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Abstract: Vanadium flow battery (VFB) energy storage systems contain specific components
such as stacks, electrolyte tanks and pipelines, which introduce numerous potential fault
points and challenge operational reliability. A fault risk assessment method based on a fuzzy
multi-state Bayesian network is proposed, in which the fault risk is measured by the
abnormality degrees of available power and available capacity. First, typical faults and their
propagation mechanisms are analyzed, and a multi-state Bayesian network is constructed.
Then, triangular fuzzy numbers are adopted to represent expert judgments and compensate
for the scarcity of fault samples, converting qualitative experience into fuzzy parameters.
Static weights and dynamic consensus weights are determined according to expert
competence and judgment similarity, respectively, and expert opinions are aggregated through
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the fused weights to obtain the network probability parameters. In addition, the Leaky Noisy-

Max model is introduced to simplify the construction of conditional probability tables. Finally,

the network is built in GeNle for bidirectional inference and sensitivity analysis. Forward
inference results show that the baseline probability of abnormal system operation is 5.06%,

and it rises to 90.87% under the combined scenario of temperature control system failure and

pipeline leakage. Backward inference is performed on a fault event of a photovoltaic-storage
integrated power station, and the primary root cause identified by the model, a stack

manufacturing defect, is consistent with the published fault analysis report. A four-quadrant

operation and maintenance decision matrix is established by combining sensitivity and

influence intensity indices, providing decision support for classified management of fault

factors and differentiated maintenance of VFB energy storage systems.

Keywords: Vanadium flow battery; Risk assessment; Intelligent operation and maintenance;

Fuzzy Bayesian network

AR AL (vanadium flow battery, VFB)
BAHESFFmK . AMEZ et R s, ZKEE
REMIE BRI AR ZE 2 —1, 5 bk RGAHLL,
VFB % 4t [ i HE A1 Dy 22 AR e e B Ab, 3B A0 3 i K
W TEINIR . HUE RS A s . RITE . R
PR Re AL RA N BB AL, FHRGTH
DhZe e A S R, ™I G B R G b As 47 5L
ETHRISHL. Rk, U VFB fi# B8 5 Gt 1) OBt i e
R AL AR, R R 2 iz e, x4
1 RGUISAT AT SRR SO B T M A R .

WA VFB R AT 58 2 £ rh T3 i B AL 38y
B 545 E BB 2 . SCHR[21A0 SCHR[3] 73 A 1 11
A R AT 0T VB PERE IR S BB AR DR, 45 H
TR . SCHER[ADRT FHE R VR SR AR fE AT T
FIHT, K ANSYS 1 BUFISEER 500, 42 i i
B HE K[ BB A G AR R R T B TR
WA . SCHR[BIER T T VFB HE S IHLRAT Ny, 3
T Weibull G it IT f 2k & i, 48 I3 4 BRI 5
T3~ SRR PT FEAICHE B 2R RO o FE 2 Wy
T8, SCHRIGIHR H —Ffr 5 T H0 40 B 50 1) 2 R0 H
Tt ZR R A i, R SRR 2 R 2 5 X m] [14%
IR BTN R AT FO0IN ,  Sd e H R T R 22 5 R
BT LG R AI R . SR, 52 VFBfifi g Lk $iz #
B IBAT IR S R R AR R BRI, AT R %
Fab, BARIRE TN 2 PR . SCHR[712E T A58
BP #ii42 [ 48 % VFB i f 147 73 K12 Wi, R ZRAF
AR FEERZ AR IZ R SERE, BAH
2 HUH] 1) B — A B R R S, 0 2 R DR R A

RGN AL SR E R AT D, k= ikt
ARHGRIFAE T RGFda AT AR BV 7%
BUA RS PG T VR H A BB B R 7 R, —
FRIETHRIME RN ZIRIRER G VPO IL . SCHR[B]HS
JELE . CRITICYEM G1iEE L M AN 5 - ALE
THEBAT R IR ERE LG PUE, S aHMERE
PN IR E BV A — k. SCHRO]R I AE )
WRAERMA LT EEULER S, 5 24%%
PR AR 45 A AT R DL I UL VAl 1238000k
R ISz AR AF N IF SRR AT INBUR &5 HMELARIE
DR R AR R A s B IR AR R e s[RI Ho t o
TEPNERE WIS EEES, A DL 2 A SO R4
SEHE R BMEMEEIIRI TR 51— FR R T
B AL MR 3 RS A v, DAt L DL iS4
N, AT TR RGN EIRES IR IF 32
PRI . SCHRR[10]5R 1 — Al 4 & iR v 23
5 REORA 32 A T 7R P b B A 77 K R XU DA
%, A BUE BAE L AR S50 AR PSR 0
AIZHGN, VU3 2% 7T 5 2 b SR (1 Hicdie s I
KRGS SCREANI E VESRAE T B0 XA B R HE R,
FE AL A BN N2 . SCRR[M 3
ol DA AR Pt A 0 2 M I AR P DL I 34 4] 2% A6
R, BN B R A R 2 1 R 5 e AR DAY e
A, JE USRS TR B R . SCIR[12]38
I RO DL S8 0 44 1) S SE B B KRB XL
oM sk, IR AR SRR pR R A S A E
Pk, M S SRR AF R R . SCIR[13]38
— R L ik RE R ST TSR AT U i, I S AL



g TR I ) A SPLIBRIAT LT B 2R 03 A P B XU PR A 3

i WEEMERH S LR AR M KEMESH, Sk
Bl 7 AT AR PRSI PPAG o A KUBS PP Ak 45 R PR32 48 5
JITHT SCHR[AA1R FH DU S07 100 2 0k 8 Tl 2 it B 3
AGURRIME, He T 25 R SRR T R AT
Z HAbsILAe, BRI R AT T ek . 32
HIR[ 15145 XU 15 7 R ABURR A 5 $0 2 & f 4 DU G PR AR
PRI, R RTINS 2 A = AN S,
ZE A B A PR LR S

SR, 3 DU S I 2% Xk LA A VFB fi# e R 4t
IHRRREE , SR 2 25 DU 190 28 ST s 9 4 22 2%
FERTR . BRI SRR . BhAh, fESh=
MR, 2% SRR B S0,
KLWHFLBENITE MBS, #3 -
AL, RSO o RO 22 2 DL $4 X 2% [
VFB fi#i it R G MG AL 7 i, TseBl 2 KU A
A AT R G S b XS 1 A5 R AR AT
SCHRIBHERIS I E, PR RGBT AT R

1 AR Z A W S AR

1.1 ETRWITFNIMESHITE
DU 85— FpAT e e, AR AR
T E R A L. A I H AT AR
A7 R RN R AR AR R . DL
H7 00 25 AR S A AR AT s ) S B AR AR 1Y
MIZEATFME AR R, 7T ph D sl iR i Il 2l X
PPAG A R IRAT o B I T 28 A0 5 n AN BEHLAS
B, P R IR G A P (X) W IR
P(X) = P(X,X,..X,) = [ [P(X/Pa(X,)) ™)

H, Pa(X)®Ram W a XA g
P(X|Pa(X,)) KRN mARE SR ZRAE T,
RXHETHRCRAS I 26 AR

H1 TR 2 H VB ik E FEL il PO I TR, %28
BATHMEG SRS Z, BICR AT & SR 5 I
%, MRS PP B RO A A B RT REE . BRI
i BB R BAR AL AN E 105 ., SR E
BREICRE 2 TEPPI B N E BVPO . BURI TR T
B CL I A E T -V AN e
b, = MBE R =SB A e, Bz
OREBUR, ELE VP U iz BT, Rk
RICEW =M RE R PSR & RE
ML RIS R, B H 2 a PR KRR A, 2L

Hid Do SEOPMEAEAGE . AR E T
£ AN SN EN =TI | S =B O TR M = 7 B O
B = ABOBI N R fros o = ABHIE(a, m, b)
H, as mATb 7y Bl RN TR S TR AT RE
RIS
£ IESR RS B
Table 1 Triangular fuzzy numbers corresponding to
assessment grades

Fr5 PR it . = Fr A 4
1 E[B41iS (0,0.1,0.2)
2 fi& (0.2,0.3,0.4)
3 i (0.4,0.5,0.6)
4 = (0.6,0.7,0.8)
5 Elo e (0.8,0.9, 1.0)

AR MRS T, T K
SRR 8 o 45 2 RS 2 2 TR B
W BB ATRE R A KBRS,
HRE R, SRFEFNTHENETEE, %
T HEAE R VP A U8R L2 PR AT, 4l
KT AR

5= @)
2.6,

Forf, nREFHE: GROMHREIfER
B ALK T A A Rl AT AL KPR 5
HRIARR . AL A IRRRHHE AR = KR R4
L (3B IRAE W TR AT

ENE RN BRI ZESR, F—% 50 H
LR ATUBR 1 0 B T S AT S, T A B R A
ST T A B K (R . AW 57 L )
ORI — ke, At — 5 31 A ST VP U AL 1
FRBE . (8 Bt 5 % 5k A — B R A
X REBHIACA U, = (a,m,b,) R U, = (a,m,b,), %
K 2 A 5 -7 2 O R DL s,

s=1- [Ll@-ay+(m-mp+b-by1 @

Kb, s0], s HKEIF LI 4
R, PR 4 B s=1. AT kit
K. MRS

Sy Si2 ot Sy
Sy Sp vt Sy
Sn1 Sn2 o Snn

VRS T X AR L PRI 45 R T 2 A

(4)




4 i B A

5 & R

13
§= 4 /Zs,,
jei
c. S (5)
2.5

TNV KPR AR I K B AN, {EpTA PR
Yria) 8 EORFHEE, JBTHESBE, HRBEE
LR BRI — B, BEEARPEOY R
REN A, BT ENAE . A R AR
WEL S, HTEALTFIENS RNGES%E
VIXIER

6, =ad,+(1-a)C, (6)

Horr, o) NS AL 55T B ) R Rk & AL
#H; aNFATRE, ae0,1]

X T REARAT RUR AT R, WA N %
FZ 5T, il XK g B IE S TR R AR
WIECH U, = (a,m,b;). R4 FI A5 2 ) fl & ACE
XA B X PN a5 R EAT INBUR &, 3312568 =
BRI % U

U=(ﬁa%§pmhiaap(aﬁﬁ) @)

LRI B B S 3oy — MBI E, %
HBITEAR B JURISHEEFI BB ik . A&
SCR M HEOIEX SR G = MR BCE R, 207k
78 0 ) 5 Jes R AR A 58 SO R 0 A R AL
THHEAXN:

J-j:pr(x)dx

- X )dx
J',JIA(i) B (8)
m o x-a b ob-x
=2(Lxm75dx+J’mx57mdx)=5+m+5
b-a 3

Horp, XN ZERIAL S RE WA M. KT

R 5, I A Onisawa #E 5 1) 24 20K X* 35 ol 2k
RN FPY7

1 .

S T

0, X' =0

1-X 1 . N

Her, A =(T)3 x 2301, XFT AR

w HRBCIRZS S IR B FP.
XA A R AR, AN EEAT Onisawa 24
e, 102 BRI AL 45 AR v Ak AR R

©)

1.2 Leaky Noisy-Max =%
XTEAn NG m M AFPRERT

A, R SR MRS T E A A SRS A
AR, SIS HEE N (m - 1) x 27,
BEE AT BCESE N, S8 E ERBIUEK, MY
WEWI T BRI A, WA IR E.
# X F Leaky Noisy-Max #:54, & A& L&
AT U RO R, T CRR IR — 45
R RREHEW SRR, DS HHERFEE
(m-1)(n+1). [AHKf, Leaky Noisy-Max f& %4 i 4 5]
Nt AT, DAFRAE BT AR A ASE ) AR 0 R 2R ) H
FrAT s 520 . Leaky Noisy-Max #5574 [ B 1 & 1
i

El1 Leaky Noisy-Max #& 8! [R1F
Fig.1 Schematic of the Leaky Noisy-Max model

A, YRR, X X0 X, AT, Z,
AT R XA RTINS 735 /L Y stk . %
JEAR R AU 59 Y AE T IR o YIS, 5l
NMtIRIEHAZ R Z,,. TTHRYS5&TIERERA
*Hlaﬁg%%?;%%{yo,% ----- Ym—1}’ Yo<UYy;<--
<Y g 271 AP BRI B 7 R P G Y

£ Noisy-Max B3 T, 7719 sURES H pir 3 ok
A (R B K AE HUE

Y =max(Z,,Z,,..,.2,,Z 00k (10)

M FURE 2 3N X X0, 0x, B, P(Y <
YilX1 X000, ) RIS T RORES A y, 19 Rt 551
R FELE ST RURES IR, ks T
BRAZ B AH AR A ST, HOMRAE AR S S & AN
MR TTR AR B AR BT, A

P(Y < y X, X5,.,X,)
=P(Z, < YirZy < Vi ook < YilX1:X05e-.X,)

n (1)
= HP(Zi < YdXP(Ziga < Vi)
=



g TR I ) A SPLIBRIAT LT B 2R 03 A P B XU PR A 5

H, P(Z < ydx) TR ST 55 X=x, 5 A
W, HoTmk A R Z AR y R R
P(Z i < y ) EnittislE A& Z, Ay 1 Rt
R

B, I AHAR SRR S A AR B AR
AbF BACRES y I AR

P(Y = VX1 XorenX, ) = P(Y < VX1 Xp0e0X,,)
“P(Y <Y, X1 X000 X,,) (12)
P(Y = yolX1 . XpoX, ) = P(Y < YolX1,Xa0e0X,))

I, TR P Al B SO sl AR T 2 BoRn i
RS H A b e R SR R R
1.3 ETHRES #0053 E NI FF0E 4R R EE
ke
S ST AR s R R AT S 58 S 4R A 0 AR 5
BATMIE, B RG NRARIE e
BURNE T IR B O RS, TR
H s RS HIN S X A N B KRR, JF
X Rk LU g XU R R ™. H AR SRR
T R SHO TR -
r-mtt
dT _ ad - bc
dp  (cp+d)?
K, av b o dAFFRBRE: p ot s
REHL MTRAN A, p R KRR 5L #E

ﬁo%ﬁ%gmﬁﬂﬁﬁﬁ,%ﬁﬁ%mﬁﬁmﬁ

be g, X pMprAEE, FEIEIEAARAER
oo BEth, TS, AR S X 5502
BACTEEIN[ pyp, ] WA
AT(X)=[T(p,)~ T(p,)| (14)

o, AT (X)) 3R H AR 4 HE2R 0 AR T R X
JeISNER M RUREE, HBUEBO, RERTAX A
B WEZR AR AL 0] H bR A AR 2 3

R(Y =y, ) AR 55 X0 B AR A B 520 s B
ST HRAT R AT JE B AR SR I S A 4

R(Y=y,)= P(Y = yrl);r(zyl);t;:(Y= v,)

Hrb, Y=y Rom BT R A HOIRES, BIH
PR P(Y = y ) N AR R IRMR, P(Y =
yidX = 1) AR R XR R H AR AR e SR

S SCAE S XARAR R FEAR, A B T U -

(13)

(15)

S 5 B OUUR AR IS 4E R AR I . A 2 s, M
I\ 73 59 R BB EE M2 WA 58 R, YA G PR 73 Sl 0
PO SRARS A

2l
WE i

oKX IX
TRBUBE-FRMRE | REUBE-TRRNHIRE

fi&

| 3t

BB
mMX VX

(BB EWRE | FBURE—ER R

1&
2 BEYORFEMR
Fig. 2 Matrix for operation and maintenance

IBYERFOERETH B4 R W] T e 2 iz g
Fug, LU IEgERAR . ISR R AL AR
X5 5 O U R - R SR B DR 3K, 2 i T
ARSI G XS 5, NN SR A B 58
ORI SRS o TN o U A0 - v 52 i i 2 [
7, HIEEREM AR R G RGN, (H—H
KNG B PR H AR AR, N ST R E LD
REIRSG . WA TURMEE N AT XA A
DR BB IR Wi 55 B A 3R, T g N A
Zia Tt RS E . TV IXHT RN i BUR - IR
SRIER R, ROCSE TR RS IR, 5 - 0Ttk

RELITAE S

2 VFB i ft % 48 #k [ X6 37 £ 4 A
E=

W 3 Firs,  FE RO 22 25 DU 2 R 2% 1) VFB
fift AE Z8 G0 W R XS 7 Ak 7 v R 3 AL 4R 3 A
g OB IH 94 M A kB DL e S DT ST 00 25 745 £
X RURES G, 45 & TEAL R R AT 2 I 245 40
: @QRHZMBEMERIEL KM, SE6EKY
VAR B A IR E AR 2R S RCE, INBUR
ALERIMERBINGE = MEHEH. XH
Onisawa 2 20 Leaky Noisy-Max #5443 5| 1+ 5H AR
RSB MR AER Y MR R, @
GeNle FAF TR BEAT 1E [ 4F BRI ) FE2E s A4



6 ik BE Bt

5 & R

TE Y SR B 3 e 48 B AT 22 AL IS 4E SRS 1) € o
2.1 VFBfi#ge R % AT SE X

VFB fififit R4t AL G AR AR =l . 2361
WA AT 4Edr i B sy T B R AR R AL, FRiE I HL A
TAEFR . AL IR ) Ze 4% ) 6 2874 ) R ia
ITIREERE. WR2PR, RCE NI HR K
RSB S X ~X g, TR dh AL R 78
BB N REA S M~M,, &Z&LLIVFBfikfEt R4z
177 HAE M L, K VB e & 4t DL
%, ME4FR, BEMRENERRAASSHE T
Yy R BB AT IR, R e B G T DA R R
FERMi e 570 AT FH 2 & S 1 R BEAE N1 2 VB fif e
ARG RS P K AR bR . AT AL S M. M2
R BB TERE, B M B M AT — % 55 0 3 1
RS AR L 5. Rk, L 05w MR n]
MY 5 HEER ARG S, £RAW
i AR R 2545

WRIEIZAT A5 5 AHOCSCHR, A8 % 77 e
FIHE WL SRR A2, X~X,on M~MFIL it 3
W, REESNO: IEH, 1. R} Nl
MR e B E AR, WM, MR M e =
WS RL HRSHES H{0: 1IEF, 1. BERT,

2 DIETRLE T R X
Table 2 Definitions of Bayesian network nodes

Rt R X R £
X, (EEZERTU X, H HE R
X, A T B M, H AR B AN
X, e HE ) B M, [t 2 £
X, TEGURE S 25 Kk M, H AR JEE S
X, I E 2 ] 2R G P M, R o S
X, FERCHE A ] b M, fif ik BT P T 28
X, R AR T B M, il BT P 2
X, IR IRV L, VFBfi#ifit RGUZT 55
X, RGN -

2. FESHE), RABAHE LRI, =FEER
B BT SeBLE s 22 AL, RN G T
RS BB S A % 3 b R A R4
RV I AR, BB W R 1 R
bR HE . Fh 1173 % 4 40 U AT VB i HEHR A5
i, SRR R VB e R G B — (i
FEtE. %R E B RE AR Bl T
SRR, ABBIEE NS, SH
SRR HHZ R R T E R B T
AT BT AR 2 «
KIPAEE K. N 00U

| sxeRmMmt | | EOSRANELE |
] [ Ememsn
VFB kRS R S TUH i | mamEs || HANEC, | BB
Rt | | #
[ rummiwem ] g R
%
! z %|| [WREEST
|:'| >\Z TR A 5 AR |;' > »
| wmmusREsm | u | 7 5 | g BRIE
! Bt R mR R || R AR 5
> 1-x*2
| BEXRA SR | o 1=K 2301 5 _
{i, X" %0 B ﬁﬁmg%ffﬁ
FP =110 L
= 0, X' =0
Leaky Noisy-Max#&& OnisawaA=

3 VFBf#sE ARG HIPER G ITME A RIE
Fig. 3 Flowchart of the fault risk assessment method for VFB energy storage systems

=3 ZRETHERERI S FRE
Table 3 State classification criteria for three-state nodes
A OREO R KA 2
M K <4%0 P IR F T R ST AN, AE AR Sl e e R A AR AT A R A P P e 9 E L ek A e O A
e ;B 4%<k <10%. JE; Bi# 10%<k, .
My n,<5% 5%s<n,<10% 10%<n,, filt S o)y 0k vT D 5 A% bR
My n<1% 1%<n<2% 2%s<n 1




g TR I ) A SPLIBRIAT LT B 2R 03 A P B XU PR A 7

4 VFBfi&gE R G DINTET M 2%
Fig.4 Bayesian network of the VFB energy storage
system

kv = Umax; Umin
U
A

=5 (16)

n=e

Hoh, Kk NHEHEEEREREG Uyn U, f1U
S R % B HE I B K B L 5N B RS 3 LU
n, 9 B8 20 AT FITh S TR, AP Jyfik g
TCHT AT F TR G AR A Py S 2T AT
DRI 0, At A 2T T P 2B R R R B
C, LW AT F 25 s AC ik s B G 18 40 7 Y e e
0 FHLATE B (1) T 25 2
2.2 RPELRMEITE

YL 8 2RI & R R E N : 54 %
FHNEREEL, EALFNEE R —% TR
o i L R 5 2 2T B PR AR ] i
e FR B W PR B R4 o T DU £ X, At
JER A R I S R I R . e, KR
w3 A1RIR(2) T K P45 40 B K P AL
®; B, BAR3)-(5) KT RN 4 Rt st
PR, PP ) A X, 7 50 L s 7 — 4F 1 AT
AL S P 0 2 A TT R s A S A B B AN B A AL
P4, BUE 2% a=0.5 13 3@ &AL ED, 11
RAFIR.

AR 20(7)-(8)%F % SR VR HEAT IIABURLR 5 45 A1
FBM T, B G A S AT, =
(0.4239,0.5239, 0.6239) 1%t I 1] 25 155 4 1k 25
X' =0.5239, A9 BIHLYY 4 X, i S B i %
FP, =5.9065 x 10°, I Ik i iF 5 5 A

RS, ASRWME SR,

T4 RPRX KBTI SNEHELR
Table 4 Failure possibility evaluation and weight
calculation results for root node X,

£ K X SRR

B s TR B ARCFE JERRE Eha
1 30 Ex 0.1442 0.1322 0.1382
2 24 [ 0.1154 0.1157 0.1155
3 18 Ex 0.0865 0.1322 0.1094
4 28 Ex 0.1346 0.1322 0.1334
5 24 Ex 0.1154 0.1322 0.1238
6 30 i 0.1442 0.1074 0.1258
7 24 Ex 0.1154 0.1322 0.1238
8 30 [ 0.1442 0.1157 0.1300

R5 BRTRAEMBRITEER

Table 5 Calculated prior probabilities of root nodes

REPsE R Vlng /= Pt R ling /=
X, 2.34x10° X, 1.96x10°
X, 2.93x10° X, 2.08x10°
X, 7.30%10° X, 1.41x10°
X, 2.19%10° X, 1.67x10°
X, 4.90x10° X, 5.91%10°

FEFTA AR mrf, A TRRETR VX 1) Fe 3o M e i
iX, Bl RFRRMXHNLmMER R RE Z#FH
JE T IR, (HRRME s r B3, HKEE
T, BEARGHRZEE. W, EELMIEEH
B, HEE R, KWHIZAT 5 ik R 13k sh . #4K
A YE A7 22 35 TR B RS o T il YR R R P T
JEpr kG, AR, EREkEC>, Ht) R
R EAT AN AN L 2R P DS o A o

RS 56 T T R B o BB O AR YT A5 S B0 M 2R (1) 5
Wi, AE LB VS 0,114 L 0.1 28 K ik AT BUR
S HT. WK SRR, 1E[0.4,0.6]X A, LLa=0.5
NFEUE, BT AR R I N 2R 1 A KA K B
1.97%, HHFAA . 16 a A TEE F[0,114,
X5 Xon Xo Z 1B BAH X R 38 X, P A T
RIS N2 1) B KA R 4.72x10%, HU{E 3% 3
BNe Rk, KA a=0.51F i 880 E 25 Ll i A
MIFEERE, X NAR Y SR IR MR T A A
B R R .

23 ERTEFHEBERRITE

k6 frax, XK Leaky Noisy-Max 5 74
S 58 77 R AT S A B R ST R S S EE
B, K, WM. MJRBEERLZ QT ENZ



~ N D S 2, .
8 it B B ¥ H H KR
—— X1 = X3 o X5 X7 Xo 26x107 —— Xy —— X5 — Xg X7
,_\2"1072 —— X, —— X, —o— X —o— Xg —o— Xig
= 25x107
=
< 2.4x107
& 1072 "
= 2.3x10
%\ﬂ/_smo* 22x1073
= o
2:%4"1073 Eij( 2.1x107
R3x107 :> 2x107
F———————-— —— — — — —_ —_—____
2x1073} | g —-JI 1.9%10
: : . . 1.8x107°[ . . \ \ \
0.0 0.2 04} i 0 6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
W R a W R Ha
E5 FETHRBaBEES R

Fig. 5 Sensitivity analysis of adjustment coefficient a

WEN A, ZHEEEIL50% U E. G2
BN R — IR B, DL, 2 0 R
el R, PROTIR D7 SR AR ZEBEZ I8 o
R6 FHERFMISHEEILE
Table 6 Comparison of the number of independent
parameters required for CPT construction

W RWAH RS EGU5E Leaky Noisy-Max i/ %
M, 2 2 4 2 50
M, 2 2 4 2 50
M, 1 2 2 1 50
M, 4 3 32 8 75
M, 2 3 12 6 50
M, 7 3 256 18 93
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R 15 2, 1 Z,, 10 B A

P(Z,, < 0[X, = 1) =0.3029
P(Z <1X;=1)=1
P(Z,, < 0|X, =1)=0.5260
P(Zy, <1IX,=1)=1

MIRAE AR Z,, T R AE A R A
ESTEAE TR 2R T R E e R, BHEE
TE AR RE . BT . RIEETIRER
BZ . RUEH BT HERAN S, ARYE ok
PRE R, &R el ik A s i Aat. AR4E 3o
VRN, v o3 A B AL AR R B BUE Y A\ (U-30, p+30)
DX ] R RE N -

P(u-30<X<pu+30)=99.73%

(17)

(18)

TR b A LA B Rt p3o Y6 EIE N
WA, R A SCHOHE R 2R 0.27%. K4 5
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Table 7 Conditional probability table of node W,

AT FIRESAE P(M,=0]X,.X,) P(M,=1|X,,X,)
X,=0,X,=0 0.9973 0.0027
X,=1,X,=0 0.3021 0.6979
X,=0,X,=1 0.5246 0.4754
X,=1,X,=1 0.1589 0.8411
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RYIK 8 Fim o
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i (X;=1), VFBfikft R SIS 1T 7 5 W2 b JE ik
TR 5.06% TF 5 £ 53.84%; 4R % 6] R4t
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g TR I ) A SPLIBRIAT LT B 2R 03 A P B XU PR A 9

C EEERRTE O MwERE | (o RRRWER 5 AR
i 2% B
%O‘QQ\L A Z100% M E (5 98% o & 9%
O RAEHERE
O EABENELTA| |6 ammEERE]| [T 0%
B 0%) 1% (& 100%
& 100% 2 [E99% =i [© HEEE TR EERE
FEEE 3%

—

| _fEasE 2
© stk SRR /L%a? 95%

© BT imRE
1%| 1% ® RERERT @ VFBHEREREHEIT BN
& 9%%) [ 99% g E5E 1% [ 5%
RSH 1% (& 95% 4
=5 5 —mE e S o7 I _

© iR © BREGE TR / © fEREE LA AR
E 0%‘\ R’ 1%
= 100%|18 = 0o 3
©  (EFRE O Foii B e
E 0% = o
& 100% I = 100%8

6 DIMTHTILE IE EHERLER

Fig.6 Bayesian network forward inference results
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Table 8 Posterior probabilities of key nodes under
typical fault scenarios

SR X=1RMFRI X=1, X=1 5 T

BEI%  ERSEE% JE AL %

M, A 1.34 26.73 26.73
M, R 1.27 25.93 25.93
M, R 1.41 24.14 24.14
M 7 1.32 22.02 22.02
M AT 2.05 12.82 29.54
M7 5 5 267 40.86 61.30

L, S 5.06 53.84 90.87
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Fig. 8 Bayesian network reverse reasoning results
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Table A1 Basis for expert-level scoring
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Table A2 Fault criteria for each node
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