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Abstract—When conducting simulation for evaluating
complex system reliability or availability, stochastic fault
sample method is applied to simulate fault occasions of
complex system. Current research of fault sample method
generally assumes maintenance activity restores systems to
“good-as-new” and “bad-as-old”, however, system usually
keeps its function through imperfect maintenance that
restores system to “partly good” in reality. A stochastic fault
sample method for availability evaluation for complex
system under imperfect maintenance based on monte-carlo
simulation principle is proposed. Firstly, single component
fault occurrence process subjected to imperfect maintenance
is analyzed and the formula for fault occurrence occasion is
given. Secondly, fault sample becomes complicated when
maintenance object converts to system with complex
reliability structure. Not only fault occurrence occasions but
also fault components in the system should be derived from
the sample method. Fault sample for parallel system is
especially difficult, so the Markov state transition process is
embedded into the method to solve this problem .Finally, a
numerical case using fault sampling method under
imperfect maintenance is given and the number of faults
and their occurrence time are obtained . Validity and
feasibility of the proposed method is verified.

Index Terms—Complex system, imperfect maintenance,
stochastic fault sample, monte-carlo..

L INTRODUCTION

When conducting simulation for evaluating complex
system reliability or availability, method of random
sampling is applied to simulate fault occasion of complex
system. Complex system fault sampling is referred to
simulating the fault occasion according to random
numbers and system fault distribution function and
determining malfunctioned components according to the
system structure and component failure rates relationships.

Maintenance effect can be divided into three kinds:
perfect, non-perfect effect and imperfect effect. A perfect
effect can restore the component to good-as-new, a non-
effect to bad-as-old, and an imperfect effect to partly
good. Since it is usually assumed that maintenance effect
is partly good in reality, so fault sample method
considering imperfect maintenance is more applicable to
engineering. At the current stage, research mainly focuses
on the imperfect maintenance model, not referring to the
fault sampling method under imperfect maintenance.
Imperfect maintenance model is discussed in detail in [1]-
[5]. Ref[6] have investigate the system fault sample
method, but most of them can’t be realistic for they have
many constraints. Maintenance condition is always
considered as perfect when conducting the fault sampling,
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it can’t be applied for the situation when maintenance is
imperfect. Ref[7]-[8] make researches on fault sample
method under imperfect maintenance, but hypothesis
about life distribution of the system is always deemed
exponential, but in reality, life distribution is arbitrary.
Ref[9]-[11] make a progress by supposing the system
failure rate is time-variant, but they didn’t take system
structure into consideration. Ref[12] study fault sample
method considering system structure, but they generally
deem system structure as series, they didn’t consider
system with complex structure. For the constraints above,
fault sample method

In this paper, stochastic fault sample method for system
with complex reliability structure under imperfect
maintenance is studied according to monte-carlo
simulation principle. The novelty of the method stems
from the facts that not only the maintenance is imperfect,
but also failure rate of components in system is time-
variant and. On the basis mentioned above, a flowchart of
fault sample method is presented and this flowchart can be
applied for system with complex reliability structure.
When conducting fault sampling for parallel system,
determination of fault components becomes especially
difficult, the Markov state transition process is used to
solve this problem. Via the fault sampling method, fault
occasions of a complex system under imperfect
maintenance can be simulated and fault components in the
complex system can be determined.

II.  COMPONENT FAULT SAMPLE UNDER IMPERFECT
MAINTENANCE

Maintenance effects can be perfect, non-perfect and
imperfect. Time-variant functions of component failure
rate corresponding to the maintenance effects are
different.

After imperfect maintenance, failure rate of component
should situate between the level of “good-as- new” and
“bad-as-old”. Failure rate of component will decrease and
reliability of that will increase after each imperfect
maintenance. The trend implies imperfect maintenance
can restore component performance to former state. We
use age reduction factor o and effective age € to
describe this imperfect maintenance effect. Suppose age
reduction factor ¢ is constant in this paper, the
component starts work at time of 0, component fault time
can be expressed as (t,ty**°t,), the temporal relations
between [, and € is shown in Fig.1.
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Figure 1. The temporal relation between  , & and €

The recurrence relationship between actual age f; and

effective age e, can be obtained in (1) according to Fig.1:

e =al,
e,=¢+(1-a)t,-t)=(1-a)t, (1)
M

e=¢ +(l-a)t, -t )=(1-a)t,

Function of components under imperfect maintenance
cannot restore to “as good as new”. Because fault
distribution function of the component is monotone
increasing and the value of fault distribution function of
component at ¢, equals to 1, according to the description

above, we can obtain (2):
F;n B In-1

k. -F

n-1

<1

(2)
Suppose » _Ff, -F,, ,we can obtain the recurrence
n

F, -k

n-1

relationship of 7, and ¢,_, by combining (1) and (2):

F;n _F’n-l F(en)_F(en—l)
P E CF, T 1-F(en)
(€)]
Fle,)=p,+(1-p,)F(e.)
4
e, =F " [p,+(1-p,)F(e,1)]
1 )
)] )

' (1-a)
where p, is a random number from 0 to 1, t, can be
calculated by t,.; and p, according to (6).

III.  SYSTEM FAULT SAMPLE UNDER IMPERFECT
MAINTENANCE

A. Complex system model

The basic assumptions of complex system model are:
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* The complex system can be divided into p layers,
components in i-th layer may be combined by several
sub-components in series or parallel of (i+1)-th layer
(0<i<p).

* Suppose system fault is evoked by component fault.
If a component is consisted by n sub-components in
series. Failure rate of the component in one layer is
the sum of failure rates of the n components belonged
to it in the next layer. At time of t, f(t) is given by

f(t)=2ﬁ(t),lsisn

¢ Corrective maintenance restores
components to “partly good” condition.

system  or

B.  Complex system time

According to the fault sampling method given in last
chapter, the system fault time can be obtained by (7):
4=F(A)

t =F‘1 [, +(1-5,)(F(1-a)1)]
: (I-a) @)
M
A=)~
" (1-a)

Since determination method of fault component of
different reliability structure is different, the methods of
fault components determination for system being series or

parallel reliability structure are individually given in the
follower section.

C. Fault component determination method for series
reliability structure
When components combined by n sub-components in
series, if one of the sub-components has fault, this
component must have fault. Supposing failure rate

function of this component is f(;), failure rate function
of sub-component is fl(t) . Because component is

combined by sub-components in series, so the failure rate
of this component is the sum of failure rates of sub-
components that belong to this component, that is:

f<r>=§ﬁ<r> ®)

When the component has fault, suppose sum of the
failure rates of the first k sub-components is f" (;),that is

£0)=340) ©)

=

At time of' t, , the ratio of failure rate is calculated by

; F! [/J’n+(1—ﬁn)(F(l—a)tn_l)]]
o - f() _ (1-a) (10)
I6) L (F B+ (1= B)(F (1-a)t,a)]
(1-a)
Giving a specified random number 7

if g* <5y < 6**!, the k-th sub-component is out of normal

working condition.
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D. Fault component determination method for parallel
reliability structure

Suppose a component is combined by N sub-
components in parallel, sub-components in the sub-
components malfunction can be determined according to
sampling result obtained by given random numbers and
fault probability at the time of t,,.

Fault state of parallel system can be expressed as (11):

S={R/F,f(1,2L M -1),r(ML N)}  (11)
Where R or F expresses the state of parallel system, F
indicates fault state, R indicates normal state, numbers in
bracket after f are the subscripts of fault components in
the parallel system, numbers in bracket after r are the
subscripts of the reliable components, on the basis above,
the fault state transition diagram of parallel component
with N different sub-components can be shown in Fig.3:

‘{R F(2 M=1) (LM N

}(R, F(L-M=2) (ML - N}

(R.f (2N H{Rf (13---N), H{R,fl N-) ,w,}‘

X 7 \ 7
i / \\ 11(7)\\\\;11 Aag s (l/%‘uM_l \\\\ (1 )‘/‘ ’T (1)
All ) ///L( )/ //1 (v )\\ o R f(1-M=1), (M /M \\\\’ul U ‘ //y
/ /:ul / /,u 2 \ \\ Hy i - ﬂ,\ ( ) \\\\ /) /N
/ / A\ ’uM’/ﬁw ( ) \\ il(’)\ N \’ /
/ /// ) / ’/ \\ \\ 4 / [ ll’l N . \\‘\ i ( /
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Figure 2. State transition diagram of parallel component with N sub-components

There are 2" states in total for this parallel component,
the sum of component fault state probability equals to 1:
27’[

EPS[ (t)=1

N N
Rf(¢)r(12 N} Eﬂ'z = E( R, f(i),r(l,Z..i—l,Hl,N)})

i=1 i=1

(12)

N
P{Rf(lZM “1),r(M.N)} (E +EA’1

+A

=

P{R f(12..-Li+LN),r(D)} ﬂv(t)

=

R{F,f(l,z,..N),r(¢)} ’ E U =

1= i

At time of t,, according to (12) and (13), system fault
state probability can be obtained in (14) and (15):

ﬁ;m)

/1 o)+ 1

l

(14)
P{R»f(¢),r(l,2...N)} =

M

M-1

S A

!

(15)

Br rap.nron.n = Brs@yri2.0) i

=1
M
D
i=1

Suppose sum of component fault state probability of
the first k states is P - \ p».If the given random number

i=!

a is between ( P,, P, ), the parallel system in the k-th

state, fault sub-component can be determined according

12

) TRy} (1)+-+ B yaamra-rny P (1)

R.f(L.M)r(M-LM+1..N)} "My

In the steady state, system state probability showed in
(13) can be obtained by the following rules: rate of
transition from this state to other states multiply the
probability of this state equals to sum rates of transition
from other states to this state multiply the probability of
corresponding state.

(13)

o By mron.n-n) My

to the corresponding fault information by the subscript.
However, if the condition information of component
derived by Markov transition process indicates this
component doesn’t have fault at time of t,, the logic error
happens since t, is component fault time, so the result
should be invalid and we should restart the simulation.

E.  Flow chart of complex system fault sample method

When conducting fault sample for complex system, the
top-down method is used, it’s referred to simulate the
fault time of system and determine the fault component
from system top to bottom according to reliability
relationship. Having analyzed the fault component
determination method for component with different
reliability structure, the flowchart of fault sample method
for complex system can be concluded in Fig.3:
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Figure 3. Flowchart of fault sample method

IV. Numerical Example

Suppose a complex system is designed as four layers,
system life is Weibull distribution. The system is
constructed by components in each layer shown in Fig.4:
the system is combined by components in series;
component 1 is combined by LRUs in parallel in the 3rd
layer, component 2 layer is combined by series LRUs in
the 3rd layer; LRU1 combined by SRU1 and SRU2 in
series in the 4th layer. Failure rate ratios in each layer can
be shown in Table 1, Failure rate functions of system,
LRU1 and LRU2 can be shown in Table 2:

————————————————————————————————————————— Layer 1

TABLE IL
FAILURE RATE FUNCTION IN EACH LAYER

Ratio of failure rate
Layer

G 0,
t t+1
2 _t 1+l
t+1 t+1
3 I 241
241 41

4 0.5 1

The sampling result of system fault time can be
obtained according to (7) and given random numbers,
suppose the system is under imperfect maintenance and
a = 0.5, the sampling result can be shown in Table 3:

TABLE III.
Fault state probability of parallel component
S Random Number Fault Time
tep
1 n 0.44 t 0.833
2 2 0.71 t 2.188
3 3 0.39 t3 2.434
4 N4 0.58 t4 2.775
5 s 0.65 t5 3.352

Layer 2
Layer 3
‘SRUI(SI) ‘ ‘SRUZ(SZ) ‘
Figure 4. Complex system structure
TABLE 1.
LIFETIME DISTRIBUTION FUNCTION
Appearance
Type | Distribution PS"“I’ ¢ ’ Failure Life
Type ararme ¢ Rate Distribution
System Weibull m=3t,=1 | f(t)=3 F(t)= o
LRU1 Weibull | m=2,6=1 | f(t)=2t F()=e"
LRU2 Exp A=2 | f()=2| F(r)=c™
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According to random number group (11, M2, N3, N4, Ms)s
the ratio of component failure rate and state transition
probability for the third layer, fault components in this
system can be determined using top-down method, where
repair rate 1 =3, 1t ,=2.In Table 4, The state probability of
component 1 can be expressed as P; (i=1,2,3,4), P,
indicates P{R, f(¢@), r(1,2)}, P, indicates P{R, f(1),r(2)},
P; indicates P{R, f(2), r(1)}, P, indicates P{F, f(1,2),
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r(¢)}. Fault components determined by the proposed
method at (t},t...t5) can be seen in Table.5.

TABLE IV.
FAULT STATE PROBABILITY OF PARALLEL COMPONENT

Time Random Number
P, P, P; P,
4 0.24 0.12 0.54 0.10
t 0.75 0.08 0.11 0.06
t3 0.18 0.34 0.23 0.25
ty 0.36 0.18 0.26 0.20
ts 0.61 0.04 0.26 0.09
TABLE V.
FAULT COMPONENT IN EACH LAYER
Random Number Fault Component
Time " " s " La_);er La.);er La};er
t 0.67 | 0.79 | 0.65 | 0.47 Cl L1,L2 S1
t 0.40 | 0.10 | 0.49 | 091 C2 L3 N
3 0.88 | 0.55 | 0.86 | 0.58 C2 L2 N
ty 0.30 | 0.83 | 0.28 | 0.61 Cl L1,L2 S2
ts 0.15 | 028 | 0.54 | 043 C2 L2 N

V. CONCLUSION

This paper has addressed several aspects in the

proposed fault sample method:

* Not only exponential distribution but also other life
distributions are considered in the proposed method.
Imperfect maintenance is taken into account in fault
sample method.

* Single component fault occurrence process subjected
to imperfect maintenance is analyzed and the formula
for fault occurrence occasion is given.

* When conducting the fault sample for system with
complex reliability structure, fault components in the
system are obtained. The Markov-state transition
process is embedded into the method when system
structure is parallel.

* Based on the fault sampling method mentioned
above, fault occasions of complex system under
imperfect maintenance are simulated and fault
components in the complex system are determined in
numerical case, the validity and feasibility of fault
sampling method is verified

However, the simulation model still have some aspects
to improve: only imperfect repair is taken into account in
this paper, perfect repair and condition-based maintenance
should also be included. The method should also be
adapted for k-out-of n system in future research work.
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