S5 R R PINN JE 481 ) % S A 7
K 2 07 AR AL #% 8 1L #8 (root mean square propagation,
RMSprop ) Ak a5 %5 4 FF I 25 250 (AL 5 0w ) 4758
H s T Transformer 5 MCNN-Transformer £ % 3% i B 38
25 3] A AL (adaptive moment estimation , Adam ) $HATA
et . T PINN 45 25 pR 5 m] s 6, 35 46 2k S5 %L
Pa g R BETE U SR AP e B R 22 5%, By 5 i
SEREEEUMAT-24] , 52BN 2 S 805 > 3200 B 38 4
AT R AR A el ok 000 FE AN B4y, DT 345 T AR
EW W S AT N, ML Z T, Transformer 5 MCNN-
Transformer {14453 2 AN F 55 152 26 48 B, B B 43 A A XS
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Table 5 Comparison of prediction accuracy on the

training set

R R’ MSE MAPE
Transformer 0.8732 0.093 5 0.061 8
MCNN-Transformer 0.9329 0.049 5 0.035 6
PINN 0.956 3 0.032 2 0.026 8
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Table 6 Comparison of prediction accuracy on the

training set

LAY R? MSE MAPE
Transformer 0.858 0 0.093 9 0.062 2
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PINN 0.952 7 0.031 2 0.026 7
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Fig.5 Training loss curve
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Fig.6  Test loss curve
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Fig.7 Fault diagnosis results for the pressure sensor

Fig. 9 Fault diagnosis results for the pressure sensor in the

in the healthy stage
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Table 7 Fault diagnosis analysis report for each stage
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