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Summary

Safety-critical systems adopt the multiple-redundancy design in order to reduce the
risk from the single component failure. The digitalized safety-signal generation
system is also designed based on the multiple-redundancy strategy which consists of
more redundant components when we compare their number with those of
conventional mechanical components. This higher redundancy would clearly reduce
the risk from the single failure of components, but raise the importance of the

common cause failure (CCF) analysis.

This research aims to develop the practical and realistic method for modeling the
CCF in digital safety-critical systems. Higher level of redundancy causes the
difficulty of CCF analysis because the fault tree model with conventional CCF
modeling methods will be impractically large. We apply the simplified alpha-factor
method to the digital system CCF analysis. For example, in the case of 16-redundant-
train system, this method could reduce the number of CCF basic events from 65519

to 1.

The digital system is usually operated based on more complex logics when we
compare it with the analog system because multiple functions could be performed in
single processor. Therefore the CCF probability calculation of the digital system
should be carefully treated. This report presents the case study of the application of
simplified alpha-factor method to the digital protection system of the Korean

Standard Nuclear Power Plant (KSNPP).

The number of components in a digital module for performing the safety functions is
smaller than the total number of components in a module. In consideration of safety
function actuation, we must consider the safety-critical components only. In order to
consider this situation in a more realistic manner, we have to analyze the module

design and hardware-software interactions.



The different modules from different vendors could be used to perform the same
safety function in order to reduce the CCF probability. The digital components,
however, could be produced by the same vendor or the same process. This report also

presents the method to cope with this situation.
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Train A Failure
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2.8 CCF

CCF Event CCF Event
2 28 7
3 56 21
4 70 35
5 56 35
6 28 21
7 8 7
8 1 1
247 127
CCF CCF
CCF event cut set
(8.,
CCF Single CCF
cut set
, Top logic 2.033e-4
25%
3 train CCF
cut set
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3.8 CCF
No | Cut set F-Vv Cut set
1 1.62E-04 0.7967 0.7967 MSEVWC-12345678
2 4.32E-06 0.0212 0.818 MSEVWC-1345678
3 4.32E-06 0.0212 0.8392 MSEVWC-2345678
4 4.32E-06 0.0212 0.8604 MSEVWC-1234568
5 4.32E-06 0.0212 0.8817 MSEVWC-1235678
6 4.32E-06 0.0212 0.9029 MSEVWC-1234567
7 4.32E-06 0.0212 0.9242 MSEVWC-1245678
8 4.32E-06 0.0212 0.9454 MSEVWC-1234678
9 4.32E-06 0.0212 0.9667 MSEVWC-1234578
10 1.62E-06 0.008 0.9746 MSEVWC-345678
11 1.62E-06 0.008 0.9826 MSEVWC-123478
12 1.62E-06 0.008 0.9906 MSEVWC-125678
13 1.62E-06 0.008 0.9985 MSEVWC-123456

cut set

cut set
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1 3
2 4
4
11 (A1, A3,

Cl, C3}, {Al, A3, C2, C4} 8 , AC BD 4

k=2:0

k=3:0

k=4:8

k=5: 8%1,C,

k= 6: 8% ,C, — 2%,C;

k= 7: 8% ,C3 — 2%,C5*,,C,

k= 8: 8% ,Cy —{2%,C3*(10Co—1) + 4*4} — 3%2

k= 9: 8% ,Cs5 —{2%,C3*(10C3—sC)) + 4%4%,C, %2} — 3%2%,C,

k=10: 8% ,Cs —{2%4C3*(10Cs—sCr—4) + 4%4%,C,*2%) — 2¥2%4%,Cy — 3%2%,C,

k=11: 8%,C7 —{2%,C3*(10Cs —sCs —4*(C) ) F4*4%,C3*2° 1 2% 2%4% ,Cy%,C %2 — 3¥2%,C;

k=12: 8%,Cs —{2%,C3*(10Co—sCs—4*sCo1)+4¥4%,C,¥2 1 2% 2%4% ,C1%,C,*2?
3 {2%((Cy—a)+ 4C3*,C3 ) — 4%2%4

k=13: 14C3

k=14: 1sCy4

k=15: 14Cys

k=16: 14C1¢
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4 s
CCF
=F./1cC
® (16C) ) (P=R/16C)
1 16 0 0.000
2 120 0 0.000
3 560 0 0.000
4 1820 8 0.004
5 4368 96 0.022
6 8008 520 0.065
7 11440 1680 0.147
8 12870 3584 0.278
9 11440 5264 0.460
10 8008 5352 0.668
11 4368 3728 0.853
12 1820 1756 0.965
13 560 560 1.000
14 120 120 1.000
15 16 16 1.000
16 1 1 1.000
4 k
o , 2 k
&m) m k
m=16
4
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Qcer = Z(mck x pQ) = Z(léck x PQ)
k=2

k=2

Qccr Q Px

- Qccr
CCF

Qt = i(m—lck—l *len)
k=1

Px 1 ( B
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k
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15 Ckfl at
(parameter) .
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CCF

CCF
) 2
(™
5.16 Generic Parameter
(8 parameter )
(K) (ow)
1 0.961717
2 0.010950
3 0.007795
4 0.006158
5 0.004350
6 0.002542
7 0.001939
8 0
9 0
10 0
11 0
12 0
13 0
14 0
15 0
16 0.004551
t 1.155012
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k/ t
() (:C) (P e
2 120 0.000 0.0012640
3 560 0.000 0.0001928
4 1820 0.004 0.0000469
5 4368 0.022 0.0000138
6 8008 0.065 0.0000044
7 11440 0.152 0.0000023
8 12870 0.279 0.0000000
9 11440 0.460 0.0000000
10 8008 0.668 0.0000000
11 4368 0.853 0.0000000
12 1820 0.965 0.0000000
13 560 1.000 0.0000000
14 120 1.000 0.0000000
15 16 1.000 0.0000000
16 1 1.000 0.0630381
CCF (Q/Qy 0.07097
, 6 8 generic
5 . 5
CCF
, generic
CCF
k
. APR1400
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1,3 2,4

, A1*A3*C1*C3, A2*A4*CI1*C3,

A/C 12C *,C
B/D 102G * G
2C *,C *,C =8

2
B D
B2*B4*DI1*D
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(2Cl * 2C1 * 2C1 ) * 12C1 :96

520
<3

4G5 *#,C, *,C *,C =32

<2

<3

4C3 *,C *,C, *,C * oCy =320

<2

8
12
=6
3 1
2 3
>
, 2
1,3 2.4
>
, 6
4 $(2C * G * Gy ) * (3G —4C) =192
5 D(2C * G * Gy ) *4Cy ¥ 5C =256
6 120G * (2C *5C; * 4G, —4C5) =40
=7
1680
>
>
4 DG * G * G ) * (3G —4Cy * 6Cy ) =256
5 DG * G * G ) * 4Gy * (3G —4Ci) =768
6 32C1*(2C1*2C1*4C2—4C3)*8C1:320
7 : 2C1 * 8C7 =16
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3586
<4 >

2C * G *,C *,C =16

<3 >

6 (4G5 % 5C; *,C) *,Cp ) * (4C,—oCp ) =128

7 1(4C3 %50 * 50, *5C) ) * 4C) * ,C =768

8 14C3 * (2C) *5C) * 5C) * Cy —3Cy *,C *,C, ) =432
<2 >

4 1(C1 *5C * 50 ) * (sC4— 4C1 * 6Cy +4Co ) = 128

5 1(2C1 *5C; * 50 ) *4C) * (sC5 — 4Cy * 4Cy ) = 1024

6 1201 * (4C) * 50 * 4Cy —Cp *,C)) * (3G, — 4C1 ) = 960

7 :2C; *Cy * 5Cy =128

8 ,Ci =2

=9
5264

<4 >

2Cl * 2C1 * 2C1 * 2C1 * gCl =128

<3 >

7 1(4C3 % ,C1 * 50, * 501 ) * 4Cp * (4Co—oCy) = 768

8 4G * (,C) *5C, ¥ 5C, * (Cy —5C) *,C, *,C)) * ,C, = 1728

9 4C3 * (2C) *5C) * 5C) * 4C3 —3Cy * ,C * ,C, * 4C)) = 448
<2 >

5 1(2C) * 501 *5C) ) * 4C) * (5C4 — 4C1 * (Cy + 4Cy) = 512

6 201 *(GC * ,Cy * 4Cy—2Cy *5C)) * (5C5 — 4Cy * Cy) = 1280

7 :5C) * 4Cy * (3G, —oC *,C)) = 384

8 1,0 *5C =16

=10
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5352
<4 >

2C1 ¥ Gy *5C) *9C) * 4Gy — 4Cy * Gy * oGy *,C =416

<3 >

8 1 4C3*(RC %G %G %6Cp — 3C1 %G %,C) *(4Cy — 2Cy) = 1728

9 1 4C3*(RC %G %G %6 Cs — 3C1 %G %G *4C ) *4Cy = 1792

10 1 4C*(C %G5G *6Cy — 3C%,C%,C *4C, + 36, %,C1)= 216
<2 >

6 12C*(RC G %4C, — .G %G ) *(5Cs — 4Ci*6Ch 1 4C,) = 640

7 192G ¥ 3G * (3C5 —4Cy * 4Cy) =512

8 120G ¥ (3C,—2Cy *,C) =48

=11
3728

<4 >

ZCI * 2C1 * ZCI * 2C1 ¥ 8C3 74C1 i 2C1 % 2C1 * 2C1 * 6C1 =704

<3 >
9 1 4C3*(RC %G %,C %6 C— G *,C %,C %4 C )t = 1792
10 4G (G *,C 4G *6Ca—3C%,C .G ¥4 Gt G *,Cy ) 4 Cy
=864
11 14C3*2Cp =48
<2 >
7 129G * 3G * (5Cs — 4C1*6Cy + 4Cy) = 256
8 12C * (5C5 — 4Cy * 6Cy) = 64
=12
1756
<4 >

2C1 ¥ 5C) *5C) *9C) * 5Cq — 4Cy * Gy *9Cy *5Cy * Co + 4G, *,Cy *,Cy = 664

<3 >

10 4C* (GG %G *6Ca—C*2C G %4 Gt G %0 Cy)
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<2

13

11
12

*(4C—Cy) = 864

014G oG #4C =192

§4C3:4

120G * (3C4 — 4C1*6Ch + 4Cy) = 32

=13

s 16Ck (k 13 )
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fail safe
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LCL Al A2

, LCL A3 A4
B,C,D

- 51 -



0 ¢

HSL+FOM

o @
= W0

@
[}

N

[
»

o>
NP

ow
N

LCL
Al

/

LCL
A2

(@]
PN

LCL
A3

7

LCL

A4 L
A2
D1
T
' LCL
B1 —

LCL

ow
=N

LCL

LCL

P

—

wO
N

o>
PN

LCL

LCL

o>
N

ow
N

LCL

O O O
w N P

LCL

o>
PN

Ow
=N

LCL

LCL

Ow
N

o>
N

LCL

or o o lw) (@]
~O w N = »
I




8 6
7. CCF
=F/sC
) (:Co) (F) (PERICY
1 8 0 0.000
2 28 0] 0.000
3 56 0] 0.000
4 70 0] 0.000
5 56 0] 0.000
6 28 16 0.571
7 8 1.000
8 1.000
7 Px m=8 2
m 8 .
Q= [mCx kaF]ZZ[kaX P Qx|
k=2 k=2
kK a;
Qlf = ._k.Qt
G
8 8 generic parameter
parameter
generic parameter . Qx

9
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8.8 generic alpha parameter
) (oug)
1 0.95736
2 0.01090
3 0.00776
4 0.00613
5 0.00433
6 0.00253
7 0.00193
8 0.00906
t 1.14978
11.
k! Q:
) (:C) P e
2 28 0.000 0.00271
3 56 0.000 0.00096
4 70 0.000 0.00061
5 56 0.000 0.00054
6 28 0.571 0.00063
7 1.000 0.00168
8 1.000 0.06304
CCF Q/Q) 0.08653
k=2:0
k=3:0
k=4:0
k=5:0
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(Single Parameter Safety
Function; SPSF) 2 1

(Multiple Parameter
Safety Function; MPSF)
MPSF  SPSF
Multiple Parameter Safety Function (MPSF):
- Reactor trip signal
- Safety injection actuation signal (SIAS)
- Containment isolation actuation signal (CIAS)
- Main steam isolation signal (MSIS)
Single Parameter Safety Function (SPSF):
- Containment spray actuation signal (CSAS)
- Recirculation actuation signal (RAS)
- Auxiliary feedwater actuation Signal-1 & 2 (AFAS-1 and AFAS-2)
MPSF Reactor trip signal . [9]

, MPSF SIAS, CIAS, MSIS
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10. CCF
® (:Co (F) (PRICI
1 8 0 0.000
2 28 8 0.286
3 56 40 0.714
4 70 66 0.943
5 56 56 1.000
6 28 28 1.000
7 8 1.000
8 1 1 1.000
10 Pk m=8 2
m 8
Q= [mCx kaf‘]:Z[SCkx kaE]
k=2 k=2
8 k  a
Qk , Ck71 at Qt
8 8 generic parameter
11
11.
k / t
) (:C (P e
2 28 0.286 0.00271
3 56 0.714 0.00096
4 70 0.943 0.00061
5 56 1.000 0.00054
6 28 1.000 0.00063
7 1.000 0.00168
8 1.000 0.06304
CCF Q7 Qy 0.22465
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1
, 13
k=2:2
=3: 4C3
k=4 4C4
12.
=F/sC
0 (€O (F) (PERICY
1 4 0 0.000
2 6 2 0.333
3 4 4 1.000
4 1 1 1.000
12 Px m=4 2
m 4 )
Q= [mckxkaF]ZZ[4Ckx P Qx ]
k=2 k=2
k o
Qli1 = - Q
;G o
13 4 generic parameter ,
14 Qx
parameter

b

generic parameter
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13.4 generic alpha parameter

1 0.9500

2 0.0213

3 0.0101

4 0.0186

t 1.0973

14.

k 4Cx Px Qx/ Q
2 6 0.333 0.0129
3 1.000 0.0092
4 1 1.000 0.0678
CCF Q7 Qy 0.1305
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