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Abstract: In order to solve the nonlinear and non-stationary problems of the fault signals of cylinder-pis-
ton ring groups of ship’s reciprocating double stage air compressors, based on the HHT( hilbert-huang trans-
form) having the ability of processing such signals, a fault diagnosis method for ship’s air compressors with
HHT marginal spectrum and Mahalanobis distance was proposed in this paper to diagnose the most common
faults on piston fractures. Through experiments on the normal state and artificial simulations of the first and sec-
ond pistons breaking rings of the compressor, the vibration signals of the first-second cylinder sleeves and cylin-
der sleeves and cylinder heads were collected under the normal and fault conditions. Through HHT marginal
spectrum were obtained by employing HHT algorithm on processing the collected data. The natural frequency
band and the Mahalanobis distance was respectively introduced to as the characterized energy value and the
classifier for diagnose faults. The experiments show that the method can identify and diagnose the fault on ship’s
reciprocating double stage air compressors accurately and effectively, which to some extent provides a theoreti-
cal basis and practical reference for the most common fault identification and diagnosis of the ship compressor.
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0 5l=
MO 988 A RAUE IR 2 ARG O £, H T AEYE BB A I IR XA I & S E ™
5o, RS 1A AL R 2SR A A R0 R B AT B2 W BA RIS S, i i X=X
FEAEALE R WA 2 — . T - IE A AR, AR R RS ER e St | ERf b A 4R
B ), AR SCHRE H —FP I TR SIS S AT O i 1 X2 SRR 4 ML 28 IR W7 R BB 2 W 7 v
H T2 EVRIEZ BAURESE Z%, HRahfE 5 2AE4e A6 FAany, W 255 A R B B e A K
ST o R T AR, R MIARSNG T AL T A AL AR AR A A 5 5 i AA AR B, an e i e L
AR 4G PR e (A B SR AN [R] P 1 PR, 53 A 7 PR IO 2 BB, Wiigner 4341 2377 A4 ZIKIE &, Cohen 28
TRAMESE A AR R, NI BN B [ B R T, XERA BN IR Y AR A% - BB (hil-
bert — uuang transform, HHT) ffi G MR, BE 50N —HAIERS R ) sk
BOEA B TG, RS R R A A AR AR M AL, T DA B AR LR AR ARG S Xt
FAN G BG5S AT A R AR AR e, nT LAAS B 5 B B 40 A, 18 T LAAS 3 Hilbert s bR
B AT DAYERf S A S R (R Z [ B R . S IR BRI A i b 0y 220 8, B AT/ VR
ARG, AT DAVERA S B B REAR ORI AURREE D, DR M AE MR R 5 454 2 92 I
Zi b, ARSCHEH —FR A RO — B PR A S FCE B Al 0 i 2 U TR AL A B 12
Wik, BT A (DN 228 R SEERXT 4 ), AN 2s FRpl = AR A (IEH
RE . —GIHEWIS . G FEWIA ) PEATSERS, SRR T HE kAT R R R ) B R

1 ESaWAE

RS AR R (A S AP BF IR AL AR A TR — BUBSH (HHT) , B Sl
(EMD) SAR RIS KB (IMF) o200 2 — N A& F: 1) RIESMZ SN ZEAZ
T 2) WKAEA ME SRS PS5 TR,

EMD 7SS x () BIZLRUE

FB— B =REERTORIRIE S () FrA MR E, S/ MER s, e T
KL, SRIFSRBUX LRI, 2 m, , B x(0) WEm, , BB R, = x(1) - my,

S| R b, W LRI, IBA hy SRS — DAIERZS RE (IMFL) 5 SR Ay Al 5%
7, WHE b, VIR RO, BAPHR—, RIERE| L TRBLBFSE m,, , b 082 m, 73] A,
PFIWT R R AR, AR R, WIEEIREN kR, HB A, RS, L, = by B — DAL
BISREL, by, = hygiory = myo

SER= B AR ¢, WEIRTES x(0) ik, WS r, = x(1) - ¢,

SR O, SERGEDE, BE LA =ALEE, B () BEE 2 DNl R AR IMF 208 c,
(IMF2), WHER n K, 531« (1) B n A IMF 2038, R0 IR 20T

r; =71, = ¢,

r,..r,.y —C,o
AR IE S pRBCR PR RS20 IMF 23 B 25 PRIE, PRERESIR, T IR BB N BRI r,
TIRIFIHET x(0) ATAFIRN n A IMF 20— DGR3 r, 20, SXARRUEM T RS, HoY.

(1) = Y e +1,(0).
X RIS B IMF 4R REHEAT AR A 250, BRI Hle(0] = [ [e(r)/(i -
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T)d7r ]/,
THERAF R~ IMF F352 (141 {8 FIAE 057 pR 003 300
a, (1) = /i (1) + (HLc,(1)])*;
o.(1) = arctan [Hle,(1) 1/e,(1)].
PEMRAFBEN R 0, (1) = (1/27)de, (1) /de,
HI TERAR T r, W E G JFARE S5 BN, MR BT, INIAS 2 A 0 iR (5 50

x(t) = Rez jzlai(t)exp[ifwi(t)dt] o

Re MLHR, n 2k IMF & 580, LTI LAAR HIEME o, (1) AR o, (1) FRSERE ¢ 09 eR%L,
M55 Hilbert 3%, 24 .

H(w,1) = Re éith(t)exp[ijan(t)dt]o (1)

X3 (1) PRI ¢ GBUNES, R Hilbert BRI, h(o) = [ H(w.0)di,
BTN B o, ~ o, BAERRE S .

s = [0 (0)do, (2)

®

2 IGHIEXRE

ARSI 5 E FH N SN AR 2 s TR, &0 56340k 2800 v/min, BUEDIRER 7.5 kW, FiE
JE7712.5 MPa; it SHERIE 1 12.5 MPa; SRHIARAEIMNAA R {E 5 R4 DH - 5922, DAKAHG
() DHDAS {5 5 M AT RGEE ;ARG R PNl A 2%, S KT B A 50g m/s”, RALE
9100. 8, EhHLE N 24 V, IEIRIE N 30 kHz,

W 4 A IR AL IR 3 e T — | R w i A — . GRS v (R, FE Y S
PG NE 1 s . ARUCR A I RS B SE S, IEERE . SO EWIIA . 0N ZE IR
3 Fhilkcks, WiE 2 Fis,

TR PR 35 FE 3R

Piston rings under destructive tes

o
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O

1E %5 7 ZEFR Normal piston rings

B1 KETEas B2 EESHFMKEEEER
Fig.1 Testrig Fig.2 Piston rings under normal and destructive tests
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3 MRS
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4 \ \ \ \ \ \ \ 0

o> 2

2r 1 ﬂ%ﬂ

0 _ i}ET'Eq
M5

2F f z
& g
P | | | | | =T
gl | =52
3 ol
é I, ] ‘[wrgi
2 g
E o I
wm -10 | | | | | | | E
E 67 \ \ \ \ \ \ 7\ =
4 B e

v B2 E

-2 1 wm<E

! ! ! ! ! ! | = £

'40 0.1 0.2 0.3 0.4 0.5 0.6 O.7ﬁ§

t/s
B3 =ZMRETRHKESE
Fig.3 Original signals in three states
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Fig.4 Post-noise reduction signals in three states
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Fig.5 Signals under EMD decomposition in normal conditions

pi= 22 c,-,fu)x(t)/JX PIEAGIEOR
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Tab.1 Correlation coefficients of the first six IMF components

AR State Py P> P3 Py Ps Ps
IEHIRZAS Normal signals 0.8252 0.5520 0.423 4 0.396 5 0.126 3 0.041 2
— G HFEIRTZE First piston fracture 0.913 1 0.572 9 0.452 1 0.243 0 0.180 1 0.021 0
T2 FEFRMT Y Second piston fracture 0.8233 0.665 4 0.3659 0.254 5 0.210 2 0.096 7

XHERRARZS A IMF 3 i A 2R AR A 1 i S e R A AR T — AR — W =5 T 5 AR 1
JRARERE, S = 4E I An1E 6 Frzs . MAIET 6 HI At pR B IR (AR B 73 0 E 0 ~ 5 000 Hz Z [,
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Fig.6 Three—dimensional time—frequency graphs of HHT spectrum in three states
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RAE (2) ATLESR I SARE A REREAN 0 ~5 000 Hz WA /R AR PRig RE LA, BNA55)
AR T A BB REE(E,

4 LIRS
G B e 2o g T Be T A DT ik 2 —, W TR B8 by 2208 . 205 kit
ARSI AE GVAFEA Y BEA b, HERR T AR R Z AR OGRS — i I R AR A S A (LA 2
AR . MTRARIR, RZERsn, 5, I8 T/ NV g ab 2, Rk,
W2 N T RS W U
i HHT 52 R AR B RSN E 5 e T o0, P B KA BRait, SRS 459 21 [ A 40 B 1Y) g
W, DL EBAYRE SN AR IR (R, IR RICIRZS T R0 B AL SR AR 19 5 21 3k 20 A REA EAT I
Yk, HAy 20 AT, 5 B ARRAS T Y 20 REAR R RE B R ME M)y 22, 10 PR ERFIE(E S,
FIBRUETT 22 var(s;) o —MURES T AIFRHERAEEFIBREE T 221056 2 Fi
FERLAR o B9 A B RE AR (R 5 = FoR ST AR EREE Z M R SRR =X (3) 1134
2, =0 (3) ATLLAIR S REA Z [ AL, D ERER B BN, AR RO,
d, = |s, —s,|/var(s;),(i = 1,2,3) (3)
Horry s, RAFREASEE (B RAFIEAE 5 s, R var(s,) ARHERFIEEFIBRIE T 25 5 d, BRI B ICHE B
d, RRIEH R, d, FoR—RIEZEWIR, dy R G5 ZEWTIE,
x2 EFEERERERE
Tab.2 Standard eigenvalues and standard variances

PR States FRUEFFAEIE Standard eigenvalues FRUfEJT 2% Standard variance
IEH RS Normal signals 4.3252 0.1520
— G ZEFRWTRL First piston fracture 8.013 1 1.8729
TG FEIRKTZL Second piston fracture 6.2213 0.965 4

FIWrE RS . BOE— IR AS A B A BRI BE R A s, , SR 20 SR = FotRZS R BT X LAY
IR AR TS 22, SR =R T I =SB IREEES (d, , d, , d;y ), HEGX =A SRR
BRI, FErb R/ SRR BT X O AR A5 O AR AS I XS B2 AR S (BI: 24 o die/ NS IO TE IR A,
Y d, B/ NIRRT — S ZEIRIRT R Y d, B/ NIRRT AR ZE R ) | iRl
HZREA B I A 28 FRALAIRAS , IR BISB2 W9 B i, AR HHT 24 PRl Ao FQ s 0 5 07 vk
AL, X =M FEREE T B2 AL 60 IR SR 5 AT E 2 i 7E , 2 as R . fEIEH
RETEFSWIER, —RI5IERIA A I BERA, J05 JEW A L BT RS R, SO RIS T IE
RN 5% o HEARFRWIZTT ik ] IBEAT AN — i SR A IR LB Wy, HAZWnfEmi R B, Bl
HFIRJE R AT RER I B R DR 22 . 2 Wi R AR 3 B,

%3 HADREELHER

Tab.3 Partial Markov distance diagnosis

ARAS States d] dz d3 i?%%% Results
IEFIRA Normal signals 1.2010 3.452 1 3.698 2 IEHIRZS Normal signals
1EHIRZS Normal signals 1.869 5 3.230 4 7.368 0 IEH RS Normal signals
TEH#RAS Normal signals 1.263 5 3.444 0 5.362 4 IEF#IRAS Normal signals
IEH RS Normal signals 1.963 2 3.578 2 5.2210 IEHIRAS Normal signals
1EH IRZS Normal signals 1.8570 3.986 2 2.4523 IEH RS Normal signals
— 25 FEFRWTZY First piston fracture 9.365 0 1.3256 4.2357 — 23 FEFRKTZY First piston fracture
— 2 G FEFRWTY First piston fracture 9.425 5 1.986 0 4.956 3 — 23 FEFRWT Y First piston fracture
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ESES
ARAS States d, d, d, ISR Results

— 2RI FEIRKT L First piston fracture 7.358 1 1.5355 7.259 8 — R IE FEIRHTZ First piston fracture
— B35 FEFRMI Y First piston fracture 7.368 0 1.8523 8.562 9 — R IE FEIRWI L First piston fracture
— 2R IE FEPRKTZY First piston fracture 8.996 4 1.526 1 7.3330 — R IE FEIRHI L First piston fracture
TR FEFRMI AL Second piston fracture  32.120 3 10.231 7 1.3658  “ZUIHFEFRWIRL Second piston fracture
TR FEIRMTI B Second piston fracture  29.356 2 11.893 5 1.9865  ZZUH FEFRMWTR Second piston fracture
TG IR Second piston fracture  33.235 0 9.200 1 2.4250 ORI FEFRWIZL Second piston fracture
TG FEFRMI AL Second piston fracture  29. 556 1 10.222 4 3.6589  ZRIEFEMMIZ Second piston fracture
T2 FEFRMT Y Second piston fracture  34.207 0 8.362 4 1.5203  ZZUGFEIMWIRL Second piston fracture
5 g
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