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Research on smart substation protection system reliability for condition-based maintenance

DAI Zhihui, ZHANG Tianyu, LIU Xuan, JIAO Yanjun
(School of Electrical and Electronic Engineering, North China Electric Power University, Baoding 071003, China)

Abstract: In order to realize the condition-based maintenance (CBM) of protection systems in smart substation, this paper
proposes a new way to assess the reliability of protection systems. Based on the characteristics of smart substations, a
monitoring method reflecting the changes of the protection system function in terms of logical nodes is presented.
According to the needs of the condition-based maintenance, reliability indices of the protection system are chosen. Along
with these indices, a dynamic Markov reliability assessment model is built to quantitatively calculate the maintenance
requirement under given conditions. Finally, a typical 220 kV smart substation is utilized to illustrate the application
method of the assessment model. The result shows that the method has certain operability, and could provide reference for
maintenance decision-making of the protection system in smart substations.
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Table 1 Functional decomposition of protection systems
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Fig. 1 Monitoring function flow of protection systems

3.2 AJEMEIRTE

Wi ErIA, AR SEA AR T 3 B A
JE MRS RG] FEME I BRI, IR R
PRI T A R . BRI H I N
AL AEMERR bR IO ST A S

AL AEVEFRbRS AT SEPE VP SR UL TE B A
Wi o AE TR EEPEVPAL BT I AR AN, B e I
I ) r SEPEFRRR AR NAT BTIX ), BriEfede it Rk
B R R B v SRV R .

AN N R Je DR R G T RE AR L S AR R G
ATEEMESEAR, AR RS FIHE B & i T ORI &
Gt A B Y A H I S R R Bl S IR A
il IR o L SR PR i e v B R A R
S ERARY RSB AE B, G YRR . A
Wi g Bl 10 H RS S TR IR R 48 AR A7 AR T
e AT REISAT — BUIN ) (PR S, Wi 450 A2k
A BR Y,

R RE AR R R SETE R AR AT R

TR RS RE 5 IR H RN

Ay =14, /T,

Ao =ng [T, (1

Ay = ”d}/To
FER MR B R RSN N

e =, [ T, 2)
FER N B RSN Z N

)“zj = nzj/% 3)
DRI DIRE S H KB

At = nunl/To

A = My / T, 4)

Peaws = Mo/ T
TR DfE 7 b R PR DR Bh 0

At = ntwl/To

Az =y /To (5)

Az = ”th/To



M, 5

T DRSO 1) R RE AR Ll DR 2R 48l SEME AT - 17 -

TRADfE 7 H b R PR HE ) 20
)“tjl = ntjl/TO
)“tjz = nth/TO (6)
)“tjz =Ny /To
TREDIRE R G B 50
Uy = l/le
to =T, (7)
Hy = l/sz
RERBN G B 50y
. =T, (8)
R IESN G B 0y
#y =1/ T, ©)
L T R RG ZIFISITIA] ng ~ ng ~ ng
IIARKE S BT, AT D) RE S H I R SE I
A n,,, RN B R IRENIREL 0y, h
SRR SR NIRG: n, + nye n,
IIARKE S FIWT. AT DIRESH S EBUR RS 23
VG ny s my s o A BIREE, HI. AT
S PR IESNREG nyy s ngn s g 09N
KFEL HIWr, $ATDIRER W BB T, T, Ty
IIMAREE BT, AT DI RE R BI85 ) A4k
Bt T, R RS ) RGBT T
RIS 5 ) RARYEE I 1]

1 D7 SRl sk B AT 4E N B 256 TR OR
PRG AR Y%, AN o AR
e R G0 O AR, R A n IS H0 R
T HE PR R G PEAE SR

Ay =1 =1) X Ay
Ao =(1=1) X Ay (10)
Az =(1=1) X A

4 RIFRFEAFEES

4.1 FEIRTSRIHER

FELE MDA (R AL A HEAS vt (AR 22 57
I LA A M A BT R I o AR R
ARICGINT = RHR, W 2 . =8k
BRI N PRI R GAE IE W B IR 58 a2 RS ML
HAT Ml REM A HARES, RSN R R g0 4
AT EEAEIRE RO DU Wb . AR TSR A
G P, YR R R G A A TN S AL oh
AR, =25 B HAT

MR =R, R ARG S HIRZS N
ViRes izt ISl B 5 Dhfg, (HILN Ry R C &

FAAE R RCUE, B 2 PR 2 i A L LR e
K. M REIRSIFAER R, EH U7
HORGSAFAE PRI D0 BRI 0 A SEAer HY (10 S A
AN R GRS o LR R RS th T
IRY RGP AFAE AR 1 DL B A B K
AR

2 =Z7SRHEE
Fig. 2 Three-state model of progressive

4.2 7S Markov A] S A& EL
IEC 61850 Frfhr i K AR HLK & SCRIH IR
BRE T B SRt P A SR
RSN BN 3 A Markov AT 13 R 45
CIEEE
4.2.1 Markov 3l &M 2 K AR 7%
MRPERENLEFR R, XF noRERE, BB
Py ATTERHRE, Ad

pi(At)  p,(At) - p,, (A1)
Pan=| PO0 a8 P B0 g
pa(AY)  p,(AY) - p, (A
MR B FE R M A e XN
-4, 4, 4,
A=| B T G | PADZT
c | S lim e
Gy 4o

e P(A) BN AE R, T7BEhocE g 3
HAEGUE I BRAT LR N 15 T HRE; 4
HREBEREAT I T AR 0.

HR(2) WA % BEFEFE A 5 Markov 335
RERSERE P(¢) A7 A5 K R,

d
aP(t) =P(t)A4 (13)
JJZEEF' ’ P(t) = [pl(t)a pz(t)a"'a pn(t)] j‘:"/ﬁtl_ﬂ%o
t — oo I FHEU(13) AT HET 3K i Markov F& it
PA=0 14
r o (14)

¥ X (14) K H ) Markov R SR P 1E N
Markov A HEH M P (o) AR HLFE P (0) 7T



_18- CE R R R EEL

DL ko i #E(13), I3 2):
P(t)= P(0)e™ (15)

X (15)75 2] Markov shZ& LA 5 P(r) -
4.2.2 R RGORSLN 53

TR R RGNS T IIRE R 4
A= BB IR, X PR IRES . 1
—&, KT IR RGO PR, T D)
RES W 7E— B AR SR R RS R S), —
S RRNE R G BT R AR R S EE 5] o

UL B, AR RGUIRAESRI -k

D) R RGIEHIBATIRE, RNCIRE 0, BEI
TR RGEAAFAEAT 7 BUR AL

2) PRA R GURHE T D BEAFAE 7 W ELA R H
REXNARE 1, R RGEAIWT T D ReAr A 8 H.
R H RS NARES 2, R RGPAT T I REAT
T HAR PR X NORE 3, IR RGERATE
T I REAFAE T AE RS H PR XS ROIRES 4, R
ARG D BEATAE S W AH R H RPRAS RS B
W& 5, R RGPAT T D REAFAE 7 AE R A HY
FRPIRAR] NRE 66

3) DRIIRBPRES X BARES 7, SR HESPIRARY
PR 8o
4.2.3 TR RGORS MR IR R B

Kl 3 Jia R RGORSHE K, Hoh Up &
IR RGAE T IEHIZITIRA, Du LR R4 REGEH
BT 5, Dn ZoRRARGER . R RG>
IS )R Ak T IE W IS AT IRASCIRES 0), BN %7 D) aedt
A 58 ORI RGEIAESS o ISR R M b, Ok
PRG S IERIBITIRES BN RBRS TR
PRSI B SICRE 7. 8), KBEZJERY RS
P BPRA 1 RHOITRIZAT . SR RGP
RIS, I RGE RN I —EB 70 W CRA 1. 2,
3), XEo> A LLE R S R 2 E RIS ATIRE,
M0 5 — B A 5 I E RO ILCIRES 44 5. 6), B —
7E AT JE it A 5 RS R BB B CIRES 7. 8).

WEEBET, A Ao~ An BRI TIIAE
ﬁiﬁ'ﬁgTﬁﬂjﬁ, Hai~ Hao ~ Hgs %%1%?'%%@%%%
MBS Ay Ao~ A RONIRIT T IDRERFAE R
By Aoy Ao~ Ao 2N TRAP T D BE RS K
FUEIRAREN R Ay v A~ A AR LR
Py Oae A RS SRR RIS 4,
Do~ Ao ZETN TR B 425 DS R DR AP DR BN 2
At~ Ao~ Ay R RRNE MR E L SR LR35
BE; p, WRPREERBEER, u, WIRSED)
ERI

3 RIFR GRS E

Fig. 3 State transition diagram of protection systems

iR A EEER RS B (D)~ 10y EA A, 1T
KRIGRY RS Markov #RE% LR, W=X(16)0T

__ao A e s A An Aw A lzj 1
Uy —Hy; O 0o 0 0 O 0 0
o 0 —py, 00 0 0 O 0
Uy O 0 —uy 0 0 0 O 0

A=/ 0 0 0 0 —a, 0 0 A4, ltjl
0 O 0 0 0 —a, 0 A4, ltjz
0 O 0 0 0 0 -a, A, ltﬁ
U, 0 0 0o 0 0 0 —u, O
T 0 O 0 0 O 0 —u
(16)
ay =Xy +Ap +Ag + Ay H A A5+ 4, +2~zj
a,= )“twl + )“tjl
as = )“th + )“tjz 17
as = )“tw3 + )“tj3

JiF YA -4

PA=0

8 18
> B=I )
i=0

A SRAG R ReAR Ll R Y R AC SR Z N
P(0)=[p, P P Py P. Ps Ps P Pg] (19)

B a1 = (15) k£ Markov 2 2% M %
P(1) -

BeJa, MRIEMEZRAE P(r) 7] K1 =28 Bk
PRSI, WxtQo)R.

P(1) = p,(?)

kP(H) = p(O)+ p, ()P, ()P, (1) + ps (1) + pe(1)  (20)
P(IID) = p,(2) + py(0)
FEf B R REKNE T R



M, 5

T DRSO 1) R RE AR Ll DR 2R 48l SEME AT

- 19 -

P, =P(I) + P(III) (21)
RIS SRR, R B gl 1 B, L RS

cbm

SETTRIE e, 3K BIFE A A A LA, AR
KPR BEBR R ORI AR ST ] SR 1A [ IR e s v RETE
B AR AR H
5 BHISHh
5.1 AIEMEIRRE

AR5 DL/T 860 Frtfixt 3 EAL HLuf ) 52 3, B fiE
WAL 7 NIRRT BRI =, 52 A
LUK 25 2 22 TRV B R et UK R EA T 40 T A5
I AB 4 i R BEAR L 220 KV ORYT R GER
VeSS BT 73 HT

Wi RS AR AR, L EEI ST
SRR 4 @ g& @
MMS

Sl 2 P 4%

IR e 4 —

o T R 0 i
. il GOOSE
= M=

R i =l MR " = WG i
W
SR B O L
G W 500107 TR

4 BRI 220 kV HEET AL
Fig. 4 A typical 220 kV smart substation

eI SEbrizATrh, AT LURYE R I AN IE R 3)
VRIS S o B A SR DA Rt J DR 73 B i s 5
JEAH N R A FEPEIERE B . A SCROE R RS B S
RINF n h 90%, AT FORIE 4 AR RE A
S 10 S PR AR UL AR R B RACR B I R 2
e RN

2 RWMEHE 1
Table 2 Failure rate data 1 (10~°h™")

I T = AL I S AR AR
M5 75 K BB R A4, & A E i b e
i (i:1’2’3)g&’ /E\’Tzlgﬁﬂ%% 4 F)fZT—\‘o
F 4 BERHE
Table 4 Repair rate data(10°h™)

(T3 ES Hyy My Hys Hr He

F1HR 15.73 16.86 20.54 13.74 15.34
2R 1573 168.6 205.4 137.4 153.4
ERE 1573 1686 2054 1374 1534

2’d 1 2’(12 2’(13 2’h 1 2’hZ 2’h3 2’Lw
53.7 32.6 0.05 5.53 4.12 0.01 130.5
%3 RMWMEHEE 2
Table 3 Failure rate data 2 (10°h™")

At Ao s A1 Az Az Ao
4.52 3.78 5.13 7.36 4.58 7.13 147.7

5.2 FEZEXRTRMGIEFE R

BT T RS e KPR B R . BLT

e 2~ 4 BEERARN (18) IR 1F AR I Ok
PRGN T KR, WS, aTLUEH, EES
BRMPER, R RO BT R EW D, H
0.7 ¥ p, HOMER B RGN T M
ity L RAE), WIFEMB S AR EIRARGE 1. 2 ) HERY
RGAH KB LENE. TR, R RS
ISR R AE B I ]

=5 RIPRGARTSHER
Table 5 State probability of protection systems

o R RGOREMA

P(l) P(1I) P(1lI) Py
1R 0.038 1 0.2135 0.748 4 0.9619
2% 0.266 4 0.2103 0.523 4 0.7336
53 % 0.664 7 0.204 7 0.1306 0.3353

5.3 BHMBRINETUIIEEKAEM

PL 5.2 R 3 e i R 45 AR A YI8h
REMER, WL RY RS Markov #E8L n] 15018 17
KR p BN TR ARG IR i o FEREEAE X A
RS RN, ATRE— 2500 M1 XA RG
1B 75 R o

Bl 5 PR EIZS Markov REZE4 #0153
1) 30 RNARY RGKE 7 R 1R A8 4k i 28, 7E Tt
SR AR I g 1 90% & KE] T 50%. ATLAE

3 1 1 1 1 1 1 1 1 1 1 1 1
0 60 120 180 240 300 360 420 480 540 600 660 720
t/h

5 M TR KB R i 2%

Fig. 5 Maintenance demand probability curve



-20 -

&) &GS

H, BE A REIR MR, R RSB K
BN Ak, ARYE LA, AR
A 90%IN, Pt LRI RGELIAE 4000 h iy 2
BAT—kAafs, X5 30RO ST S — 2.

LRty LRI Al g SCHPSR I ORG R Gk
B KR FEART SR EIBITIE O Bk, %55
X R R B B R NS M.

6 it

B REAR B A R R G FH W 2 TS

Wi o A SCMEBEAR Huti ORA7 2R G0 m] SRR 20 A A e 3K

A, AEREE AR PE AT b LUR LA B i) g

Bl EARSE T HoE BRI
1) R R GUIAR D RE HERAFE . FIBTAI AT =

TIVREAH LS Se i, BEAST DUREH B A mT

REST RS ARG R RS B B0
2) FERI ARG TGO IR, R R

KNG — M AR AR S HRS A

ZAF MR 5
3) FEF B RE SRR R 2 W EUR AL,

AR BAL R BE AR Fa sl h AR R GO0 IR R G

i [ FE AN ] A o
FI el KRN, SCrh R e s IR R

GEnEEPE AT RE S N AT AT T PRSP

2622 . Hilp Tt xR e R IS R4

25 M ANE VRN, 3t — 2 SRIE R R RS2 o

Sk

(1] Zedol, £7F, 2kt & RREAS NS M BORE A
ST DRGSR, 2010, 38(18): 59-62.
LI Mengchao, WANG Yunping, LI Xianwei, et al. Smart
substation and technical characteristics analysis[J]. Power
System Protection and Control, 2010, 38(18): 59-62.

[2] IEC 61850 communication networks and systems in
substations[S].

[3] Q/GDW 1396—2012 IEC 61850 T FE4k {47 5 FH A
AIIS].

[4] GRIMES J D. On determining the reliability of protective
relay systems[J]. IEEE Transactions on Reliability, 1970,
19(3): 82-85.

(6] SGEHE, EHF. fRIATEEVERITSER[]. RS
{3 514, 2010, 38(15): 161-167.

DAI Zhihui, WANG Zengping. Overview of research on
protection reliability[J]. Power System Protection and
Control, 2010, 38(15): 160-167.

(6] fE/MR, BRAEH, HEE, 55 4B RT REREVEN

WHREER[I]. I RGRY 545, 2014, 42(5): 51-58

(7]

(8]

[9]

(10]

(11]

(12]

(13]

XIONG Xiaofu, CHEN Xingtian, ZHENG Changsheng,
et al. Overview of research on state evaluation of relaying
protection system[J]. Power System Protection and
Control, 2014, 42(5): 51-58.

BK, BRI, 0T, S5 B IERA RN 4k b AR e
RGN M ROV 0], ) R GRS A,
2014, 42(1): 84-89.

LUO Yong, LI Yongli, LI Zhongqing, et al. Assessment
of the reliability of protection system considering hidden
failure[J]. Power System Protection and Control, 2014,
42(1): 84-89.

T, ERT, Ko, AF BT AR R sk r IR R G
e SEPE BRI SE[I]. WO R R AR, 2013,
41(3): 8-13.

WANG Chao, WANG Huifang, ZHANG Chi, et al. Study
of reliability modeling for relay protection system in digital
substations[J]. Power System Protection and Control,
2013, 41(3): 8-13.

KR, R, ki 3T RGO R L g5
ARG AT SEVE VA (0], O R GRS ], 2009,
37(14): 63-67.

ZHANG Liuxi, FANG Xinyan, NI Zhenhua. Reliability
analysis of protection and control systems based on the
effectiveness[J]. Power System Protection and Control,
2009, 37(14): 63-67.

WS, 3P, BE%E. ST oAb S S5 R
B E R R & VR VR[], LR
247, 2011, 31(19): 105-113

DAI Zhihui, WANG Zengping, JIAO Yanjun. Dynamic
reliability assessment of protection system based on
dynamic fault tree and Monte Carlo simulation[J].
Proceedings of the CSEE, 2011, 31(19): 105-113.
FRC, W, PVAE, & BaeAshuhgk i iy 1]
SEMESIRTI. O RGP S, 2015, 43(6): 58-66.
WANG Tongwen, XIE Min, SUN Yueqin, et al. Analysis
of reliability for relay protection systems in smart
substation[J]. Power System Protection and Control,
2015, 43(6): 58-66.

BILLINTON R, FOTUHI-FIRUZABAD M, SIDHU T,
et al. Determination of the optimum routine test and
self-checking intervals in protective relaying using a
reliability model[J]. IEEE Power Engineering Review,
2002, 17(3): 663-669.

AT, PN, i, 55 R IR DR A B
IGHTFE[I]. MR, 2012, 36(1): 7-11.

WANG Dongqing, LI Gang, CAO Nan, et al. Research
on automatic checking of protection functions for smart
substation[J]. Power System Technology, 2012, 36(1):



M, 5

T DRSO 1) R RE AR Ll DR 2R 48l SEME AT

21 -

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

7-11.

WK, R, HRE. B ISR R
WMEARBEFN. B RGE RS 5 S, 2015,
43(7): 127-131.

XU Changbao, ZHUANG Chen, JIANG Hongtu. Technical
research of secondary equipment state monitoring in smart
substation[J]. Power System Protection and Control, 2015,
43(7): 127-131.

FE, ESe8, WK, . TIEC 6185010421
uhi AL ARG SEVEVEA 0], B RS
2012, 45(5): 32-36.

DU Shuangyu, WANG Xianpei, XIE Guangbin, et al.
Reliability evaluation of substation automation system
based on IEC 61850[J]. Power System Protection and
Control, 2012, 45(5): 32-36.

ZOLEE, BO7BE A, AF RRER M ki isYE
BBV ARG R LRI, 2015, 43(22):
35-40.

QIN Hongxia, WU Fangying, PENG Shikuan, et al. New
technology research on secondary equipment operation
maintenance for smart grid[J]. Power System Protection
and Control, 2015, 43(22): 35-40.

U, e, 55, 5 RHEIRSRE R Y
SRARD]. B AL TR 224K, 2012, 32(25): 196-202.

LI Ming, HAN Xueshan, WANG Yong, et al. Decision-
making model and solution of condition-based
maintenance for substation[J]. Proceedings of the CSEE,
2012, 32(25): 196-202.

HZRRK, Ui, 0, S5 A REAR HLut gk L AR GOIR S I

T — ROV SIR[D]. B TR 2R, 2014, 42(3):

37-41.

LIU Yongxin, SHI Feng, JIANG Shuai, et al. A fuzzy
evaluation algorithm for condition monitoring of smart
substation relay protection[J]. Transactions of China
Electrotechnical Society, 2014, 43(3): 37-41.

ROk, IR, B RG AR RY M. st E
HL g iR, 2005.

Wb, EHr, 2 E. R ERRUE RS
WIH[I]. W1 RS A B, 2010, 34(15): 47-51.

DAI Zhihui, WANG Zengping, JIAO Yanjun. Design of
relay reliability data acquisition system[J]. Automation of
Electric Power Systems, 2010, 34(15): 47-51.

BN, TLVE, BEDRLL, 4. FETIEC 61850hRE IR
PRI, BARLE Ak, 2007, 31(2): 55-59.

WANG Lihua, JIANG Tao, SHENG Xiaohong, et al.
Analysis on protection function modeling based on IEC
61850 standard[J].
Systems, 2007, 31(2): 55-59.

Automation of Electric Power

[22]

(23]

[24]

[25]

[26]

[27]

IR, Wb, FREE, 55 R TSI IR SR
SN B RG R HEEE], 2013, 41(14):
115-119.

LI Zhijun, DAI Zhihui, JIAO Yanjun, et al. Design and
accomplishment of protection reliability management
system[J]. Power System Protection and Control, 2013,
41(14): 115-119.

REEK, ST, B, SF B 110kV B REAE
£ 9 WL G DA HT B SR o TR IR,
2015, 30(16): 255-260.

JI Jianfei, YUAN Yubo, WANG Lihui, et al. Analysis and
countermeasure on abnormal operation of one 110 kV
intelligent substation merging unit[J]. Transactions of
China Electrotechnical Society, 2015, 30(16): 255-260.
MRk, A0, W —K. BBk IRY 3 EEaE 1
HL g 2 0 34 B i XU PP A 7] FL R R, 2006,
30(13): 14-19.

CHEN Weihua, JIANG Quanyuan, CAO Yijia. Risk
assessment of power system cascading failure considering
hidden failures of protective relaying[J]. Power System
Technology, 2006, 30(13): 14-19.

SRESIL, Bhidr, MWE, 5. L% B N S A5
PR ) A8 s ds k4B U5 SEALIE )], B T HR SR,
2014, 29(11): 191-200.

ZHANG Yiyi, LIAO Ruijin, YANG Lijun, et al
Maintenance decision making of power transformer by
integrated considering reliability and economy[J].
Transactions of China Electrotechnical Society, 2014,
29(11): 191-200.

DATTA S, SATTEN G A. Nonparametric estimation for
the three-stage illness-death model[J].
Biometrics, 2000, 56(3): 113-127.

RANJBAR A H, KIANI M, FAHIMI B. Dynamic
Markov model for reliability evaluation of power
of the 2011
International Conference on Power Engineering, Energy
and Electrical Drives, 2011: 1-6.

irreversible

electronic systems[C] // Proceedings

gt HEA: 2015-08-27;

& AHF: 2015-12-04

1EEEN:

HAEE (1980-), F, H#E, glH&, AT EHEH

A SR 542 4]; E-mail: protectiverelaying@163.com

KRF (1989-), B, @@L, MEARLE, FIRF

) A% AL E W SEAR 4 T 4 445 E-mail: smart_substation@

163.com

X #1991, J, MEHRAE, ARFTEARE

SRy Szl

(¥ &)



