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Abstract

Due to the failure of the instrument and control devices of nuclear power plants caused by
aging, nuclear power plants occasionally trip. Even a trip of a single nuclear power plant (NPP)
causes an extravagant economical loss and deteriorates public acceptance of nuclear power
plants. Therefore, the replacement of the instrument and control devices with proper consid-
eration of the aging effect is necessary in order to prevent the inadvertent trip. In this paper
we investigated the optimal replacement periods of the control computer’s components of
Wolsung nuclear power plant Unit 1. We first derived mathematical models for optimal re-
placement periods to the digital control computer’s components of Wolsung NPP Unit 1 and
calculated the optimal replacement periods analytically. We compared the periods with the re-
placement periods currently used at Wolsung NPP Unit 1. The periods used at Wolsung is not
based on mathematical analysis, but on empirical knowledge. As a consequence, the optimal
replacement periods analytically obtained and those used in the field show a little difference.
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1. Introduction

Wolsung nuclear power plant Unit 1 is the only
facility of all existing nuclear power plants in
Korea that has overall plant monitoring and con-
trol capability by using computer control devices.
Since the computer control devices control many
power systems of Wolsung NPP unit 1, however,
it is impossible to control the nuclear power plant
when computer control devices fail. It causes the
trip of the nuclear power plant which results in
economic loss and degradation of the availability
of the nuclear power plant. Therefore, the re-
placement of the components of computer control
devices with proper consideration of aging effect
is necessary in order to prevent the inadvertent
trip and to improve the reliability of the computer
control devices.

The computer control devices of Wolsung nuc-
lear power plant Unit 1 consists of DCCX(Digital
Control Comparator X), DCCY and DCCZ
DCCX and DCCY take charge of the control of
the Wolsung NPP Unit 1. DCCZ is used for the
purpose of training of the operators, for experi-
ments and for spare one. Main digital control
computer is DCCX. DCCX controls the power
system of Wolsung NPP Unit 1 at normal condi-
tion. DCCY is in hot standby state. When DCCX
fails, the mission of the main DCC is transferred to
DCCY and DCCY controls the nuclear power
plant immediately. Therefore, the computer con-
trol devices are failed at the following cases:
case 1:DCCX and DCCY are both in failed
states.
case 2 : The mission of main DCC is not transfer-
red to DCCY

Nowadays, the replacement periods of the com-
ponents of DCCX and DCCY of Wolsung NPP
Unit 1 are calculated by the method that the re-
placement period is determined at the point of
5% confidence level of chi-square distribution.
We consider a certain component of the computer

control devices. Assume the name of this compo-
nent is A. Further assume that A is operated dur-
ing T years and the number of failure during T
years is n. Then the chi-square density distribution
function is as follows? :

2
fE) =T

22T(})

(x?>0)

= 0 {otherwise) (1.1

If the component A has failed n times during t
years, A has degrees of freedom of 2n-2831,
Therefore the chi—square distribution of this com-

ponent is
xz
2y _ 1 2T 2
SO =g (>0 12
= 0 (otherwise)
and
Lo foya =1-a (1.3)

When @ is 0.05, we can determine the value

1. We can find replacement time with 5% confi-

dence level as follows'™.

2T
Treplace(replacement time) = "

(1.9

a

For an example, if the core memory is used for 30

years and the number of failure during 30 years is

3, then T=30, n=3, and degrees of freedom is 8.

In this case %45 is 15507 and therefore T,-
2x30

o7 ~3-87years.

The above method, however, neither considers

place{replacement time)=

the economical loss nor the failure density func-
tion of the hot standby system. In this paper, we
consider the loss caused by the trip of nuclear
power plant, the cost due to the replacement of
old component, and the failure probability density
function of the computer control devices. We
propose the method that finds the optimal re-
placement periods of the components in a view of
engineering economics, that is minimizing the
cost. This method is described in the following
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section.
2, Methodology

In this section, we developed the methodology
for derivation of failure probability density function
of the control devices and the optimal replace-
ment periods of the components of DCC.
Control devices are failed in the following three
cases :
case 1) DCCX fails at time t and transfers mission

of main digital control computer from
DCCX to DCCY, and DCCY fails during
the repair time of DCCX.
case 2) DCCX fails at time t and fails to transfer of
mission of DCCX to DCCY.
case 3) DCCY fails at time t and DCCX fails dur-
ing the repair time of DCCY.
If component i of DCCX fails at t, this component
may be the first fail or the second, and so on.
Similarly, if DCCX fails at t, this may be the first
fail or the second, and so on.

f.(t) denotes the probability that the events
occur sequentially. Assume component i of DCCX
has the n—th fail at time t, transfer mission of main
digital control computer from DCCX to DCCY,
and DCCY has the k—th fail during the repair time
of DCCX. Then, flt) is obtained by multiplying
fion(t), (1—Ag), Fyklt~t+Tep), and Pyy—nudt), that
is,

£ () = i _n(O(1-AGYFy (2 ~ -+ Trep)Pwsa(9). (2.1)

f_n(t) is the probability per unit time that compo-
nent i of DCCX has the n—th fail at time t. f;_,(t)
is called n—th renewal density function. Fy_y{t—t+
Trep) is the probability that DCCY has the k-th fail
between t and t+T,,. (1—A4)" is the probability
that carry out n times transfer to DCCY successful-
ly. foult) implies that DCCX and DCCY have been
failed (n—1) times and (k-1) times during time t,
respectively, and the fails of DCCX and DCCY

have not been concurrent during time t. Therefore
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P.u—nilt) is the probability that control devices
survive until time t, in spite of (n—1) times down
time of DCCX and (k-1) times down time of
DCCY.

The derivation of renewal density function
DCCX is as follows:

Saa(®) = f;{—l(t)

JuaD)= [T f,_ (Wi 1t —x- T)de
=0 t>7,)
w [ S, Wt )

fn_s(’) = J;’::""fx, _2(x)fxl—|(’ -X- Tnp)dx
=0 (t>1,)
w [ S (Wt~ XY

[5] of

¢>T.)

¢>T)

f:d-n(t)“ﬁf”_("_,)(x)fn-l(t‘x)dx (2.2)

Laplace transform of f,,_4(¢) is denoted by #,(s)
or L{f a0} .

$16)=L fyi— 1)} = [$5-10)], $nl8)=L [fria®} =
[f.4-1(8)]"

Therefore, f,;—n(t) can be also obtained by inverse

Laplace transform of [#1(s)]"'.

Sa-a()) =L ([ ()"} (2.3)

similarly, f, ()% [1f,_,_, GWya(t-x)dc  24)
Jy+(®) =L {[¢y1(9)}}. 2.5)

Therefore, the probability that the k-th fail of
DCCY occurs between t and t—T,, is as follows :

Fya(t~t+ Trep) = [ * Trer 4 (¥)ax
Fya(t~t+Trep) = 7 f, (x)]}* T S, _,
(u-x-T, )dudc  (t>T,)

Fys(t ~t+ Trep) = J;,:ﬁ"’fy-z (x)f,”r""fy -1

(u-—x-Tnp)dtdx @>21,)
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G t+ 1
F(t~t+T)= k-';)q'npfy—(k _n(x)[’ "Pfy-x

(u-x~- Tw)dudx (> —-l)Tnp) (2.6)

Fyx(t ~ t+Trep) ~J:”;!pfy_k(x)dx if Trep<<t (2.7)

Because the repair time is too short, it is seldom

that two components are in failed states. There-
fore we can consider as follows :

Psur~mk(t):1-0 if Trep(t

fult) denotes the probability that the events
occur sequentially. Component i of DCCX has the
n—th fail at time t, and fails to transfer the mission
of DCCX to DCCY, and DCCY have failed k
times during the time t. Therefore, f (t) is
obtained by multiplying fu—n(t), (1—-39"7}, Ag,
Fy-ilt), and Pgyrnalt).
Probability that DCCY has the k-th fail at time t,
is denoted by F,_(t).

Fya(t) = [ o (1= " £, (u)du)dx

Fyaft) = [ £ 2 ()1 fya(u)du)ax (1> T,)

(1>0)

Fyat) = [ fyt oY1= o (w)du)ae

(t>(n-1T,) (2.8)

Fyi(t) R [0 Sy (x)(l -5 fa (u)du)dx
if Trepe<t (2.9)

As mentioned above, Py, aan(t)=1
Therefore, f,,(t) is described by the following

equation :

frock(t) = Fxi-n(t)AdFy-(t). (2.10)

faqt) is the probability that the following event
occurs sequentially.

DCCY has the k—th fail at time t, and DCCX has
the n—th fail during repair time of DCCY. There-
fore, fu(t) is obtained by multiplying f, (), (1-4
Y1 Fynlt~t+Trep), and, Pgy—mklt).

fa() = fy-K(E)1-Aa)™ Fricalt ~ 4 Trep)Pasenk(®) . (2.11)

PARGLE SN OV SR G ) L (2.12)

Faalt ~ t¥To) = [ For ,_ ($)de, f Tp<<.(2.13)

As mentioned above, Py, —n(t)=1.0, if T <t
Therefore, failure probability density function of
control devices, f(t), is the summation of f;,(t),
faat) -, foult), fret), faalt) - fralt)-, fudt),
foul®) s faaelt), fraolt), f2olt) e, foxolt), fralt),
foaa (oo faalt)oe, fradt), fout)oer, foudt),
f1a(0), f21(t)---eo, foaft), fralt), foolt)---v, foalt)--,
fiult), forlth--- , and f(t), that is,

R(R R{ R
10~ 2 £a0)* 5 £1u)

1 n=i\ k=0

n=1\ k=

R{ R t
+ Z(Zf,,,(t)), where R=.f_ . (2.14)

=i\ k=] rep

If component i is replaced with periodic T

years, then total expected cost per unit time is
[6] .

given with the following equation'™ :
C,F(T)+C,(1-F(T))

M= §(-F(x))ax

(2.15)

Optimal replacement period is determined by T
that minimize right hand side of the equation (
2.15 ). We can obtain the optimal replacement
period, T, that satisfy the equation, E%Ti=0.

3. Results

We calculated the replacement periods of the
components of DCCX by using the method de-
scribed in the previous section and compared
them with those obtained from the Wolsung NPP
Unit 1. We assumed that the failure probability
density function of DCCX follows the Weibull dis-

tribution as follows!?' :
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Focex = aﬂ"'e"". t>0) Table 2. Comparing the Analytically Obtained Optimal
Replacement Periods and Those Used in the
The values of @ and B of the Weibull distribution Field.
are obtained by fitting the failure data of Wolsung
NPP1 on Weibull distribution probability paper. C°:p°"e"‘ New Method "f;;“;“ “5;‘:3;)“
. . . ame olsung
We assume that the failure probability density Processor 6 Tyear 4 2year
function of DCCY follows the exponential distribu- OPTION 6.7 4.2
tion as follows : Core Memory 6.7 73
fm(t) = j‘y exp(-—l,,l) . Auto Restart 44 34
Decoding Receiver 9.0 56
We obtained the results by using the following IBC 90 6.8
values of parameters : BICO 2.0 56
C;=700 million won, C,=2 million won, A4= IOBIC 15.0 125
0.005, A, 4.1 persyear and T, =8 hours. Table 2 PIM 15.2 10.0
Non Inverter Receiver 15.0 15.0

shows the optimal replacement periods of DCC'’s

board obtained using the value of above para-
Table 3. Comparing the Analytically Obtained Optimal

Replacement Periods Using Real Cost of
DCC’S Boards and Those Used in the Field.

meters.

4. Sensitivity Analysis

Component New Method usedThe Costs
Above results can be altered by changing value Name Method in of Board
of the parameters, i.e., C,, Ci, Trep, A4, etc. The rv— 10.0year Woit;r;i;:PP $10780
total cost at the equation {2.15) is dependent on OPTION 89 42 $5600
the parameters, C,, C, Tip, 44 , etc. In this Core Memory 85 73 $8700
paper, we investigated the sensitivity that each Auto Restart 87 34 $32000
parameter affects the total cost at the equation Decoding Receiver 70 5.6 $1500
(2.15). We obtained the above results by using Cf BIC 52 638 $500
BICO 6.2 5.6 $900
I0BIC 15.0 125 $5100
Table 1. Failure Data for the Components of DCCX of PIM 76 10.0 $500
Wolsung NPP Unit 1. Non Inverter Receiver ~ 15.0 15.0 $1100
Component Number  Operating - Number of
Name Faicl)tfxre Time  Component 700 million won, C,=2 million won, A4=0.005,
Processor 2 26.25years 3 and T,,=8 hours. We calculated the optimal re-
OPTION 2 26.25 3 placement periods by changing the values of para-
Core Memory 8 105 12 meters. We changed the values of each parameter
Auto Restart 3 26.25 3 by £40%, that is, the range of the value of the
Decoding Receiver 2 35 4 repair time is from 4.8 hours to 11.2 hours, that of
Megoom Conoller L 2% : A4 from 0.003 to 0.007, that of C; from 420
BICO 2 35 4 million won to 980 million won, and that of C,
{OBIC 3 96.25 11 from 1.2 million won to 2.8 million won. The
PIM 3 78.75 9 results are shown in Fig.1. In Fig. 1, the slopes of
Non Inverter Recejver 2 96.25 11 parameters C; and C,, are more steeper than those
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#A ; the optimal replacement periods with various
values of C;.
#B;the optimal replacement periods with various
values of C,,.
#C ;the optimal replacement periods with various
values of 4.
#D; the optimal replacement periods with various
values of T,.
Fig. 1. The Sensitivity of the Optimal Replacement
Periods to Each Parameter, that is, C;, C,, A4,
and T,

of A4 and T, Therefore, the results are more
sensitive to the parameter C; and C, than to those
Aq and Top.

5. Conclusion

In this paper we have developed an analytic
method that calculates the optimal replacement
period of hot standby system. Because the system
of DCC consists the two parallel units of which
one unit is in operation at a time and the other is
in hot standby, the reliability of DCC is larger than
that of a single unit system. The method used in
Wolsung is not based on mathematical analysis,
but on empirical knowledge. When we compare
the results obtained using the method proposed in
this work with those used in Wolsung NPP 1, we
can conclude that the replacement periods used in
Wolsung NPP 1 could be extended in view of

economics. The method developed in this paper
also can be applied to any 2 out of 3 logic system
with the slight modifications of the equations

shown in this paper.

Nomenclature

cm total cost per unit time if compo-
nent i is replaced with periodic T
years

G total expected economical loss dur-
ing down time of Wolsung NPP 1
that is caused by the trip of NPP

Co cost of a replacement of DCC com-
ponent i
fi—nlt) Probability per unit time that com-

ponent i of DCCX has the n—th fail
at time t. f, .{t) is called n—th re-
newal density function of compo-
nent i of DCCX

Probability per unit time that DCCY
has the k-th fail at time t. f, (1) is
called k-th renewal density function

fy—k(t)

of DCCY

F(T) failure probability density function
of control devices, that is, F(T)=
At

Fult) cumulative failure probability densi-
ty function of a component i of
DCCX

Fai-n Probability that component i of

(t~t-T.,  DCCX has the n—th fail between t
and t—T,., time

F,(t) cumulative failure probabilfunction
of DCCY

Fy Probability that DCCY has the k—th

{t—t—Tyep) fail between t and t—T,q, time

n_; total number of failure of compo-
nent i of DCCX during T;_,,,

n_, number of failure of DCCY during
T.

vy
Ti—op total operating time of component i



ki
T—y T—y

of DCCX

Trep repair time

chi square value of the 5% confi-
dence level

the shape parameter of Weibull dis-
tribution

the scale parameter of Weibull dis-
tribution

probability that fails to transfer the
mission of DCCX to DCCY when
DCCX fails

failure rate of DCCY, where A,=

n

operating time of DCCY
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