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Reliability tracing analysis for multi-state power transformers using Bayesian network
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Abstract: Large power transformer is the key equipment of power transmission systems, and its reliability is directly
related to the safety and stability of power grids operation. In order to improve the efficiency of the transformer
reliability analysis, a reliability tracing analysis method for multi-state power transformers using Bayesian Network is
proposed. The unreliability tracking algorithm for multi-state transformer is proposed. According to the
relevant references, expert experience and data collection, the components based power transformer Bayesian
network model is built. Combined with the reliability index statistics, the key components impacting reliability and the
weak parts of transformer are recognized by the proposed technique. Through the use of Bayesian network to track the
transformer reliability analysis, the data to support the condition based maintenance and all-life management for the
transformer is provided.
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Fig. 1 Power transformer fault tree model
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Fig. 2 Power transformer Bayesian network model
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Table 3 The CPT of node L
P(L=0| P(L=1| P(L=2| P(L=3|
M, M, M, M, M, M,
M) M) M) M)
0 0 1 0 0 0
0 1 0.7 0.3 0 0
0 2 0.2 0.6 0.2 0
0 3 0.1 0.2 0.5 0.2
1 0 0.5 0.5 0 0
1 1 0.4 0.6 0 0
3 1 0 0.2 0.1 0.7
3 2 0 0.2 0.8
3 3 0 0 1

ML 1f) CPT, 3R 1~3% 3 iR
Fz1 A M B CPT
Table 1 The CPT of node M,

R R s P(M\=0IR,, P(Mi=1|Ry, P(M=2|Ry, P(Mi=3|Ry,
Ry, R3) Ry, R3) Ry, R3) Ry, R3)
0 0 0 1 0 0 0
0 0 1 0.6 0.4 0 0
0 0 2 0.2 0.6 0.2 0
0 0 3 0.1 0.6 0.3 0.1
0 1 0 0 1 0 0
0 1 1 0 1 0 0
3 3 1 0 0 0 1
3 3 2 0 0 0 1
3 3 3 0 0 0 1
%2 T2 M8y CPT
Table 2 The CPT of node M,
P(M=0|  P(My=1| P(M=2| P(Mr=3|
Ry R Re R R4, Rs, R4, Rs, R4, Rs, R4, Rs,
Re, R7) Re, R7) Re, R7) Re, R7)
0 0 0 0 1 0 0 0
0 0 0 1 0.9 0.1 0 0
0 0 0 2 0.7 0.2 0.1 0
0 0 0 3 0.6 0.3 0.1 0.1
0 0 1 0 0.8 0.2 0 0
0 0 1 1 0.7 0.3 0 0
3 3 3 1 0 0 0 1
3 3 3 2 0 0 0 1
3 3 3 3 0 0 0 1
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Table 4 Unplanned failure rate for each part of 220 kV transformer ( times/100 set years )
R A 1998 1999 2000 2001 2002 2003 2004 FAME
HLE AN 0.113 0.312 0.260 0.273 0.113 0.188 - 0.210
il 0.679 0.381 0.584 0.546 0.366 0215 0.327 0.443
B 0.151 0.035 0.030 0.057 0.101 0.075
B 1.698 2319 1.784 1.668 1.409 1.826 1.180 1.698
BHRG 0.830 0.761 0.908 0.515 0.507 0.456 - 0.663
Iy AR 0.566 0.346 0.616 0.152 - 0.161 0.352 0.366
HAbGHiRL) 0.604 0.485 0.515 0.395 0.456 0.251 0.451
F 5 220 kV TE 3 JBEMHIETTRI =S AT [E) (/N BT)
Table 5 Unplanned failure time for each part of 220 kV transformer ( hour )
R A 1998 1999 2000 2001 2002 2003 2004 FAME
LML I 260.6 54.96 164.84 58.73 122.96 58.25 - 120.06
il 663.69 47297 599.46 25.21 279.86 203.07 227.71 353.14
B 205.7 489.1 - 567.77 431.39 - 311.66 401.12
B 47.52 24.02 13.54 29.53 12.87 13.83 26.59 23.99
BHRG 24.55 27.62 13.17 24.8 11.8 36.4 - 23.06
ViR S 66.03 4272 36.13 164.2 - 117.19 64.34 81.77
HAbCHiEL) 13.25 22.48 - 56.91 16.19 7.23 16.642 22.12
6 220 kV TR BREEAARTRIFBR MR A REIF (%)
Table 6 Unplanned failure affecting availability factor for each part of 220 kV transformer ( % )
R A, 1999 2000 2001 2002 2003 2004 FAME
AL A 0.002 15 0.004 67 0.001 81 0.001 5 0.001 26 - 0.002 15
il 0.022 58 0.038 18 0.015 45 0.011 16 0.005 02 0.008 48 0.015 53
B 0.002 12 0.001 95 0.002 65 0.003 57 0.002 57
B 0.006 98 0.002 64 0.005 57 0.001 97 0.002 6 0.003 58 0.003 89
BHRG 0.002 64 0.001 31 0.001 45 0.000 65 0.001 91 - 0.002 275
Vg S 0.001 85 0.001 79 0.003 32 - 0.002 17 0.002 17 0.002 26
HAbGHiEL) 0.001 36 0.003 32 0.000 7 0.000 38 0.000 48 0.001 25
F 7T HHSAEHENERTSRT SR EHENFIRETE
Table 7 Posterior probability of the root node failure under the leaf node failure
R R J& KM%
Ri P(R=1|L=1) P(R=2|L=1) P(R=3|L=1) P(R=2|L=2) P(R=2|L=2) P(R=3|L=2) PR=1|L=3) PQR=2|L=3) PQR=3|L=3)
R, 0.029 6 0.044 3 0.050 6 0.021 2 0.0350 0.055 4 0.022 0 0.023 8 0.0357
Ry 0.096 1 0.146 5 0.048 0 0.029 9 0.170 9 0.324 0 0.038 6 0.046 2 0.256 5
Rs 0.0107 0.0152 0.014 4 0.007 4 0.0123 0.038 6 0.007 6 0.008 1 0.026 6
Ry 0.164 4 0.2233 0.259 7 0.1350 02172 0.253 4 0.123 0 0.125 1 0.396 1
Rs 0.086 0 0.097 0 0.123 6 0.058 5 0.090 1 0.159 2 0.057 9 0.058 7 0.181 6
Rs 0.048 1 0.050 8 0.064 0 0.035 1 0.050 6 0.078 3 0.033 9 0.0343 0.104 4
Ry 0.054 1 0.060 0 0.050 6 0.043 2 0.057 6 0.079 0 0.030 0 0.030 4 0.361 6
F 8 R AREHMENER TH T SR E SRR KR
Table 8 Conditional probability of the leaf node failure under the root node failure
. FAHEZE
WA -

2 P(L=1] P(L=1] P(L=1] P(L=2| P(L=2| P(L=2| P(L=3| P(L=3| P(L=3|
' R=1) Ri=2) R=3) R=1) R=2) R=3) R=1) R=2) R=3)
R, 0.236 0 03528 03715 0.068 8 0.113 8 0.1659 0.0452 0.049 0 0.067 7
Ry 0.362 6 0.552 8 0.181 0 0.046 0 0.263 2 0.498 8 0.037 6 0.045 0 0.250 0
Rs 02395 0.338 8 03217 0.067 5 0.1119 0.350 8 0.043 9 0.046 7 0.159 2
Ry 0.163 3 02218 0.243 1 0.054 7 0.088 0 0.096 7 0.031 6 0.0321 0.095 7
Rs 02187 0.246 9 03145 0.060 7 0.093 6 0.1652 0.038 0 0.038 6 0.1193
Rs 0.221 4 0.2342 0.294 7 0.065 9 0.095 2 0.147 2 0.040 4 0.040 9 0.124 3
Ry 0.202 5 0.224 3 0.189 4 0.065 9 0.087 9 0.120 7 0.029 0 0.029 4 0.349 8
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Table 9 Probability importance of the root node

i MR B
TR . N N

I"(R) L'(R) I'(R)

R, 0.163 9 0.0515 0.0117

R, 0.228 9 0.2320 0.078 2

R; 0.136 1 0.1111 0.041 1

Ry 0.088 2 0.024 5 0.0215

Rs 0.1159 0.047 8 0.027 6

R¢ 0.093 3 0.0389 0.028 5

Ry 0.044 4 0.027 0.107 3

T I AR SR AR O A LR AR R
AR R SRS, R UG SO OB /N R I
PR R AT M2 W . iR 7 IR e SR )
B, I R AR 2 A A SR I, A R R 2R R
A S IR, VA% Rav Rsv Rov Res Ry Rys
Ry WGP AT AN 5 G AR s 25 e A 7 i e e 1)
B4, NA% Rys Rss Rav Rew Rov Ryw R FOFiE
ATRLM s A AR e 38 R A W (R A, A% Ry
R+ Rov Rsv Rev Riv Ry WIUFREATASIN: >4 il
FIAG I % o A H A Iy, Ay VMRS

T I AR Y SR A O A R R R
TR R AR S, AR S A2 1R /N AT
TR0 AR R AR WA (P e AR B . FHER 8 TR K45 PF Al
HALH, W TAR AR, FERTA R AR e O )
AR, Ry AR F 2 W R e A R B B s FERT
AT A R A, Ry AR s 8 i R ) S
FEfe s TR R AR ER A, Ry X AR R 28
B PR S MR P e Ko 0 T AR R AR A R, 04T 7
KR

WEZE 2L RA T AR U WRR SN AR R
AP MRE R, W VSR S AR E
A DU R AR R 2% TSR IR DGR, R R
ARG ERAT, (T RICRE Tt S i A i vy S
KA RUETH AR R AR AT S

9 PN R B A4, 7ER R AR
WS, Ry N R IEIF AT, R IR s
TEAR TR 2% KA T R SO T, Ry R R i 59
IR, RyiRZ: TR RAEMEREI T, R
N ARG ISR, Ry IR o XL s g A
RN EAEAE e v il s AT I R T 2 5 S M KL
HiliE T2 BTSRRI, 25518 Bas i
IR A R Heth AR, i H AR R A
AARFRA— FoR A W Zigs ks, Heels Ty

Bk, BRI, ESR K.

MR L, AR A3 I 55 20 4T 32 B FpAEAR
FEBS ARSI, R AR A oedl. L,
FEAR AR I Bevh s s i fas AT g At i
R T ORISR AR AN, AT
FouTEedt, RUn] BEmRD AR e g R K 5 2, T
A IR DR G

(&M w2 e B ST R WA T B2
e SEVEERIES, R AL e 2 W 7™ S A
AR TR AR BT, [ I B 2 5 A2 g nl
PERORBERRIE, VUM SR 9838 . R30Ik
N s s A A i o WV PRSI T Bt S . Bk
WIF S I B i £ AR R A A 1R w] e e
I A W R A Kl s I AR N P UNAN R YN e
YR B, IO AE ORAIEAR T % ) SE 4 ri ) T 2
NIRRT .

5 g

ARSCHR T PR DU 90 25 1) 2RS4

R @ T SEPEERER T 0%, T AT R 23

PERRGU 5 AT IR R B RE ), JF g

ATIE S I R HE Y, ELVHARCf] 5. M3 o

TR TR ST SRR S AR G B R

JE, ISR AR R R T U A T 2

WESGERTT, DI Ay A He A 4 A i B S (A S

Fio IRERGIREY], S 04 M A i 59,

HRNRS LA G A e, IUAEAR R ae et ik

B« HlIE MRS T BOA R OEAR  SRAA

AN, DAORUEAR S a8 R AP A AT SE

S0k

(1] R, B, AokA, &5, JE TR B AR

) AL AR IR g5 B2 T [J]. W R bR I S,
2010, 39(18): 80-83.
WU Zhongli, YANG Jian, ZHU Yongli, et al. Power
transformer fault diagnosis based on rough set theory
and support vector machines[J]. Power System
Protection and Control, 2010, 39(18): 80-83.

(2] J&7e, Shadtth, WATE, S5 LT dkbhed o A i AR
Ji o T SR VR BRI T TR ). M RGAR Y S
2012, 40(19): 72-77.

ZHOU Ning, MA Jianwei, HU Bo, et al. Reliability

tracing technique for power transformers using the



-84 -

&) &G 5N

(3]

(4]

(5]

(6]

(7]

(8]

[9]

fault tree analysis method[J]. Power System Protection
and Control, 2012, 40(19): 72-77.

MG, BREDRE, KR2IK. FET Marquardt VAZHUGTH
AR LB A i YT SR 2 PP A D], B R R %
1, 2012, 41(1): 85-90.

SUN Peng, CHEN Shaohui, ZHANG Caiqing.
Assessment of failure rate for substation equipment life
cycle based on Marquardt parameter estimation
method[J]. Power System Protection and Control, 2012,
41(1): 85-90.

e, RE, subas, & JETHAUE BV RAIR
AU AR HIMEZ 7 M 50 0] H TR AR, 2013,
28(10): 355-363.
LI Jiansheng, LIANG Jun, YUN Zhihao,

Probability analysis of progressive changes of equipment

et al.

state based on electrical information[J]. Transactions of
China Electrotechnical Society, 2013, 28(10): 355-363.
FREE, B, MWAE, & T S ERI A R
SAZREVFEITIED]. FLEARER, 2012, 27(5):
13-20.

ZHANG Yiyi, LIAO Ruijin, YANG Lijun, et al. An
assessment method for insulation condition of power
transformer based upon cloud model[J]. Transactions of
China Electrotechnical Society, 2012, 27(5): 13-20.
WANG Youyuan, ZHOU Jingjing, CHEN Weigen, et al.
Assessment method for the reliability of power
transformer based on fault-tree analysis[J]. High Voltage
Engineering, 2009, 35(3): 514-520.

B4y, M5, Wbk, . NSRBI AL
TR ATRENELD]. SRR, 2010, 36(2): 322- 328.
LIAO Ruijin, XIAO Zhongnan, GONG Jing, et al.
Markov model for reliability assessment of power
transformers[J]. High Voltage Engineering, 2010, 36(2):
322-328.

WRZR T, WA R, e TR0 DL M 2% 1 22 25 R 0T
FEVEII M AL s R 8 I NI [D]. HUBR TR 2 4R,
2012, 48(16): 175-183.

CHEN Dongning, YAO Chengyu. Reliability analysis of
multi-state system based on fuzzy Bayesian networks and
application in hydraulic system[J]. Journal of Mechanical
Engineering, 2012, 48(16): 175-183.

FUSE, Sile, fMafe, & 5T M r 28
W AT JTVA[D). B S S IA TR, 2008, 38(19):
89-95.

(10]

(11]

(12]

[13]

[14]

[15]

[16]

ZHOU Zhongbao, MA Chaoqun, ZHOU Jinglun, et al.
Multi-state fault tree analysis method based on
bayesian networks[J]. Mathematics in Practice and
Theory, 2008, 38(19): 89-95.

A, WIS PR, ZEZE, S DI 4B e S
FEB RIS W Y D], AL TRE, 2003,
14(10): 896-900.

LI Jianchuan, HU Niaoging, QIN Guojun, et al.
Bayesian network and its applications for device fault
diagnosis[J]. China Mechanical Engineering, 2003,
14(10): 896-900.

AR, AKA, SKRAERS, &5, DI 48 AE G 2R
el SEPEVPAS RO (0], B T ECR R, 2004,
19(8): 113-118.

HUO Limin, ZHU Yongli, ZHANG Zailing, et al.
Bayesian networks application to reliability evaluation
of electric distribution systems[J]. Transactions of
China Electrotechnical Society, 2004, 19(8): 113-118.
[ 5 HL M 24 ). Q/GDW169—2008 it 2048k 5 (H
Pras RS TVEO SN [S]. b5t w [ A g ik,
2008.

WREAT, BRI Hebshd 73 Mridi i v A8 I s
M2 WL K RG] BRVE L ), 2012, 40(12):
55-59.

CHEN Yanjiao, LUO Xiaoging. Probe into power
transformer fault diagnosis expert system based on
fault tree analysis[J]. Shaanxi Electric Power, 2012,
40(12): 55-59.

AT, G, BRI, 5 TR PSR L )
AR AR WL VPA T VAT, A AR 24, 2009, 30(8):
1662-1667.

WANG Youyuan, ZHOU Jingjing, CHEN Weigen, et al.
Risk assessment method of power transformer based
on fuzzy decision-making[J]. Chinese Journal of
Scientific Instrument, 2009, 30(8): 1662-1667.

UGN, v SO, VR VOHE, A, KT HL AR I g e
Rk S A d]. v L), 2003, 36(11): 33-36.
LIU Na, GAO Wensheng, TAN Kexiong, et al.
Construction and analysis of fault tree for large-scale
power transformer[J]. Electric Power, 2003, 36(11):
33-36.

T4, O 1998 4F 220 kV LA EHUER AR
BT FEVEVEAS S (T, HEIEe, 2000, 1(1): 40-44.
HUANG Youru, JIANG Fofeng. Reliability evaluation



AROCHE, S LT DU RO 2% 10 22 IRAS AR T A m] S BRI 0 AT

-85 -

[17]

(18]

[19]

[20]

and analysis for 220 kV and higher transmission and
distribution equipment in 1998[J]. Electrical Equipment,
2000, 1(1): 40-44.

A, XM, BREVER. 1999~2001 4 220 kV K LA 1
Je R AR s s A AT Al SEPEFE AR 0 AT (0] B BEA
2002, 3(4): 53-62.

HUANG Youru, LIU Hua, CHEN Lijuan. Electrical
equipment, reliability analysis report of transformer
equipment with voltages of 220 kV and in 1999 -2001[J].
Electrical Equipment, 2002, 3(4): 53-62.

WRRNGE, e, 2L, 4% 2000~2002 4 [E 220 kV
J A b v s 5 45 A v B TR 23 BT AR S (BT
i, 3 %45, 2004, 5(2): 60-66.

CHEN Lijuan, JIANG Jinfeng, ZHAO Kai, et al.
Reliability analysis report of transmission and
distribution equipment with voltages of 220 kV and
above in 2000~2002 (Vol 1)[J]. Electrical Equipment,
2004, 5(2): 60-66.

WRRNGE, i, 2L, 4% 2000~2002 fFE4x[E 220 kV
Je A b v s A5 45 A v B TR PE 0 BT AR S (RO
i, 3% 4%, 2004, 5(3): 64-69.

CHEN Lijuan, JIANG lJinfeng, ZHAO Kai, et al.
Reliability analysis report of transmission and
distribution equipment with voltages of 220 kV and
above in 2000~2002 (Vol.2)[J]. Electrical Equipment,
2004, 5(2): 64-69.

WRRWAR, s, H1/ME, 55 2003 E4E 220 kV K
AL R s A5 R i 2 B BT v SE I 0 BT () [0). HL) iR
%, 2005, 6(2): 79-82.

CHEN Lijuan, JIANG Jinfeng, HU Xiaozheng, et al.

Reliability analysis on nation-wide 220 kV and above

(21]

[22]

power transmission and transformation facilities in
2003 (Vol.1)[J]. Electrical Equipment, 2005, 6(2):
79-82.

WRRWAR, s, W1/hE, 5% 2003 E4x[E 220 kV
S A v A5 2 A L e v SE R HT (O[], R
F11E4, 2005, 6(3): 79-84.

CHEN Lijuan, JIANG Jinfeng, HU Xiaozheng, et al.
Reliability analysis on nation-wide 220 kV and above
power transmission and transformation facilities in
2003 (Vol.2)[J]. Electrical Equipment, 2005, 6(3):
79-84.

WRNEAE, #1/NE, B4 2004 4E 42 220 kv KL
HL s 45 0 A A2 HL UMt R SR R R AT (0] H O B
2005, 6(10): 77-82.

CHEN Lijuan, HU Xiaozheng, ZHAO Kai. Reliability
analysis of 220 kV and the above nation-wide power
transmission and transformation facilities in 2004[J].

Electrical Equipment, 2005, 6(10): 77-82.

et HEA: 2014-04-28;
EH BN

SRy 5 H,
wz8866_2007@126.com

{&E HEA: 2014-07-04

ATHE (1968-), B, Aid, HAIARNTF, T 2NEH

TaTEMEERMETHERE T, Email yu-
wenhui68@163.com

X k019890, F, MEAHRAE, HARFEO AR FZ
BT Rk & KA M K E-mail:

CHE (1972-), B, M4, %, NELH ALMIN

PR b5 dx 4 g R F AL IF R TA4E, E-mail: eexjzeng@

hotmail.com

(%4 o m)



