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Mean Life Assessment and Prediction of the Failure Probability of Combustion
Turbine Generating Unit with Data Analytic Method Based on Aging Failure Data

% %% % & - & ﬁﬁ &5
( Sung-Hoon Lee - Seung-Hyuk Lee - Jin-O Kim")

Abstract - This paper proposes a method to consider an aging failure probability and survival probability of power
system components, though only aging failure probability has been considered in existing mean life calculation. The
estimates of the mean and its standard deviation is calculated by using Weibull distribution, and each estimated
parameters is obtained from Data Analytic Method (Typell Censoring). The parameter estimation using Data Analytic
Method is simpler and faster than the traditional calculation method using gradient descent algorithm. This paper shows
calculation procedure of the mean life and its standard deviation by the proposed method and illustrates that the
estimated results are close enough to real historical data of combustion turbine generating units in Korean systems.

Also, this paper shows the calculation procedures of a probabilistic failure prediction through a stochastic data
analysis. Consequently, the proposed methods would be likely to permit that the new deregulated environment forces
utilities to reduce overall costs while maintaining an age-related reliability index.

Key Words : Aging failure, mean life, repairable failure, reliability, Type II Censoring

.M B

AEAZY J3x ke 1 Fa4ol FUsln AHEEY

¢ Woldel weh A77F 3eE APH Aok, WL
A& AYE BrlMe Bule $93 AR Fe8 5

1+ 2% (Repairable Failures)o] wWalxe maso] %
A, +8d = 9+ ¥ (Nonrepairable Failures) 3, =
3t (Aging Failures)® ndldleol & FE3 MIx H
7 & # itk AT Aye =F X rfRd o3 x3
nio] BAY A$ Alx®] AHRE A (Unreliability) €l
890 HH, 7|&Ee AT F/HPHAYE FHE & A
2gTE 22T e AT AIHE G 2RE 4
g 28 F A9 (1.
w3lnAe 28 A% Hrlel o] B TFHEAR
g weE 2ggn. ol dvuly HaeHEH AE
Aste WEE O 2o E5E ¢ v

o

2 odr

2 gi49 AAd (the sample mean method)
EEXE o] &F Ay

e
fe
o
=l
-
ol
p-)
x
ok
g
flo
ol
p-)
o
e
i

3 gieg Ads

T WAAHA E & B EBAEE ERILER #HE - L
E-mail @ jokim@hanyang.ac.kr
= BAeR  ERAER BRIEN RAHRE
= F & B BEBASK ERIAH BLHRE
B<SHT 2006006 8H 2H
WRSET 2005 9H 23H

o] mAHA FH7] WE FEHF +HE o
ATk FF(Normal) X e ¢to] B (Weibul) X+
AEAE 4ve =3ndE neF Az FHrld F2 AL
£¥th Normal £Xo H]3td Weibull ¥ B4F3 o
glol 423t ERA4E Zede 23 E AYAIT, FE3 H
#5g d&S ¥ # Uvde 3L F1 UG

AYAZ Mvjel B 453 qHd 7[E9 A7 F
olA] Wenyuan Li (2)& ¢4 <dE3%¥ Normal
Weibull #E& o|$3l9 Fa4d d5$ o Axe
Normal #39o #HF3 EFAAE HAA<$Y(The Least
Square) & o] &3t AAslE ., Weibull 239 e %
HE 2+ Gradient Descent Method €32 &S o] £8}
o ZFsAvt. 28]y Wenyuan Liel ¥ H@<+d ALk
WAL Weibull £X9 3% @ FYES4 FHo] Normal
B¥o ya @ XFAHAE ol Loz Aol F3s)
e 23] U

wekd B =FdAMe AR =3andE A Ht
9 AMNE §F BEETE 253 EAZR By
(Data Analytic Method : Type II Censoring)< A|¢t
3l dio|th, @ AlHATAA Weibull #XE o] 83 Hit
59 ALE 9% 243 wHQ 719 Gradient Descent
Method 2ag&3 At FAA EXUE(Data
Analytic Method : Type 1I Censoring)$ HlZEA3%
ok At FAH 24wy (Data Analytic Method



Type Il Censoring)& 71&9 danelEHc wan v g3
ot 2EH S & 5 Ao,

AYAE Avle YFFY A g AddTre AA
HA Sevel 2AdY 9 HeolHE o] &3t HAFHS A
astger. dAMdYe o AL £l 47 o B 3}
g diolg FHEd of2Age]l Ut ulsbd wALy] F M|
28 o] FL By WA i S (=3nd)S
vgo g QEIES 1T FaFH A4S A

FH e i Az HrldA AR Bel
Weibull #¥& AMg-ste) mgo] dAPsHA] g2 Auld] o
T AEHES nIAAR AFLEY FHES AdZ3H3
t}. Weibull £¥+ ¥8 24 (Shape Parameter)$ AT &
4(Scale Parameter)E 7IA 2 Ut} ol8§ & Reye @
A dgd EAH MUY (Data Analytic Method
Type 1l Censoring)< °l&3ld FR3tm, nige] R}
A ge Huld QP Y& 21N FEE sty 23
&< oS3 He

2ole

2. nZEEN YEES

288 (Failure Probability)2 W% 2471 43§
21 el 2% F FER FHosn, AEFE(Survival
Probability)2 nZ#&3 utdle] Mgz Aolgls HE
2 ZFoEnt. oY 12 Az o] dig FEDTEF f(t) oA
24 ETE Q)Y AEFETSS R BAES BRAET
RFFESF Q)T (1) ¥ FELZTFE FoHY,
2 (2)HFE u]EF ge FEUxIS ()7 g0 yEg
E8T Rty 74 FE8LUETT Q)9 AFFEA Hols
9, &4 RO Q)E v 22 A AU (3).

R(t) =1-Q() (1)

_dQ@t) _ dR(@
fy= 490 __ dRG) (2)
o= [ 1w (3)

2 (1)FE (3)ol Ja R(t)= A (4)9 2ol ZHHAT

R(t)=1- [f(t)dt {4)

3% 19 FEY=ESF (i) dAL 1oz 4 (2)
2 (5)AE mEEd.

R = [ reyae (5)

29 149 YEUSESE AT ¢ 5% 1ABERS
Q(t) B ohgat t o ¥ HEHEFS R(t)o oa) E
dAse, FEFET 2e AAS Frlel UAAHE Q(¢),
R(t) ¥4 25 nelsiopt @t da4due vad 71 4

Trans. KIEE. Vol. 54A, No. 10, OCT, 2005

zt7] Y& B& =310 (Aging Failure) HoEE

284 E42 Ado. gy P7543L 33
AL 433 oo} o, HEEES 8%
71&9 gaey Ay e B2 e XE Tdic.

2.1 | R@)

t Time

a1 DEEEN YEHE ¥ g

Fig. 1 Hypothetical failure density function
3. SERXE olEs Y AHrwY
3.1 Z=E(Normal) 2ZE o|E8st Hd+YH A A

EZF(Normal) #EEXTFE &, AR B ofy
gt FaFPALdd o] de AT xS BT
)3 EFUHA(0)E FAHE Normal HEXF XIS 7
BEgWSE FTatetd 4 (6)3 2o (3).

g

o714, e d &8 .

1A AFEEE A g ol EF3 @ AFEEe 4
()3 Zo] B, B (FE)L RS YIH EEAUA
o o3y BE3HE FA offe] dHoz A & F
Aot

_ 1
f(z)_’ \/57!'

2
ezp (—5-) (7

OS5 22 4 (8)9 w4 FAMY
(Polynomial Approximation)o] &) A4tdr} (5],

EWE 2z

co+ ¢yt + cyt?
z=1— S +e
e e (@) (8)

g7, t= 1/1 10
DQ_

cp=2.515517 ¢, = 0.802853
| =1.432788 d, = 0.189269

¢, = 0.010328
d, = 0.001308

2 (8)lA | e(Q)] <045x107' BAE $ AL 3
=9 2 &g 7M. Normal #X& °| &3 Ha+3A
e 9% HEH BEUAE FF7 AW FaxASES
Agad e (98 2L AP BAYS 2€ F Ut

SAE BMYHE 0|88 SHEty YNMH|e YESY AN ! RFHE A F 481



BAPFRLE 54A% 10 20055% 108

z,=pu+oz+e (i=1,2,...,N) (9)
714, z; + AvleH

p BT

o ZFU3}

e, 1 z,9% z,9] X

4 (9)2RH 9 8 FrHse BAA Le 4 (10)

3 2o

N

L= (s~ pu=z0)

=1

(10)

HaAsye (OL)/ () = 0% (3L)/(do) =09}
AzZBH 4 (1DF (12)7F f=5HH, o] F Jo=2REH H

a3 EEHAE T 5 A (2],
p=z—0z2 (11)
_ szz
o= 5 (12)

zz

Su= 3 (2= B)(z— 3)
Su= 3 (2 3)

3.2 2to|E(Weibul) X E ol 88t HasH ALy

Weibull $E& £EF59 B5gel net Bae 2ge
e & glom, Buetn o249 oege] A= ¥

Fon 97 @AW *ﬂa =de] ol Agdn
Weibull ¥z 2g2 J—’FE ) (13)3 Zol Bt
£, 4ZEP5S 2PETFE 22 4 (14), (15)9
2.
p—1 i
16) = Eo—ep - (L)) (13)
G714, t=> 0,8 0012, > 0 o]},
B(t)= [T1(t)dt=capl-(£)7] (14)
A(t) = ﬁtﬁﬁ_l (15)
[87

482

A (13)3 o] Weibull £X& FH2F(8) S d=2F
()2 A=y g9 gl we} 2] (15)e oY n%e] §
B2 Jgdd. 3« 15 %71532%7)(Debugging Period),
f=1& $%3147(The Normal Life Period), > 1&
vl 2 147} (Wear-out Period) & Yeldch w=3taie d
REe Mulfdge Fubyld] LAY Azle] Age] wmet
DA Eo] Frtete dAde] Gt whelr] Weibull £X=
e3luge BEste HYE EIXFSoln], Weibull £
248 3387 9% 71&2 Gradient Descent Method
g} B =8 AL EAZF EMDE(Data Analytic
Method : Type II Censoring) S AAl &AAF LAy
=3nd AAHdOHE o] &std AN, T /1YL ¥
A5},

ey Uy

rsﬂ

4 "HaTd Az A

Weibull £33+

A= [}
54

P EF() 9 Ax2s(a)BA 2
veld 4 Ut Normal EBEX#EFes 2
Weibull 2¥52dls W77 ZZUAS ¥astz U &
coz oo A=mse 2P T YT RS
A & St

4.1 7I=9 Gradient Descent Method

71&9] Weibull X9 )} Jems Wy 4 (12)
o} o] HAHIIIPE o] §EHTt (2.4).
Xpp1= X, — N6y (16)

A7NA, X & o, fF YEE ¥E
G : A= (gradient) HE
A 1 °]F H (step length)

EoogRns

4 (16)ez2%8 F4E Fug J=nse 4 (17)3% 4

(18)% ol4Fozy BErys TFAXNE 78 &+ Ao
,u.zar(l—f*%) (a7
2= (r(1+%)—ﬂ<1+%)1 (18)

A8 @ vl (Gamma) &F [(y)e 4 (199 22
4 (173 (18)8 Had EFHUAE AMEr] H3td ol &
go (4],

— /5=, (y=05), ~y 1
I'(y) =+/2ny e (1+12y) (19)
42 Hotst SHX &4 9 : Type Il Censoring
AYAE A9 £y #Ad AA dolgHeEL E¢4AA



(Incompleteness) & zteth, wield 24AF dolg EA

o glol o3 & F kA Aol ot (5).

1) #Astee A cd #FE ne) 4ul 2% 9
T(i=1,2,...,n)S )8 AT. < c¢) : Left-censored

2) BAge e AA col B2E nfe du Fo £HE O
AU oeiA @& ¥l F kA RE EAFe S
(T;> c¢) : Right-censored

F A% F 1) 2L dolg #5 % Type 1 Censoring
ol2} dx, 2)9% 2L diolH #32S Type 11 Censoring®l
231 8ttt Type I Censoring2 2 #ZH HolHe EE
BoAMEY S ALt HaeHE 44 FE & 9ok o
2 Type Il Censoringl 2 EAHE Holdle $£9% o}
A g dulel g &S zEElor vk mEhkA
T;>c ol daiM ¢ e 23 FEHSFES udsw
T;=c+e; ANl f=dch 3EA A& (Empirical

(1) B&30 AANA 2 2

flo

Survivor Function :
2 238 4 A, AFH AEEE S(t)= ARt o

g5 AL He & Yoy, FEFUA S(k,)e A
o

AE AW EY o3 4 (20)F 2o},
1 —1
S(ty)=1- ~ (20)
S(t(i)+0):1—_(i;1-l—L (21)

n n

A QDA $(ty+0)E St TE IFANE o
njgth AR, oA So FEe A (18)d] odd AsE
t}.

Lty +i+o) =1Lzt L .
1__(i___1£l

283 YEs S(t)e FEITEA (4, 1-p)9 9
N2 vded ¢ e, p.& A (Plotting Position)
olgtm @t} 4 (22)e A pie A (23)7 Lol EH
gt

(23)

a8E2 AYH YIS S FEIHAL e 4 (24)
o g},

Trans, KIEE. Vol. 54A, No. 10, OCT, 2005

(zy y) = (t(i)i 1- ) (24)
Weibull £33 4E&#F 4 (14)9 F¥el logE Hdt
A A (25)9 Zo] ERAL

log{—log$§ (t)} = Blogt—floga (25)
mald 2 (24)9) 4 (25)e] &lA Weibull X2 4&E
T3 log tyet logi—logll—(i—1/2)/n)j28 Jehte
A8 g7t g o] A s&r)e AHE 77 e b
g3 3t 25 B = a°l1L, ARRFE
a=-ezp(—b/a)7} Btt. 43, FHE e 2 xRS
(o, B)} 24 (17)~(19)E ol&ste] AHEAF 4ve HF
I EEHAE ALE.

S dojel & ol 8
2t Type II Censoring

1

| 258 o, fot o}

(Gamma: [ ) &+&

0|83l 7 A BEE
Bt A&

YE3S S8 1g) <l < <tmel
ALY =AM 2 gEZ7t0 AR

MY y=ax+b YA 8 Hojo| H P

E0|8% o, 25 SYTE
3

L
ag 2. SAXH 2MyHE ol8st MAE Mule s
Y AN EME
Fig. 2 Flow chart of mean life calculation procedure using
data analytic method

A

a8 2¢ 4|y HIEFE AL 98 B =ReA AL
T EAE £4%Y(Type II Censoring)ell W3t A4taH
X xoln},

Q)= (1= em{~ L (t= )] ) (26)
A71A, a3 0 8,30, (t—=7) =0 0< Q(t)<1 o]m
t: ASdx
T, AXdE
t, = (t—7) : gvi5

DFEEFE A (26)F AR FEF o] &3y oS F

SAY 2MYYs ol SHaY wMde|e] YESY A 2 DFHE oS 483



BREBFWNEE 54A% 108 20054 108

ATk, AR #go|¢ P(A|B)Z EA¥  on, o ¥
JNe Brb SAgtie 2AstA Al Ao 824 e
doh, 33 3 ABGAdA WA A 49 e 23l
WYY AT tAb0le BAS Ve Bg TN I,
7 BA AT 4ol ARARFE Q(t,)e) AT Zo| o]
952 QL) = @it t,)e) BAZ Uerd £ gon, 23
B 3E ol2d ud nABERSE A (26)¢ nARE 22
2 3ERFE 4 (273 2ol ¥EE + Aok

z7 SES P 1F BE A

—

ad¥ 3
Fig. 3 Failure Observation Time for Conditional probability

F(t ) = Fi(t,)

Qultat) = S (27)
4 (279 BAek BRE 4 (28). A (29)9 2o,

Q) =(1 ~em [~ - (- ))] (28)
',Q(z¢>=[1 ~em(~ ai =] (29)

oA7NAM, ;>0 B> 0, t,>1t, t,> 70|t}

g A 53 A G PRl e EHAMNY HFFE AL
def 2 =% A 43604 At s 7129 Gradient
Descent MethodZE Hlm 2 E43tx, A W o
#%3¥ Weibull #%9 &4 RZ4g &3 2F&E = W
He Ayl

Al Pl e AF
AT LAdy] F HmH 9
st A4 ARE ¥ m AT

ZAHE AR Bgsld @$Ar)e] £5 36uWela, 2003d
< NEeE #A 4149709 # o(+§}1%)éa% o] -8-3}%]
v} 233y 2Ar) 360 F 16di9te] =33 (Aging
Failures)d] ol&l ZAHAY AAHAT. =g Eol

U Zbo o3 Aart obd AARA] goiMEY AHL
7R A7), A7) REEFE, AAAe] XYY &Y F
Aul$EE Fole dA7 #AE 2ot &, #5E A
71¢] F87, AulfA], 2G4, Au9A g2 T
2 ARE Y. £ 1L =AY B mmu gﬂg
T @ 2PIEE BET E 194 n¥dEe LAV}

2L gdd ZAHAY AAE dEE v g
E 19 Aol HE vigez thA Fstd E 29 2
ol Yehd % glonl, 1% & #Arle) £He FdEst
Zl E

%
AAGEY Aoln, 75 BA7le FRE AALES 4

E: 3 1.zt Sgtsty ¢®™2] 29
Table 1 Original data of combustion turbine generators

No. AXds | 33d= ) No AANEE | 2T
1 1962 1974 19 1996 -
2 1962 1975 20 1997 -
3 1967 1974 21 1992 -
4 1962 1989 22 1993 -
5 1962 1993 23 1992 -
6 1962 1968 24 1993 -
7 1968 1993 25 1994 -
8 1977 1989 26 1997 -
9 1968 1993 27 1992 -
10 1975 1993 28 1994 -
11 1977 1993 29 1993 -
12 1977 1993 30 1993 -
13 1977 1997 31 1993 -
14 1979 1997 32 1993 -
15 1977 1997 33 1995 -
16 1979 1997 34 1996 -
17 1992 - 35 2000 -
18 1992 - 36 2001 -
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Table 2 Number of exposed and retired combustion turbine

generators

Year [7hE b A7) | w3dA 7)| Year | 7} 33 7] | 2 w37)
0 36 - 21 .16 -
1 36 - 22 16 -
2 36 - 23 16 -
3 35 - 24 16 2
4 34 - 25 14 -
5 34 - 26 14 1
6 34 1 27 9
7 32 1 28 9 -
8 30 - 29 8 -
9 29 - 30 8 -
10 27 - 31 8 1
11 21 - 32 8 -
12 16 2 33 8 -
13 16 1 34 8 -
14 16 - 35 8 -
15 16 - 36 6 -
16 16 2 37 5 -
17 16 - 38 5 -
18 16 3 39 5 -
19 16 - 40 5 -
20 16 2 41 5 -
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