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Abstract: Fou r common o il analysis techn iques, including the ferrography analysis (FA ) , the spectrom etric o il

analysis (SOA ) , the part icle coun t analysis (PCA ) , and the o il quality test ing (OQ T ) , are used to imp lem en t the

m ilitary aeroengine w ear fau lt diagno sis du ring the test drive p rocess. To imp rove the p recision and the reliab ility

of the diagno sis, the aeroengine w ear fau lt fu sion diagno sis m ethod based on the neu ral netw o rk s (NN ) and the

D emp ster2Shafter (D 2S) evidence theo ry is p ropo sed. F irst ly, acco rding to the standard value of the w ear lim it,

o riginal data are p re2p rocessed in to Boo lean values. Secondly, sub2NN s are estab lished to perfo rm the single di2

agno sis, and their tra in ing samp les are dependen t on experiences from experts. A fter each sub2NN is trained, di2

agno sis resu lts are ob tained. T h irdly, the diagno sis resu lts of each sub2NN are considered as the basic p robab ility

allocat ion value to fau lts. T he imp roved D 2S evidence theo ry is app lied to the fusion diagno sis, and the final fu2

sion resu lts are ob tained. F inally, the m ethod is verified by a diagno sis examp le.
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INTROD UCT ION

T he o il ana lysis m ethod is an im po rtan t tech2
n ique in the m ach ine fau lt d iagno sis becau se of its

sen sit ivity to and effect iveness in the m ach ine

w ear fau lt detect ion. Each o il ana lysis m ethod

has its ow n advan tages, bu t the detect ion ra te of

a sing le m ethod is lim ited [ 1 ]. In th is paper, fou r

conven t iona l o il ana lysis techn iques are com b ined

fo r the w ear fau lt d iagno sis, includ ing the ferrog2
raphy analysis (FA ) , the spectrom etric o il ana ly2
sis (SOA ) , the part icle coun t ana lysis (PCA ) ,

and the o il qua lity test ing (OQ T ). Fu rtherm o re,

the fu sion diagno sis based on m u lt i2sou rce da ta is

im po rtan t to im p rove the w ear d iagno sis p reci2
sion. How ever, how to fu lly u t ilize the info rm a2
t ion of each o il ana lysis m ethod is the essence of

the fu sion diagno sis. Cu rren t ly, m any re2
searchers study the p rob lem [ 2, 3 ].

In th is paper, the neu ra l netw o rk (NN ) and

the D em p ster2Shafter (D 2S) evidence theo ry are

app lied, the w ear fau lt d iagno sis of a certa in type

of m ilita ry aeroengine du ring the test2drive p ro2
cess is ta rgeted, and a fu sion diagno sis m ethod

based on NN and the D 2S evidence theo ry is p re2
sen ted. F ina lly, an exam p le show s tha t the new

m ethod can p rovide m o re co rrect and reliab le deci2
sion suppo rt fo r the aeroengine condit ion evalua2
t ion in a test.

1　W EAR FAUL T FUSION D IAG-

NOSIS FLOW CHART

T he basic step s fo r the aeroengine w ear fau lt

fu sion diagno sis are as fo llow s:

(1) W ear fau lts a re detected;

(2) T he diagno sis resu lt of each analysis

m ethod is in tegra ted;

(3) Fu sion resu lts a re ob ta ined. F ig. 1 show s

the flow chart of the aeroengine w ear fau lt fu sion

diagno sis. Each m odu le is exp la ined in deta il be2

low.
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F ig. 1　F low chart of aeroengine w ear fau lt fu sion diagno sis

2　PRE-PROCESSING OF OR IGI-

NAL DATA

D ue to the d ifferen t va lues and un its of o rig i2
nal da ta ob ta ined by variou s ana lysis m ethods,

the sub sequen t ana lysis and p rocessing becom e

very diff icu lt. T herefo re, o rig ina l da ta m u st be

p re2p rocessed befo re the fu sion diagno sis. T he

p rocessing m ethod is to com pare o rig ina l da ta

w ith standard lim its. If exceed ing the lim it, the

va lue is 1; o therw ise 0. A cco rd ing ly, o rig ina l

sym p tom data are converted in to Boo lean values

of 0 and 1.

O rig ina l da ta from FA depend on the per2
cen ts of variou s k inds of w ear part icles. T heir

p re2p rocessed values are as fo llow s: (1) If spheri2
ca l w ear part icles exceed the lim it, S F1= 1; o ther2
w ise, S F1= 0. (2) If lam inar w ear part icles exceed

the lim it, S F2 = 1; o therw ise, S F2 = 0. (3) If fa2

t igue chunk w ear part icles exceed the lim it, S F3=

1; o therw ise, S F3 = 0. (4) If cu t t ing w ear part i2
cles exceed the lim it, S F4= 1; o therw ise, S F4= 0.

(5) If severe rubb ing w ear part icles exceed the

lim it, S F5= 1; o therw ise, S F5= 0. (6) If red ox ide

w ear part icles exceed the lim it, S F6 = 1; O ther2
w ise, S F6 = 0. (7) If b lack ox ide w ear part icles

exceed the lim it, S F7= 1; o therw ise, S F7= 0.

Fo r the aeroengine stud ied in th is paper, ele2
m en ts Fe, C r, N i, M o, Cu, V , Zn, A l and T i

are selected as the m ateria ls of the SOA diagno2
sis, and their con ten ts fo rm the o rig ina l da ta of

the SOA diagno sis. How ever, fo r o ther m a2
ch ines, the st ructu re and m ateria ls of a frict ion

set a re d ifferen t. H ence, the selected elem en ts

are d ifferen t too. T he Boo lean value S S1 is u sed to

rep resen t w hether Fe con ten t exceeds the stan2
dard value. If the con ten t exceeds the standard

value, S S1 is 1; o therw ise 0. In the sam e w ay,
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Boo lean values S S2, S S3, S S4, S S5, S S6, S S7, S S8 are

u sed fo r C r, N i, M o, Cu, V , Zn, A l and T i con2
ten ts, respect ively. A fter p re2p rocessing, da ta

from SOA are com po sed of S Si ( i= 1, 2, ⋯, 9).

A cco rd ing to the NA SA 1638 standard, in

PCA , the w ear part icle num ber can be ob ta ined in

g iven size ranges, w h ich are 5—15Λm , 15—

25Λm , 25—50Λm , 50—100Λm and over 100 Λm.

A cco rd ing to the part icle num ber in each size

range, on ly the Boo lean value S C1 can be ob2
ta ined, deno t ing w hether the o il con tam ina t ion ex2
ceeds the standard value, becau se part icle num ber

in each size range canno t co rrespond to engine

fau lt m odes.

O rig ina l da ta by OQ T include m ovem en t vis2
cid it ies a t 250 °C, 200 °C, 100 °C, 0 °C, - 40 °C

and - 54 °C, the conden sa t ion po in t, the flash

po in t, the acid va lue, the im pu rity con ten t, and

the w ater con ten t. D epending on the rela t ion w ith

engine fau lts, af ter p re2p rocessing, the fo llow ing

Boo lean values are ob ta ined: (1) S P1, rep resen t2
ing w hether the m ovem en t viscid ity exceeds the

standard value. If exceed, S P1= 1; o therw ise, S P1

= 0; (2) S P2, rep resen t ing w hether the im pu rity

con ten t exceeds the standard value. If exceeds,

S P2= 1; o therw ise, S P2= 0; (3) S P3, rep resen t ing

w hether o ther indexes exceed the standard val2
ues. If exceed, S P3= 1; o therw ise, S P3= 0.

3　NN SINGL E D IAGNOSIS

NN has a strong non linear m app ing ab ility

and som e genera liza t ion ab ilit ies. It is w idely ap2
p lied to the fau lt d iagno sis. In th is paper, th ree2
layer NN is u sed to perfo rm a sing le d iagno sis of

o il ana lysis da ta, and it is t ra ined by the back

p ropagat ion (BP) a lgo rithm.

Sub2NN fo r the sing le d iagno sis includes:

FA sub2NN , SOA sub2NN , PCA sub2NN , and

OQ T sub2NN. T he inpu t of each sub2NN is

Boo lean values, ob ta ined after o rig ina l da ta are

p re2p rocessed, and the ou tpu t is f ina l w ear

fau lts. T h rough the fau lt ana lysis, the w ear

fau lts of the engine are classif ied in to seven types

as fo llow s: (1) N o rm al (F 1) ; (2) Bearing severe

w ear (F 2) ; (3) Bearing fa t igue fa ilu re (F 3) ; (4)

Gear fa t igue over2load ing (F 4) ; (5) Gear agglu t i2
nat ion o r scra tch ing (F 5) ; (6) O il con tam ina t ion

exceed ing the standard value (F 6) ; (7) O il qua li2
ty exceed ing the standard value (F 7).

T ab les 124 show tra in ing sam p les ob ta ined

by the experience and the know ledge of field ex2
perts. T ra in ing sam p les of FA sub2NN [ 4 ] are

show n in T ab le 1, and tho se of SOA Sub2NN ,

PCA Sub2NN and OQ T Sub2NN are show n in

T ab les 224, respect ively.

T he param eters of each Sub2NN structu re

are: FA sub2NN 722027, SOA sub2NN 921027,

PCA sub2NN 12827, OQ T sub2NN 32827. T he

variab le step 2size learn ing is adop ted in each sub2
NN. T he tra in ing p recision is 0101, and the m o2
m en tum coefficien t is 019. In o rder to im p rove

the genera liza t ion ab ility of NN , the Gau ssian

no ise N (0, 0101) is add to each tra in ing sam p le.

In T ab le 124, F F i ( i= 1, 2,⋯, 7) a re the d i2
agno sis resu lts of seven fau lt types by FA sub2
NN , F Si ( i= 1, 2, ⋯, 7) a re the d iagno sis resu lts

of seven fau lt types by SOA sub2NN , F C i

( i= 1, 2, ⋯, 7) a re the d iagno sis resu lts of seven

types fau lts by PCA sub2NN , and F P i ( i = 1, 2,

⋯, 7 ) a re the d iagno sis resu lts of seven fau lt

types by OQ T sub2NN.

Table 1 FA sub-NN tra in ing sam ples

Item S F1 S F2 S F3 S F4 S F5 S F6 S F7 F F1 F F2 F F3 F F4 F F5 F F6 F F7

V alue

0 0 0 0 0 0 0 1 0 0 0 0 0 0

1 0 0 0 0 0 0 0 0 015 0 0 0 0

0 1 0 0 0 0 0 0 0 016 0 0 0 0

0 0 1 0 0 0 0 0 0 018 016 0 0 016

0 0 0 1 0 0 0 0 018 0 0 018 016 0

0 0 0 0 1 0 0 0 0 0 0 019 0 016

0 0 0 0 0 1 0 0 0 0 0 0 0 018

0 0 0 0 0 0 1 0 0 0 0 0 0 0
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Table 2　SOA sub-NN tra in ing sam ples

Item S S1 S S2 S S3 S S4 S S5 S S6 S S7 S S8 S S9 F S1 F S2 F S3 F S4 F S5 F S6 F S7

V alue

0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

1 0 0 0 0 0 0 0 0 0 017 0 0 019 0 0

0 1 0 0 0 0 0 0 0 0 019 0 0 011 0 0

0 0 1 0 0 0 0 0 0 0 019 0 0 011 0 0

0 0 0 1 0 0 0 0 0 0 019 0 0 011 0 0

0 0 0 0 1 0 0 0 0 0 019 0 0 018 0 0

0 0 0 0 0 1 0 0 0 0 019 0 0 017 0 0

0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0

0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0

0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0

Table 3　PCA sub-NN tra in ing sam ples

Item S C1 FC1 FC2 FC3 F C4 F C5 FC6 FC7

V alue
0 1 0 0 0 0 0 0

1 0 1 0 0 1 1 0

Table 4　OQT sub-NN tra in ing sam ples

Item S P1 S P2 S P3 F P1 F P2 F P3 F P4 F P5 F P6 F P7

V alue

0 0 0 1 0 0 0 0 0 0

1 0 0 0 1 1 1 1 0 1

0 1 0 0 1 0 0 1 0 1

0 0 1 0 0 0 0 0 0 1

4　FUSION D IAGNOSIS BASED ON
D -S EV ID ENCE THEORY

4. 1　D -S ev idence theory

T he D 2S evidence theo ry [ 5 ] is the m o st com 2
m on m ethod fo r the decision2level fu sion. A nd the

genera lized Bayes theo ry is estab lished by the hu2
m an logic.

41111　D ist ingu ish ing fram e

D efin ing tha t the param eter Η is a even t and

all its va lues com po se the set ( , nam ed the d ist in2
gu ish ing fram e, 2( is the pow er set of ( , w h ich

con sists of a ll sub sets of ( .

41112　Basic p robab ility va lue

T he funct ion m : 2(→[0, 1 ] is the basic p rob2
ab ility a lloca t ion (BPA ) , then

(1) m (5 ) = 0, w here 5 is the nu ll set;

(2) ∑
A < (

m (A ) = 1, w here A is the focu s ele2

m en t and m (A ) the basic p robab ility va lue.

Fo r an arb it ra ry assum p tion, the belief de2
gree is Bel (A ) , A ∈2(. It is defined as the sum of

basic p robab ilit ies of a ll sub sets in A , Bel (A ) =

∑
B∈A

m i (B ). Genera lly, the belief funct ion canno t

be added together.

41113　Com po sing ru les of D 2S evidence theo ry

V ariou s evidences po ssess variou s BPA func2
t ion s due to d ifferen t sou rces. R ef. [ 5 ] p resen ted

a m ethod to inco rpo ra te da ta. Fo r n b rief func2
t ion s Beli ( i= 1, 2,⋯, n) , their ow n BPA s are m i

(i= 1, 2, ⋯n ). T hen after in tegra t ion, the belief

funct ion isBel = Bel1 © B el2 © ⋯ © Beln .

BPA of the sub set A is

m (A ) = m 1 © m 2 © ⋯ © m n =

1
1 - k ∑A i∩B j∩C l∩⋯= A

m 1 (A i)m 2 (B j ) õ

m 3 (C l)⋯ (1)

w here k = ∑
A i∩B j∩C l∩⋯= 5

m 1 (A i)m 2 (B j )m 3 (C l)⋯. It

is a con stan t, w h ich reflects conflict degrees be2
tw een n evidences under the sam e assum p tion.

T he coefficien t
1

1- k
is ca lled the no rm aliza t ion

facto r, w h ich can p reven t the p robab ility from be2
ing a llo t ted to the nu ll set 5.

If k = 1, then 1 - k = 0, Eq. (1) canno t be

adop ted. Sam e, w hen k→1, the conflict degree of

evidences is h igh. T hu s, resu lts devia te from the

tru th. R ef. [6 ] po in ted ou t tha t since conflict evi2
dences canno t be decided, they m u st be con sidered

as the unknow n reg ion. T hen, a new com po sing

fo rm u la is p ropo sed, the p robab ilit ies of the evi2
den t conflict a re a ll assigned to the unknow n re2
gion. T he im p roved fo rm u la fo r tw o2evidence

sou rces is as fo llow s[ 6 ]
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m (5 ) = 0;

m (A ) = ∑
A i∩B j = A

m 1 (A i)m 2 (B j )　　A ≠ 5 , X

m (X ) = ∑
A i∩B j = X

m 1 (A i)m 2 (B j ) + k

(2)

　　Com pared w ith Eq. (1) , in Eq. (2) , the no r2

m aliza t ion facto r
1

1- k
is elim ina ted, and the fac2

to r k reflects the conflict degree to m (X ). W hen

k= 0, Eq. (2) is iden t ica l to the D 2S evidence the2
o ry—Eq. (1). T hough Eq. (2) can com po se h igh

conflict evidences, it com p letely negates conflict

evidences. T herefo re, w hen com po sing m o re than

tw o evidences, som etim es, resu lts can be unac2
cep ted [ 7 ]. R ef. [ 8 ] in troduced the m ean suppo rt

degree of the evidence set, i. e. q (A ) =

1
n ∑1≤i≤n

m i (A ) . T hen, the evidence conflict p roba2

b ility k is assigned to A acco rd ing to the sca le.

T herefo re, bet ter com po sing resu lts can be ob2
ta ined by the fo llow ing com po sing fo rm u la

m (5 ) = 0

m (A ) = ∑
A i∩B j∩C l⋯= A

m 1 (A i)m 2 (B j ) õ

　　m 3 (C l)⋯ + kq (A )

k = ∑
A i∩B j∩C l∩⋯= 5

m 1 (A i)m 2 (B j )m 3 (C l)⋯

(3)

In th is paper, Eq. (3) is u sed to carry ou t the fu2
sion diagno sis.

4. 2　Appl ica tion of D -S ev idence theory in wear

fault fusion d iagnosis

A eroengine w ear fau lt d iagno sis app roaches

u sed in th is paper include FA , SOA , PCA , and

OQ T. A nd seven types of fau lts a re F i ( i= 1, 2,

⋯, 7). In evidence com po sing fo rm u las—Eqs. (12
3) , a ll evidences are effect ive. How ever, each o il

ana lysis m ethod has its ow n loca liza t ion, and can

p rovide no2suppo rt fo r som e fau lts. Fo r exam p le,

OQ T canno t p rovide any suppo rt to the fau lt C.

T hough the d iagno sis resu lt of OQ T sub2NN is

‘0’o r‘1’, it canno t be deno ted if the o il con tam 2
ina t ion exceeds the standard value. T herefo re, if

the effect ivity of evidences is no t con sidered in the

fu sion p rocedu re, an erro r occu rs. In o rder to

so lve th is p rob lem , a m atrix is in troduced.

FA SOA PCA OQ T
F 1

F 2

F 3

F 4

F 5

F 6

F 7

1 　 1 1 　 1

1 　 1 1 　 0

1 　 1 0 　 1

1 　 1 0 　 1

1 　 1 1 　 0

0 　 0 1 　 0

0 　 0 0 　 1

(4)

w here,‘1’m ean s tha t the m ethod is effect ive fo r

detect ing the co rresponding fau lt, and its sing le

sub2NN diagno sis resu lt is con sidered in the fu2
sion; and‘0’ind ica tes tha t the app roach is no t ef2
fect ive fo r detect ing the fau lt, and its sub2NN di2
agno sis resu lt is neg lected du ring the fu sion and

the conflict com pu ta t ion. U sing the m atrix, the

ob ta ined fu sion diagno sis resu lts a re m o re effec2
t ive and reliab le.

In th is paper, a fau lt co rresponds to a d ist in2
gu ish ing fram e. A nd a doub le assum p tion is tak2
en, i. e. a fau lt appears.

5　EXAM PL ES

A n exam p le is u sed to verify the effect iveness

of the p ropo sed new m ethod. FA sym p tom data

are suppo sed to be (0, 0, 0, 1, 0, 0, 0) , w h ich ind i2
ca tes tha t spherica l w ear part icles, lam inar w ear

part icles, fa t igue chunk w ear part icles, severe

rubb ing w ear part icles, red ox ide w ear part icles

and b lack ox ide w ear part icles are no rm al, bu t

cu t t ing w ear part icles are in a la rge num ber. SOA

sym p tom data are (0, 1, 0, 0, 0, 0, 0, 0, 0) , w h ich

deno tes tha t Fe, N i, M o, V , Cu, Zn, A l and T i

con ten ts are no rm al, w h ile the C r con ten t exceeds

the standard value. PCA sym p tom data are (1) ,

ind ica t ing tha t the o il con tam ina t ion exceeds the

standard value. OQ T sym p tom data are (0, 0, 1) ,

ind ica t ing tha t the m ovem en t viscid ity and the im 2
pu rity con ten t are no rm al, bu t o ther indexes ex2
ceed the standard value.

T he sing le d iagno sis resu lt of each sub2NN is

show n in T ab le 5.

Fu rtherm o re, the bearing severe w ear and

the gear agglu t ina t ion and scra tch ing are ana2
lyzed, respect ively. T he bearing severe w ear p re2
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sen ts w eak conflict, as show n in T ab le 6; and the

gear agglu t ina t ion p resen ts grea t conflict, as

show n in T ab le 7. F rom fu sion resu lts, w hen evi2
dences p resen t grea t conflict, the fu sion resu lt is

in the m iddle of tw o fu sed values; w hen evidences

p resen t w eak conflict, w h ich m ean s they suppo rt

each o ther, the fu sion resu lt is h igher than tw o

fu sed values. O bviou sly, fu sion resu lts acco rd

w ith the p ract ica l situa t ion. O ther fau lts can be

analyzed in the sam e w ay, and resu lts a re show n

in T ab le 5. In T ab le 5, after in troducing the m a2
t rix of the effect ivity, non2effect ive evidences can

be igno red, and m o re reasonab le and reliab le re2
su lts a re ob ta ined.

Table 5　Results of single and fusion d iagnoses

Fau lt FA sub2NN SOA sub2NN PCA sub2NN OQ T sub2NN Fusion resu lt

N o rm al 0 0 0 0 0

Bearing severe w ear 018 019 1 0 01972

Bearing fat igue failu re 01000 1 0 0 0 0

Gear fat igue over2loading 0 0 0 0 0

Gear agglu t inat ion o r scratch ing 018 011 1 0 01662 67

O il con tam ination exceeding standard value 016 0 1 0 1

O il quality exceeding standard value 01000 1 0 1 1 1

Table 6　W eak conf l ict fusion ana lysis

Fau lt　　 FA Sub2NN SOA Sub2NN PCA Sub2NN Conflict Fusion resu lt

W ith bearing severe w ear 018 019 1 0128 01972

W ithou t bearing severe w ear 012 011 0 0128 01028

Table 7　Great conf l ict fusion ana lysis

Fau lt FA Sub2NN SOA Sub2NN PCA Sub2NN Conflict Fusion resu lt

W ith gear agglu t inat ion o r scratch ing 018 011 1 0192 01662 67

W ithou t gear agglu t inat ion o r scratch ing 012 019 0 0192 01337 333

　　 It shou ld be po in ted ou t tha t the exam p le

does no t com e from the p ract ica l aeroengine test

da ta. T he reason s are: (1) Fou r o il ana lysis ap2
p roaches, i. e. FA , SOA , PCA and OQ T , can

hard ly be sim u ltaneou sly carried ou t in a p ract ica l

aeroengine test due to the lim it of o il ana lysis test

condit ion s; ( 2) To estab lish the standard lim it

and diagno sis sam p les fo r each o il ana lysis ap2
p roach, a lo t of o il ana lysis tests need to be per2
fo rm ed. Bu t a t p resen t, the accum u la t ion of such

data from aeroengine test2drives is very sm all.

T herefo re, the in telligen t fu sion diagno sis

m ethod of aeroengine w ear fau lts p resen ted in th is

paper can on ly be verif ied by sim u la ted data m ade

in theo ry. M any researches need to be m ade in

p ract ice.

6　CONCL USIONS

(1) Fou r comm on o il ana lysis m ethods, i. e.

FA , SOA , PCA and OQ T , are u sed to conduct

the fu sion diagno sis of a certa in type of m ilita ry

engine w ear fau lt d iagno sis du ring the test d rive

p rocess in o rder to im p rove the d iagno sis p reci2
sion.

(2) T he fu sion diagno sis m ethod is based on

NN and the D 2S evidence theo ry. BPNN is u sed

to carry ou t the sing le d iagno sis, and the im 2
p roved D 2S evidence theo ry is u sed to com p lete

the fu sion diagno sis.

(3) T he exam p le show s tha t the new m ethod

is co rrect and effect ive.
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航空发动机磨损故障的智能融合诊断

陈　果　杨虞微　左洪福
(南京航空航天大学民航学院, 南京, 210016, 中国)

摘要:运用了4种最常用的滑油分析技术——铁谱分析、光

谱分析、颗粒计数分析及理化指标分析,同时结合发动机试

车台监测数据,提出了运用神经网络和D 2S 证据理论对发

动机试车状态进行融合诊断的方法。首先依据各种分析方

法的标准磨损界限值,将原始数据进行了预处理,转换成故

障征兆的布尔值; 其次,建立了各子神经网络的拓扑结构,

并依据专家经验建立各子系统的输入征兆与故障论域的映

射关系,由此获得了各子神经网络的训练样本,对各网络成

功训练后,利用神经网络实现各子网络的诊断并得到了中

间诊断结果;然后,将每种方法的神经网络诊断结果作为各

故障模式的基本概率分配值,利用改进的D 2S证据理论,实

现了对神经网络诊断结果的融合,由此获得了最终的融合

诊断结果;最后,通过算例证明了该方法的有效性。

关键词:磨损故障诊断; 数据融合; 神经网络; D 2S证据理

论; 航空发动机
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