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Abstract

This paper incorporat~s the effects of four types of human errcr in a
model for determining the optimal time between periodic inspections which
maximizes the steady state avallauility ior standby safety systems. Such

safety systems are characteristic of nuclear power plant operatiorls. The

system is assumed to possess the folloking characteristics:

(1) System failures occur according to a specified lifetime distribu-
tion, while on standby, which may Ilave a time-dependent failure
rate. The system may include a dwtection/annunciator device which

will announce a failure with a knl]wl) constarlt probability.

(2) The system is periodically inspected fot’ I’:ilures which may not
havt? been detected by the annunciator.

(“3) Four type~ or hum:in error~ may occur in the inspe(~tit>n/re[j:]ir* pt$u-
cess: the system may not be correctly replaced on-line after

inspection/repair (type A error); 4 failed system may be judgeci good
during a periodic inspection (type B error); a failed s:stem may be
improperly repaired (type C error); or the f,iilur’ecaus.ir]flan
annun~iator-ilctivatedinspection may not bc locutcd (typtjD error),

are assumed fixed and kncwn.

asnumed to have a log,normaldistribution,

is modeled by means of an infinite otatc-spaec
of’the paper is to demonstrate technique for 120m-

puting steady-state av:]llnbllttvA nnd th~ optimal periodic inspection int,vr-
val 1° for the system described above. The model can be used to investigate>
the effectn of human error probtibil.itieti on optimal availability, study the
benefits of annunciating the standby-system, and to determine optimal ilIspcc-
tion intervals. Several exrimplc?s which nre representative of nuclmr power
plant applications aru preaentod.



1. Introduction

Thi8 paper considers the availability of’a sa~ety system deai8ned t>r

standby operation under emergency conditions. The system ia assumed to be

aubJect to the possibility of failure while on standby, and must be periodi-

cally inspected to insure proper operation wken required. Examples of’ such a

system might include an emergency power generator at a hospital E or an emw-

gency core cooling system in a nuclw~r pnwr plant..

He develop an ~nfinlte st.atc?%rknv chain model uhich characterizes t.hf~

behrivior of’ a standby system during a sequence of on-line, testing, and miiin-

tenancm periods. The model la thwr used to determln~ the effect on thw opL!-

UL31test

(1)

interval and correapondlnfl avatlablllty takinR lnLo conslderatlnn:

various types of’ human error which may take place durinb? the tP:;tlIIb-’

mnintcrlunee proc(!ss. ‘he poanihtllty of FIuoh errors is obvinusly

prcm?nt~ and recent cvmntn in the nuclr?;ir power indust,ry, SUCII :1:1

T?41, hnvc gonuratmd increancd inturunt in tho study * f uut!h error::;

thn lncnrpor:iLIo~l intn W! uy:ll.1’m ml” WI HnnUll Cj.TLOl- dW l(!l’ Ilr”; 1)-111’i

k detect failures, at the tlm[! of ocaurrencep with a apeclficrlprtl-

I:ilt)illt.y.
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Swin ●nd Cuttmann (Ref. 3) disouas human error rate estimtlon in the apaoi-

fio ease of the nuolear power industry. Smin ●nd Guttmann (F f. 4) have also

pro~red ● handbook for use in evaluating the effects of huun ●rror on the

●vailability of engineered smfety systems In nuclear power plants. A variety

of types and cauaea of errors ●nd methods for thel- reduction is diaouaned by

Stroot (hf. 5).

The problom or determining op’imum teat intervals has been addrsssad by

various authors, includ~ng Chnv nnd Wi?umdar (Ref. 6) (Mximizlng availability

for k-out-of-n:G configuroa stanuuy uyatems), Sherwi] (He~. 7) (optimum co~t

ins~otion schedules of conditicm+aintained items), and nthern (Hefs. 8-10).

Nono or the papers referenced above lntcgrat~ the concepts of humn”

●rrors and optimum test intervnls. Thin paper consider? the aeterninatirm Q?

an optimum test Intarvsl u’hlch mnximizr!n nte:ldy sLnLr availability for n

standby syotmm which lncluden Lho pmaibilit.y of rour typen or humm @rrnrz.

In iIprnvinun pupcr, tktiilllnrn~~nd Hlrtz (Her. 11) crmnid~red n

rrf’inrdmOfiI,I

iind rv~xlIr t

pap+r nlpllf”

fnur pJnnlhlc humnn errors, rnrdnm repair timn, rindtho ponsiE1llty of incnr-
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2. Assumptions and Notation

The following assumptions are made in the development of’the avallabilj.ty

model of Section 3.

(1) A single system is Derlmllcally inspected, and is repaired if found

to be In a bad or failed state (no consideration is given to the

c~mponent configuration of tne sysLem).

(2) There are three wayn or classifyin~ the system:

A, Up (available for use when called upon),

bowl (unavailahll,)

B. Good

Bad

c. Under inspectloli/repair

Not under insp~ctim/repilir

‘rh~?three classifications can hc related as follows:

i~ilJ (b, )’i—.

under \nspm!Linrl/r[!pflir Llr)wrl DoWI1

Not under Innper?t m/repair Down up

\l) Ttw!Synt.pmenn t%ll whll~’IIrIl~~nrf!~nl:tn N knnwn, 111-wsIIIIYnotl-

c(nl:ltur]tf“dllurti (11.I;;,LI’u) I’iILl!i’dIIcLloII.A !%l IIrca miy IMP dt~t,r.,![,~tl

lmmtvlt:ltf’lyhy ;III:lnnufjf!lnt.orhnvlrl~;IkmIWIIProt)iibi llt.y of” d(*L(~.*-

tInn, nr It mny M tiotort.rsddurll~ :1porlndlf”tnspoclclon.

(’l) In:lpm!tioflConslst:l01’$hI*!’IJIl[)wlnp,thr(lvnf?Llorln:

Am Hemovt~/lnnt. Takr~tho :Iyntt!mnrr’-llnrto sco if it is gOOIIor

bntl. ThP tent procdurm nlwnyn judgc:la good system correctly.

Houevcr, it somt?t.lmc%’! ,]udKon u bfId system RS good. If thin
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error occurs during a normal, periodic inspection it Is called

a Type B human error. If it occurs during an annunciator-

Investigated inspection it is called a Type D human error. The

time to rerwe antit.e~tt!m system Is assumed to be a kno’m fixes

constant; ho~ever, it maj have two different values depending

upon whether tne inspection Is annunciator Ir,ducedor is a

periodic maintenance inSF’CtiOn.

B. Repair. If the sy~tem is judged to be bad, it is repaired. If

repaired properly, it is returned to a good-as-new state (i.e.,

time is turned back to zero). If repaired improperly, It is left

in a bad state. Failure to repair properly is called a TyptI ~

hurr,anerror. Re~air times are assumed tr be random.

c. heturn. Return system to on-line status. During this aatio:-i

a human error can occllrin which a good system is left in u

bnl St:ltc,car., a maintena~(~’engineer fails to retJrn a

manually op~rat,edvalv~ t’ it:.,mrmal mnriltion af%’r th~~

?y:;t.m15 r~l}?l~~dPn-:lno. Thi “ errnr 1:$c~lled a TyptlA

hllm:l:;t’f’r”,.:’,

(5) Typv .4,b, C, ann D error probabilities are it :umwlknown and C,)II-

::t.;4rlt.

(f,) A ,’Y’’I(’i::t,tl,~~~r!rirmlilf” tim(’tl~*t.w~fllt.hl!end rtfotl~tlnsp~.-ti,~r:’

rl’;I !’ p!l.l:!r’ :ir!dLb!’T’rvlor t,t)~n~’xt.irl,%J)~lrl.i(~rl/r~*p:llr ph;I:Ios.y’!,,,

f“lrIw‘i,,lW:lMIJ!’tl~. 1 tlluntr;lt.u:lLht’hdlnvior 01-th~ sy:+tt~mdut’irl)-

:1(!yulm.

(“/) fillr:lndornwentn in thp model (sy:lt.@mI’allurrtime, repair tlml’,

;Innunc’lationj and human errur”s) ar? mutual Ly s-lrldepend-nt.
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Notation

6k k=l,2,...; state representing a

(k-1) previous cycles and 2) is

tion k.

k=l,2,...; state representing a
%

‘k

.s.
1

F(t)

,:..
t

‘A

‘B

‘c

‘lJ

system which 1) has survived

goridat the beginning of insDec-

system which 1) has survived

(k-1) previous Cycles, and 2) is bad at the beginnin~ of inspec-

titink.

state representing a system which is bad at the beginnin~ r: any

cycle.

Pr{(k-l)~~T&l!T~(k-l )1}, k=l,2,... . Conditional probability-.

that tht!sy~terr,Fails nuriny cycle k, given that !t has surviv-i

(k-1) previous cycles.

time between normal periodic inspectjcms

opttmal value of I.

remcwe/t6+st (jn5Ffi~’~m’1~ ti~~~ ‘Flr nnrmal

rep~ir tlm!: irdlluwm) .

removv/t~nt (in:;prcti:)n)tim~’for an anrlunciltmrindu(?edlnspm--

tiar.

system failure-time,a random varlablo.

cdl’ 01” 1.

Wt.SihullscalI*and nhapt! parameters.

Lo#normal parzm~trr:l.

Pr{Typc A human ~rror ].

Pr{’rype E human error 1.

PriType L human error }.

Pr{Ty~e 11 human error }.
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‘1

A(T)

A+

P.

‘1

11
,,1.,

?

probability of’ imediate detection of a failure by the

annunciator (annunciator reliability).

steady-state availability.

MSXJA(T)?, the maximum steady-state availability.

(l-rA)(l-PB)(l-pC), the probat:.lity that a system which

18 bad Just prior to a normal, periodic Inspection is correctly

Judged, repaired, nnd returned.

P1(l-PA)(l-PC)(l-FDJ+(l-PJ)Po, tne probability that

a system which fails while nn-line is up at the he~lnninp cf’ t!”,..

next cycle.

%rklv trannltlcm probahil!tv frm stn”.~ . to ntate . .

~ector of steady-stal~. probabilities for Harkov chain states

B “1’ “1’ ‘J” “2” “?’ ‘“i’ ““” “
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39 Steady State Availability

System behavior f’rom cycle to cycle can be described by a 14arkov process

having infinite state sDac- {Y: (’”&), k = 1, 2, . . . . . l’h~

~triX determining movement from state tu state is given by

} :,
-1 ‘1

..- 9
— — — —.

I-p. P“q, porl-qll 0 ()

l-pl P)q] Ij(l-ql) o n

pA (1 o (1-PA)C12 fl-pAMl-q2)

1-])1 Plql p,fl-q, ) [) [1

PA o :1 (1 o

l-p, P]ql Plrl-q,) n (l

trar,sltion

‘3—

o

0

0

P

rl-pA)q;

(1

‘.3—

(1 . . .

(1 . . .

(1 . . .

f] . ..(1)

(l-pr,)[l-q~l. . .

n ,.,

= (l-p” )nl+(l- p,)(’:n+l”u+-(,+.● m
‘1

)+PA(73 ~+?,,+-+...)
r

‘2 ● pq (“a+~+l+=mm* Poq]~l 1 1 , 4 b )

n z po(l=q ]n+p (l-q )(n+n+m +...]
3 1111 ?4b
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‘6 ❑ (1-pA)q3=5

7

7 = (1-pA)(l-q3)’5

.

.

.

.

.

Substitutlnr step-hv-step, w nhtaln the equati@n~

‘4 = (1-PA)’4L-3

(k-1

‘2k
❑ (l-PA)k-l qk ~ (l-qil

i=2

(
k

11 k-l ,,
~k+l z (l-PA) (l-qi)

in?

(2)

(.4)

ao nut T5, ... can all be expressed in terms of ?’I .
3

Substituting Fqua-

tions (3) into the first three equations of (2) and adding the constraint
m
T. ni = 1, whave
i=1



where

n.

[

k-1

‘“(I❑ (l-p,,) + I. O-PAlk-l !1 (I-qi]
k=3 i=2 1

(4)

The solution to (~), determined algebrtilcally, i3
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ql
l!, m—

. l-ql “3

(I-pl) O-PI;., )
7=—

1
nq — R

Po - PO 3“ (6;

Unce ‘1, “2 and =3 have been dctermtned, the remaining values of the

stationary dlstr15ution are computed using equations (3).

Steady state availability calculations require, in addition to the Mark,>-:

cha~n steady

CYCIP len~t.h

state distributio~, knowledge of the lpngtn of time each state c~

requires. Lettinr El, h., .... be the expected cycle lenEt9s<.

(7)
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The oxpeatod cyole length aequenee is oompuLad aooording to

El = E(Y) m T + T1 + (l-PB) E(Y2)

‘2k
■ E(~k) ❑ P1[E(Tk)+T3+(l-PD)E(T2)]

+ (l-pl)[T + 11 + (l-PB) E(T2)], k ~ 1

[9)

E ~+1 = E(fj) ❑ T + I
1

Were Tk .Wpreaonta the portion of the dk oycle or state during khich the

system Is up. Sinoe for a dk oycle the system begins at age (k-1)~ and

fails during the oyole, tha expected value o!’ Tk la givan by

E(Tk) ■ E(Tl(k-l)T : T~kTJ - (X-lb (lo)

*era T represents ayatem f’ailuro-time. f“inally, the conditional avnilablllty

sequenoe required for equ.ltlon (’J) 1:: computed according tn

P{sy13t9m UIJIYI ~ o

(11)
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P{system up16k} = pltl-pO)k T
‘k

k+ ‘2+T3

()‘k ()

‘k E(Tk)

+ PIPDE T +T + (l-pl)[l-pJE - + (l-PIJPB ~+Tl—.
k3 .

Steady state availability la computed by finding the {Ei} sequence according

to equations (9), the {ri} and conditional availability sequences 3ccording

to equations (7) and (11), respectively, and finally substituting into equa-

tion (8). Note that (11) requires three calculations of the expected ratio of

independent random variables. Each of t;leseexpectations is approximated by

means of Taylor series expansions in the exampies presented in Section 5.
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4. Optimum Test Interv:tl

A FORTRANprogram has been developed to compute A(T) and find the test

interval T* which maximizes A(T) for a given set of input parameters. The

program computes finite approximations of all infinite series and sequences

required, and the number of terms used in the computations can be vari~d to

insure convergence and to control the degree of accuracy required. The ex-

pected ratios required in equations (11) are approximated througl,Taylor

series expansions. The ratios are expanded about the mean3 Of the appropriate

random variables, and the expansion Is carried out to third-order terms. The

approximation requires as input the mean, second and third central mome~t:~of

the repair and lifetim~ clistrihut.lnn~.Thp ProRram currently uses a lognorm:~l

repair-time distribution !’ur’1
d
and a Weibull failure-time distribution for

T. Although we feel that these distributions allow a reasonable amount of

flexibility,other distributions can bc used by altering appropriate ouhroli-

tines. A simple and direct scnrch technique is utiedto determine the VHIIIPlo

that maximizes steady stiil,l’availahllity.

The We!bull f’:iilure-timrdlntributiol)usrqdin the ~JrcJ~rtimis piir/lnu,L,~l’-

ized in the form

()!. ;;t
[’,-1 -(t/l,)l{

!’(L;(\l$ ❑ c!
(t

(1?’)

@Xp{-l(k-lh/u]h -CXP{ -[kl/u]’{} .
~k : . . .. - . ....---.-_.-.._ -T. . ..-a . . . . . ... . ..

axp{-[[k-1)1/u] }
(14)
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In addition, the conditional expectation required in equation (10) Is given by

a{I[l+~, (kT/(x)fj - I[l+L, ((k-l)T/f#]]

E{Tl(k-l)T~’r~kT} = ——-
cxph[(k-l)T/(~]B} - cxp{-[kT/u]fi}

where I(a,x) is the incomplete Eamma function defined by

l[a,xl =
t

a-l -v
Y e d:i. (1;)

The ]ognormal repiiirtime distribution used in the program is parameteri::edas
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5. Examples

Nuclear power plants contains a variety of safety systems which reason-

ably satisfy the assumptions of the model. The cycle length for redundant

systems in nuclear power plants is typically one months while the inspection

duration is but a few hours. Based on the results of Refs. 1 and 4, the pro-

bability of human error3 of the typ~ con:3idered here will be nominallY a~~umed

- :?
to be equal to 10 .

-2
Thu~, pA = p~ = PC = pb = 10 .

SI~ppOSe also that we are interested in determining! the oPtimal test i7~-

terval for a standby system having a linearly increasing standby failure rat,c’

with MTTF = 105h (( = ll;~~”l’~.~, ( = i?). AJSO let, us assum~, t,t)nt,repair tif~!

is lognormally dist,ribl~t,ed with ~;’ = O.O~J and ‘,= 2.2H2’L (M’r’rt{: 10I), VTTi =

lJh2), Further suppose that PI = 0.0, [1, = 3h, ~n’1 ‘[3 :

C;ISP the st,nndhy systf-!m ifi Rot anuunci,lt~’d. Tho sc;.lr(!+

find the’ optim:ll tent interval which wa:: f’ound to blI I*
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(2) Consider th~ mnfi~l’asensit.ivit.vto Pp. Increasing the value of

pb has only a slight decreasing effect on T* as observed in Fig.

3. The optimal avtiilabilityis nearly constant. Again, if PI ❑

0.99 as opposed to 0.0, Lhc optimal test interval is approxim%t~ly 4

times longer, while the optimal unavallahillty in decreased by

approximately 30%.

(3) FiRs. 4 and 5 shcw the Sen:litivityof [m and A’ to PC and Pb,

respectlvelyg When PI ❑ O.qq, ‘I*decreases a!3p(,jnCrWIS~3t

althouflhthfioptimal availability is nearly constant over th~ in:li-

catcd range of PC.

(4) ‘HI(’nenGiLivity o!’Lhl!.Jpt.lmiil V:IIIIP of I L(, the ann,lnciato~ re!l,,-

“ incrcast?:;

as p1
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6. Conclusions

A model has been developed for determining the o~timal time between

periodic inspection which maximizes the steady state availability for standby

systems, such as those used in nuclear power plant operations.

A limited ~ensitivity analysis with paramt?ter \alues not unlike those

found in nuclear power plant safety systems was conducted. The optima; in-

spection interval was observed to most slgnificailtly depend upon p , th~:
A

probability of returninq the system in a bad Statet when the standby s“)ster, is

not annunciated. The optjmal system availability is significantly red~ced as

incre<a.yes . When the 5t33dhy sy~tpm in alarmed with ,a 99% reliable anr~(~!l-
‘A

ci’ltor, the optimal av:iilahilitv is :+Iso r,inn:ficantly reduced as p
A

increas~jo.

For all three remalr]ll]~~,er:,ur t.ypt:~, the optim:~l avsilabilit.y was not

observ~d to be siflnifi(’nnt lV r(~(iuc~’d :]:’ (,h~ pr~~;:hility of path error i7l-

cre:i,sed (with thv rem:iirilrl~ Prr’or Drobnbi liti~!s he!d fixtld) , ~Jrr~vid~~dt,~l,ltt)il,

nptirn:ll in:;pt’ctiorl irl*.f’rv;~li:: u:;tIi.

T!l{yh~}tl{~f’it::,~1’.inr)lltl!i ItlI)h” :;)(I) t Gy:;t,f,;r, w,,r~~ :11.50 (nx:lmlrloj lI; VI,IA !’

the four typ~~ of hl)man errors. i;y ir,cor xjr;lttng ,~n i]nnllnei,~tor whjr)l h:i::a

,I”l rt~ll~!]ili~y ,>f’(i~>!,l~(’tirlpsy::!.~~m!’i ]?I, w)]I10 on nt :indt)y lllt(3 !.11(,:s:’;’’::1

t.h~’opt,lm:ll timl’ b~twf’(’rl[jrrit>(lic lll:;l’l’~-tlofl:iillr’f$[’il!~l’ci f’rt)rnap~)r~{)xim;it ~,lv I

~~)r)t,)) t,f) l/.{, fnl)rlt!l:.. At t,tl!}::lm,~ t ImII, fII{ o;lttrn,II ::v::tf’m Ilrl(lv,l{1’+11:\ It.’

decre;]nl’~ I)y np[)r[>ximat,~’ly {(]%.
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