View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Research Online

University of Wollongong

Research Online

Faculty of Engineering and Information

Faculty of Informatics - Papers (Archive) Sciences

1978

Optimal design of a quasi-redundant protective system for nuclear reactors

J. M. Kontoleon
University of Wollongong

Follow this and additional works at: https://ro.uow.edu.au/infopapers

b Part of the Physical Sciences and Mathematics Commons

Recommended Citation
Kontoleon, J. M.: Optimal design of a quasi-redundant protective system for nuclear reactors 1978.
https://ro.uow.edu.au/infopapers/679

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au


https://core.ac.uk/display/37004747?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://ro.uow.edu.au/
https://ro.uow.edu.au/infopapers
https://ro.uow.edu.au/eis
https://ro.uow.edu.au/eis
https://ro.uow.edu.au/infopapers?utm_source=ro.uow.edu.au%2Finfopapers%2F679&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/114?utm_source=ro.uow.edu.au%2Finfopapers%2F679&utm_medium=PDF&utm_campaign=PDFCoverPages

Optimal design of a quasi-redundant protective system for nuclear reactors

Abstract

In many instances protective systems used in nuclear reactors are quasi-redundant systems; each of a
number of safety channels feeds a number of independent protective units. A reactor shutdown is
initiated if more than a specified number of units are in favour of shut down. The objective is to achieve a
very high reliability at a reasonable cost. An analysis is presented to obtain the reliability, failsafe and fail-
danger probabilities of a quasi-redundant system. Three algorithms are given for: (a) the design of a
quasi-redundant system having the maximum reliability subject to a cost constraint, (b) the optimal
design satisfying a given reliability level at the minimum cost and (c) the optimal design satisfying a
combined safety requirement at the minimum cost. The algorithms are illustrated by way of examples.
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OPTIMAL DESIGN OF A QUASI-REDUNDANT
PROTECTIVE SYSTEM FOR NUCLEAR REACTORS

J.M. Kontoleon*

ABSTRACT

In many instances protective systems used in
nuclear reactors are quasi-redundant systems; each of
a number of safety channels feeds a number of
independent protective units. A reactor shutdown is
initiated if more than a specified number of units are
in favour of shut down. The objective is to achieve a
very high reliability at a reasonable cost. An
analysis is presented to obtain the reliability, fail-
safe and fail-danger probabilities of a quasi-
redundant system. Three algorithms are given for:

(a) the design of a quasi-redundant system having the
maximum reliability subject to a cost constraint,

(b) the optimal design satisfying a given reliability
level at the minimum cost and

(c) the optimal design satisfying a combined safety
requirement at the minimum cost. The algorithms are
illustrated by way of examples.

1. Introduction

The major objectives of every design of a reactor
protective system is to achieve a low probability of
failure to initiate the protective action and a low
probability of the occurrence of any spurious
protecton action. In most instances, the methods used
to achieve the first objective, cause a deviation from
the second one and vice versa'. As a consequence, the
design must be "optimal', in the sense that it should
involve a compromise between the desired objectives,
and satisfy the imposed techno-economical constraints.

To achieve the desired objectives, redundancy is
commonly used. The usual type of redundancy is to
connect n units so that to obtain a m~out-of-n:G
system; the protection action is initiated when a
coincidence of m or more unit trips occurs. If m=1,
then the probability of a reactor spurious trip is
maximum; if m=n, then the probability that the
protective system will initiate the protection action
is minimum. Thus, the proper selection of m, n will
give a compromise between the desired design
objectives of the m-out-of-n:G system. In the case of
a dynamic redundant systemz, this compromise can be
achieved by adjusting the frequency of scanning of the
redundant units.

This paper presents an analysis of a quasi-
redundant reactor protective system and develops three
algorithms which result in the optimal design of such
systems. The quasi-redundant system®, is neither with-
out redundancy nor with parallel redundancy and is
shown in Figure 1. It can be seen that each of the
safety channels (a channel involves the sensor and the
safety line) is connected to a number of protective
units (e.g., reactor temperature rate trip-amplifier
units); if there are J channels and M units per
channel, then the protective action is initiated when
K-out-0f-J*M units vote in favour of the protective
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Figure 1. J-M-K Quasi-Redundant System

action. Reference 3 analyses the reliability of such a
system when each channel and unit are either good or
bad. 1In this work, three states are considered for each
channel and unit (good, fail-safe and fail-danger) and
the objectives are:

(a) to obtain the optimum J, M, K which result in the
maximum reliability subject to a cost constraint;

(b) to obtain the optimm J, M, K in order to achieve
a specified level of reliability at minimum cost; and

(c) to obtain the optimum J, M, K resulting to a
reliability level above a specified one and to a fail-
danger probability below a specified level, at the
minimum cost.

Following the notation given in the next section,
the reliability, fail-to-safe and fail-to-danger
probabilities of a quasi-redundant system are obtained.
These are further used in the formulation of three
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computer algorithms to solve the above described
problems.

2. Notation and Assumptions

J number of safety channels

M number of protective units per channel

K minimum number of votes to initiate the
protective action

N total number of units; N = J-M

Qg unit fail-to-safe probability of failure

Qg unit fail-to-danger probability of failure

deg channel fail-to-safe probability of
failure

Qeq channel fail-to-danger probability of
failure

R(J,M,K) reliability of the protective system

Qs (J,M,K) fail-to-safe probability of the protective
system

Qd(J,M,K) fail-to-danger probability of the
protective system

cc capital cost involved in a channel

cu unit capital cost

c(J,M) protective system cost; C(J,M) = J.cc
+ Necy

[ cost constraint

FS, FD denotes fail-safe and fail-danger channel
or unit failure, as stated in the text

[x]* integer part of x

The following assumptions are made throughout the
paper:

1. Safety channel and unit states are s-independent

2. Safety channels and units can be in one of the
following three states: good, fail-to-safe and
fail-to-danger.

3. A failed channel or unit cannot become good or
change mode of failure.

3. Fail-Safe and Fail-Danger Analysis

(a) Fail-safe probability

The quasi-redundant system will cause a spurious
reactor trip in the following cases:

(i) All safey channels are good or FD, and at
least K-out-of-N units are FS; or
(ii) j safety channels are FS, and at least

m-out-of-jM units are good or FS, and
at least (K-m)-out-of-(J-j)M units are
FS; m=0,1,...,iM, j=1,2,...,J.

The above give,

N N-m

J 2%: m
QS(JsM,K) = (l_qcs) =z (m) qus (l_qus)
m=

J M
| J- M M-
+ Z (31) alg (1-qeg) 3 [i [(;1) (l—qud)m qﬁd "
j=1 m=0
(J-3)M _ —i)M=
(Z ((J im) i€, (1mgyg) O3 r)” h)
r=K-m

(a) Fail-danger probability

The system will be in the fail-to-danger state if:
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(1) All safety channels are good or FS, and (N-K+1)-
out-of-N units are FD: or
(11) j safety channels are FD, and at least m-out-

of-jM units are good or FD, and at least
(N-K+1-m)-out-of-(J-j)M units are FD. Then,

N m N-m
( m) qud ( 1'Qud)

J M
' % (j) qi]:d(l'ch)‘l_j [t [(j:I) (1"‘1us)m qi]xg-m

m=0

N
QLMK = (1-qe0)” > _
m=N-K+1

(:%T_m ((J—i)M) qid(l-qud)w—jm-r) @
(&) Reliability
It is,
R=1-Qs(J,MK - Qq(J,M,K) 5

4. Optimal Design Subject to a Cost
Constraint

Consider the problem of maximising the reliability
of a quasi-redundant system, subject to a given cost
constraint, C. It is required to find the optimum
values of J, M and K (Jopt, Mopt and Kopt), such that

= maxR(J,M,K), for C(Jopt, Mopt) < C
4)

R(Jopts Mopts Kopt)

There are two extreme cases in the design of a
quasi-redundant system, under the condition imposed by

(4):

(i) J=1; then, M takes its maximum value, Mpgx
*
Mmax = [(C-cc)/ey] (5)
(ii) M=1; then, J takes its maximum value, Jpax
*
Jmax = [C/(cc + cy)] (6)

Considering the above two extreme cases, it is
reasonable to start with the one which gives the
higher reliability and then modify the design until the
maximum reliability is obtained. The algorithm is as
follows:

Algorithm A
Steps:

0. Read q.g» 9cds Quss Quds Ccs Cy and C.
1. Obtain Jpax and Mpax-
then set Kopt = 1, Rmax = R(1,1,1) and go to

If Jpax = Mmax = 1,

step 25; otherwise continue.

2a. Set Rmax = 0, k = 0.

b. Set k<k+1l

if R(1, Mpax, k) <€ Rpaxs
then go to step 5a, otherwise go to step 4.

4,  Set Rpax = R(1, Mpax, k), K1 = k;

5a. Set R(l, Mpmaxs K1) = Rmax> Rmax = 0, k = 0.

b. Set k+k+l

Evaluate R(1l, Mpax, K);

w

go to step 2b.
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6. Evaluate R(Jpax, 1, k)3 if R(Jpax> 1> k) < Rpmaxs
then go to step 8a, otherwise go to step 7.

7. Set Rmax = R(Jpax> 1, k), K2 = k;

8a. Set R(Jmaxs 1, K2) = Rmax, k = 0.

b. If R(l, Mpax> Ki) 2 Rpax, then go to step 9a;
otherwise go to step 1l7a.

9a. Set Rpax = R(1l, Mpax, K1), J =
M = Mpax and i = 0.

b. Evaluate x = C - C(J,M)

c. Set i+i+l; if i>M-1, then go to step 25 other-
wise continue.

10a. Evaluate y = (Jecy-i+x)/(cc + (M-1)cy)

b. If y 2 1, then set J+J+[y]* and go to step lla;
otherwise go to step 9c.

go to step 5b.

1, Kopt = K},

lla.
b. Set k+k+l

12.  Evaluate R(J, M-i, k); 1if R(J, M-1, k) < Rpay,
then go to step 14 otherwise go to step 13.

13.  Set Rpax = R(J, M-i, k), K; = k and go to step
11b.

14.  If Rpax > Rpax, then go to step 15;

Set Rmax = 0.

otherwise
go to step l6a.

15. Set M«M-i, i=0, Rmax = Rmaxs Kopt = K1, and go
to step 9b.

16a.
b. Evaluate C(Jopt> Mopt) and go to step 26.

17a. Set J = Jmax, M = 1, Kopt = K, and i=0.
b. Evaluate x = C - C(J,M).

c. Set i<«i+l; 1if i>J-1, then go to step 25
otherwise continue.

*
Set Jopt = J-[y]”, Mopt = M.

18a. Evaluate y = (M.cu+i + cc-i + x)/(J-1)cy

b. If y 2 1, then set M+M+[y]* and go to step 19a;
otherwise go to step l7c.

19a. Set Rmax = O
b. Set k<«k+l

20. Evaluate R(J-i, M, k); if R(J-i, M, k) < Rpax,
then go to step 22, otherwise go to step 21.

21.  Set Rpay = R(J-i, M, k), K, = k and go to step
19b.

22.  If Rmax > Rmax, then go to step 23; otherwise

go to step 24.

23. Set J«J-i, i=0, Rpax = Rmax, Kopt = K2 and go to
step 17b.

24, Set Mppt = M—[y]*, Jopt = J and go to step 16b.
25.  Set Jopt = J, Mopt = M and obtain C(Jopt, Mopt) -

26. Print Jopt, Mopts Kopt, Rpax and C(Jopt, Mopt);
terminate the programme.

Example 1

Let q.g = 0.05, q¢q4 = 0.02, qug = 0.1, quq = 0.07;
cec =3, cy=1and C = 15 capital units.
algorithm A it is:

Following

Step :
0-1: Jpax = 3, Mpay = 12
2 - 5a: K; =7, R(1, 12, 7) = 0.9299

S5b- 8a: K, = 2, R(3, 1, 2) = 0.9244
9a- 9b: Rmax = 0.9299, x = 0
9¢-10 : di=1, y = 1/14 <1
i=2, y = 2/13 <1
i=7, y = 7/8<1
i=8, y = 8/7> 1, [y]* =1
11 -14 : Rpax = R(2, 12-8, 6) = 0.9416
M=4
Rmax = 0.9416
9b : x=1
9¢c-10 : i=1, y = 3/6 < i
i=2, y =1, [y]" =1
11 -14 : Rpax = R(3, 4-2, 4) = 0.9683
M=2
Rmax = 0.9683
9b : x=0
9¢-10 : i=1, y = 3/4 < 1
i=2 > M-1=1
25 H Jopt = 3, Mopt = 2, Kopt =4

Rmax = 0.9683, C(3,2) = 15.

5. Specified Reliability at Minimum Cost

The problem posed in this section is to achieve a
given reliability Rg, at minimum cost; i.e., it is
required to obtain Jopt, Mopt and Kopt such that

C(Jopts Mopt) = min, for (7)

R(Jopt, Mopt’ Kopt) 2 Rg (8)

Consider the case of the simplest possible design,
i.e., J=1, M=1; if (8) is satisfied, then this is the
optimal design since (7) is satisfied. In general (8)
will not be satisfied for the case of the simplest
design, and therefore the design should be adjusted
sytematically until both (7) and (8) are satisfied.
Algorithm B is used to obtain the optimal design for
the present problem (it includes algorithm A).

Algorithm B
Steps:

0. Read dcgs 9eds uss Quds Rg, Ces Cye

1. Set J=1, M=1 and K=1. If R(J, M, K) 2 Rg, then go
to step 6; otherwise continue to step %.

2a. If ¢ < cy» then set w = cc; otherwise set w = c.

b. Set C = cy + c¢

3. Set C+«C + w

4. Use algorithm A to obtain Jopt’ Mopt’ Kopt and
Rmax-

5. If Rpax 2 Rg, then go to step 7; otherwise go to

step 3.

6. Set Jopt = J, Mope = M, Kope = K.

7. Print Jopt, Mopts Kopt and C(Jopt, Mopt);

terminate the programme.

Example 2

Let qog = 0.06, qoq = 0.04, q, = 0.12, quq = 0.08,
€c =2, ¢y =1 and Rg = 0.89;
it is:

following algorithm B
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Step: Example 3

0-1: R(1, 1, 1) = 0.7200 Let Rg = 0.945, Qg = 0.003 and assume the parameters
2a- 2b: wel :sei %n Example 2. Following the steps of algorithm C
c=3 t is:
=l‘ &P_: R(Jopt’MOpt ,k) Qd(Jopt ’Mopt’k)
4-5: Jopt = 1, Mopt = 2, Kopt = 2

Rmax = 0.7488 0 -5b : Jopt=3, Mopt=3,
=5 KOpt=5

4=5 1 Jopt = 1, Mope = 3, Kope = 2 Rpax=0.9579

5c-5e : k=1 0.2629 =0.
= 0.847
Rmax 9 k=2 0.5868 0.0001
3 : C=6 k=3 0.7783 0.0006
4-5: Jopt =1, Mopt = 4, Kopt = 3 k=4 0.9018 0.0033
Rpax = 0.8634 3 -5b ¢ Jopt=3, Mope=4,
3 oce7 Kopt=7
4 -5 : JOpt =1, MOPC =5, Kopt =4 Rpax=0.9691
- 5c-5e : k=1 0.1791 =0.
Rmax = 0.8830 k=2 0.4723 ~0.
Cc=8 k=3 0.6941 0.0001
. - _ - k=4 0.8099 0.0006
4 -5 Jopt = 1, Mopt = 6, Kopt = 4 k=5 0.8962 0.0024
Rmax = 0.8901 k=6 0.9526 0.0053
7 ¢ Jopt = 1, Mopt = 6, Kopt = 4 3 -5b : Jopt=49 Mopt=2,
c(1,6) = 8. Kopt=5
Algorithm B can be easily improved by adding an Rmax=0.9711
acceleration parameter in step 3; this will cause C 5c-5e : k=1 0.2814 =0.
to increase quickly until Rpax > Rg; when Rpgyx > Rg, k=2 0.6018 =0.
the value of C is reset to that of the previous step, k=3 0.8377 0.0004
and the acceleration parameter is reset to 1. The k=4 0.9460 0.0029
process terminates when the reliability level is 7 t Jopt=h, Mope=2
achieved for a cost C(Jopt, Mopt) and it is not *oTopt™s Fopt™4s
achieved for C(Jopt - Mopt) - w. Kopt=4
R(4,2,4) = 0.9460 >Rg
6. Combined Safety Requirements Q4 (4,2,4) = 0.0029 <qg
Consider the design of a quasi-redundant
protective system satisfying two requirements; for 7. Conclusions
example, let one requirement be to achieve a
reliability above a specified level Rg, and the other The use of the developed algorithms allows the
to achieve a fail-to-danger probability below a design of quasi-redundant systems to satisfy the

specified level Qg. Both the above requirements should desired safety characteristics. The algorithms
be achieved at the minimum possible cost. The presented have been implemented in FORTRAN IV and a

previous algorithms can be used to solve the present number of design problems have been solved. By
problem. Algorithm B (includes algorithm A) can be letting either q. = q.4 = 0, the results are applicable
easily modified as follows: to conventional K-out-of-N:G systems.

Algorithm C

Steps:
0. : As step 0 of algorithm B; read Rg, Qg.

1-4 : As steps 1-4 of algorithm B. References
5a. : If Rpax 2 Rg, then go to step 5b; otherwise 1. H.G. O'Brien and C.S. Walker, "Protection
i Instrumentation Systems in Light-Water-Cooled
go to’ step 3. ) Power Reactor Plants", ORNL-NSIC-29, UC-80,
b. : Set k=0, R =0 and Q~ = 1. October 1969.
Set k+k+l 2. J.M. Kontoleon, "Analysis of a Dynamic Redundant
. _ System", IEEE Trans. Reliability, R-27, No.2
d. : Evaluate A = R(Jopt, Mopt» k) and June 19;8. 7 ' ’
B = J M, k); 1if A 2 Ry and B<
Qd(Jopts Mopt, k); g Qg» 3. L.T. Htun, "Reliability of a System Having Quasi-
then go to step 7; otherwise go to step Se. Redundancy", IEEE Trans. Reliability, R-15, No.1,
May 1966.

e. : If A< R(Jopt, Mopt, k-1) or B < Qq(Jgpes
Mopt s k-1), then go to step 3; otherwise go

to step 5c.
6-7 : As steps 6-7 of algorithm B.
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