INTERNATIONAL JOURNAL OF MATHEMATICAL MODELS AND METHODS IN APPLIED SCIENCES Volume 9, 2015

Effect of demand rate on evaluation of Spurious
Trip Rate of a SIS

Thao Dang, Michael Schwarz, and Josef Borcsok

frequency of demands for a safety-related action of a safety
Abstract—A spurious trip is one cause of an unexpected platielated part of a control system (SRP/CS).
shutdown initiated by a safety-instrumented system (SIS). Therefore,According to the important standard IEC 61508 [1], SISs
spurious activation normally leads to lost production or lowWye classified into two types: low-demand systems and high-

availability of the EUC. Some of the spurious activations can lead &oe and svstems. A low-demand SIS has a frequency of
a hazardous state and so the plant cost can be extremely increagfg.1 y ) 4 y

On these foundations the modeling of spurious activations in safeMands not more than once per year and not more than twice
instruments systems (SIS) has been studied for over ten years anthf proof test frequency. Else, the SIS is considered as a high-
different industry branches, for example: nuclear industry, offshordemand system. However, there are no further discussions
onshore industry, process industry, etc..... In line with the importagbout the distinction between low- and high-demand systems.
standard IEC 61508, SISs are generally classified into two typeghere is only a discussion about the difference of the

low-demand systems and high-demand systems. This article focusgg, uiie, evaluation between systems: Probability of Failure
on the estimation of “spurious trip rate” (STR) and “mean time to

failure spurious” (MTTEpuroud for these two different system modes,O" Demand (PFD) for low-demand systems and Probability of
The research is based on block diagrams and the Markov model &r@ilure per Hour (PFH) for high-demand systems.
is exemplified by two system configurations: 1001 and 1002. The SIS can be regarded from one of two different
perspectives: safety or availability. From the point of view of a
Keywords—demand rate, MTT&uious SPUrious trip rate, 1001, safety perspective a SIS can be evaluated by some important
loo2. safety parameters such as PFD, PFH, MTTF (Mean Time To
Failure). And other parameters like STR, MEJFos PFS
(Probability of Failure Safe) are commonly calculated for a
SAFETY—instrumented systems (SISs) are widely used in tt&IS with availability perspective. Whereas the safety integrity
process industry to respond to hazardous events degels (SIL) are defined in the standard IEC 61508 [1] to
unwanted events. If a hazardous situation occurs within @rovide a measure of how often a function fails to operate
EUC (Equipment Under Control) and is detected, a demandwen required (Table 1), spurious trip levels (STL) are defined
sent to the safety system with a ragg. This demand serves in [5], [6] to measure how often a function is carried out when
to activate the safety function to achieve the EUC in safe staiet required (Table 2). The more financial damage the
(Fig. 1). spurious trip can cause, the higher the STL of the safety
function should be.

I. INTRODUCTION

SIL1
TABLE |
SIS ES.Q SAFETY INTEGRITY LEVEL [1]
Demand rate Ape S”_ PFDan PFH
EUC HH ﬂ ﬂﬂﬂ Input- I;‘ogi(:— ohu(plft, Event

ol B B 1 >102t0<10 " > 107 to<10°

2 >10°%to<1072 >107to<10°

Fig. 1 EUC and SIS [14], [15] 3 210"to<10" >108%to<107

4 >10°to<10™ >10°to<10®

The demand rate is not defined in standard IEC 61508 [1]

but defined in the standard prEN ISO 13849-1 (2004) [17] as TABLE Il
SpuriousTrIPLEVEL™ [5], [6]

Probability of Failure
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The SIS reliability is analyzed by different methods, likdnow the rate should be estimated [1], [4] and [9].
reliability block diagrams [2], Markov models [3], . .
approximation formulas [8], Monte Carlo simulation [20], etc. A Spunc?usTru:? Rate ) ]
Most of the references focus on low-demand systems and dd '@ SPurious trip rate or also known as *false trip rate” is
not take high-demand systems into consideration as well as #fdinéd in [3]: “the term spurious trip rate (STR) refers to the
borderline between two SIS types. Some authors suggest @ &t which a nuisance or spurious trip might occur in the
incorporate the rate of demands into the analysis by using thE> - The unit of STR is 1/h and describes how available a
Markov model [11], [8], [12]. However, H. Jin, M.A pomponent or a system is. The availability is higher if the STR
Lundteigen and M. Rausand [10] listed some criterion in tH& Smaller. , _
quantification of the SIS reliability performance (PFD and ' estimate the STR, the oil and gas industry often use the
PFH) and presented modeling issues for this quantification fi@fmulas presented in [3] and [8]. When comparing these
both demand modes. Issues like demand rate, demand duraff§f1uias, it becomes evident that there is no unique
make the difference between low-demand and high-dema‘r%erpretat'on qf the concept of spurious trip. \_Nhereag th(_a PDS
systems. The borderline between theses system modeé”“@_h‘)d [8] defines a spurious trip as “a spurious activation of
discussed and shown by the quantification of SIS reliabilig single SIS element or of a SIF", ANSI/ISA-TR84.00.02-
with Markov modeling [10], [13]. But this borderline has no?002 [3] refers to a spurious trip as a *non-intended process
been considered for the evaluation of a SIS from axutdown”. As a result, the concept of spurious trip is rather
availability perspective. STR and MTZfous have been conf.usir}g and it is difficult to compare the STR in different
commonly calculated for a low-demand system. applications [9]. STR formulas of some conventional methods

The main purpose of this article is to verify the differenc@'€ Presented in the following table:

between low-demand and high-demand systems for ¢~ TABLE Ii

energized to trip application by using the block diagram ar SPURIOUSTRIP RATE FORMULAS OF CONVENTIONAL METHOD

the Markov method for the STR and MTdFioscalculation. STL ANSI/ISA PDS-Method  Machleidt & Litz
This paper is organized as follows: section 2 discusses | TR84.00.02.2002 [3] (8 [16]
definition and causes as well as the characteristics of spuric 1001 STR=Ag + Ay, + A7 STR= Ay STR=Ag, =As
activation. In section 3 the d|fferencgs between Iow-dema}l 1002 STR = 2(Ag + Agp) STR=20gy  STR= (2 )2
and_h|gh-demand systems are_descnbed. !n the r_1ext sectic + B + Asp) 002 :W
section 4 and 5, the evaluation of spurious trip rate al s ¥ $Yp2

MTTFspurious Of these system modes is studied for 100l ar
1lo02 systems. The analysis is based on block diagram ¢
Markov model. In the section 6 the safety parameters like PF
STR and MTThpurious Of 1001- and loo2-architectures are 003  sTR=64, (4, +1,,)MTTR STR = ConaBlsy

2002 STR=24g(As + A0 )MTTR  STR= S gp,
+B(As + Aop) + A2

STR= B, A5

calculated through an example. The results will be compar + B+ Ayy) + A2
with results, which are derived from conventional method % =V
And finally, a discussion on the overall study is provided i [ a2
Section 7.

[+ dgea) N3

Il. SPURIOUSTRIP s
2004 STR=12(Ag +A,)*MTTR  STR = Cy0uBs1u

A spurious trip is one cause of an unexpected pla + B+ Agy) + A2
shutdown initiated by a safety-instrumented system. Namely,
a safety loop component fails to function, the safet
instrumented system is prompted to shut down that part of the
plant's operation. This is done because the failure of a . . .
particular safety loop can prevent the safety-instrumentedB' Probability of Spurious Trip
system from functioning properly. It does not guarantee plant Probability of Failure Spurious (PFS) is the probability of
safety. Therefore, spurious activation normally leads to loilure due to the spurious trip. The smaller this value, the
production or low availability of the EUC [9]. more available the system is. For the evaluation and
Industry data report that when a process unit experience§nparison of systems, the average Ff-B calculated as
high number of spurious alarms, the operators becorffdlowed:
ambivalent and are likely to respond slowly or not at all to a
critical “real alarm” [7]. This means that spurious trip is no
only expensive, but also in most cases can be considered as®?
dangerous too. The standard IEC 61508 has no requirement 1T
related to spurious activations, while IEC 61511 requires that a = ?J. (€= Repurious (1) et
maximum STR is specified, but the standard does not provide 0

_17
(T) = = ! PFES(t) Coit W
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with Rspurieuft) is calculated by the following equation: may be the same [10].
The demand rate varies from low to high or continuous and
_{ stR@t the duration of each demand may vary from short to long
Rourios(t) =€ ° (2) period. So, the same equation can usually not be applied to all

systems [13]. With the Markov method several authors have
shown the best suited for analyzing safety systems. By using
C. Mean Time To Failure Spurious this method, it is possible to model different states with
Mean Time to Failure Spurious is abbreviated adifferent failure modes of the components, different points in
MTTFspuious @nd is the estimated time between spuriousme, periods and test strategies. Therefore the authors in [10],
failures of a component or a system [3]. To estimate ttjg¢3] have used the Markov model to illustrate the borderline
MTTFspuious Value, ISA [3] introduces three methodsbetween low-demand and high-demand systems in a better
simplified equation, fault tree analysis and the Markov modekay. The whole calculations of PFD and PFH are dependent
MTTFspuriousiS proportional to the availability. This means thabn the demand rate and the demand duration. Based on this
a component or a system is more available if the Mjfiifis  result and availability theory, a STR-, PFS- and MElkus
value is higher. The following equation presents thealculation of the 1ool- and 1oo02-architecture will be
calculation of MTThkgrousby Simplified equation: presented in low- and high-demand in this article.

3) IV. MODELLING OF 1001-ARCHITECTURE

MTrFSpurious = J- R&)urious(t) Djt . . . .
° If the system fails because of a spurious trip failure, the

system will be in de-energized state. This means that the
system is not available anymore. The characteristics of 1001-
IIl. L OW DEMAND AND HIGH DEMAND SYSTEM architecture will be presented in Fig. 2. The EUC enters a safe
gE%te without demand, when a safe failure respectively spurious

A SIS has to achieve or maintain a safe state for the syst
H&P failure occurs in the SIS.

the SIS is protecting with respect to a specific process dema
Safe state can be defined differently for each system. In somr

cases, the safe state is to maintain before the demand occu EvemA |1001/15|

whereas in other cases, it means to stop the EUC. Typical lov

demand systems are emergency shutdown systems (ESL euc demand :Smﬂemand

process shutdown systems (PSD) or airbag systems i

automobiles. And the typical high-demand systems are railwa sis T kefalure

signal systems, safety-related electrical control systems fo

machinery. One of the important aspects of SIS with low- Stop & safe state
demand is that the EUC remains in the safe state after the S SpuriousTrip —Normal state

has responded to a demand. And for a SIS with high-deman

the EUC will be returned to the normal operating state after th iy e

demand [10]. For example, a railway signaling system is
always ready to respond to a new request when the previot _
train has left the rail section [10].
Another difference between low-demand and high-demand 5. Bjock diagram

systems is the functional testing. For a low-demand SIS, it isA block diagram of a SIS with lool-architecture is
important to perform functional testing to detect DU- fa"urefllustrated in Fig. 3 with three elements: input, logic and
(dangerous undetected) but it is not always required for hig Gtput '

demand. Due to the fact that the demand rate is high it may not

Fig. 2. EUC and SIS of 1oo1-architecture

be possible to use functional testing to detect and repair DU _— - o T+
failures before the next demand. However, it is important tc® B B K(\
perform regular testing for high-demand systems to prevent th - l
operating of SIS with reduced fault tolerance [10].

The diagnostic testing is an automatic self-test that is Fig. 3. Block diagram of 1ool-architecture

implemented in SIS to reveal failure without an interruption of
the EUC and it is frequent. It can take place every fe\ﬁ

seconds, minutes or hours. This test should be carefi
considered for the both systems. This means, for low-deman rate consists of not only the rate of safe failigbut also
Y the demand ratepe. Let the factor 0 ¢ < 1 be the ratio of

systems, there is usually enough time to repair and restore fhe . . .
Y y 9 P ISe demand to total demand of SIS in a considered time
function until the next demand appears. But for high-deman . . )

interval, the calculation of spurious trip rate for lool
systems, the demand rate and the diagnostic test frequency

A SIS with lool-architecture fails spurious, when a safe
ilure in SIS or a false demand arises. Therefore, the spurious
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architecture is described in the following way: --State Z3 has got a safe undetected failure. With the
transition rateu, + = 1/ (with 1.+ which is the lifetime) the
STRpu=As *+ ¥ [ e (4) system is able to reach the failure free state. And with the
transition raté\pe the system can reach the safe state.
PFSuq 1001€aN be calculated by using simplified equation: --State Z4 has got a dangerous detected failure. If a

demand occurs, the system can reach the dangerous state Z6

17 with the transition ratdpe. And with the transition ratgy =
PFS.g 100 = ?I PFS;q (t) Lalt ®) 1M+t the system can reach the safe state.
T° --State Z5 represents the dangerous undetected state. This
-1 I (= Reurious_101 (1)) LBt state can change into state Z0 at the end of its lifetime and
To - subsequently replaced or repaired with a transition ugte=

1/7. If the system is at this state and a demand occurs, the
for 1lool-architecture the reliability is estimated as follows:system can reach the dangerous state Z6 with the transition

rateApe.
Repurious 1001 () = 1= €757t (6) --State Z6 is the hazardous state, where the safety
function fails and the system cannot reach the safe state.
Derived from equations (4), (5) and (6) the formula of —State Z7 presents the demand state, where the activation
PFSy,for 1lool-architecture is described as: of the safety function is requested.

]
= PFS,, pu(T) = %j (L- & ™) [
0

_STR, O @
2
(s +y Dhpe) T
2

MTTFspurious_100:C8N be calculated by:

M-ITF&)urious_lool = I R&)urious_lool (t) I]:It
0

:]iefSTlem (8)
0 Fig. 4. Markov model of 1001-architecture
_ 1
/]S +ymDE
The transition matrix is described in the following way:
_1_’% 0 /]ED /]SJ /‘DD /‘Du 0 /‘DE 1
B. Markov model g 1-u 0 0 0 0 0 0
By the use of simplified equations the effect of demand rate 0 Jpetsy A 0 0 0 0 0
and demand duration cannot be shown precisely. For thisp_| 4t 4w 0 A 0 0 0 0
reason Markov model will be used. It is better to model 0 ”8 g g 1‘OA4 10 jDE 8
different states with different failure mode of the components. ZLT 0 0 0 0 OA-" l_';j 0
Fig. 4 presents 8 states of the Markov model of a lool- |~ 0 0 0 0 A+, 1-A

architecture. State Z0 represents the failure free state and the
system is operating correctly. From this state, seven Otherwith'
states can be reached: '

--State Z1 presents the safe state (de-energized state) ,or_ At A 4 A 4 A 42
spurious trip state. This state can be left with a transition raf@ - A T A oo + Aoy + Aoe 9)
MR = Lirepain With Trepar Which is the time the system requiresAz = Ay = Ape + Ko (10)
for repair and startup. = A = Ape + g

Ay
--State Z2 has got a safe detected failure and will reach 11

the safe state with the transition ratge when a demand
occurs or with the transition ragg = 1/ites With TregeWhich is
the test time interval.

The steady-state equation corresponding to the Markov
model in Fig. 4 can be obtained:
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HrP, = (Apg + Ho)P, + Ao Py + 1P,
(Ape + )P, = A5 Ry

(Aoe + tir)P = Ay Ry

(Aoe + Ho)Py = Ao Ry

(Ape + U7)Bs = A5y Ry

HeiBs = Aoe (P + R) + (App +Apy) P
(Ao + Aoy + Uoe)Pr = ARy
P,+P,+P,+P,+P,+P,+ P+ P, =1

Solving this equation system results in:

:7/1SD +)ISD+[)IDE+1]/1SJU
Aoe ¥y He \ Mg Aoe + Hir

+ (,uo +1+ ADEJADD
Hr  Han ) Aoe * o

+ Aoy [1+/IDEJ+[1+ADJ Aoe
Hir * Ape Hry Hen ) Hoe + Ao

1
R Y
P _ (ADE +/'10)P2 +ADEP3+/'IOP4
t 1
8
P, = AP — AoP
#21 /]DE +#0
F)3 = ASJ PO :M
/'131 /]DE +/'ILT
_ MR _ AR
4
ADE +/'14l ADE +/‘10
_ Ak
5
/]DE +#LT
DE|: ADDPO + ADU PO +/]D /]DEPO
P — /]DE +#O #LT +/]DE #DE +/]D
=
Hern
P = AoePo _ AR

/]DD +ADU +/'1DE /'IDE +AD

(12)

(13)

(14)
(15)
(16)
17)

(18)

(19)

(20)

(21)

Volume 9, 2015

And the Mean Time To Failure Spurious is calculated as
follows:

M-ITFS)uriousflool = j Rﬁ)uriousflool(t) Bdt
0

o STRoall (24)

O3

1
STR

~ -t

" In(- PFS,,)

V. MODELING OF1002-ARCHITECTURE

A safety system with 1oo2-architecture will bring EUC in
de-energized state, if a safe failure or common cause failure
respectively spurious trip failure occurs in the SIS. The
characteristics of 1002-architecture are presented in Fig. 5, if
random failure occurs and in Fig. 6, if common cause failure
occurs. A random failure is a “failure, occurring at a random
time, which results from one or more of the possible
degradation mechanisms in the hardware” [1], [18]. And a
common cause failure occurs, when a random failure leads to a
failure of several components [1], [18].

A

Event [ 100245 0r Ay, /45 OF Aoy,

| Demand
EUC demand without demand
I
___i Safe or DD failure
SIS channel 1 if Normal state
I
r ___F Safe or DD failure
SIS channel 2 :ﬁ Normal state
,J:; Stop & safe state
Spurious Trip I Normal state

1—1 t
Fig. 5 EUC and SIS of 1oo2-architecture (random failure) [14]

-
-

The PF%.: value is the sum of the probabilities P1 and

yiP7:

PFSy =Pty I[P,

The spurious trip rate of 1o01-system will be given by the

following equation:

PFS.I.ool = 1_ Rajuriousflool(t)

=1- g SRoul

TR, =- 0= PFS.

ISSN: 1998-0140
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A

| 1002CCF A5 orCCFA,,|

! Demand

Event

EUC demand without demand
I
_____ 1 Safe or DD failure
SIS channel 1 ( if Normal state
]
““E* Safe or DD failure
SIS channel 2 if Normal state
,,,,, J:; Stop & safe state
Spurious Trip I Normal state

-
-

-i—w t

Fig. 5 EUC and SIS of 1002-architecture (common cause failure) [14]
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A. Block diagram imR, =0 (29)
A block diagram of a SIS with 1oo2-architecture is’ ~°
illustrated in Fig. 7 with two channel, which consist of three

elements: input, logic and output. Derived from equations (25), (26), (27), (28) and (29) the

formula of PF{,4 for 1oo2-architecture is described as:

212
_ T ¥ = PFSuy 1002(T) = S T (30)
@- Input L Logic L Outp}l’\\ 3
ad\\
( ) MTTF spurious_100C8N be calculated by:
._ Input L Logic L OUK}{KJ M-I_I—Fa)urious_loOZ = .([ RSpurious_looz (t) |]jt (31)
_ 3
©- 2[8TR,,,

Fig. 7 Block diagram of 1oo2-architecture
B. Markov model

A SIS with 1oo2-architecture fails spurious, when one of the Fig. 8 presents 22 states of the Markov model of a 1002-
following cases in SIS arises: a safe failure or a dangeroyghitecture. State Z0 represents the failure free state and the

detected failure or a common cause failure; or a false demandiem is operating correctly. From this state, 21 other states
arises. Therefore, the spurious trip rate consists of not only thie, e reached.

rate of safe failureds, App but also of the demand rakgg.
Let the factor 0 ¥ < 1 be the ratio of false demand to tota
demand of SIS in a considered time interval, the calculation
spurious trip rate for 1oo2 architecture is described in tt
following way:

STRyz = 2([(A- fy) U + (1= ) Ag)] (25)
+ﬁD]SU +ﬁD D‘SD +ymDE

PFS.g_1002Can be calculated by using simplified equation:

I:)Fsavg _loo2 (T) = % J. PFSlooZ (t)

. (26)
= ? I (l_ Ra)urious _Trip 71002) Lait

0
:1+g IZ?*STRIDOZH _l_ e*2|:$TR1m2|] _l

T SR, 2SR,

with the development of MacLaurin series:

} STR,,, T2
esrleztr :l—STRmOzEr+ Rmz

2 (27)
_STR,,, O° .
3 R, Fig. 8 Block diagram of 1oo2-architecture
- 2[8TR,,)? [T?
20BTReo, T — 1 _ + ( 1002
e 1-206TR,, O — (28)

@ [STR,,)° T ) The transition matrix is described in the following way:

R
3 4

- P Po Py
The remaining term R4 converges for T = 0 to the value g P,y Py, Py
and can be neglected: (32)
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with:
[1- Agdt 0 2t B Nt 2= BNg At 201~ B Wippdt 2= f)Apy dt ] [0 0 0 0 0 Joe 0 0o
Mgdt 1= Adt 0 0 0 0 0 0 0 0 0 Aoe 0 0
0 0 1- Ayt 0 0 0 0 0 0 0 0 A 0 0
Hurct 0 0 - At 0 0 1-Adt 0 0 0 0 A 0 0
0 0 0 0 1- At 0
- 0 0 0 0 1- At 0 1-Adt 0 0 0 Doe 0 0
0 (Ao +o)dt 0 0 0 0 P O 0 1-Agdt 0 0 oo+ oy 0 0
Myt (Ao + o)t 0 0 0 0 0 0 0 1-Agt 0 oo Aoy 0 0
Hyrdt Hodt 0 0 0 0 0 0 LBV A-Phoy 1-Aft BAp+Bhy LB A-Ply,
0 Hodlt 0 0 0 0 0 0 0 0 0 1-pgt 0 0
L Hrdt Aoe 0 0 0 0 0 0 0 0 0 0 1-Agt 0
[BoAdt 0 0 0 Blgdt 0 0 Bpdppdt] 0 0 0 0 0 0 0 1-Agt |
0 0 0 0 0 0 0 0
Agdt  Agydt  Apydt  Agpdt 0 0 0 0
0 Agdt 0 0 Agdt  Appdt Agudt 0
0 0 0 dpdt 0 Agdt 0 Agt A = 20 By N + 20 B)Ag, + 20 B5) Aop
P. 0 0 At 0 0 0 gt 0
1- At 0 o 0 0 o 0 0 +2(1- ﬁ)/]DU + ﬁD/]SD + ﬁ/‘SJ + ﬁD/]DD + IB/]DU + /]DE
0 1-Ad O 0 0 0 0 0 A=A = A +Ag +Ag, + A5, + A0
0 0 1- Agdt 0 0 0 0 0 _ _
o 0 gﬁ 1- Agclt 0 0 0 0 A=A = it A+ Agy + Aoy + App t A
0 0 0 0 1-Agt 0 0 0 A=A = As= L+ Ao
00 ﬁ/‘aadt % ?:) D';dt 8 8 8 Ar=Ag= A= Ay = g+t Ape
0 0 0 0 0 0 Adt 0 Ao = Ap=As = it + e
0 0 0 0 0 0 0 Ayt A = A7 = Hoe + Aop + Ay
Apy dt 0 Apgdt 0 0 0 0 0 Ag = Hoe + 20~ By Wop + 2(1= B) Aoy + BoAop + Bloy
Bas|dondt doudk 0 gk 0000 + 20 By Mg + 20 Ao, + ol + Pl
0 0 0 0 0 0 0 0 AZOZAZIZ/]SD+/]SLJ+#DE
0 0 0 0 0 Agedt O 0
0 0 0 0 0 Agedt O 0 The steady-state equation corresponding to the Markov
| 0 0 0 0 0 0 0 0 model in Fig. 8 can be obtained:
[t Modt 0 0 0 0 ] HgP = p (P + P+ Pgt+ P+ P+ P+ By)
Hrat 0 0 0 0 0 +(Aoe + Ho)(Fs + P) + Ao Ro + (BpAsp + BAgy )R
odt Ho g g 8 8 +(Ap + A )Pyt Py)
ﬁLTdt /:)0 0 0 0 0 (A +/]DE + :uo)Pz = 2(1_180)/150% + Upe Py
LT
P,=| 0 0 0 0 ipedt O (A+Ape + 1 1)B = 2= B) Ay, Ry + Upe Py
0 0 0 0 0 fpedt (A +Ape + 1)Py = 20 B5) Ao R + Hoe R
Hpedt  (BpAgp + BAg, Xt 0 0 0 0 (A+Ape + 4 )R = 2(1= B) Aoy By + e Ry
Hrn ] O/] p Od 0 0 0 (Aoe + Ho) R = BpAo Ry + AP
o Uordd ek 0 00 (Mo + oe + 1)y = APy + AP
0 (A +Ag, )dt 0 Hpedt 0 0 |
(Hir + Aoe + 1o)Fs = Aoy B + Ao By
O 000 0 1- ﬂ1dt 0 0 b (ADE+/JO)FZ) :/]DDP2+ASDF21
0000O 0 1- At 0 (Hir +Ape)Ro = By R+ Ay By
0 O 0 0 0 0 0 1_ A_|_3dt (/’ILT + ADE + /’IO) F?Ll = ADDF%» + ASU Bl
00000 0 0 0 (U + Ae) R, = Ay R+ Ay R
00000 0 0 0 (Aoe *+ Ho)Rs = BoAooRo + Ao Py
(M + Ape + Ho) By = Aoy P + App B
P,={ 00000 O 0 0 ”
00000 0 0 0 (/JLT + /]DE)FiS - IB/]DU RJ + /]DU Ps
00000 0 0 0 (/'IDE +/]DD +/]DU)P16 = /]DEP4 + 2(1_:80)/]DD P18
00000 0 0 0 (/’[DE + /]DD + /]DU ) R, = /]DEPS +2(1- ﬂ)/]ou Rs
/]DEPO = [JuDE +(2- IGD )/]DD +(2- ﬁ)ADU +(2- IBD)/]SD]RLS
00000 O 0 0 +2= By Py
00000 O 0 0
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HeyRo = Ape (P gt Pgt Pyt Pyt P+ Py + By)
+ A5 (Ps+ B7) + (BoAop + BAoy )Rs

(A +Agy + Hpe) Py = ApePo + 2(1- B;) AR

(/150 + /]su + :uDE)P21 = /]DEPP, +2(1- IBMSJ Pl8

21

SR=1

i=0

Solving this equation system results in:

.
AR

B ADE +/'10

- AR

B /]DE + iuLT
/]DDR)

ADE +/‘IO

— /]DU PO

5
ADE +/'1LT

2

3

4

DE +/uo /uLT +ADE ° /uDE +AD

/] ADDPO + /]DU PO +A /]DEPO
P DE A
° My
P = /]SJP2+/]SDR’>
luLT+/]DE+IuO
_ ADDP2+/]SDF21
ADE+/'10
—_ ﬂ/]DUFz)-'-/]SJF%»
Ry = Frou =l
ADE+/'1LT
_ ADDF%»-'-/]SUFil
Ry = Jposfae
/uLT +ADE+/'10

R

— AP+ Ay R
12
ADE + luLT
—_ ﬂD/]DDR) +/]DDF21
Po=—7"F7"———
/]DE + :uO
/]DU Rl + ADDR’)
Po=——
Ave + Hir + o
ﬂ/]DU PO + ADU PS
Ps=—7—"—"—
ADE + /’ILT
R.G = DlGR)
Fi7 = Dl?RJ
HB = DlSR)
H9 = D19PO
I:)20 = DZOR)
I:)21 = DZlR)
with:
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(33)

(34)

(35)

(36)

(37)

(38)
(39)
(40)
(41)
(42)
(43)
(44)
(45)
(46)

(47)
(48)
(49)
(50)
(51)
(52)

494

D, =1+ (/JO +1J(D2+ D,+ D22)+ (/]DE tH +1)D23

R

AN CALN SIS
ADE LT
+ (AS +1)(D 20+ D 2) + D 3+ D5+ D16+ Dl7+ D19
ADU(D3+B)+(ASJ +ADU)D5
/]DE +#LT
1
Dl = ;[ﬂO(D2+ D4+ D22)+ (ADE + #O)D23

R
+ (IB+ D3)A51J/]DE
ADE + luLT
+(Bog + BAg, D15+ Ag(Dyo + D,y)]
HpeDyg

21- B, )ASD[1+ Fivs HDEJ
/]DE/'IDE

/]S + luDE

+

D, =

/]+/]DE+lu0_

2(1- 18)/]&) [1_'_ HpeDig j

/]S /’IDE

D,

B A
A+ Aoe + Hix _%
s T Hpe

2(1_ :BD )/]DD (1"' Hoe D18 J

AD /‘IDE

D, =
A

A +ADE +ﬂo_ﬁ¢

ot Hoe

/'IDE D18
21— B)A [1+ ]
o /] D + /‘IDE

Aoe M
/] +/] +/1 — DE/DE
DE LT /]D + Uy
D. = /]DED4 + 2(1_ IBD)/]DD D18
16 — A+
o ¥ Hpe
- /]DE Ds + 2(1_18)/]DU D18
/]D + Upe

D, =

D17

/]DE
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D18 -
Mo * (2_:80)(/]33 +/]DD)+ (2_13)(/]& +/]Du)

(D, + B) Ay, +(Ag, +A,,)D
/]DE|:D22+ 3 ;u A U pu/Ys
D = pe t Hit
19
M
+ /10 (D16 * D17) + (IBD/]DD + IB/]DU )D18
Hrn
D _ AeD, + 2(1- B) A5 Dig
20 ~ A+
s T Hpe
D _/]DED3+2(1_,8)/13JD18
217 A+
s T Hpe

(53)
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(67)
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(62)

(63)
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D. = Aoy D, + AppD; +(Ag, +45,)D, estimation of the parameters of spurious trip failure:
22
/]DE+in+:uLT MWRZShDﬂR:i:}
+ (A +A55) D5 (65) - 08 MTTR 8
Aoe * Ho * Hir D; ~ oo
(D24 )y + Uy + Ao ) | _
/]DE+.uo TTeS:24h:>luO:T7:a
Test
D,, = (D, +B,)As " D,Aq, +D Ay (66) B, =001
Ave *Hy  Ave +Ho + i 5= 002
— —6
The PF%. value is the sum of the probabilities P1 and Ag =500
yiP18+P20+P21): T =876Ch
Joe =[10° 10° 10% 107
PFSy,= R+ VPt P+ Pyy) 67 4 =[10* 10° 107 107]
N . . My =10°°
The spurious trip rate of 1002-system will be given by the = 001
following equation: y="=5
PFSie2 =1~ Rourious 1002() (68) A. lool-architecture
The following Figures (Fig. 9, Fig. 10 and Fig. 11) show the
with: functions of PF&,, STRo and MTTRurious 1001 iN
dependence on demand rate, which are deviated from Markov
1 ” model in this work. At first, the effect of varying demand rate
Repurious _too2 ZO: Repurious L~ Rsaunous) on the PFg,; (Fig. 9) is examined. The Pkg function will
_ - (69) increase, when the demand rate or demand duration increases.
- Spurious Spunous The PF$.rvalue will reach STL 4 when the demand rate is
=2 Rzl _ g=205TRie, low and reach STL 2 when demand rate is high.
Let bey = €°™R .7, so the spurious trip rate of 1002-system FFS, ., dspandent on cemand rate
will be given by the following equation: 10
- “‘DEZ1D_4
) - “DEjgj STL 2
y +2y-1+PFS_, =0 (70) T —

PFS

10 - i

There are two solutions for this equation, but only the 5
positive value is accepted: /
STL3 |

Iny __InC1+,/2-PFS,,) -

STR,, =~ a— "
STL 4
And the Mean Time To Failure Spurious is calculated as m’jﬂ_s BT B’
follows: Demand rate A, [1/h)

Fig. 9 PFS with different demand rate of 10ol-architecture

M-ITFSpurious _Trip _1002 = I RSpurious _Trip _1002 (t) mt . . . .
0 Fig. 10 describes the function of S{fR which depends on

3 (72) the demand rate. Like the PE§ function, the STR.;

= function will decrease when the demand rate or demand
In-1++2-PFS : ; i

( duration decrease. With a low demand rate the function of

t STRy,01 decreases slightly, but with a high demand rate the

difference of STR,,1is shown explicitly.

VI. EXAMPLE
The following parameters will be used as an example for an
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SR, dependent on demand rate SRy with different methods

1oo1

S

0 [~ ANSHISA-TRAS.O0.02-2002
o —— PDS-Methode
B — Machleidt & Litz
8 —— Markov-Modell
10" £| — RED
10* / ]
1["9 1 1 1 1 1 WD-‘D 1 1 1 L L 1 1 1
e 107 10° 10° 1t 0° 10? o1 02 03 04 05 06 07 08 09 1
Dermand rate A (1/h) Diagnostic coverage factor DC
E
Fig.10 STR with different demand rate of 1ool-architecture Fig. 12 STR with different methods of 1ool-architecture

The MTTFRsgurious_1001 fUNCtion is shown in the Fig. 11. B. looZ-architecture

While the PF$.; function and the STR.; function are ~ 'ne effect of varying demand rate on the BESis
proportional to demand rate and demand duration, tigSPlayed in Fig. 13. The Phog, function will increase, when
MTTFspurious_1o01 fUNCtion is inversely proportional to the the demand rate or demand duration increases. ThgRFS
demand rate and demand duration. value will reach STL 4 when the demand rate and the demand

duration are low , and reach the higher level when demand rate
or demand duration is high.

M'I'I'Fspwiws1w1 dependent on dermand rate
10’ . .
- P'DE:m_a
N “DE=1D'3 FF35 gpa dependent on demand rate
_P‘DE:m-z 1072_ ——— .
TR [
g -
=
0
2
2
LLm
e
=
ok 1
f T
H— p.DE—WD
1° . . . . . | — =107
10° 107 10" 10° 10t 10* 10° e STL4
I E
Demand rate Age(1/h) - Isz:m-1
1 1 H H a 1 A et Ll PRI PR
Fig. 11 MTTRspuiousWith different demand rate of 1ool-architectul mm,s s e - e -

Demand rate Ap(1/h)

Fig. 12 shows the function of STR, in dependence on Fig. 13 PFS with different rate of 1002-architecture

diagnostic coverage factor DC with different methods. The

function of STR,.; by method of Machleidt & Litz [16] is like ~ Fig. 14 describes the function of SR which depends on

the function of STR,,; but using the reliability block diagram the demand rate. Like the PE& function, the STR;

method, which is deviated from this work. SFRfunction by function will decrease when the demand rate or demand

ANSI/ISA TR84.00.02-2002 [3] is another set of functions. duration decrease. With a low demand rate the function of
STRy.02 IS strictly monotonically decreasing, but not strictly
decreasing with a high demand rate, and the x-value of the
saddle point is 1/8768 1,1410*.
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3TR, ., dependent on demand rate 5TRy p comparison of different methods

10 T T T T T T

e

[na
&
-6
10 f — ANSIISATRE4 00 02-2002
— PD5-Methode
—— Machleidt & Litz
A Markov-hodell
10§ — RBD
1D‘8 1 L L 1 L 1 1 1
10? 107 100 10° 10 10? 102 01 02 03 04 05 06 07 08 08 1
Demand rate Ac(1/h) Diagnose coverage DC
Fig. 14 STR with different demand rate of 1002-architecture Fig. 16 STR with different methods of 1o002-architecture (1)
The MTTFspurious_1002 fUnction is shown in Fig. 15.
MTTFSpurious_lo_ozvalue increases when the deman_d rate STR, ., compariscn of dferent mathods
demand duration decreases. The M ks 100function is ]
strictly monotonically increasing if the demand rate is lo -

but not strictly increasing if the demand rate is high. Like 1 1%L 1
PFSo02 -, STRoo2 -cUrve the x-value of the saddle point ¢
the MTTRspurious_tooCUIVE is 1,140 0% 1

M'I'FF,Spuriﬂusmnz dependent on demmand rate

— AMSVISA-TRE4.00.02-2002

10%* | — PDS-Mathode J
1L J — Machleidt & Litz

Markov-Modell

i RED \

E . . . . . . . . . =
043 044 045 046 047 048 049 05 051 052 053
Diagnose coverage DC

Spurious(h)

Fig. 17 STR with different methods of 1oo2-architecture (2)

MTTF,

T gm0
fPHEEjgz VIl. CONCLUSION
-
10" H — 107 This article has analyzed the relationship between SIS

10° ) o 0 - 0 10 reliability and demand rate, as well as the demand duration for
) Dema,“:]ra;.“w“’m . 1lool- and loo2-architecture. Finally, the Markov model
Fig. 15 MTThspurouswith different rate of 1oo2-architecture provides advanced method to analyse this relationship than the
block diagram. Therefore, it can be stated that it is not always
Fig. 16 and Fig. 17 show the function of SRR in possible to use a common formula of reliability calculation for
dependence on diagnostic coverage factor DC with differealf system modes. PFS values of a system architecture are not
methods, with Fig. 17 is the enlargement of Fig. 16. Thequal to all modes of operation. The same is true for STR and
function of STR,,; utilising the method of Machleidt & Litz MTTFgpuious This is based on the recent revision of
[16] is like the functions of STR,, using the reliability block [IEC 61508.
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