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Abstract

Redundancy or standby is a technique that has Wwekaty applied to improving system reliability aadail-
ability in the stage of system design. In this pape consider a standby system with two units hictv the
first unit (unit 1) starts its operation under getstate and the other unit (unit 2) is under abéochdby state at
the starting point. After a specified time s (sitig time), the state of unit 2 is changed to watandby state
and, as soon as the operating unit 1 fails, the stfaunit 2 is changed to active state. If unfails before time
s, the system fails. Units can fail at both actwe warm standby states. A general method for limgdthe
standby system is adopted and, based on it, systeiormance measures (system reliability and miéa)ndre
derived. We consider the problem of determiningno@k switching time which maximizes the expected-sy
tem life. Some numerical examples are studied.

1. Introduction For a smooth and continuous change of state, the

standby unit starts its ‘warm’ operation (which

Standby redundanc_y IS a technlqu_e V\./|'dely used Qneans the standby unit is under warm standby state)
improve system reliability and availability. In gen from time t =0 and it starts its ‘hot’ operation as

eral, there are three types in standby, i.e. dodd, : . o .
and warm standby. Cold standby implies that the in->00n as the main operating unit fails. Generalty, |
active component has a zero failure rate and cr:mnoqlmost of aI_I research on warm standpy systems, the
fail while in standby state. Hot standby implieatth stfndby unit starts its warm opgratlon fr'om t|'me
an inactive component undergoes the same operd-= 0 - However, as standby unit can fail during
tional environment as when it is in active stateisT ~Warm standby period, it would be better to keep it
means that the lifetime of an inactive component iscold standby state at tinte= 0 and then let it start
stochastically equal to that of the same compoiment itS warm operation after pre-specified time, e.g.,
active state. Warm standby is an intermediate casé =S (in what follows it will be called switching
and an inactive component undergoes milder operatime) for optimizing the performance measure of the
tional environment than that of the same componengystem. In this paper, a warm standby system with
in active state. Thus, in this case, the lifetifieao  twO units, whose operating rule is defined by a pre
inactive component may be stochastically largen tha specified switching times, will be studied. The state
that of the same component in active state. diagram for this standby system is presenteBien
In practice, warm standby needs to be adoptedirel.
when the state change from cold standby to active In most of the research on standby systems, only
state is not smooth and continuous. By practical re €xponential distribution has been considered fer th
sons, there could be an interruption during theesta distributions of the units composing standby system
change, which results in stopping of operationhef t and the Markov methods are used to obtain perform-
system. Then this may cause critical and heavy losgnce measures of the system. See, for example, [1],
especially when production systems are considered?2], [4], [8]-[10], and [11]. In this paper, we csider
general distributions for the lifetimes of the sriit a
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standby system. For modelling lifetimes under dif- was defined based on a model introduced in [5]. The
ferent stress levels, as in [3], the basic statibti approach introduced in this section and that given
property commonly used in accelerated life tests wi [5] and [6] are quite different, but, basicallyeth

be employed. are many similarities in the adopted stochastichmet
odologies.

In order to incorporate the basic statistical prop-
erty commonly used in ALT, it is necessary to inter
pret the mechanism by which the accelerated lifetim
is modelled. Denote random variable the lifetime
of a component used in the usual level of environ-
ment andF (t), f (t),r (t), the distribution, probabil-
ity density and failure rate functions of X. Alse-d
note random variableX, the lifetime of a compo-
nent operated in the accelerate level of envirorimen
and F,(t), f,(t),r,(t) the corresponding distribu-
tion, probability density and failure rate function
, respectively. The ‘Accelerated Failure Time’'(AFT)

0 s t regression model is the most widely used parametric
failure time regression model in ALT. Under this
model higher stress has the effect of shrinkingetim

Figure 1. The State Diagram through a scale factor. This can be expressed
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This paper is constructed as follows. In Section 2, F,(t) =F(pt),0t=0, 1)
the probabilistic frame for modelling the lifetime

distribution of the standby unit is introduced. The here p is a constant called the ‘acceleration factor
accelerated life model and the concept of virtgs a . .
. ; . and it depends on the accelerated stresses. As give

are used for modelling the stochastic failure of a. :

; . . . -in Section 3 of [7], a more general model can be ex
standby unit. Some discussions on the relationship ressed as
between the concepts used in this paper and thod®
proposed in [5] and [6] are made. In Section 3,-con _
sidering general standby system with switching fime Fa(t) = F(p(1)), 0t 20, (@)
system reliability function and mean lifetime am d
rived. The problem of determining optimal switching where p(t) depends on the accelerated environment.

time which maximizes the expected life of the sys-Since the accelerated environment gives rise to
tem will be studied. Some numerical examples arehigher stresses than usual environment, reasonable

some concluding remarks are discussed. o(t) 2t for all t and p(0)=0 for the model (2).

2. Modelling the lifetime distribution of warm ~ Furthermore it should be assume timt) is a non-
standby unit decreasing function. Then the model given in (2) im
plies that the lifetime of a component in the usual
level of environment is larger than that in theekcc
erated environment in the sense that

[3] developed a stochastic model for lifetime distr
bution of a standby unit. In this paper, the maitke!
veloped in [3] will be adopted for a standby umit i
the system. This section introduces the probaigilist
model for the lifetime distribution of a standbyitun
under different environments. The methodology used

in this section is based on the basic statisticapp that is, X is greater thanX, in the usual stochastic
erty commpnly used in accelerated Ii_fe tests (ALT)-order, denoted byX, <, X .

More detailed background and motivation can be
found in [3]. [5] introduced two models for model- . .
ling lifetimes of wearing-out components operated i Staf.‘dby state can b_e co_nS|dered to be operatenl in a
different environments in view of accumulated wear €NVironment which is milder than the usual level of
process and considered the change points in envEnvironment. Thus, if we leX,, be the lifetime of a
ronment. In [6], the statistical virtual age ofystem  standby unit in warm standby state, then the distri

F(t)= Fa(t),0t=0,

In standby systems, the standby unit in warm
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tion function can be expressed, Notation

F (t), Fi(t), f; (t) : Cumulative distribution function,
survival function and probability density functiof
unit i at active state

where p(t) <t for all t, y(0)=0, andy(t) is @ ¢ ) F ,t),f () : Cumulative distribution
non-decreasing function. Then the model given )n (3
implies thatX <y X,, .

In ALT, an important issue is related to the faalur
process after the change of the stress level anita u _ _ _
Similar problem can arise when there is a change ofluring [0,f] without failure under warm standby
states in a standby unit. In standby system, #fier State and is just activated at t.
starting point of warm operation there are twosstre S : switching time to warm standby state of unit 2.
levels, i.e. the stress levels under warm stantiie s
and active state, and we introduce the virtual agdn this paper, the optimal switching time is define
concept as a simple model. Suppose that a standidfre following Definition 1.
unit has been operated during [0, u] without falur
under warm standby state and it is just activatad a Definition 1.

Then we assume that the failure distribution fuorcti - A non-negative real valus which satisfies
of the unit is related td-(t) but the age of the unit

at time u isw(u) which is not greater than. Thus, ET. =maxg, ET,

under this assumption, the distribution function of

the residual lifetime of the standby unit which has\ here ET is the mean lifetime of the system as a
been just activated at is given by °

Fu () = F(/(1)),0t 20, ®3)

function, survival function and probability density
function of unit 2 at warm stateé= 12.

w(t) : Virtual age of a unit which has been operated

function of switching times, is called the optimal
— Wiyt . switching time.
w:exp{— [ r@dt =exp{-[r(w(u) +t)dt;, t =0
F(w(w) W) 0 Assumptions
(4) 1. Unit 1 and 2 have three states: active, warta, co
2. At starting point, the first unit is operatedaictive
wherew(u) < u for all u, andw(0) =0 is assumed state and the second unit is switched to warm state
to be a non-decreasing function. Then the equatiofter specified time, s.
(4) implies that the deteriorated level of the unit 3. Switching from warm state to active state is-per
which has been operated under warm standby staf€ct, i.e. instantaneous and failure-free.
during [O,u] is the same as that of a unit whick ha

been operated in the usual level of environment durTo obtain the system reliability, we consider twe e
ing [0,w(u)]. clusive cases when the system survives time t.

Case 1: the first unit does not fail until t
Remark: In cumulative exposure model (refer NelsonCase 2: the first unit fails before t and the seconit

(1990)), if the following relationship is assumed, is ready in warm state at failure time of the fusit.
The second unit survives the remaining time.
F, (u) = F(w(u)) From two exclusive events, we can obtain the system

reliability as follows;

then it obviously holds that If tis less than s, the system reliability is givey

W) = FF (/) = J(u). R() =Fa(®).
3. System performance and optimal switching ~ Otherwise,
ti -
. R,(t) = Fa(t)

In this section the system performance measures are
derived under the model described in the previous
section and the optimal switching time will be con-
sidered.

F2(W(u=-s)+t-u)
F,(W(u-9))

+j-Em2(U—S) f,(u)du’

and the mean life is given by
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E(T,) = _TEl(t)dt F(t)=1- e’ A=4,=1, yt)=at and
0 _ w(u) = St. The system reliability is given by
= t— F2(wu-s)+t-u)
+ [{F1(t) +[Fm2(u- — 6
i{ (t) £ (u-s . (wu-9) (6) S tes
x f, (u)du} dt R(t)=

e—t2 +It e—az(u—s)z—(ﬁ(u—s)ﬁ—u) ZH(B(u-9)*u 22 ouif  t>s

S
We consider special cases and numerical examples.
First, we consider a special case in which theufail And the expected life is given by
distributions of units in active state are expoisnt

distributions with f,(t) = Ae™ , i =12, respec- ET = J‘”e—uzw + J‘°° J“e—az(u—s)z—(ﬁ(u—s)ﬂﬂ)2+(ﬁ(u—s))Zﬂzzud,dt_
tively. In this case, if we assume that > S8

y) =(AJ )t . where A;< A, , then we have aq 5 gpecial case, we consider the case

Fm(t) =€ and f..(t) :/]Oe‘”f’t_ Hence, in this witha =£=0.5 . Figure 2 shows the reliability
case, the distributions of units in both active andfunction in case that s=0.5igure 3 shows the ex-
warm standby states are exponential distributionspected life as a function of s and we can findféuwe
Note that, in this case, the distribution of thensiby ~ that the delayed starting can lengthen the expected
unit under active state does not depend on the funcsystem life. FronFigure 3, when the distribution of
tion w(u) since its distribution after activation fol- the components follow IFR Weibull, there exists a
lows an exponential distribution. So it is unneeegs unigue optimal switching time which maximizes the

to define the functiorw(u) in this case. expected system life time.

In this case, the system reliability is given by Rit
1_

_ to_ —o) A (t— _
&(t) —g At +J‘ e Jo(u s)e Ayt U)/‘le )Iludu
S

/1 . 0.8
- At +—1{e—/lzt—(/ll—/lz)s _e—()|0+/ll)t+)lﬁ
A tA =4,
@) 0.5
The mean life of the system is given by
ET. = j “e Mgt + J““’{e—ﬂf + A (74 0rAds _ gty "4
S s AtA-4,
1, Ae™ 0.2
A (A4,
(8)

From the equation (8), we can easily find that the
optimal switching time which maximizes the mean
time to failure of system is given by 0.

In the case of s=0, the system reliability is gitgn

1 2 3 3

t
Figure 2. Reliability function (s=0.5)

{ e_/lzt _ e_(/lo +/11)t}

_ A
t)y=eM+—1
R.(t) A=A,

The mean life of the system is given by

ETS - i + #
A (At A)A,

The above two results are identical to the regiits
n in [8] and [4]. As another particular case, wasio
der Weibull distributions with IFR,
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Figure 3. Expected system life
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4. Conclusion

A standby structure is adopted to improve systgai]

performance. In almost all of the studies on stgndb

systems, only exponential distribution has been con

sidered for the distributions of the units compgsin
standby systems and the Markov methods are used
obtain performance. In this paper, the distribugioh
lifetimes of units can have arbitrary continuous-di
tributions. Considering the situation when the estat

to

change from cold standby to active state is not
smooth and continuous, a switching time is adopted,
which makes a continuous operation of the system

after the failure of the main component. The réliab
ity function and mean time to failure of the stapdb
system has been derived. Furthermore, the proble

m

of determining the optimal switching time has been
investigated. The case of IFR Weibull was consid-

ered and it has been illustrated that there exsts
unique optimal switching time which maximizes the
mean time to failure of the standby system.
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