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Change-point Approach for Analyzing Failure Trend in
Repairable Generating Systems

Min Pyo Hong - Suk Joo Bae'

Dept. of Industrial Engineering, Hanyang University, Seoul, Korea

A number of trend test methods, i.c., Military Handbook test and Laplace test etc., have been applied to investigate recurrent
failures trend in repairable systems. Existing methods provide information about only existence of trend in the system. In this
paper, we propose a new change-point test based on the Schwarz Information Criterion(SIC). The change-point approach is more
informative than other trend test methods in that it provides the number of change-points and the location of change-points if
it exists, as well as the existence of change-point for recurrent failures. The change-point test is applied to nine 300MW generating
units operated in East China. We confirm that the change-point test has a potential for establishing optimal preventive maintenance

policy by detecting change-point of failure rate,

Keywords : Change-Point, Repairable System, Trend Test, Poisson Process
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2. $2|7k= A|AH| gl
2.1 o4 o[2 ¥ H7|

A A(recurrence) HoE e FEH 2¥E HIA(point-
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He AAdHE & & Itk 2 ol GYAAH
o FERAdAA nZ} FEb GEEHE AL 7,
Ty - T, AAHCIHE & 4 Q7] wFolrh. dnt

o= FYANE Fod o' 5 AMA o|F &%
Al2Rle] o] BE AZteR AHodth v 1%
FHEAIZITZE (4, 1) oM AZEH o] ¢ =0°]t},
%!

)

s

oL, o4,
U 1)

o AH&EHE volHE DUA2E dolHE A3
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TAFolAF L AT L E(intensity function)S
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dalE= A EFE UEd 5 9lom, 3] dolE
A (Weibull process)©l &k 3t71% gheh 91 oM 3
&} o AH FAERTSY VhERUiT, mhef

B>1 W AT M) F7K8kL, <1’ DT

(=Rt
HERFE

=

o AFFMH 2AE Yot By E2tE 13

o o ¢ orlr
2y

‘Q)
il
Il

3.2 TAIX

3.2.1 TTT-Plot(Total Time on Test Plot)

2@ 75 A|2~99] TTT-Plot2 Barlow and Davis[5]¢]l
g3 Ao uHEFAEIFHAAE V|ERE A
TAE A1) vE AT T EAA HA AR
(a.0] A9 & TAZNFE Nolgt dfaL, AlaEe g
W LAANE 1,2 FAT b=TY W, 0< T, <
< Ty < 70 @ A(w)E AR vl Mo 28707,

At = [ :)\(u) du @)

, N& EA)g 29 olth. Nelson-Aalen plote

TTT-p othL FxZo0] ubyl Fejo|th Nelson-Aalen plotZ
e Ao Awair|z sk TTT-plote] 23 T=AE 3
o] gizo] At FAVE gl FAEEIHA ]
gk g § 9, giZadel fAEA Few FA7)
A

L A

o714, MT) = i
2 Ye i, ¢ <min Tl?l A% A(t) =0°]t}. Nelson-
Aalen plot& A7 19+ A() & &
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3.3 SHH FHEY

331 2= P=5 A Military Handbook Test)
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28E oS AYP Wy W= zgzg( ombined

Military Handbook test)o]2} H-2t} % Es
A 2E XA S :ﬂ*‘?—ﬂﬁi 3 A3
BAF
X ([ 7(8) )
M=2),1 6
T kgl Il( T(Sk) ( )

2 AHE 23mQ XQ—E%E% WED 281 e oA
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332 25k A (Laplace Test)
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T AREE AR AsiME 1Y £& Ale Aug
AFANNAE AHEEE Aol fEsits AS MY
At wetA fEle FEvteAlA"Y ARG
DFNANTE o) g38te] T Aotk AT
X, o X% BV A7 AL ALY F5EH ASFERY
et & o degre f(a:l,/\l)Z)\ieik’z‘, 1=1,

<kp<nIt N #N 4y, r=1,
BER, Uk p0olW WA Ggd wa

29 Agow uYsy 1 5k W)
Els SIC(Schwarz Information Criteria)
5 oo 37 }%—sm o714 F5% Fe sicE A
(e xponential family) S 2 2E =Yojgle Holt H
%!
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s MeE Rolet 7MY, FAstok st By
9 = (2R+1)7H Nev o Mg B BB ko kg
2 NBE HBRE o, w,, o, 0,8 Bgpy T TEASE 23 W AT A
5 B, B -FE e S9RERse agn o0 ABEIH A S A > A & Aadel i
o), dHo T thEWad(Multiple change-poin®A] © BT, “ﬂ—h:ﬂi )\k1<Ak‘2 o< AT B
T Oed 2 AFHEE A 7% --olth.
drek, WS R AIANAA Ky, -, kgol O
Py =F=-=F, Ao AF7HdelMe A 255
HF==F =k
=F, # 2 F,  ==F, ® _y S flogh ~ed, 1 (D)
J=0i=Fk+1
ojW 1<k <k,<-<kp<nolil RE WX W3}
A(change-point) 013, ky, ky oo, kp® WX g Sh AT 2t WSS AFst XS zaE At
ASAE 27 et o] gEe mw 23go] b o€ WA sk WA ARHA ok gk wisk
g, 5} BE £, F, o, F o] AuHHQ BaZpara- I N BRI AR koo ke FAS] AN 7
meter family) 7(6)o] £& w(ec r?), MapdEa= +© SICE ol&stH o SICe Thedt 2o
EPG) BF g, i=1, -, nol R} OF ARAEE )
AA s} SIC(R) =— QIOgL(@R) + Rlogn (12)
Hy: 0, =0,=-=0, =0(V] 2]} ZF) L6y RAYY EFET 6,94 RrA 243
H 0= =6, #0, = 7 mdlo) o Egrolrh HEs] SICE AIC(Akaike
=0, # - 20, =0, (10y  information criterion)®] 4% HEE b}

BB 7}3% T2A 2o Wad EAor W 4.2 HEE ™Y

st Jie 9 wigtde] AR5 way 4 %
< 7 Jebd & gA B g g7t A2 AR (TR ZotE )
gt AR AFIPEL N = =2 =202, AH
41 HEEE 0|88 M2 74 RN WA k:p ey kpol EATTE Aol
Az st HF TAE thed 2ol YE
Maguire et al[13]%= A7 ol A 23] AAN&o] ¥Met  d 3= glrh
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1:[0 :)‘1 = :)‘n =
A= =Xy = Ak

=X, E A = 0 = (15)
HE7H stellA e srogkd AR M shelM e sio

e vlashd Zpde] e AA4E & 4 vk (15)).
AF7H 3 SsreE Sic(n) o2 o]-jl, o

minS/IC= min{SIC(n), SIC(R)} (16)
grol src(n) ol AF7HE S

) ﬂ@ﬂﬂ,ﬂﬂﬂ%
ARAde v\ze

ks o ke g®] EA
ﬂ‘rﬂ ME Ef’a’
¢ A9 SICHHLS Hsu[10]7F <
@ FAAA5 BFaFEBANG WAL Aol
Aot

sk o] Jiaek WY X E BT gyA
e A} o, ey 3 :
ANAE BRI ky, kg ;
o 9Hel we WshA
SIC7F H&stde 1 o

S
=
ky oo kps RS LRA
o]

mﬂﬂ%ﬂﬂﬂmd

4}] kp R

M(R) = max, . by << kp<nd1 (kyy -

= cﬁl(];]a "'7]:/'3) (17)
294
Schwarz criterions ©]-83t R < R, 9] ZAs v}
& A& FHagete a9 rY S RoZ AR

SIC(R) =—2M(R)

kg

R
=2)] {
F=0i=k,+1

+(2R+1)logn

L ~logh, B+ (Q2R+1Dlogn  (18)

3714 R, = RS AAupper bound)Z LE&Hh 9T
Ao 2 SICE AIC(Akaike Information Crlterlon) Ax #H
Lﬁq %)\-D]— tﬂ‘dﬂa‘} tﬂEHo}r;}_ AIC—/] OT Jﬂ‘;‘E] %}‘_a

21i’+1)10gnEH/\] 22R+1)& ARESTE 18y SICE
2dof digh A4 dfE F4& st st
Aol ¢EA Au15). ek wsHe sleet M
AA7F g4 A FvE A (12)Y SIo(R) WAl

—

R O o X0

(18)2] SIC(R) o] R3] EAE Hrslr] 935k
SIC(n) 3 Hﬁ% Atk
4.3 siLie| HalE0| U= 3R

QA hte] Wstdo] ko Y= 73%%: a3 Bk
2 (15)8) AREAE b3 Zo] 282 F ot

H(-):)‘I: o :)‘nE)‘

H === =4, (19)

H3l HAd 23-955 £, (k)1 39, Hu$=
FRAE

k n

o] "tk 5‘_6& ls}oﬂ SICE
SIC(k) =—2¢ 1( +2logn
—2klog(2x)+2 n—k log( xl)
i=k+1

—2klogk—2(n—k)log(n—k)+2(n+logn)

EA kol st WeF s10(n) > Sic(k)o)H E
74 mgo) YT, Wl ke A=

SIC(k)

gt 1 W] gt kel o8 R

=min, _ ., SIC(k)

[e]
'E'E'l'

5. &A Cloje{2] HE

o] FellAe 7|&Y FARRH AR HAE
A8 9709 F71HHl 27 A Y|(Steam-turbine  generating
units) ] AA FAHO|HE AT F7IEY
A E AR 53¢ 72E /AT den g
7bed Alaglolth Z47ke] FUIEEl BAAAE LA
7](Generator), %71E{¥(Steam turbine), .Y (Boiler)5
o7 FA45H9 Yot FMARE A&t FUIEEY
AFdele BdejoA ARE Atglele] F7]7F wAlA]
714, 249 371 Bl E/(Blade)E 3 HA7)AL
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ol 3ldew s LAV F(Shafyo] sAsA A7) & A¥Ed 1 $HAHE TTT-plot¥ Nelson- Aalen
bR, HAARE AT 2/ Badr] o] g2AAe] ARG 2R noh FATOED
O FRE IIASEGMBE 000ASKE o g AL AT 4 Utk ST LA TaHE wE
B, B Rold Ad HolH 53 5% off 3o wA® B0 HAezyH AdE Tu derg o
A7) BALAA AMEE T e 300w Z7IEHY B W@ FAE A IS vheAel 0y g @ F
ARl 97z ZAE doleloltt a1 dlolEd] g 1 itk AT spEeAe] Erha AU £ glE #olx
H2 <29 3> e Sith Interval plo(ANAaEe 1 AFE £2E SAZ ANT £E 7] did s F
ANTES AR =Aghe A aZNAANRE o] BAH EAUE 53 FAE A deA 2A
of QPR BEES ¢ & 3w ol TINANRE  Fad ok
o] N2 5o] o} FE ks BN e @
o F7IEN AN S AR EE AT, o1, T o
] - a0 ——
Bidels 247 FYg Al A AALE 7] Wi, o] " /.f’”/ /’2/ ey //
A gy AxRle sdstia B}, 1. 17 =
ol oA / 0 /
0 20000 40000 0 20000 w000 0 20000 40000
gend gent genb
- e o'/
9 Lo . ‘/// - e 50 L
g ke 20 // /’;}/
R 20 I : 2 ] .
) . 0 // 017 04 /
™ e o 15000 sogoo 8 15000 30000 0 10000 z0000
.6 K . _ gen? — wl gend — gend _
‘;:%5, O et @ /"fb . ‘,»‘/ “ //
g P wd e ) o
5’54 ] 0] w// 0 // 10 P
L ol e
37 O or smlm 15600 0 5000 10000 0 2000 40'00
2 e - - e
! e ~ . - . <38l 5> wWHMdH| IHG0[E{2| Nelson-Aalen plot
o 10000 20000 30000 40000 50000 _ o
Failure time(hour) 52 %71'&{ _J'Q_k“_E_&'“ﬂ l:él &!_5_
<7 3> UXMHl DEG0EQ| Interval plot
% A 5149 BAL F o A5 QA lslalA
51 SA|MEM MR T BAA Ao Hasty wEhA of mRM e 2
2719 mgdeled gigk deHey d=d HA, 2E
Yol mAsels WMoz AAHQ =42 go} 2 AL AAstlen, of F A4S T 4L 2
& 4 9tk B =Fo|AE TTT-plot, Nelson-Aalen plots  *He ZHF <& 1>, <& 2>o] Yehiiglth dejee] =
[¢]

v 27k Ase <3y 4, <1y soln

(genn oWl THANE M), <O" 49 <" 5> (g 1y whAH| DAGO[ES] Military Handbook A Za}

2=

wEy| | Test statistic | p-value Result
genl 8nE qend ((J - 005)

1.0 P 104 T 7l 10 /ﬂ(

e - oo //:15”,' ol /,/ 1 188.54 0368 HPP
Bl sl 00 L= 2 305.70 0.0001 NHPP
’E 0.0 054 1.0 i) U5 10 0.0 05 1.0
2 10 = —1 101 e et - 3 205.64 0.0001 NHPP
£ e AT
T o 054 et be e 4 131.53 0.123 HPP
E 0.0+ 1R} ,/‘/"4* 0.0 4 ﬁéjﬁ
% 00 X 00 5 10 00 05 10 5 127.16 0.026 NHPP
R . ol gend . end

"’ . P T 6 174.82 0.020 NHPP

05 05 o T g e

. s 7 130.66 0.105 HPP

00 4 P [

" ’ 5 Qéucaled Failulfre Numhé: " " " 8 190.11 0.0001 NHPP
<37 4> LHMu| 2FT0lE(2] TTT plot ’ i 0.152 PP
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5 AR A9 <F > AHRHE o=005%, 2, 3
A5, 6 2 s EAv| e 1A HolHE HEAR
FEige g, vz SHdEE FATETA
& fETE g ¢ 5 3w, Bda A A
<E 2>& A¥rpd 1dH $A-8E Ao ZE wHA
ue] mAdelHE HEAXIEHEL BEL ¢ &
At A RE FAZ HAAdu]e] i3] dHE A=F
AR Ees Ago $HF FUE ARE HolX
£ om gtk F A9 23 ol A, 28,
39, 59, 69, 8W)oll tisiM e UAT AFHE Rojx|t
3709 EAAN 4w, 7H, 9R)ol e E BELA T 75
38 wolm giuk ol T WYl YBY WAAH
g ANSHA Fon Yee ol et

CHE 2> UMAMH| DEHI0|E{Q| Laplace AN HT

- _ Result
X 7| Test statistic p-value (a=0.05)

1 -0.57 0.572 HPP

2 572 0.0001 NHPP

3 4.11 0.0001 NHPP

4 235 0.019 NHPP

5 -2.92 0.003 NHPP

6 -2.90 0.004 NHPP

7 2232 0.020 NHPP

8 -6.44 0.0001 NHPP

9 2228 0.022 NHPP

# 3> €™dd nyHolee] WY A &

w) S (AIZH a2
Aun | = iy Liet 2tel Azt

1

2 1279.48 17834.77 0.0172 0.0021 0.0006
3 13897.7 0.0032 0.0011

4 16897.02 0.0024 0.0005

5 11135.45 0.0023 0.0010

6 13712.49 13493.65 0.0039 0.0183 0.0014
7 4586.69 0.0044 0.0030

8 1480.15 0.0182 0.0016

9 24269 0.0074 0.0021

5.3 #3}&(Change-point) &N

& Al 42-0A AYslgEo] SIC(n) Bt} 2 SIC(R)
Fro] A3k, Halyo} EAse Aol oW, SIC(R)
S FHagse 4 kot Bakge] ESAlde otk AA
ABE <& 3o AHsgon, AN (T2 2
Ae nAZAAZY A wstE e VEeE vd 73
9 2FENE YeRSit A3 Ad 1 ERAEE
A3 nE wAMu|dA WHEHo] &R AE ¢
F At 29 A e(AA nFATH 37956.1147)
ARARE o o A3t 2 FAAn e 1%
tolgdl 3k Wabde 27 EAEH, 1 ATk 7
7} 1279.489 17834.7790 3 ech. o] WIHE VEL
2 L (0, 1279.48), (1279.48, 1784.77), (17834.77
37956. 1) 22 UE 4 glon, o] A7 47 ugE
(A)°] 00172, 0.0021, 0000631 AFEELE wErty &
F 9ok Madoz ud 37ty nFES AAY FolA
22 AN AMdHL Yes & F A o
EANAH Asel sk, TTT-plotell A 7d[o]
ElEo] t4A 2l ol IS o]Hd A 5 U
FAAdu e B mPEo] z7 80 st

Power law processS B3 BT g A4} 257 <&

g
3 20 25 SR Y FAREEAA(B)7) 18T

3
Ao ge AHBE A w38 3Y Aas
£ ANZEYS T & gtk

<E 4> WHMH| D02 ReFFR(QL ME+Zt

w7 B 95% AlE| 7zt ] 95% AlE| 72t
1 09229 | 0.7297 | 1.1149 | 370.19 | 103.12 | 847.12
2 0.5430 | 0.4267 | 0.6587 | 11.096 | 2.9909 | 25.627
3 0.6516 | 04965 | 0.8058 | 55.897 | 13.567 | 135.02
4 0.8363 | 0.6169 | 1.0542 | 256.48 | 54.571 | 64932
5 0.7549 | 0.5431 | 0.9650 | 197.83 | 3834 | 58357
6 0.6871 | 05258 | 0.8473 | 47.219 | 11.688 | 112.96
7 0.8265 | 0.6077 | 1.0438 | 127.93 | 26.875 | 324.69
8 0.4208 | 0.2918 | 0.5487 | 1.4851 | 0.2517 | 3.808
9 0.7893 | 0.4664 | 1.1082 | 86.056 | 8.7813 | 239.05




T8 Jio BT AILHO UBTM BAS AT By EIUE 19

785 FAE ghol 19 747HE 0.922870] 2 95% A F7H
o 1% T3z FAXoFEHYolg HaHTh 44, 7
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