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Power system reliability evaluation considering deterioration and imperfect maintenance of equipment

DENG Aopan', HU Zhijian', HU Meiyu', XIONG Min', TANG Peng?
(1. School of Electrical Engineering, Wuhan University, Wuhan 430072, China
2. Nanchang Power Supply Bureau of Jiangxi Electric Power Corporation, Nanchang 330006, China)

Abstract: It is important to develop accurate component outage models for reliability evaluation in power system.
However, the traditional models neglect the impacts of deterioration and maintenance of equipment, making the
estimation error increase with the operating time. Aimed at this problem, a time-varying outage model based on aging
characteristics and imperfect preventive maintenance is proposed, in which the virtual age and improvement factor are
used to characterize the effects of maintenance and the Weibull model is adopted to reflect the aging trend of failure rate.
The proposed model is applied to the reliability evaluation of a modified IEEE RTS-79 system, the reliability evaluation
results of different maintenance strategies with different cycles and costs are given in detail and compared with that of
traditional model. All the results show that the proposed model is more accurate in power system reliability evaluation and
can reflect the actual complex maintenance.
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Fig. 1 Curve of failure rate

B, A B IR AR, DNl Ok i
BT, AT IR PRI, T s Ak,
TR Ay I (DRI 3 pR B o e SEA T FH Tk 4%
I (R e 2, BRI M G E A AE AN IR
JE BRI S T 5, AT AR T TR M 4 1)
T, MR I RN, Rp i e & IR AR AE
BRI, AR M R () BRARAE o B
1.2.2 4B RUR 5E

HE—0 2% [ 2 G N7 B A 4SO B ok, A
SRR 7I S B BUE TR, 2k IRYES i i ol A
TH

Lk +1,
Vlk+, ©
K@), 1(=1,2,3,4) B ERASHRKIHE, A
T RIS R BE RIS B kR v, SO
TR Lk +1)/ (Lk+1,)e(0,1), H.XSE K 1 N 22
M. LR AZ H & SRR B R DL
S G H R T E

KT 53 WK AN 7] (1R A8 25 R e 36 TR B A1
YER, @R S)FTid, FseE K+ R A4 3%
B, e RS A E

K2 b g =075 g = 0.8 (b2 B ] A2 1L
Mk, M2 mron, SeERH PRI g MACR,
MR K, dEE ORI . g, =0.8 LS
g, = 0.7 [(FHHERAH LL , BRI YRS 5 e 4 AR08 AT 1) 30
Z, WBER R L, Wi g, ¢
[f—HhZ T (g =0.8), HTHR&AMRMFE, Sa%

9c =9

¥ g, BEE AR B IR, BRRIPLR I ER A D
%M q,T < q,T)o

At)

2 FEMERFTRIMMERMN L

Fig. 2 Failure rate curves for different improvement factors
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Table 1 Reliability data of generators

TS HE/MW W/ BHFM
9-10 100 1/6000 1/50
12-13 197 1/4750 1/50
30-31 155 1/4800 1/40

TRN T B G A TE R YEERT RG] 5
PEIFEM, A3 A0 LAR 5 B ol T iHe

Casel: RGH T LA 1G22 FTIET P
Yeigzem, JofFEar IRNTR B A, RSN e e
5, RIEAT R A B =11, RIS,

Case2: R 6 & R HHLCIT AL 7 1 G9-10 [100
MW], 54 13 H G12-13 [197 MW], 548 23
G30-31 [155 MW 52 52 21| i 1] & Ak g2 e 1
AR IR MBAT 7R A (B > 1), HACH e At
AT RN ERE, HARTOHES Casel —5L, HIEES
Wb 2 28 S e NEIE TR R

Case3: i KA AT B/ NEAE , [R]I
2 L8 BT e ARG o ARV I Tk RS B A ]
TRETPELEAE FIH T=5 4, ~PFI4EE it [a) 4 i/ EE
IR 1.5 F5, g, = 0.8, S 2GS R 1 I3 0ies
P, o)yt =5,,=2,1=6,1,=1, %
JE O R 1208 Sk R R . HA 45 F S Case2 #
), R 23 15 46 i b R [ ) 52 2240 55 TR 1 A& 1)
AP

Cased: HGEDE7 0 [, ABEAE 4E1E B0
Bk, HAhATS Case3 M.

CaseS: KA EIHT E4E(%, 4E1s 8 bEE
WAL, RGIRAR 0~10 4FH], T=5 4F; 10~18
TEH], T=4 4; 18~30 4EN], T=3 4. HABLKMS
Case3 AHA].

3.1 =AML

WE RS CIRA% 3047, AR e 45 A% (Loss of
Load Probability, LOLP) 1 H 5 A 2 1 22 {H (Expected
Energy Not Supply, EENS) A i S e bR b AT 5.

SCER[2 1R H W S BUdliAn /R R0 400 6K
HLBLEAT S B R GE v T SR A3 A /R S8, 45 R KW,
R B R )R 4 2 2R 10 K LI T AR 2 4L
B=17, KHZMIE%4% REH K BHLIEIR S %L
B=1.8 o {EBAT/RPATHR T, TEARSHL B A
BRECEIR, PIUASC T B TN 1~2.2 AN .

H T T 2 A S TR RIS X R G T SE
HIse, X Casel. Case2 Fll Case3 73 BlHEAT ] FE 14
W, R WA 3 k.

LOLP/(i%/a)

EENS/MWh
i vl ol ol
(=T F = IV )

3 LOLP 5 EENS fEpZ b ~EE
Fig. 3 LOLP and EENS for different S

B3, 2 =10, Hal3) kb 2 AN
(] 4%, Case2 55 Case3 FabrAHSE, X Y (4R 2 Casel
Mas R, T SEtEFa bR Ak, B A& 48 i Ay,
AU REME PR 45 0T TR

M p>11F, Case2 5 Case3 ¥R, AKX,
A SR 2 N (P Bk, RS TS EFR RO .
H Case3 15 Case2 XJLUL I %0, 78 BAHSEMITEIL T,
Case3 MRS FEMEFEAS B E DN, EIAREE TR
PEAEME RESE R R I T HENE; (R Casel AHLL, &
G T SETEFR BRI, ARG RIS T Ty PR 4
&, MiER&Eh, RER TSR .
B S 2SR T R 48 T S R
3.2 Y3 RN

MR ROG LE AT %0, TR RIS e W
i HL RS SENE o TP PR LA (1) AR RN
OGRS R R BN 25, P 258 R 4En] 5



HSBLE, &

]I U e e 2 AN e A YR I L ) R8T SEEVEAY

- 73 -

PR EE R R, FA S 2R T
3.2.1 TR PR LB B AR o) ] S 1 5 1)

H T R BN AR AT SRR e, AR
Case3 FBEA L, Y HERER IR PELEAE A, ik g, A
0 ZERE 1, Rk f=22, X Case3 55 Cased
TR G R AT SEME SR AR LOLP W1l 4 P

0.020 Case3
B Case4
0015 [ [~ e

0.010 D it

LOLR/(IX/a)

0.005

Bl 4 REMXZERT THRILOLP
Fig. 4 LOLP for different improvement factors

Hi1 4 w50, BEEYEE RAS RN, SeE
K, RGRATEEMESRPRIRAD, RGEHIATAE RN K.
HiT" Cased ZUML T BSGE IR) 1 BEAS HEAS DB Dk (1 Ry
P, SR AT SEMEREARAR T Case3, RIVPAL
S S U RPN U1
3.2.2 TS PELES 5 D0 AT SEME e

EWTPEAERE T, AFRTRPE R T ses
B 2 B BSOR 2R G T SE VSRR AT B MR . BB I
A, B R AR, A R I S SR I
Bt detss, Mwess R 4EE B TP i m] SR a0
Wi o DA DR T 1 2448 A 40 P ) B % T S DAORAIE
A7, R HAR AR SN, BIAEAS A IREA 1%
FAF R R #4465, Rk =22, X Case3 5
Case5 73 MITHH R GAEMRAX 30 417 () 2 H LOLP,
SRR 2 P,

&R 2 TEHIZEHA LOLP
Table 2 LOLP for different maintenance cycle

Jig LOLP/X
Case3 0.1935
CaseS 0.1811

HI 2 A, AR IR IR, CaseS [HA]
FEVESRFRI T Case3, BIERRAS I, R
73 P PRSI S A e VI A SR, ESE A M P e R
INCIETR

4 g
1) 7EH ) R T SEEVEAG A, ARG B [A]

I BB WA RYEBIN R, SibvrE SR
i B SEBRE OLo AS ST HH OB BE S e 2 240 S

KRB ROR, X R G AT SE PVl B .

2) JBAT KA B f A5t 1 AR 1 % 4R ST
HIAAL, AILRARSEON RG] SEPESR bR IR
K, AETBR RO HORS S it

3) YRR BEAEE I B ek, 2 A4k
B RCR B ZE 8, WIS R GEH AT SEVE VPSR I T 2R

4) B PEYEIE BRI M R G R T SEVE, 4EIB AR
ZNIRIDIR e AEIE RRSS EIE TR RN S - TR
Sk
(1] ERSE, BO0AT, sk, & JE Tt SavEfRos

BRI, o R GRS, 2015, 43(14): 10-15.

CAO Zhiping, ZHOU Lixing, ZHANG Yanping, et al.

Micro-grid planning based on supply reliability[J]. Power

System Protection and Control, 2015, 43(14): 10-15.

(2] HE/MR, T, 208, 25, I A8 ERAEAH AR 1) b o i B A
R A B A SEPE DA TR I [0]. W RS R S
3, 2015, 43(15): 28-35.

XIONG Xiaofu, WANG Jian, YUAN Jun, et al. Temporal

and spatial environments dependent power grid failure

method and its application in power grid reliability
assessment[J]. Power System Protection and Control,

2015, 43(15): 28-35.

(3] #eflite, WRAnss, FEsRUE, S5, SO0 RO B0 S
KRG ATEEVE R[], R GRS,
2015, 43(10): 51-56.

CAI Dechua, CHEN Boxi, CHENG Lefeng, et al

Effective study about the implementation of demand side

management on improving reliability of generation

system[J]. Power System Protection and Control, 2015,

43(10): 51-56.

(4] BgVLy, SREGMS, BN, 5. TR R H ) R
GE ] SEPEVEAL 5 VA (0] R ERHL T RE SRR, 2013,
33(16): 112-121.

HUANG lJiangning, GUO Ruipeng, ZHAO Fang, et al.

Fault set classification method for power system reliability

evaluation[J]. Proceedings of the CSEE, 2013, 33(16):

112-121.

[5] CHAIDEE E, TIPPACHON W. Failure statistics and
condition evaluation for power transformer maintenance[C]
/I Asia-Pacific Power and Energy Engineering Conference,
IEEE, 2011: 1-4.

[6] RETTERATH B, VENKATA S S, CHOWDHURY A A.
Impact of time-varying failure rates on distribution
reliability[J]. International Journal of Electrical Power &
Energy Systems, 2005, 27(9): 682-688.

(7] 5KH, R, BB, 5. —FEET AR SR
DAE R B0 v AR T 4 i B R BT 0] AR,



_74 - ® & AEY B

2013, 37(4): 1159-1165.

ZHANG Xiang, SONG Zitong, YANG Zhihui, et al. A
failure model for oil-immersed transformer based on load
factor and equipment inspection information[J]. Power
System Technology, 2013, 37(4): 1159-1165.

[8] BERTLING L, ALLAN R, ERIKSSON R. A reliability-
centered asset maintenance method for assessing the impact
of maintenance in power distribution systems[J]. IEEE
Transactions on Power Systems, 2005, 20(1): 75-82.

[9] ZEQUEIRA R I, BERENGUER C. Periodic imperfect
preventive maintenance with two categories of competing
failure modes[J]. Reliability Engineering & System Safety,
2006, 91(4): 460-468.

[10] CASTRO I T. Model of imperfect preventive maintenance
with dependent failure modes[J]. European Journal of
Operational Research, 2009, 196(1): 217-224.

[11] BAIH, sk, T, 5% 2R BRECE ikl E
FPp A L[], T BBt s, 2015, 35(6): 71-81.
ZHAO Yuan, ZHANG Xu, WANG lie, et al. Coordination
and optimization of power-grid preventive maintenance
cycle in multi-level maintenance mode[J]. Electric Power
Automation Equipment, 2015, 35(6): 71-81.

[12] BEBBINGTON M, LAI C D, ZITIKIS R. Useful periods
for lifetime distributions with bathtub shaped hazard rate
functions[J]. IEEE Transactions on Reliability, 2006,
55(2): 245-251.

[13] SUWANASRI C, LIPIRODJANAPONG S, SUWANASRI
T, et al. Failure rate analysis of circuit breaker and its
preventive maintenance application[C] // Probabilistic
Methods Applied to Power Systems (PMAPS), 2014
International Conference on. IEEE, 2014: 1-6.

[14] #hEFE, REE. JETATEYES HIFH ARG B B

Fe TR 4 47 S (0], BUBR T RE 524, 2011, 47(10):
164-170.
QU Yuxiang, WU Su. Phasic sequential preventive
maintenance policy based on imperfect maintenance for
deteriorating systems[J]. Journal of Mechanical Engineering,
2011, 47(10): 164-170.

[15] LIU Y, HUANG H Z. Optimal selective maintenance
strategy for multi-state systems under imperfect
maintenance[J]. IEEE Transactions on Reliability, 2010,
59(2): 356-367.

[16] HE K, MAILLART L M, PROKOPYEV O A. Scheduling
preventive maintenance as a function of an imperfect
inspection interval[J]. IEEE Transactions on Reliability,
2015, 64(3): 1-15.

[17] SHEU S H, CHANG C C. An extended periodic imperfect
preventive maintenance model with age-dependent
failure type[J]. IEEE Transactions on Reliability, 2009,
58(2): 397-405.

[18] DLT 861-2004 HiJj Al &g AL RAGELS]. THEAR
SR [ 50K RS2 5123, 2004,

[19] SUBCOMMITTEE P M. IEEE reliability test system[J].
IEEE Transactions on Power Apparatus & Systems, 1979,
PAS-98(6): 2047-2054.

[20] W55, FRAAGHE, Socf, & — Rl T S EAL

() Fl o] B 46 I A2 ds AR [D]. v B AL TR 2R,
2013, 33(1): 56-62.
JI Guoqgiang, ZHANG Boming, WU Wenchuan, et al. A
new time-varying component outage model for power
system reliability analysis[J]. Proceedings of the CSEE,
2013, 33(1): 56-62.

[21] SUMEREDER C. Statistical lifetime of hydro generators
and failure analysis[J]. IEEE Transactions on Dielectrics
& Electrical Insulation, 2008, 15(3): 678-685.

s BEA: 2016-02-01;
fEE B

MBI (1992-), B, AEHRLE, HRTQHLAZ
%5 S5 #7; E-mail: aopandeng@163.com

HER1969-), F, HE, K, HATOHLHZ
%247 5454, E-mail: zhijian hu@163.com

PEE1990-), K, MEHRLE, HRAFT @A EZ
SKHAKR|IEAT. E-mail: 850488263 @qq.com

(% Z#m)

{&EI HHF: 2016-05-10



	DOI: 10.7667/PSPC160175 
	同时计及设备老化与不完全维修的电力系统可靠性评估 
	Power system reliability evaluation considering deterioration and imperfect maintenance of equipment 
	2   计及维修的平均不可用度分析 



