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Abstract: This paper presents an Evidential Reasoning (ER)-based method of fault diagnosis by combining uncertain
information of various fault features collected from multiple sources for fault decision-making. A normalization approach
is applied to acquire diagnosis evidence from the likelihood function of fault feature samples gathered from information
sources (sensors).A novel method is proposed to calculate evidence reliability according to sensor accuracy specifications
and the differences of capabilities in recognizing fault modes through different fault features. A bi-objective optimization
model is presented to train evidence weights to reflect the relative importance of evidence. The ER rule is then applied
to combine multiple pieces of diagnosis evidence, which are regulated by their weights and reliability factors, and fault
decision-making can thus be conducted on the basis of the combined results. The proposed ER-based fault diagnosis method
inherits the main features of Dempster-Shafer evidence theory in uncertainty modelling, while providing a systematic
process for explicitly taking into account the reliability and importance of evidence, thereby enabling rigorous inference
and robust decision making. Finally, a diagnosis experiment on a rotor test bed is conducted to show the effectiveness of
the proposed ER-based fault diagnosis method.
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AR HATFEIEE F R fF A Rnf, SR JEH (1)
PRI EAT BRI LEA AT SV - F, SRELEE R 500
W12~ 15178,

4.3 SKEGEHEE (Acquiring evidence weights)

T (16) 20X H AR AR R K R AIE
BEREW = {wf|l =1,2,--- 7}, BhRFEREE
&AL a, K, FRAEE G337 R4 IR 7%
Sk B AW B a, R

(D)2 wi FEUE G N[0,1], #IERE N1, I B
B R AR U R ORE AR B4, R HA3) R
155, k  HDS = 604.2229, D, = 344.3431,
Dt =4.7363, D = 0.

(QTEOEN 12 18], LLO.2 5 Kol [F7 i A #Ealt) B
fH, HRIEA6) KX H PR A, BIT 15 $a=0.2,
0.4, 0.6, 0.8 FIRIFHIFE, 737 anR 16 MR 17 FRs.
AR, a=0.4F IRV FE 12 ) Wi B A A B0 i
Z, WHR KX AL ITERMR,, B, a=042E
AT eb B A Rl A AL

(3)Lha=0.47y v ) 7 1) 45 5 X [][0.2,0.6],
IFEIC X TE] A LLO22I A KB 5 (2) &, 1HHAS
BRI A E A alli 0.4,

(HEE TGS B HRE A48 5 X ], [F] IR
AN, AR R X 8] P 4% T 55 A0 P i 207 AR
{Ea, B 32425 K 46 55 302/24 05 11998 - X 8] 7 fir
A afBR L7 A2 PR VR R R R S A [RD D, b IS H
DX 8] (1) i a=0. 41 E N FRAT T 24 R B A A e A LA

Y558 a=0.41F, IR AL T BB e 24
A PLREE T AIERCE I 2 E I fh &2 W s 2R,
B RR A2 T FE T A A SR B Rl
WHIEHE. HIAEEE A ZAUE R 3RA5 HITRE H
R8N, H il R E AR RAIEHE A I ZAN H wf
HUR19FR.
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4 RTHEHFIEL EIX IR LIS

Table 4 The casting matrix of fault feature variable 1X

ORI | X AORE AR AL [X 8]

X pXx px px pgxo opxoopx R
o 1494 4 1 1 0 0 0 500
o P2 0 53 107 318 21 1 0 500
* B0 0 10 66 417 6 1 500
mo Fi 0 0 0 0 332 102 66 500
€] 0 0 0 0 0 0 0 0
=it 494 57 118 385 770 109 67 2000

&5 R THREFIEL E2X I LA F
Table 5 The casting matrix of fault feature variable 2X

HORARFAE 2 X FIAE AAZ X (8]

Bt
XXX oppx opEx pxe px

o 14980 1 0 1 0 0 500
o P2 0 3 6 35 455 1 0 500
% F3 0 0 0 6 359 134 1 500
mo Fi 0 0 7 1 69 297 126 500
e) 0 0 0 0 0 0 0 0
B 498 3 14 42 884 432 127 2000

& 6 X THIFEHFIET BIXA R EFEE
Table 6 The casting matrix of fault feature variable 3X

HORARFAE 3X AU AAZ X (8]

3X 3X 3X 3X 3X 3X 3X Bt

5+ LT It It It Iy I
e P 480 19 1 0 0 0 0 500
= F 0 0 0 0 0 499 1 500
% F3 0 0 0 159 24 177 140 500
it Fy 0 214 104 181 1 0 0 500
(C] 0 0 0 0 0 0 0 0
Mt 480 233 105 340 25 676 141 2000

& T R THBIRFLAS-F M A6 4% w4

Table 7 The casting matrix of fault feature variable “displacement”
WA AE RS B REAAR A X ]

wE e e e e me me S

FE N A L T L L 1
g o386 113 1 0 0 0 0 500
w P 0 0 0 2 497 1 0 500
¥ P30 9 8 73 290 37 3 500
w Fi 0 0 0 0 319 180 1 500
e 0 0 0 0 0 0 0 0
Bt 386 122 89 75 1106 218 4 2000
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Table 8 The evidence matrix of fault feature 1X

HBEAFAE X 2 WrIE A

AX X X X X XX
Fy 1 0.0702 0.0085 0.0026 0 0 0
1k Fy 0 0.9298 0.9068 0.8260 0.0273 0.0092 0
B F3 0 0 0.0847 0.1714 0.5416 0.055 0.0149
ellx Fy 0 0 0 0 0.4312 0.9358 0.9851
(C] 0 0 0 0 0 0 0
£ 9 X THREHIE2X O IEHESEF
Table 9 The evidence matrix of fault feature 2X
R IE 2 X F 2 Wi
XX X X X X X
Fy 1 0 0.0714 0 0.0011 0 0
1k F 0 1 0.4286 0.8333 0.5147 0.0023 0
o0 0 0 0.1429 04061 0.3102 0.0079
elQX Fy 0 0 0.5 0.0238 0.0781 0.6875 0.9921
(S 0 0 0 0 0 0 0
10 X THEHIEIXGIEIEIE %
Table 10 The evidence matrix of fault feature 3X
B AE 3 X A2 WA
e3X esX e e3X e X X
Fy 1 0.0815 0.0095 0 0 0 0
1k F> 0 0 0 0 0 0.7382 0.0071
i F3 0 0 0 0.4676 096 0.2618 0.9929
X Fy 0 09185 09905 0.5324 0.04 0 0
(C] 0 0 0 0 0 0 0

F 1 BEAAE “AiAs” MY IEIRHE

Table 11 The evidence matrix of fault feature “displacement”

HORRFAE “AiRe” (K2R

B S L L S L
Fr 1 09262 00112 0 0 0 0
iE B0 0 0 00267 04494 00046 0
f& P 0 00738 09888 09733 02622 0.1697 0.75
g™ R0 0 0 0 02884 08257 025
© 0 0 0 0 0 0 0
12 X TREFIEIXAGT EHRET
Table 12 The reliability indices of fault feature 1X
nx x nx * x e nx
RfX 08944 08182 07934 07153 05291 0.8239 0.8778
RnX 09939 04737 0.0847 0.6260 0.8610 0.0459 0.7313
1X

0.8890 0.3876 0.0672 0.4477 0.4556 0.0378  0.6420




& x W

TRIGEIFEAS: J TR RN (5 B R A s 2 W 77 vk

% 13 X THEHIE2XGTERERT
Table 13 The reliability indices of fault feature 2X

X 2% 12X 2 12X 12X 12X

RfFX 0.8944 08944 04886 0.7179 0.4857 0.6074 0.8857
Rn#X 09980 03333 0.7857 0.2619 0.8948 0.7685 0.6850
r2X 08926 02981 0.3839  0.1880 0.4346  0.4668 0.6067
14 X THEAFEIXAGTHEHET
Table 14 The reliability indices of fault feature 3X
X X JERS X JERS 32X JERS
RfFX 08944 08064 0.8838 0.5496 0.8504 0.6430 0.8865
Rn3X 09938 0.7897 02476 0.8765 0.3200 0.9615 0.9007
X 0.8888  0.6368 0.2189 04817 02721 0.6183 0.7985
£ 15 ATHEHIAZAL G TERRF
Table 15 The reliability indices of fault feature “displacement”
]{fm"z ]g/:a"z ]g/ia‘% Ijl\'/ia‘% ]g\'/ﬁ% ]gﬁz I;\‘UF%
RfI™ 0.8944 0.8145 0.8819 0.8649 03923 0.7146 0.6519
Rnf™ 07047 0.1803 0.6067 0.1067 0.8373 0.4220 0.2500
% 0.6303 01469 05351 0.0923  0.3284 03016  0.1630
# 16 a=0.2, 0.403F &9 0 F 46 %
Table 16 The confusion matrixes when a¢=0.2, 0.4
RS TSRS ks Al A RS Wi 4G
(a=0.2) (a=0.4)
R F, F3 F, © I B, F3 Fy ©
W o500 0 0 0 0 500 0 0 0 0
m Fp 0 485 12 3 0 0 48 10 4 0
¥ Fz 0 3 475 22 0 0 4 474 22 0
o Fi 0 0 20 48 0 0 0 19 481 0
© 0 0 0 0 0 0 0 0 0 0
% 17 a=0.6, 0.80F 69 1R F 46 %
Table 17 The confusion matrixes when a=0.6, 0.8
AP A S AP A S
(a=0.6) (a=0.8)
R F, F3 F, © B F F3 F ©
s Fi 500 0 0 0 0 500 O 0 0 0
g Fa 0 499 1 0 0 0 499 1 0 0
¥ F3 0 93 345 62 0 0 120 325 55 0
m Fi 0 2 16 482 0 0 2 27 471 0
© 0 0 0 0 0 o0 0 0 0 0
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Table 18 The confusion matrixes of fused diagnosis

Rl A IS WS R NIZRW)

Rl R ST R (WIEW)

it
rR F, Fy F, © B I, F3 Fy ©
s F1 5000 0 0 0 0500 o0 0 0 0 500
g Fo 0 486 10 4 0 0 [498 2 0 0 500
¥ B0 4 474 22 0 0 91 35 55 0 500
W Fi 0 0 19 481 0 0 0 11 48 0 500
® 0 0 0 0 0 o0 0 0 0 0 0
(19 NS4 BHRIEREW
Table 19 The trained optimal weights W
ElX 6%X 6%X 6%))( eiX eéX eéX e%X
wi® 08925 03977 0.1642 02764 0.0098 0.0772  0.6462
E2X e%X e%X egX eiX egX e%X e%X
w?X 08976 03099 0.3813 0.1284 0.0010 0.0010 0.6601
EBX eIISX E%X egX eZX egX egX e‘;X
wi® 0.8898  0.6500 0.3843 0.0010 03143 0.0010 0.9321
E%zﬁ eflzﬁ egzﬁ egz% ei\zﬁ egﬁ egﬁ €{7ﬁ
w;fﬁz 0.6318 0.0010 0.5760 0.2096 0.0010 0.1504 0.1591
F 20 MIXAF A GG R IAFEE
Table 20 The confusion matrixes of testing samples
AR 22 RN W) A IS S R WA W) o
o T
rR F F3 F, ©6 B F, F3 Fy ©
g P 3000 0 0 0 0 300 o0 0 0 0 300
e Fo 0 (280 12 8 0 0 [300 O 0 0 300
¥ Fz 0 4 274 22 0 0 43 219 38 0 300
wo Fi 0 5 16 279 0 0 0 11 280 0 300
© 0 0 0 0 0 o0 0 0 0 0 0
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MR AT ] DUE H B TR 5 B R 2 8,
Hopth =Pl B2 B 2 [A)AN ] Rk S AP AE A AN [RIRR RS
PITRE, (E 2 I I Zrad #2 ] DL B PR TR G 2
BE. Bt S RATH KO B9 UE 35 285 & A1 aa WAl |
SRWT (1) fib A 12 W 25 32 A [\ 1), 41 ik s 40
E1608,, H, 12 W 2 I H R Fo (A FE A SCRF) e
AR N R (2 BUREAS SR, THAIESE 41516404, 7,
S 2 S W Py G RE AR SCRF) X8 N i s [
FE M, HoE KR B E 4R 4 512144, 16434,
1651, ARIL 7 Y ZRWike 2 19 2R E F. R itk Il
SrW I SRAS [P VRVEH PR IR AR TG W R FITRIEFE
K, BRI 20 TRIE R RE 0 A 2t 32 A R
BRTHILEW TG HEFE.

44 77 ¥ W R 5 4 Hr(Test and analysis of the
method)

— BXUH bRt 72 58 BR, AT B SR AL
HI1~SHIAEE1051, BLA BT s R A2H 2~6 51 B 3T
HEMI R RBRFR. ATE—HBEERIE1X,
2X, 3X, “RIF%” BIRE AR 2o s e SR R i e —
WEPRZA, A2 W S it ol a2 ) TR S R B 4%
23, WATH S PRSI ZREEA RIFE R 7, FiE
SIS IRAF 12004 AR Mk fl & R G R K R T
W R, Ko, &R, Fy, Fs, Fy 2530041 8 4
AR S AU A VR E H LR 20 .

M09 FTOBLE O, Re |ypap= 1108 <
Re |yyzew= 1133, Il Z5 B A1 I 25 5 AH L, J5 &
TE Fy MRy e AN b S BRI AT 52 T QIR m 1
X ES RSN TR, 2 TER HUUVIZRAE f5 1)
flE RGN SAR EA R 1 &SR A 2 R
TRVEFESE.

5 X145 (Conclusion)

AN IR 8 PE RIS B R A ek
)@, 25 AL T ERMUN MM R 2 W 7. E e T
P B R AR A AR ABLSR bR 50 U — AN 1 77 3 SR B 5 A T
(B B W2 Wb, WAL RS E3s 1% 22 DL S PRk
TEXT & Wb S R e 0 1) 22 S R, 45 tH3RES
W IE BE v S5 14 R -1 07725 45 HOWUE FRpL AR s ALl
SR ENVS TR ) B, B fe M P ER fil A AR
T iAo 22 ] S IR A B R AR T 5 B2 e
P, T FH R G 25 R AT iR ook

Z 7R 4k K T Dempster-Shafer il 4 2 18 A FEAN
Bff e VR SR i) A A, RIS S R T B AR S
N A TG R R AT SE A E A R, AR
RAET: ()T 152 R IR B 575, ANT5 25
R RRRFAE AR A AR DL R AR S ABE X T R B

RAMAEFMER B Q)FIEFAIESE AT FErE RS
L EERE W, X E TSRO ALY,
A TSP TREBORN G BEE LSS 712 B
HE 3)IZWnIESE ™ e hiE i B TAEA ) e TR
AT, AT EN NG E SRS, Wb T BT xR
P BT 51 IS ASFE B AT A 0] 58 (4) — H3R
Al e RGRAR”, lE RIS Wa R AR 15
B, AFHEERIZH.

BEAb, A2 B SE IG5, IR x4 gR (58
SRFIIR T L, TSChr P SE AL BIRG L
BEREAR, (ETCIREOR BERA R e T ST HF (1 e el e
TERIIEOL, ARK BB FT A, AT AR5 T P die
SEBATIE— D IR S HE) . X T AR AL A
ik Ko E, LA R a2 s i, ] Bl
PR UEE P EE R D 5 AT IESE A 1 F A AR,
V2, WA BT 75425 T LASL 58 2 (5 AN 43
1R,
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Bt 3% (Appendix)
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A T, WE A TS A E A R AL L AR WRR 2 T, E-mail:
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E-mail: jian-bo.yang @manchester.ac.uk.

& Al BUKEIERAS RS WER
Table A1 The activated evidential combinations and the fused diagnosis result

M AR & ‘ i RS IZ WS R F;
gt X X X egﬂg P B F3 Fy N&EW WIEW
1 1 1 1 1 368 0 0 0 1 1
2 1 1 1 2 103 0 0 0 1 1
3 1 1 1 3 1 0 0 0 1 1
8 1 1 2 1 14 0 0 0 1 1
9 1 1 2 2 5 0 0 0 1 1
16 1 1 3 2 1 0 0 0 1 1
100 1 3 1 2 1 0 0 0 1 1
197 1 5 1 1 1 0 0 0 1 1
344 2 1 1 1 3 0 0 0 1 1
345 2 1 1 2 1 0 0 0 1 1
579 2 5 6 5 0 52 0 0 2 2
580 2 5 6 6 0 1 0 0 2 2
688 3 1 1 2 1 0 0 0 1 1
873 3 4 6 5 0 24 0 0 2 2
880 3 4 7 5 0 0 1 0 3 3
922 3 5 6 5 0 83 0 0 2 2
929 3 5 7 5 0 0 9 0 3 3
1031 4 1 1 2 1 0 0 0 1 1
1167 4 3 6 5 0 2 0 0 2 2
1214 4 4 6 3 0 0 1 0 3 2
1216 4 4 6 5 0 5 0 0 2 2
1221 4 4 7 3 0 0 3 0 3 3
1264 4 5 6 4 0 1 1 0 2 2
1265 4 5 6 5 0 309 1 0 2 2
1266 4 5 6 6 0 0 2 0 2 2
1270 4 5 7 3 0 0 14 0 3 3
1271 4 5 7 4 0 0 4 0 3 3
1272 4 5 7 5 0 0 30 0 3 3
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Table A2 The combined diagnosis evidence by ER
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