
10

- preventivemaintenance)

-

- correcti

- -

-

,
i

b

ii
n

Tm
TnTDT (1.1)

ni

Ti Tb -

m-

TDT

TDT

DG CMCPM
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-

TDT(ni)

.                                                 (1.2)

Tr=Tb/Ti

.                                                (1.3)

DTb i: TDT= DTb + DTi

,                                                    (1.4)

-

3
2

arctgTi

nini opt

b)
0,5

TDT

1
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. (1.5)

, (1.6)

T0

. (1.7)

,

0=1 Tr/T0>1).

m
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(1.8)

ci cpc

[7].

cr=(cm+cpc)/(cm+ci)

(1.9)

Tr>1, cr>1,

opt

T0

1

(1.10)

ci

1

(1.11)
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cr>20-30

cr>80-100
=0,15-0,20.

-
-

9].

x=Tr cr), (1.11)  (x=cr

(x=cr)

- -
m.

ni.

Tb>>Ti.
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-

Pk(tj)
tj Ck:

(1.12)

Pk(tj)

tj

Pk(tj)

.
)-1

Pk(tj),

c(t)=C /Tp

p

cc
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Pp(tj)
P(t), P (tj)

P (tj)=1- P(t)

(1.13)

0

[8, 10]:

(1.14)

t<2

p(t) cc(t)

p p= cc,
cr=cc p

. cc p

p<cc p(t)
cc(t)

opt

cr opt (t)

p<<cc opt 0.

0

(1.15)
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(1.16)

r

-1

- cr=20.

(1.17)

(1.18)

T0 .
c(t)

-

ľ♫
ľ ŉو ľ ŉوľ

ľ ŉ

ھ  ♫ľي

tوopt2 opt1 1

ľ ľ
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c(t).

opt [10
Pp=0.929

0

-
=3/15=0.2,

=

-
- - 11].

- 2
- -

Ci

- -

T0

c T0 C(t)

Ci j

tj-1 j [11]:

(1.19)

Ci/c
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(1.20)

(1.21)

T0=1 .

j=tj-tj-1

, (1.22)

F(t) f(t)-

8
tj-1=0, 1=t1.

0

0j ,

1

1=(0,2 - 0,4)T0 i [11].

11].

-

-

- 4, 10].
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-

c(t)

c(t),
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-

[8
I -

- burn-in), II III-
- wear-

-

-

1.5)
[10
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8

- -
9

.
-

-

-

IIIIII

t
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-

-

j

j=

(2.1)

<1 - , 13].

13

j

8].

1opt

C(t) t [13]:

(2.2)

Ci<Cp<Cc

ni -
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cm

TDT -
Pp= 1-pc -

Pp Pc

Pp>Pc,

cm

,
y(t [Y

1

Y0

Y=Y0 -[Y T=T0 -

1 1,

[Y]
2.2) - ni, TDT, Pp, Pc

- -

-

1, [Y]2 [Y]j),
Pp 13

1

[Y]
[Y]

j

1

1opt

[Y]

PP

1)

C(Y)

[Y]opt 1opt
1; [Y]
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1,

[Y] C(Y)
, [Y

Pc

1 , [Y

TDT [Y].

- -

- riskbasedinspection)
[14

14

15].

Np

Npd Pd(t):  Npd=Np (1-Pd(t)).
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16

-

>10-2 0 4 2 1 1
10-3 - 10-2 0 4 2 1 1
10-4 - 10-3 0 0 4 2 2
10-5 - 10-4 0 0 8 4 4

<10-5 0 0 8 8 8

w╜ℓ╫

[ śōś▄ ◘ź ╜■ℓ♫śľĊ╜◘■ ĂľĊ╜ō╜ĊŦ



27

-

RBI - -

,

-

17
5-

]:

(2.3)

< 1 -

(2.4)

i=Cm /T0 -
F(t) -
T0 -
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Cpc Cm

T.
F(t)

.

:

(2.5)

Ni=T0 T0;
Pj(t)

-

opt

opt

opt

Ni

Pj(t) j=1
Pj(t) i..

2.3 DT-

-
-

F(t), Pj(t)
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-
-

- -

t -
-

-

(unavailability) [16].

h: t

(2.6)

-
t);

f(h)-

t-
h

tj tj+1

tj+1tj t

f(h)

h0
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0:
Nf 0=h0/T0 [16 h0

Ti T

16]:

(2.7)

(2.8)

- T
Tc>Tp

(2.9)

Nf j-1) - -1;
Nc j) - -

D(t)

D(t) T0:

(2.10)
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(2.11)

opt

( optd

t-

-

Cir.

]:

.
)(1()(

)(
i

iirc

T

CFCCF
c (2.12)

C
C , Cir Ci

optD

(2.12) (

D

A

optD optC

A, D, C

t

C
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16

opt

D(t) c(t)) [16
tj

cj TDTj c(D),

c TDT opt.

-

c(t).
-

16 t -

-

- .

t -

16

best compromise

TDTmin
D(t)

cmin

c(t)
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opt)

2.4 DT-

-
-

-

(2.13)

c (t)
Ce

(2.14)

n -
k -

Nf -

opt opt

1

5

opt)

10
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Nir -

(2.15)

Cm - -

13 cm(t)=i.

(2.16)

Ni

,
)(1(

))(1()())(1()(
)(

1 1

1

n

j i

n

j ciicpccm

F

tPcFtPctPc
c (2.17)

Pc(t)

i i-1) -
h i i-1)

t Pc(t)

i)
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h
c(t) A(t).

(2.18)

T0P,TpP,TcP

h

(2.19)

C A

cm/cpc=104.

- -

h

c

و

A
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2

- -

1(down)

2 -
.

-

G B

D

- 2

1- h(t)
-

1

t

(2.20)

f(t)

h(t)G B D1

D2
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(2.21)

opt

CD

CB opt -
D1- TBD1

-

opt/TBD1

-

opt CB1<CB2opt

CD

CB1<CB2

CD
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-

-

-

-
8].

Y0

9,
19],

y(t)

13].
Y0

y
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[Y]=Y0 - Y

Y 2-t1

y(t) = [Y]
t1<[t]<t2 t2 Y0

0

y(t) Y0

yj<[Y] [Y]<yj<Y0

yj>Y0 9
Y0

Y,

t=T0-tj P(t) c(t) [9].
Y0

yp=Y0

tP 1 9
P

1.

CM

G

1 T0 t

VyminVyVymax

yY

u1-P Sy0y0

[Y]

Y0

Y

PM



40

(3.1)

f(t)

c(t) t1 t2 0.
[Y]=0

- [Y]=Y0

- 0)

y(t).
y

Sy:

(3.2)

1 ymax, -

1 Vymax-

Vymax

CM
Y

(y,T0)
Y0

f(t,[Y])

PM
[Y]

G

t2 T01=t1 [t] t
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(3.3)

-

1-

Y Y0

[9
Y=[Y],

9]:

(3.4)

1 j)
[Y]j

1

[Y]

1

[Y]
y(t)

P

1

[Y]
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[Y]

1

y(t).

j j)

j= tj - tj-1

y [Y] [20].

:

(3.5)

ym Sy

-
-

[Y] 21]:
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(3.6)

- .

y(t)=ym

(3.7)

(3.8)

(3.9)

-

tj

(3.10)

[Y]

ym

y(t).
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-
[Y]

-
22, 23].

y(t)

-

Ne [13

8

24].
20

ny y(t)

y(t)

y(t)

t2.   .   . tjt1 1 t

ymj,
Syj

ym2,

Sy2
ym1,
Sy1

[Y]Y,y

jopt

r

r1, j
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j

j:

(3.11)

y

yij j;
Syj ymj

j.

yj

r1,j

r1,j r1,j

yj

[Y]

(3.12)

kr 20
r >0,9 r1,j r

opt

y(t)< [Y].

3.2

y(t)

j
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y(t) [24

j yj-1=const.

(3.13)

y(t)
Sy

2 [24].

vy

2 kp

y(t), j .

j>>kp.

-

vn

v

(3.14)

-
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[24

Sj Sm

Vy.

(3.15)

(3.16)

Sy0=0 24]:

(3.17)

(3.18)

8
y(t)

p(j)
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p(j)
j

. 3.5.

Sa

Sa(t) Sy(t)

-

0 8]:

(3.19)
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4.

-

- -
-

-

-

S

tjt

Sa

Sy

Symin

Samax



50

-

-
- -

-
h(t)

h(t)

-

-
-

-

-

opt 0

0

25
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nN [26].

-

-
-

T0m T0 T0m/T0

SN(lgn) Sa SN(lgn) a

h(t)
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y(t).
-

h(t) y(t)

y t

y(t),
-
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-

-

7

opt

-

-

- -

-
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-
27].

trem

Y0

h 0

,
y1(t

Y

y(t)

y

[Y]

Y0

Y; y

tT0p1 T0p T0

hy1
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-

0

0

[28

-
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-

0

-

y(f)

y(f).

Yo [Y],

y(f) [Y] j
y(f) dj=

yj/[Y].

y
Y

-

29].
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24

b

yj

tj

f(T)

[T]  T0t

Y
Y0

[Y]

f(Y)

[T]         tt1 j

yj

y1

Y
Y0

[Y]

a
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-

-

tj

dj (1-

djy = yi /Y

djt= tj /[T].
D D=1 ,

dj=djy= djt.
d(t),
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30]:

(4.1)

1 2

02

( 01)

d VD

T
T [30].

1 1

VD

2 2

T01 T02

1 2

1 2

T0T

1

D D

T1 T2
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i

i-

T Do

d(t)
Do

-
Do

d(t) -
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-

- .

-
-

-

y(f)

-

f
S

Q -
I

t: .
-

- Q), (4.2)
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-

R = 1 - (4.3)

7].

R
Q<

R
S

i- k-
uik=Sik/S

i =S Qik uik . (4.4)

ik= ik uik . (4.5)

- 8].
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z-t
8 i=const,

I-t, i2>i1 ( .

I
I z t (II

j< [ Rj>[R], (4.6)

j Rj

R].

,

opt

Ceq0 .

I
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29].
Ceq0

Cpc Cm Cpc

Cpc(t)
III

IV

II Cmin

Ceqt Cpc(t).
Cmin Topt [12

Topt

Ceqt

Ceq0

Topt opt

Cpc(t) Topt

TP1 TP

Ceqt

Cpc

I
Cm

Ceq0

t

P

Cpc

0,5

1
opt

ToptTopt1
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j

Cm opt

j

TP

opt Topt

TP

-
=0,005 -

=0,0526 -

P(t),

-
- P(t)

R:
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(4.7)

TQ

Q=1-R,
tR -

-
. 4.6):

(4.8)

ab

lgTQ R0 R=0

t

Check

G

TP11

TP

R

tj T0

R0

0

P

Q

TQ

0,5

lgt

R

0

P

Q

0,5

lgttj tj+1

TP11 Pik

G

PM

CM
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R ty Tq

R>0

R<0
P(t),

. 4.6).

-

-

d

(4.9)

i d =Qt

(4.10)

dik

-
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R= - lgdR . (4.11)

:

(4.12)

ijp i -
R.

,

y t q p c
],

R
-

(t) P<R
TPik

, t

(4.13)
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f(y)
f(Y). Q

:

(4.14)

y Y Y>y)

(4.15)

, SY Sy -

y Y.

-y

y

Y.
-ordersecond-momentmethod [31

i

i) [31

27].
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ab

4.7.

tp TP

- y Y
uq

tp y - uq TP Y

tp TP

St ST

(4.16)

lnT

f(y) f(Y)

SY Sy

SY Sy

31

0 failure

0 safe
=0

Y

y;Sy

◘

Y;SY

=0.707
Sy=SY

Sy

SY
y
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(4.17)

P p

,
Y/y=0.25-4.0

31
SY=Sy

-uQ
uQ

TP

tPj

tP2

tP1

lgt

Q
(nN-1)tR1

lgt

و

yP
YP

Sy SY

uQ -uQ
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(4.18)

Sy/SY)<1
SY/ Sy.

ST>>St.

t

t

R

Sy

-
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0) [23]:

.                                              (4.19)

TQ

TQS

yP

YP

-

4.10) [12]:

(4.20)

=9

31

YPyP

C

A

uQS

TQS

107

6

5.25

Q

10-3 10-110-9 10-5

6 uQ

3

3.5

105105105

109
TQ

10

B
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u -

- , (4.21)

- <u (4.22)

y Y

- (4.23)

- C. (4.24)

uq -
Q II

4.10) [20]:

. (4.25)

-

TQ

Q:  TQ=Q-1(III
y Y

III
Q(lgT)

uq Q Q

P(t) P=1-Q.
(IV

TQS

R0=lgTQS.
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SY -

max

Sy

uq=5.45. uq=5.25
-

y Y
n =10

-8

TQS
7 ,

TQS

R0=lg10555=4.02.

-
Sy Y ,

uQ

uq=(300-100-
-7, TQS R0=2.95.
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.

r

r r

1 5 2000 2.5 9 12 2500 2.5
2 10 2000 2.5 10 20 2500 2.5
3 5 4000 2.5 11 12 5000 2.5
4 10 4000 2.5 12 20 5000 2.5
5 5 2000 4 13 12 2500 4
6 10 2000 4 14 20 2500 4
7 5 4000 4 15 12 5000 4
8 10 4000 4 16 20 5000 4

(

m, .
G,

r



77

2
m G cr

1 1000 50 10 10
2 2000 50 10 10
3 1000 100 10 10
4 2000 100 10 10
5 1000 50 20 10
6 2000 50 20 10
7 1000 100 20 10

8 2000 100 20 10

9 1000 50 10 20

10 2000 50 10 20

11 1000 100 10 20

12 2000 100 10 20

13 1000 50 20 20

14 2000 50 20 20

15 1000 100 20 20

16 2000 100 20 20

1

2

3 =0.98.

r
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1 2 3 cr

1 1000 50 1000 10
2 2000 50 1000 10
3 1000 100 1000 10
4 2000 100 1000 10
5 1000 50 2000 10
6 2000 50 2000 10
7 1000 100 2000 10

8 2000 100 2000 10

9 1000 50 1000 20

10 2000 50 1000 20

11 1000 100 1000 20

12 2000 100 1000 20

13 1000 50 2000 20

14 2000 50 2000 20

15 1000 100 2000 20

16 2000 100 2000 20

1

t=

T1=T[(G/m)(t/60)30]-1 (5.1)

2. opt
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3.

p

cc

Pp (tj) P(t)
P (tj)

P (tj) = 1- P (t).

(5.2)

cr=Cc/Cp>1

(5.3)

Cp

C(t)/Cp

0,

:

(5.4)

).
5.4

0,

(5.5)
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(5.6)

-1

- cr

(5.7)

(5.6) .4)
),

. (5.8)

T0

(5.5)).

c(t) C(t)/Cp t).

opt 5.4) Pp =

0

-

=7,02/0,3
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5.4
Pp Pc=1-Pp T C(t)/Cp

1,0 0.99 0.009 0.997 1.18
1,7 0.976 0.024 1.68 0.87
2,4 - - - 0.79
3,1 0.929 0.071 3.05 0.77
3,8 0.79
4,5 0.81
5,2 0.836 0.164 4.88 0.85
5,9 0.88
6,6 0.91
7,3 0.94
8,0 0.7 0.3 7.02 0.96

.

age strategy -

ھ  ى

ھ  ي

ھ  ی

و

و  و

و  ى

ھ و ى ي ی

, years
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- 5.2,

5.2

-

-

(5.9)

(5.10)

r=8, =2.5,

PM2PM1

Ċ

1

Ċ
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(5.11)

5.5

1000 0.969 0.00123 0.00125
1200 0.00113 0.00116
1600 0.00108 0.00111
1800 0.00109 0.00113
2400 0.0012 0.00125
3000 0.0014 0.00141

,

active
redundancy

standby redundancy n

full
active m

partial 5.3).

5.3

Redundancy

Active StandbyActive

Full Partial Conditional Identical units Different units
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n/m
n/m)3

,
5.7 - 5.8

(n/m) 3)= (m/n) 3.

2

1 5.4,

3=1/ 3 ,

1 3

1. 1 3

1 3 .
(t)

0,

j- j-1=(0,1- 0. - j

5.8 t= j.

j 5.8 T .

5.3 C(t)/Cp

tj
j

opt.

5.3, 5.4

ى
و

و

و

و
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0 T

211
(5.12)

(5.13)

(5.14)

5.4,

(5.15)

(5.16)

(5.17)


