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Abstract

This paper deals with the reliability and availability characteristics of three different series system
configurations with warm standby components and a repairable service station. The failure time

of the primary and warm standby are assumed to be exponentially distributed with parameters A
and « respectively. The repair time distribution of each server is also exponentially distributed
with parameter ¢£. The breakdown time and the repair time of the service station are also

assumed exponentially distributed with parametersy and [ respectively. We derive the
reliability dependent on time, availability dependent on time, the mean time to failure, MTTF, ,
and the steady-state availability A, (oo) for three configurations and perform comparisons.

Comparisons are made for specific values of distribution parameters and of the cost of the

components. The three configurations are ranked based on: MTTF,, A () and C, /B, where
B, is either MTTF, or A ().

Keywords: reliability dependent on time, availability dependent on time, mean
time to failure, steady-state availability, warm standby, cost/ benefit, repairable
service station.
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1. Introduction

Redundancy, repair maintenance, and preventive maintenance are some of the
well-known methods by which the reliability of a system can be improved. Two-
unit standby redundant systems have been extensively studied by several
authors in the past. Achieving high reliability and /or availability is often an
essential requisite.

In this paper, we consider the manufacturing system or the electric power
systems (power plant) to be a serial system with standby components and
repairable service station. A standby component called a "warm standby" when
the failure rate is not equal zero and is less than the failure rate of a primary
component. Primary and warm standby components can be considered to be
repairable. We study three different series system configurations with warm
standby components and a repairable service station. These three configurations
are compared based on their mean time-to-failure, MTTF , their steady-state

availability, A(x), and their cost/benefit ratio C/B. Cost is considered to be a

size-proportional cost for the components. Benefit is divided into two categories
according to whether the measure used is the system reliability given by

MTTF or the system availability given by A(oo).

Therefore, Wang and Sivazlian [4] compared the two different configurations with
parallel components based on their overall availability and life cycle costs under
uncertainty in systems lifetime. The time-to-repair and the time-to-failure for each
of the primary and parallel components are assumed to have the negative
exponential distribution. Wang and Pearn [5] studied the cost benefit analysis of
series systems with warm standby components. They suggested the
time-to-repair and the time-to-failure for each of the primary and warm standby
components is assumed to have the negative exponential distribution. El-Said
and EI-Sherbeny [3] studied two systems each system with two parallel
components, the second system differs from the first system due to the additional
feature of preventive maintenance. The two systems are analyzed under the
assumption that the failure, replacement and preventive maintenance times of
the units are assumed to be arbitrarily distributed. Wang et.al [7] considered four
different system configurations with warm standby components and standby
switching failures are compared based on their reliability and availability, when
the time-to-repair and the time-to-failure for each of the primary and warm
standby components are assumed to follow the negative exponential distribution.
Chandrasekhar et al. [1] studied the two unit standby system and obtain exact
confidence limits for the steady-state availability of the system, when the failure
rate of an operative unit is constant and the repair time of the failed unit is a two
stage Erlang distribution. Dhillon and Raypati [2] considered the stochastic
analysis of two-unit outdoor electric power systems in changing weather.
Wang et.al [6] studies the cost benefit analysis of series systems with cold
standby components and a repairable service station, when the service times
and the failure times of the primary components are assumed exponentially
distributed. The breakdown times and the repair times of the service station are
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also assumed exponentially distributed. The purpose of this paper is
accomplishes three objectives. The first one is to use Laplace transform
techniques to derive the explicit expressions for the mean time-to-failure

MTTF and the steady-state availability A, (o) for configurationi (i =1,2,3) . The
second one is to compare these three configurations in terms of their MTTF, and
their A, (oo) The last one is to compare the three configurations with their

cost/benefit (C,/B;) based on assumed numerical values given to the
distribution parameters, as well as to the costs for the components.

2. Description of the system

The present paper is devoted to consider the requirements of a 10 MW power
plant. We assume that generators are available in units of both 10 and 5 MW.
We also assume that standby generators are allowed to fail while inactive before
they are put into full operation, and that the standby generators are continuously
monitored by a fault detecting device in order to identify if they fail or not. Let us
assume that all switchover times are instantaneous and switching is perfect.
Primary components and warm standby components can be considered to be
repairable. Each of the primary components fails independently of the state of the
others and has an exponential failure distribution with parameter 1. Whenever
one of these primary components fails, it is immediately replaced by a standby
component if one is available. We assume that each of the available standby
components fails independently of the state of all the others and has an

exponential failure distribution with parameter « where « e(O,ﬂ). Whenever a

primary component or a standby component fails, it is immediately sent to a
service station where it is served in order of breakdowns, with identical service
rate . Once a component is served, it is as good as new. There is a single

service station which may be breakdown only when the service station is serving
a component. Once the service station breaks down, the service station enters a
breakdown state and a failed component must wait until the service station is
repaired. The service station has an exponential failure distribution with rate y .

Whenever a service station breaks down, it is immediately repaired at a repair
rate f. Repair time distribution of the service station is assumed to be

exponentially distributed. Service is allowed to be interrupted if the station breaks
down, and the station is immediately repaired. As soon as the repair of a service
station is completed, the service station enters a working state and continues to
serve a failed component immediately. After the service station is repaired, it is
as good as new. Further, failure times and repair times are independently
distributed random variables. The following configurations are considered. The
first configuration is a serial system of one primary 10MW component with two
interchangeable warm standby 10 MW components. The second configuration is
a serial system of two primary 5SMW components and one warm standby 5SMW
component. The last configuration is a serial system of two primary 5MW
components with two interchangeable warm standby 5SMW components. Each
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standby unit can replace either one of the failed components. If necessary, a
standby unit can also replace the first used standby unit in case of failure.

Cost-Benefit Ratio

The size-proportional costs for the primary and warm standby components are
given in Table 1. Thus we calculate the costs for each configuration i (i =1,2,3) as

shown in Table 2. Let C. denote the cost of the configuration i, and B, be the
benefit of the configuration i, where B, may either be the MTTF, ( Mean time to
system failure), or the A, () (Steady-state availability), where i =1,2,3.

Component Cost (in$)
Primary 10 MW 10x10°
Primary 5 MW 5x10°

Warm standby 10 MW 6x10°
Warm standby 5 MW 3x10°
Table 1.

The size-proportional cost for the primary and warm standby components

Configuration Cost (in $)

Configuration 1 22x10°

Configuration 2 13x10°

Configuration 3 16x10°
Table 2.

The costs for each configurationi Vi =1,2,3.
we defined

h =1+2a, h,=A+u+y, h=4+p, h,=1+«,
hy=4+y, hy=a+p, h,=2a+p, h=21+«,
hy=2A+u+y, hy=21+p, h;=21+2a.

3. Problem solutions

3.1. Calculations for configuration 1

3.1.1. Reliability

For configuration 1, let p,(t) be the probability that exactly n components are
working at time t in the system when the service station is up and Q,(t)be the

probability that exactly n components are working at time t in the system when
the service station is broken down,where (t >0) .The system reliability R, (t)is the

probability of failure-free operation of the system in (O,t]. To derive an
expression for the reliability of the system, we restrict the transitions of the
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Markov process to the up states. The initial conditions for configuration 1 are
given by p,(0)=1, g,(0)=0 and p,(0)=q, (0)=0 Vk =1,2.

Thus the differential-difference equations are obtained:

Po(t) = =[Py + 7] ps(t) + 1 p, () + £as(t) ,

p,(t) =—[h, +a]p,(t)+ u p.(t) +h, ps(t) + Ba,(t),
p.(t) =—h, p,t) +h, p, )+ Ba,(t),

0s(t) =—[h+ Blas )+ rps(t)

0,(t) = —[hs + ], t) + 7 P, () + hyas(t),

qi(t) :_hsql(t)+7/p1(t)+h4Q2(t) : (1'6)

Let L, (s).L, (s)be the Laplace transform of p(t),q;(t) Vi=123. Taking
Laplace transform on both the sides of the differential equations given above,
solving for L, (s),L, (s) Vi =123 and inverting, we get p; (t)and ¢, (t). Then the

system reliability is given by.

RO=3 P 0+>a 0.

Y- MG epsit) (7)

i:OH(Si _Sj)

where,
Sy:S1,S,5,S;,S, and s, are the roots of the following equation:

s+h +y —u 0 -p 0 0
-h, Ss+h,+a -u 0 -p 0
0 -h, S+h, 0 0 -p _0o
—y 0 0 s+h+p 0 0 ’
0 -y 0 -h, s+h,+a O
0 0 -y 0 -h, s+h, |

and, H(s) (see in the appendix).

The mean time to failure (MTTFl) is given by

MTTFlzle(t)dt :Isim{iﬂ (s)+23:Qi (s)} :

i=1 i=1
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For configuration 1, we get the following explicit expression for the MTTFlz

MTTF, = H (s =0)

= (8)
1 h1h4/1((h1+hS)(hs+7/)(h3+a+y)+2;/(h3+a+7/)y+;/,u2)

3.1.2. System availability

The system availability is the probability that the system operates within the
tolerances at a given instant of time and is obtained as follows:

Pst) =—[hy+7] ps(t) + P, (t) + B, (t),

po(t) =—[h, +a]p,(t)+h ps(t) +  p.(t) + Ba,(t)

p.(t) =—h, p, ) +h, p, () + 2 Po(t) + S (L),

Po(t) =—[4+7]Po(t)+ 2 py(t) + B, (L),

Q5 (t) ==, + Bl () + 7 ps(t) ,

0,(t) =—[hy +a]a,(t)+y p,(t)+has(t),

0,(t) = —hy G, (1) +7 p,(t) +h,q, (),

0o (t) =0 (t)+7 Po(t) + A0, (t). (9-16)

3 3
We solve equations (9-16) by usingd p (t)+> g (t)=1. Taking Laplace
i=0 i=0
transform on both the sides of the differential equations given above, solving for
L, (s),L, (s), 1=01,23 and inverting, we get p,(t),q (t);i =0,1,2,3. Then the
system availability is given by.

A0="Fi s M6 episit) (17)
ss '°]]s (s -s))

5
i
i=0 j=

1#]

where,

—.

Il
o

s = hs(hy by (h+ 1) (hy+7) (N +a+ ) A+hy b, (hy+a+7) (h B+ 20 B+A(2h+

37/+/1)),u+hl(h7aﬂ+h5(h7ﬁ’+3h3/1)+/1(2a2+/12+3a(2,8+7/+/1))),u2+h3(h3+
a)(h1+,6’),u3)]

where H, and H,(s,) are shown in appendix.

For configuration 1, the explicit expression for the A («)is given by
Hl

5

[1s

i=0

Ay ()= (18)
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3.2. Calculations for configuration 2
3.2.1. Reliability

For configuration 2 are given by p,(0)=1, p,(0)=0and q, (0)=0 Vk =2,3. The
system of differential-difference equations associated with configuration 2 is:

Ps(t) = —[hs + 7] Ps(t) + 22 P, () + £ a5() ,

P, (t) = —hy P, (t) + hy P5(t) + 50, (L),

Qs(t) = =[N + Bl () + 7 Ps(t),

0,(t) = —hy Q,(t) + 7 P, (t) + hyq,(t) (19-22)

Taking Laplace transform on both the sides of the differential equations given
above, solving for L, (s)L,(s) Vi=23 and inverting, we get

p. (t),q: (t) Vi =2,3. Then the system reliability is given by.

3 &exp(s t) (23)

where,

Sy:S.,S, and s, are the roots of the following equation:

S+hy+y —u -f 0

~h,  s+h, 0 -8 |_,
—y 0 s+h+g 0 |
0 —y ~h,  s+h,

and, E(s;) (see in the appendix).

The mean time to failure (MTTFZ) is given by
© 3 3
MTTFzlez(t)dt :L'Lﬂ{épi (s)+;Qi (s)}.

For configuration 2, we get the following explicit expression for the MTTFZ:

MTTF, = E(s =0)

27 2hy A((hg+hg) (g +7)+7 1) (24)
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3.2.2. System availability

For the availability case of configuration 2, the differential equations can be
expressed as:

Pa(t) = —[hy + 7] pat) + 1 P, (t) + B, (t) ,

P (t) =—hy p,(t) +hy po(t) + 2P, 0) + S, (1),

Pu(t) =—[u+7] () +22 p, (1) + Bau(t),

0s(t) =—[hs + Alas®) +7 ps(t),

q'z(t) =-h,,q,(t)+y p,(t)+hga,(t),

0,(t) = -Ba,(t) +7 p,(t) +220,(t) (25-30)

Taking Laplace transform on both the sides of the differential equations given
above, solving for L, (s),L,(s) Vi=123 and inverting, we get

p. (t),q. (t) Vi=123. Then the system availability is given by.
5
A, (1) =2 +Z _E6) exp(si t) (31)

12[5I Hs (s —

i =0 =0
I#J

where,
5
-lls‘ = (2 (hs+hg) A (Mg +24) + g (N + @) B+2(2hg + @) A+ 427+ g (g + B) 2°),

E,and E,(s) ( see in the appendix).

For configuration 2, the explicit expression for the A,(«) is given by

A, ()= (32)

3.3. Calculations for configuration 3

3.3.1. Reliability

For configuration 3 are given by p,(0)=1, 9,(0)=0 and q,(0)=p,(0)=0
vk =2,3. The system of differential-difference equations associated with
configuration 3 is:

pz‘t(t):_[hn"'?/]p4(t)+ﬂp3(t)+ﬁq£1(t),

Pa(t) =-[hy+a] pst)+hy, p, () + 4 p,(t) + Bas(t).

pé(t):_hg P,(t)+hg ps(t) + Ba,(t),

0,(t) =—[hy + Ala, ) +7 P, (),

Os(t) = —[hs + B]as) +7 Pst) +hy, 0, (1),

qlz(t) =—h,, 0, (t)+7 p,(t) +hgqs(t) (33-38)
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Taking Laplace transform on both the sides of the differential equations given

above, solving for L, (s)L,(s), i=234 and inverting, we get
p, (t),q, (t)i =2,3,4. Then the system reliability is given by.
S Z(s)
Ra(t)=_ ————exp(s t) (39)
I:O]i[(si _SJ)

j=0

i#]
where,
Sy:S1,S,.S;5.S,and s, are the roots of the following equation:

's+h,+y —U 0 -p 0 0 |

-h, s+hy+a —u 0 - 0
0 —h, s+hy 0 0 -p _o
—y 0 0 s+h,+p 0 o |
0 -y 0 -h, S+hy+p 0

0 0 -y 0 —hg s+hy
and, Z(s) ( see inthe appendix).
The mean time to failure (MTTF3) is given by

® 4 4
MTTFS:J;Rg(t)dt :Lim{ize (s)Jr;Qi (s)}
For configuration 3, we get the following explicit expression for the MTTF3:

Z (s, =0) (40)

MTTF,= _
(4h4 he A((hy +7)(hp+a+7)(hy+2a+y)+2y(hg+a+y)u)+yu )

3.3.2. System availability

For the availability case of configuration 3, the differential equations can be
expressed as:

Pat) ==[hy +7] P, )+ pst) + B, (L),

Ps(t) =—[hg + ] ps(t) +hyy P, (t) + 12 P, () + B0s(t),
Po(t) =—hy p,(t) +hy ps(t) + 2 (1) + £, (1),

p(t) =—[u+7]p, ) +22 p,(t) + Bau(t),

q,(t) =—[hy + Bla, )+ 7 p,(t),

O (t) = —[hg + B]dst) +7 Pst) + hy, q, 1) ,

qlz(t) =—hy,q,(t)+y p,(t) +hgq,(t),

0u(t) == t)+7 p.(t) +240,(t) (41-48)
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Taking Laplace transform on both the sides of the differential equations given
above, solving for L, (s)L,(s), i=1234 and inverting, we get

p, (t),q, (t)i =1,2,3,4. Then the system availability is given by.

Zl(Si )

Z 7
A t)=—"+ . exp(s;t) (49)
Hsi i:Ol_[Si (Si _Sj)
i=0 j=0
i#]
where,

I1s = h5(4h4(h11+hs)hg(h5+h8)/1(h5+2/1)+ 2h, hy (hy+hg)(hs B+2a B+24(2h,

+3y+24)) 1+ 2, (1, (hy +) B+2(3h, B+a(20+68+3y)) A+12(hy +a) A +82° ) 1/
+h10(hll+ﬂ)(h8 +,B),U3)'

where Z, and Z,(s, ) are shown in appendix.

For configuration 3, the explicit expression for the A,(wx)is given by
Zl

7

[Is

i=0

(50)

As(0)=

4. Comparison of the three configuration
The purpose of this section is to present specific comparisons for the MTTFi and

the A («). Using an efficient Mathematica and Matlab computer program, all
configurations will be compared in terms of their MTTFi and A () Vi=123

with the following values.

%:1000 days, l:50 days, l—1600 days, %:300 days and 1:ZOOOdays.
H v

=
4.1. Comparison for the MTTFi and A, («)
We first consider the following five cases to perform a comparison for the MTTFi

and A («) of the configurations 1, 2, 3.

Case 1: We fix «=0.000625, x=0.02, p=0.003, y=0.0005and vary the
values of 1€[0.001,0.002].

Case 2: We fix «=0.000625, 1=0.001, p=0.003, y=0.0005 and vary the
values of 1€[0.02,0.033].
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Case 3: We fix x=0.02, 1=0.001, #=0.003 ,y =0.0005 and vary the values of
a €[0.000625,0.000833] .

Case 4: We fix ©4=0.02, 1=0.001, «=0.000625 ,y =0.0005 and vary the values
of 4e[0.003,0.004].

Case 5: We fix x=0.02, 1=0.001, «=0.000625 , £ =0.003 and vary the values

of 7[0.0005,0.0007].

Numerical results of MTTFi and A («) for configurations Vi =1,2,3 are shown
in Tables 3 and 4 for cases 1-5, respectively.

4.2. Comparison of all configurations based on cost / benefit ratios

In the above section, we did not consider that the different configurations may
have different costs. However, these costs must be considered when comparing

all configurations. The cost (Ci )of the configuration i Vi =1,2,3 are listed in table
2. Under the cost / benefit ratios, namely, Ci/MTTFi and C; /A (»), comparison

are made based on assumed specific values given to the system parameters,
and to the costs of the configurations.

Numerical results of Ci/MTTFi and C, /A («) for configurations Vi =1,2,3 are
shown in Tables 5 and 6 for case 1-5, respectively.

Range of 4
0.001< 4 <0.002 MTTF, > MTTF, > MTTF,

Range of u
0.02 < 12 <0.03 MTTF, > MTTF, > MTTF,

Range of

0.000625< o <0.000833  MTTF, > MTTF, > MTTF,

Range of f
0.003< S <0.004 MTTF, >MTTF, > MTTF,

Range of y
0.0005 < y < 0.0007 MTTF, >MTTF, > MTTF,

Table 3
Comparison of the configurations 1, 2, 3 for MTTF,

Pak.j.stat.oper.res. Vol.V No.12009 ppl-17 11
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Range of 4
0.001< 1 < 0.002 A, (0)>A,(0)> A, ()
Range of u
0.02< 1 <0.03 A (0)> A (0)>A, ()
Range of «
0.000625 <g a < 0.000833 Au(20) > Aq(20) > Ay ()
Range of S
0.003< f <0.004 A (0)>A;(0)>A, ()
Range of y
0.0005 < y < 0.0007 A (0)> A (0)>A, ()

Table 4
Comparison of the configurations 1, 2, 3 for A, ()

Range of 4
0.001< 4 < 0.002 C,/MTTF, >C,/MTTF, >C,/MTTF,
Range of u
0.02< 1 <0.03 C,/MTTF, >C,/MTTF, >C,/MTTF,
Range of
0.000625 < « < 0.000833 CZ/MTTFZ > C3/MTTF3 > (:1/|\/|'|"|'|:1
Range of
0.003< < 0.004 C,/MTTF, >C,/MTTF, >C,/MTTF,
Range of y
0.0005 < y < 0.0007 C,/MTTF, >C,/MTTF, >C,/MTTF,

Table 5
Comparison of the configurations 1, 2, 3 for C, /MTTFi

Range of A4
0.001< 4 <0.002 C,/A (%) > Cy/Ay(0) > C, /A, ()
Range of u
0.02< 1 <0.03 C,/A () >C,/A;() >C,/A,(x)
Range of «
0.000625 < & <0.000833  C,/A () > C,/A,(0) >C,/A,(0)
Range of S
0.003< f <0.004 C./A(0) > Cy/Ay(0) > C, /A, ()
Range of y
0.0005 < < 0.0007 C,/A () >C,/A () >C,/A,(x)

Table 6
Comparison of the configurations 1, 2, 3 for C; /A, ()

12 Pak.j.stat.oper.res. Vol.V No.1 2009 ppl-17
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The results of the cost/MTTF, for each configurations i Vi =1,2,3 are listed in

table 5 for cases 1-5, respectively. Table 5 reveal that the optimal configuration
using C, /MTTF, value depends on the values of 4, a, u, B and y. When

0.001< 1 <0.002, 0.02< x<0.03, 0.000625< « < 0.000833, 0.003< S <0.004 and
0.0005< y < 0.0007 the optimal configuration is configuration 1.

The results of the cost/A () for each configurations i Vi =1,2,3 are listed in

table 6 for cases 1-5, respectively. Table 6 reveal that the best configuration
using cost/A, () value depends on the values of 4, «, x4, B and y. When

0.001< 1 <0.002, 0.02< x<0.03, 0.000625< « < 0.000833, 0.003< S <0.004 and
0.0005< y < 0.0007 the optimal configuration is configuration 2.

5. Special case

[1] When «=0 i.e "warm standby components convert to cold standby
components”. The optimal configuration using the cost/MTTF, measure is

configuration 1. Next, the optimal configuration using the cost/A, () measure is

configuration 2.
[2] When a =1 ie "warm standby components convert to hot standby
components”. The optimal configuration using the cost/MTTF measure is

configuration 1. Next, the optimal configuration using the cost/A, («) measure is
configuration 2.

6. Conclusions

In this paper, we studied the mean time to system failure and the steady-state
availability of three different series system configurations with warm standby
components and a repairable service station. By comparing the MTTF and

A () listed in Tables (3, 4). Numerical results for the cost/benefit measure have

been obtained for all configurations as in tables (5, 6). It is interesting to note first
that the optimal configuration using the cost/MTTF, measure is configuration 1.

Next, the optimal configuration using the cost/A, () measure is configuration 2.

Appendix

From (17) we define

H(s) =si5+(6h4+3h5+2/¢)si4+(3h52+13a2+15h5(a+/1)+6/)’/1+47/1+(3/1+u)
(5/1+,u)+a(302+8,u))si3+(12a3+,83+3,6’2}/+3ﬂ72+7/3+12,82/1+24,B;/2,+12
72 A+3082%+30y A2 +192°+2(h,+ ) (3B +y +6A) u+(3B+y+34) u* +2a* (138
+13y+5(54+ p))+a(12hZ +60h5/1+57/12+24/1,u+y(18,6’+14;/+3,u)))si2+(4a4
+3(hy+7) AN +44)+2u(h B+42°+30 A(28+y+34)) u+(37+34(y+1)+2
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/3(7+3/1)),u2+2a3(9,3+9;/+15/1+2,u)+a2(15,82+1572+727//1+63/12+147/,u
+20A p+ 24" +2 8 (157 +364+8u))+3a (B +y°+2y° (64 + u)+y (34+u)(94+ )
122 (8% +4Au+u* )+ B (3(;/2+87/1+92,2)+6(7+2/1)y+2,u2)+ﬁ2 (37+4(34
+,u))))$i +(4a4(h3+7/)+3(h3+7/)3/12+/1,u(/12(6ﬂ+77/+ 22)+2h2(B+34))+(4°
+h5(ﬂ2+3/3/1+3/12))y2+2a3(h3+y)(3h5+9z+2y)+a(3/1(h3+y)2(2h5+5/1)
+u(202 (B+64)+ A (188 +21y +81))+3(A% +hs (B + 2/1))/12)+ 2a*(B°+y°+38°
(y+44+pu)+2y% (64+ 1)+ A(132° + 54 u+ p* )+ B(3y* + 24y A+ 241 +5y u

48 /1,u+,u2)+7/(24/12+91/1+,uz))).

le[,By(hlh4(hl+h5)(h3+7/)(h3+a+7/)+ h(hy+a+7)(hsh, +A(2hg+3y + ) u
+(hghghy +hyh, 2+3hy (hy+ 8)2) 1) |.

His)=[hh, B2 (—(h, +s ) (h, +s +a)—(h+s, ) (h +s +8)—(hy+s, +a)(h +

s, +,b’)—ﬁ7/+h4,u)—h1ﬂ;/2((h3+si +7)(s +2)(hs+2s, +3ar+24)+(3s +hy f+2
af+2s (a+2B+y)+7s 2,+5a/1+4ﬂ/1+372,+4/12),u+(h10+Si );12)—h4(si +
B)(s +7+u)(~h(h+s)((hy+s +a)(h+s +B)+By)-h By (hs+2s +3a+
22+u))-hh, Br((hy+s )((hy+s +a)(h+s +B)+By)+Br(hs+2s +3a+22
+p)=Ap(hg+2s +3a+22+u))+ hl,b’yx(—(h2+si )(hs+s )((hy+s +a)(h +s +
B)+By)+By(2hs +s7+3s a+2a* +3a f+ 7+ fy+3ai+2p 2+ A ~h, 1)
—ﬂu,u(2h33i +s’+3s, 0{+20{2+305ﬁ+ﬂ2+ﬁ’;/+3oz/1+2ﬂ2u+/12—hély))+hlh4(si
+,6’)7/(—(h2+si +a)Ap+((hs+s +a)(h+s +,b’)+,b’;/)(si +y+p)+(s +r+u)
((hy+s)(h,+s +a)—h, u)+(h+s, +B)(-Au+(h,+s )(s +7/+y)))—(si +B)
(hBy(s +y+mu)(2hys +87+3s a+2a° +3a B+ >+ By+3ai+2BA+A*~h, u)
—h(hy+s,)((hs+s, +a)(h+s + B)+ By)(-Au+(h,+s)(s, +;/+,u)))—(si +B)y
(h Br(s +r+p)(hs+2s +3a+22+u)-h(hy+s )(=(h,+S +a) A p+(s +y+p)
((hy+s,)(hy+s +a)—h, u)+(h+s +B)(-Au+(h+s )(s +7/+y))))—7(—ﬂ7/
(By((h,+s +a)(hy+s +a)-By+h u)-Au((h+s +a)(h+s +a)-By+h, u)
~(hy+s,)(=(h,+s ) Br+(hy+s, +a)((h,+s )(h,+s +a)—h4,u)))—(si +B)(-Br
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(s +7+u)((h+s +a)(hs+s +a)-By+h,u)+(h+s )(—ﬂ;/(—/i;ht(thrsi )(s,
+y+u))+(hy+s +0¢)(—(h2+si +a)Au+(s +y+p)((h+s )(h,+s +a)—h4,u)))))
+(h +s +,B)(ﬂy(ﬂ7((h2+si +a)(hy+s +a)-By+h u)-Au((h+s +a)(h+
s +a)-By+hu)—(h+s )(=(h+s ) By +(hs+s +a)((h,+s ) (h, +s +a)-h,
y)))+(si +B)(=Br(s +y+u)((h,+s +a)(hy+s +a)-By+h,u)+(hy+s ) (-Br
(—Au+(h,+5)(s +7+u))+(hy+s +a)(=(h+s +a) A u+(s +y+u)((h+s)

(h,+s +a)- h4,u)))))]

From (31) we have

E, =8 u(hs(hs+hg) (s +22)+(2hg A+ hy (s +42)) ).
E(s)=s’+s?(2(hg+7+44)+u)+s (az+ﬂz+y2+12y,1+20/12+yy+4/1y+ 25
(r+64+u)+a(3h,+102+u))+(h,+y)(h, +a+y)(a+42)+hhg u+2(2h;+hy) A p.
Ey(s)=5"+(3hy+2(a+44+u))s'+(a® +38°+3y* +5a(hy,+y)+20y A+ 2047
+3a,u+47/,u+10/1,u+y2+ﬂ(67+201+6/1))si3+(ﬂ3+3ﬂ27+3ﬂ7/2+7/3+16,6’2/1
+32y A+16y° A +36 A% +36y A2 +164° +2(hs+ 1) (3B+7 +8A) uu+(3B+y +44)
+a2(2(h5+/1)+y)+a(4ﬂ2+4;/2+187//1+12/12+57y+10/1,u+,u2+,8(87/+18/1
+711))s? +(hg (hy+hy) (hs +24) (ar + 42)+(2h2 B+ (2h, e +5h; f+2h y +a y)+
2((7h5+8a),6’+4(h5+a)y/)/1+4(2a+6ﬂ+37/)/12+8/13),u+(2h3a+a7/+th(Bﬂ

+2(7+2,)))u2)5i + B 11( s (hs +hy) (s +22)+(2h, A+ (hg+42)) ).

Z(s) :Si5+si4(6a+3(h5+4ﬁ,)+2y)+si3(3h5(h5+5h8)+13a2+6ﬁy+47,u+(61+y)
(10/1+y)+a(60/1+8,u))+si2(12a3+,83+3,82;/+3ﬂy2+y3+24ﬂ2/1+48,8;/;t+24y2/1
+120 8 A% +120y 2% +1522° + 2(hyy +7) (3B +y +122) u+ (3B +y +64) u* + 2% (138
+137/+50/1+5y)+a(12(h52+10h5/1+19/12)+ 2(98+7y+ 24/1)/J+3ﬂ2))+si (4"
+6(hyg+7) A(hg+82)+2(h2 B+324° +6h  A(28+y+64)) u+(38° +64(r+22)
+28(y+62)) u* +2a° (9 +9y +304+2u)+a’ (15h7 +144h, A+ 2(126 4° + 204
+,u(8ﬂ+7;/+,u)))+3a(ﬂ3+7/3+27/2(12/1+/,z)+7/(6/1+y)(181+u)+4/1(3222+

8Ap+p%)+ B2 (37 +4(6A4+u))+ B(3y° +6y (8A+p)+ 2(54,12+12,1ﬂ+ﬂ2))))+
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(4* (hy+7)+12(hg+7) A2 +44(247 (6 8+ Ty +42)+ 0. (B+64)) u+(84°+h,
(82 +6p4+122%)) +a(12(h10 +7)° A(hs+54)+2(hZ (B+124)+22° (184 +21
y+162)) u+3(° +4A(y+ A)+ B(r +42)) 1)+ 20> (g + 7 ) (3N +2(9A4+ 1)) + 2
az(ﬂ3+7/3+3ﬂ2(7+8/1+,u)+ 277 (1224 + p1)24(5227 +104 pu+ u® )+ B(3y° + 48

7//1+96/12+57/,u+16/1,u+,u2)+7/(96/12+18/1,u+,uz))).

From (49), we have
leﬂy(2h4(hn+ hs)hg (s +hg)(hs+22) + 2, (hy+hg) (hs h, + 22 (2N + 3y +22) )+
(hs hsh, +4h, h8/1+6h5(h11+ﬂ)/1)y2).

Z,(s)=2h,hy B7*(—(hy +s, )(hp+s +2a)—(hy+s +2a)(hg+s + B)—By+hyu
—(hg+s,)(hg+s, +7+u))—2h, he (s, + B)(s, +y+y)(—(hm+si )((hyo+5, +2a)(hy
+s, +B)+Br)-Br(hs+2s, +3a+4/t+y))—2h4 hgﬁ’;/((hm+si )((hyo +5, +2a)(hy
+8, +B)+ By )+ By(hs+2s +3a+4A+u)-22 u(he+2s +3a+4A+u))+2h, By
(—(thJrsi )(hg+5;)((hy +s, +2a)(hg+s, + )+ By)+ By (st +3hga+2a° +h, B+
4hyA+s (3a+28+44)—-hyu) -2 u(s? +3h,a+2a° +h, f+4h, A+s, (3a+2p
+4}L)—h8y))—2h4(si +B)7(By(s +r+u)(he+2s +3a+42+u)—(hy+s ) ((s
+7)(s +7+22)(hs+2s, +3a+42)+(s, +7)(5S +5a+28+3y+81) u+(hy,+4s
+20¢+37/),uz+,u3))—2h4 hg (s, +ﬂ);/(—((h10+si +2a)(hg+s +B)+By)(s +7+p)
+2u(hg+s +y+p)—(s +7+u)(hg(s +y+22)+(hg+5 )(s +7+p))—(hy+

s +2a)(-24u+(he+s, ) (s +7+u)))-2h, (s, +ﬂ)(,b’;/(si +y+u)(s’+3h,a+2a®
+hy f+4h, A+s, (Ba+28+44)—hy i) —(hy+s )((ho +S, +2a)(hs +5, +ﬂ)+,b’;/)
(—22u+(hy+s,)(s, +7/+y)))+2h4ﬂ;/2(ﬂ7/(h5+23i +3a+44+pu)-2A u(hg+2s,
+3a+42+u)+(hy+s ) (—(hs+5 ) (N +S, +2a )+ g u—(hg +5, ) (s +5, +7/+,u)))
~7(=Br(Br((he+s )(hs+hg+s )+(h,+s +4A) i) - 22 u((hg+s ) (s +hg+5, )+
(h,+s +44)u)—(hy+s, )( (hy+s,) By +(hs+s +B)(he(s +7+22)+(hg+s,)

(s, +;/+y)))) (s, +,B)( y(s +y+u)((hg+s )(hs+hg+s)+(h, +5s +42) )+
(ho+s )(-B ( 22 u+(hy+s;)(s +]/+,u)) (hy+s, +,6’)(—2/1y(h8+si +y+ )+
(s, +7+u)(h(s +7+22)+(hy+s )(s +7/+y))))))+(hm+si +2a)(Br(By((h
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+8 )(hs+hg+5 )+ (h +s +44) ) =22 pu((hg+5, ) (hs + g +5; ) +(h, +5, +44) ) -
(ho+s )(=(hg+s ) Br+(hg+s, +B) (he(s +7+22)+(hy+5,)(s +;/+y))))+(si

+B)(~Br(s +y+u)((he+s )(hs+hy+s )+(h, +s +42) ) +(hy+s )(-By (-2 u
+(hg+s,)(s +7+u))+(hg +s, +,B)(—2/1y(h8+si +y+u)+(s +y+p)(hg(s +r+22)

+(hy+s,)(s, +y+,u)))))).

References

1.

Chandrasekhar, P., Natarajan, R., and Yadavalli, V. S. S. (2004). A Study
on a two unit standby system with Erlangian repair time. Asia-Pacific
Journal of Operational Research, 21, 271-277.

Dhillon, B. S. and Rayapati, S. N. (1985). Stochastic analysis of two-unit
outdoor electric power systems in changing weather. Microelectronics and
reliability, 25, 357-367.

Khaled, M. EL-Said. and Mohamed, S. EL-Sherbeny. (2006). Comparing
of reliability characteristic between two different systems. Applied
Mathematics and Computation, 173, 1183-1199.

Wang, K.-H. and Pearn, W.-L. (2003) Cost benefit analysis of series
systems with warm standby components. Mathematical Methods of
Operations Research, 58, 247-258.

Wang, K.-H. and Sivazlian, B. D. (1997). Life cycle cost analysis for
availability system with parallel components. Computers and Industrial
Engineering, 33, 129- 132.

Wang, K.-H., Dong, W.-L., and Ke, J.-B. (2006) Comparison of reliability
and the availability between four systems with warm standby components
and standby switching failures. Applied Mathematics and Computation,
183, 1310-1322.

Wang, K.-H., Hsieh, C.-H., and Liou, C.-H. (2006). Cost benefit analysis of
series systems with cold standby components and a repairable service
station. Quality Technology & Quantitative Management, 3, 77-92.

Pak.j.stat.oper.res. Vol.V No.12009 ppl-17 17



