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ABSTRACT

This paper studies the effectiveness of repairman on system
consisting of two operating repairable units. The system fail
due to external factor like Poisson shocks that occur in
different times. The arrivals of the shocks follow a Poisson
process and the magnitude of a shock is an independent
random variable following a known distribution. Repair time,
the length of repairman’s vacation and recall time are arbitrary
distributions. Certain important results have been derived: the
reliability, mean time to failure, steady-state availability and
steady-state frequency of the system using supplementary
variable technique. Special case is derived from the system.
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1. INTRODUCTION

A Poisson process is the simplest stochastic process that arises
in many applications for arrival processes. It is of great
importance to know the properties of a Poisson process and to
learn how to apply the process to reliability models. Idea of
shock model has been studied in the last decades. For
example, Li et al. [1] deal with the study of complex systems
consisting of n i.i.d. units with a 5-shock model. M. Salah EL-
Sherbeny [2] studied stochastic analysis of a two non-identical
unit parallel system with different types of failures subject to
preventive maintenance and repairs. Cost (benefit) models in
the machine repair problem have been investigated by several
authors including M. Salah EL-Sherbeny et al. [3]. Mahmoud
and Moshrefa [4] studied the stochastic analysis of a two-
component cold standby system considering hardware failure,
human error failure and preventive maintenance. Optimal
system for series systems have been proposed, for example,
optimal system for series systems with mixed standby
components by M. Salah EL-Sherbeny [5, 6]. Doshi [7]
studied a comprehensive survey on vacation system models.
Ke and Wang [8] investigated a machine repair problem with
two vacation policies (single vacation and multiple vacations),
both of which were based on a queuing theory viewpoint.
Goel & Shrivastava [9] studied comparison reliability
characteristics of two systems with bivariate exponential
lifetimes. Jia and Wu [10] developed a replacement policy for
a repairable system with its repairman taking multiple
vacations. Yuan and Xu [11] provided a repairable system
with a repairman, who can take multiple vacations. Wu and
Wu [12] investigated a two-component cold standby
repairable system with its repairman taking single vacation
and the system might be attached by cumulative shocks.
Yutian Chen et al [13] studied two-component cold standby
system, in which the operating component may fail due to the
intrinsic factors or external factors; besides, the repairman can
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take vacation. Systems studied are useful for engineers and
interested in maintenance in construction models to avoid
unnecessary expenses and reduction of safety standards.

This paper interested in studying the effect of the repairman
on repairable system consisting of two operating units.
Special case is derived and makes comparison with the main
system. In the main system the repairman has a choice
between go vacation or stay in initial state of this system and
when he is on vacation we must recall him in case of the
presence of the failure . In special case system the repairman
already on vacation in initial state and we must recall him
when the failure occurs. The contributions of this paper are
twofold. The first is to derive some measures of system
effectiveness like the reliability, Mean time to failure, the
steady-state failure frequency of the system and the steady-
state availability. The second is to study the performance of
the repairman on systems is shown graphically.

2. ASSUMPTIONS

The following assumptions are associated with the system

1. The system consists of two operating non-identical
parallel units.

2. The system remains operating even if a single unit
operates.

3. The system suffers from an external factor like
Poisson shocks that occur in different times.

4. The distributions of vacation length of the
repairman, recall time of repairman and repair time
are arbitrary while the failure time follows the
exponential distribution.

5. In the initial state the repairman has a choice
between go on vacation or stay idle until the
emergence of the first failure.

6. We must recall the repairman from vacation when
the failure occurs for any unit.

7. The failure unit will be repaired immediately with
the presence of the repairman.

8.  The repair rule is first- come- first- service.

9. The arrivals of the shocks follow a Poisson process
{N(t), t>0} with the intensity A; > 0.

10. The quantity of each shock, )( , Is an independent
random variable with distribution function F.

11. The shock affects the units with manly the unit will
fail when values of the shocks exceeds a threshold.

12. The threshold of unit i is a non-negative random

21



variable 7, with a distribution  function
Wi ’ (|:1’2)
13. Suppose Y (i =], 2) as unit i is repair time, Z

as the vacation length of the repairman and K as the recall

time of the repairman. their distributions are:
t
—J.,ui (x)dx

Hi(t):tjhi (x)dx =1-¢°

E(Yi)zi, Hi(t)=1-H, () (i=1,2),
—T[w(x)dx

V., (t)= ]Vl(x Jdx =1-7¢°

E@) ==, Vit)=1-V,(t)

Slie

—]a(x )dx

Vz(t)zjvz(x)dx =1-/¢°

1

E(K) = = V() =1-V,(t)

respectively.
14. The system is down if the two units fail,
15. After the repair, the unit is as good as new.

3. NOTATION AND STATES OF THE
SYSTEM

3.1 Notations

X (t) Random variable denoting the elapsed
1
vacation time when the
repairman is taking a vacation at time t
X ) ('[) Random variable denoting the recalling
time from vacation at time t
Y : (t) Random variable denoting the elapsed
repair time attimet, Vi = 1,2.
h(t), H(t) p.d.f. and c.d.f. of the repair time

p.d.f. and c.d.f. of the vacation time

vi(t), Vi(t)
of a repairman

Vz(t) V2 (t) p.d.f. and c.d.f. of the recall time

of a repairman

f (t), F (t) p.d.f. and c.d.f. of the magnitude

of each shock

|:>i (t X ) p.d.f. and c.d.f. of the system isin
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Qi (t X ) state i=2,4,9 at period t and has

an elapsed repair time of x for unit 1

|:>i (t Y ) p.d.f. and c.d.f. of the systemisin

Qi (t.y)
Po(t.u) Qo(t.u)

state i=1,8,11 at period t and has
an elapsed repair time of y for unit 2

p.d.f. and c.d.f. of the system is in state

S o atperiod tand has an elapsed vacation

time of u
=] (t 7 ) p.d.f. and c.d.f. of the system is in state
1 )
' i=5,6,7,10 at period t and has recallin
Qi (t,z) P ’
time of z
o) Vacation time distribution function
M(X ) The repair rate of unit A
1 (y ) The repair rate of unit B
a(z) Recall time distribution function
A Intensity of shock onunitiVi = 1,2.
r The probability that one shock
I
causes unit i to fail is:
[ =PX >7)=[P@E <X IX
0
:)?)dP()( S)?)zjyli (x)dF (x),
0
(i=1,2)
h*(s) Laplace transform of h (t)
p; (t) Probability that the system is
1

in state i at time t

3.2 Symbols for the states of the system
These symbols are common for two systems.

A Component A in normal and operative mode.
N
B Component B in normal and operative mode.
N
A Component A in failure mode due to shock failure

and under repair.

B Component B in failure mode due to shock failure
and under repair.

A Component A in repair of failed unit is continued
R from earlier state.

B Component B in repair of failed unit is continued
R from earlier state.

Aw Component A in failed unit waiting for the repair.
r
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B Component B in failed unit waiting for the repair.
wr

A\N Component A in waiting for the repair unit is
R continued from earlier state.

B Component B in waiting for the repair unit is
WR ; ;
continued from earlier state.

Considering these symbols, the system can be in any of the
following states which are the description of system

S,=(Au.By).  S,=(Ay.B,),
Szz(Ar’BN ) SSZ(AN ’Bwr)' Sﬁz(A\NI’7BN )

Idle state: Ssz(AN By )

Up states:

Down states: S,=(Ag,B, ). S;=(Aug:Bu).
SBZ(A\M’BR)’ SQZ(Ar’BWR)'
SlOZ(A\Nr’B\NR)'Sllz(A\NR’Br)'

Figure 1 describes the state transition of the system according
to a Markov chain, where the states 0, 1, 2, 5 and 6 are
working states; while the states 4, 7,..., 11 are failure states
and the state 3 is idle state.

4. CALCULATIONS OF SYSTEM
4.1 The steady-state availability

This section investigates availability behavior of the system.
Using supplementary variable technique

o 0
a+a—u+/11rl+/12r2+(/)(u)jpo(u,t)=0’ @

o 0 —
E+—+ﬂ1rl+y2(y)jpl(y,t)—0- @)
o 0

8t+_ax _|_/'{2|’2+[[(X)]P2(X,t)=01 (3)

:—tmlrl +ﬂ,2r2j p,(t) =IP0(u De)du, @

o 0
o 0
E+6_Z+ﬂirl+a(z)jP5(z,t)=0, (6)
o 0
a+6_Z+12r2+o¢(z)]P6(z,t):0, ™

§+§+a(z)jP7(z,t)=22l’2P6(Z,t) ®)
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§+§+ﬂz<y>]&(y,t)=Air1P1(y,t) ©

o 0

a+&+M(X)ng(x,t)=O (10)
i+i+oc(z) (z,t)=Anp(z,t) @
at 62 plO ' - 1p5’

o 0

E+E+y2(y)JPn(y,t)=O (12)

The boundary conditions are:

Po(t.0) = [Pty Da(y )y +j Po(x 1) (x)dx +35(t) (13)
0 0

P, (t,0) :J.Po(u,t)ﬂqrzdu +IP4(X )2 (x )l
0 0

o o (14)
+jp5(z Da(z)dz +J.P9(x,t)ul(x )dx
0 0

Po(t,0) = [ Pou,t) A + [ Pa(y t)sso(y dy
0 0

+IP11(y ) (y)dy + f Ps(z,t)a(z)dz (15)
0 0

P;(t,0) = p;(t)Ar, (16)
P, (t,0) = p;(t)Ar, 17
Py (t,0) = j P.(z t)a(z )dz (18)
0
P (t,0) = [Py (2 )ar(z )z 19
0
P(t,0=0, (i=478,10) (20)

Using the following normalizing condition:

iz:)jfpi (t, m)m + p3(t)+iléjfpi (t,m)m =1
vm=(u, XY, 2) (21)
Initial conditions are defined as

1 u=0

Po(O,U)=5(U)={O 20’
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Pi(O,W):O, W;tO,VW:(X,y,Z)’

i =1 .., 11 p,(0)=0
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(:—Z+ﬂir1+a(2)jgs(2)=0

Taking the limit T —00 in the equations (1) — (21), we d
obtain the following equations: d_Z + /12I’2 + a(Z )j 96 (Z ) =0
d d
a+%rl+%rz+¢(U)jgo(U)=0 (22 d—z+a(2)j97(2)=ﬂzfzge(2)
d
d il =
W+j1rl+’u2(y))gl(y):0 (23) dy "‘ﬂz(Y)jgg(Y) j'1"191()/)
d
d a0 a0 =0
&+ﬂ2r2+ul(x) g,(x)=0 (24) X
d
) [d—Zm(z)jgm(z)ﬂirlgs(z)
(Al +451,)Pa = [ 95 (U)e(u)du 25)
0
d
[ 1) |3.06) = ) @
Ss % S
a(z) Ar, Al a(z)
S3 Sio a(Z)
S
o) ‘ o
SO 52 \L 511
——  Au.By Al A By NS Awr. B
< ___________ - -
5 4, (y)
14(x) | T
r I e
ﬂz ? AT, | 1 (Y)
4 (Y) 1 E 14(x)
| S S
\
/Lll(X) AR, Bwr Awr- BR

Al

Fig 1: State transition diagram of the system

(27)

(28)

(29)

(30)

31

(32)
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(dd_"‘ﬂz(y)jgn(z):o (33)
y

The boundary conditions are:
90(0) =T91(y)ﬂz(y)dy +ng(><)ul(><)dx (34)
0 0
0.(0) - [ 3o} ar, i+ 046 ) )
0 0
+T95(Z )a(z )dz +ng(x )y (X )dx (35)
0 0
9,(0) =Tgo(uwldu +Tga(z )ar(z )dz
0 0
+Tgs(y)ﬂ2(y )dy +T911(Y)ﬂ2(y )dy (36)
0 0
9o(0) = Tgy(z Ja(z)dz, 91,(0) = Tgm (z)a(z)dz (37)
0 0

95(0) = psﬂ'zrzi 96(0) = psﬂ'lrl’ i (0) =0,

38
Vi = 4, 7, 8, 10. (38)
2 . 1
> [ gi(m)dm +py+> [ g, (m)dm =1
i=0 i=4
= (U, x,y,2) (39)

where, g; (M) :tlim p; t,m),i = 0,1,2,4,...,11which
—©
follows the following relations: P; =IO g,(m)dm.

We get the solutions @; (M), P; of the above equations

(22) - (38). Using equation (39) we get Pg,..., Pqy. (see
Appendix A)

Hence, the steady-state availability of the system is
3 6
A(OO):Z Pi +Zpi (40)
i=0 i=5

4.2 The steady-state probability that the
repair man is on vacation is

=P, + Py (41)
i=5

4.3 The steady-state probability that the
system is waiting for being repaired is:
P, =P;+ Py (42)
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4.4 The steady-state failure frequency is
M =An py+ A4 P+ A6 Ps+ A1, Ps (43)

4.5 Mean time to failure of the system

4.5.1 The reliability of the system
Let the failure states 4, 7, 8, 9, 10, 11 be the absorbing states,
and then we have another vector Markov process

1S, Xa), X, 0), Y1t), Y2 (0), t20}.

Let: ;ro(t,u)::—upé(t):o, X, () <u),

nty)= OI7P(S(t) L Y,0<y).

;zz(t,x)zj—xp(sf(t):z, X, <x)

) =PE(t)=3) .

T (t,z):(f—zp(sf(t):i, X,<2), (i =5, 6)

Using the same method in section 4.1, we have the following
partial- differential equations:

§+aﬂ+ﬂlr + A1, +go(u)j7zo(tu) 0 (9

o 0 )
EJFEJF%VHM(Y)]%(LY)—O (45)

o0 0
E+6—X+22r2+y2(x)j7r2(t,x)=0 (46)

(4 25+ AR 0 = [mE o)y @)

(§+a_+zlr +a(z)j7z5(t,z)=0 (@8)

(§+—+/12r +a(z)j7z6(t,z):0 (49)

The boundary conditions are:

700,0) = [m )y )y +[ 20000 <o (50)
0 0

7,(t,0) =.[7r0(t,u)/12r2du +j;z5(t,z)a(z )dz (51)
0 0
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o0

7,(t,0) = Iﬂo(t,u)ﬂirldu + j 76(t,2 )a(z )dz (52)
0 0

7 (t,0)=m, ()AL, , 7,(t,0)=m,t)Ar, (53)

The initial conditions are:

0’ otherwise is 0

1
ﬂo(O,U)=5(U)={O

;—uﬂg(s,u)+(s + A0+ 20 + o)) mo(s,u) =0 (54)

%nf(s,yw(s+41r1+;a<y))ﬂf(s,y)=o 55)

%n;(s,xh(s+22r2+,u2(x))7r;(s,x)=0 (56)

(5 + 4%+ A0)7 ) = [ 7 (s ey 67)
0

:—Zﬂ;(s,z)+(s +An+a(z))rs(s,2)=0  (58)

:—Zﬁg(s,z)(s +22r2+a(z))7r;(s,z)=0 (59)

75,0 = [ 7 (5,Y Jaa(y My +[ 735,32 (x ) +1 (60)
0 0

o0

HI(S,O)=J7Z';(S,U)}LQI’2dU +I7z;(s,z)a(z Yz,  (61)
0 0

73(,0) = ! HEWA, B60=BOLE

74(5,0) = 73 (S) 41y

According to the initial conditions, we obtain: 7z§ (0)=0.

From the solutions of the equations (54-62), We obtain
mo(Su), m(s,y). m,(8,X), 73(s) . 75(s,2),
775 (S,2 ) . (see Appendix A):

The reliability of the system can be defined as:

R = [ 7ot u)du + [z, y)dy + [ 7, x)ax
0 .. 0 0 (63)
+ﬂ3(t)+2jﬂi t,z)dz.

i=5

In order to get the reliability of the system, we take The
Laplace transformation formula of equation (62) :
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R*(s):j;z;(s,u)du +j;rf(s,y)dy +jﬁ;(s,x)dx
0 . 0 0 (64)
+ﬁ;(s)+Zj;zi*(s,z)dz.

i=5p

4.5.2 The mean time to failure of the system as
follows:

MTTF =_[:R(t)dt = limR*(s) (65)
s—0"

5. SPECIAL CASES

In this section, we assume that the Vacation time distribution

function is not found, go(u) =0 ,
1. The Vacation time distribution function is not

found, p(U) =0

2.  The state Sy is neglected from the system, therefore
the transpose from S; and S, move to Sz

That is mean we have a new system which characterizes by
the repairman already on vacation when two units are
operating. We can describe the system’s equations like the
other system.

From these changes and using the same method, we get

P

The steady-state availability is
3 6

A, (OO):Zpi +Zpi (66)
i=1 i=5

The steady-state probability that the repair man is on
vacation is

7
Ps = Z Pi + Py (67)
i=5

0r++ Pao and some reliability indices

The steady-state probability that the system is waiting for
being repaired is

Pws = I:)7 + PlO (68)
The steady-state failure frequency is
M, =A40P;, +46LP, + ANPs + 4,1, Ps (69)

The reliability of the system can be defined as:

2 o0 6 0
RI(G) :Z'[L}‘(s,x)dx +L’§(s,y)+ZJ'L?(s,z)dz (70)
i-10 i=50

The mean time to failure of system as follows:

MTTF, =j:’ R, (t)dt = lim R, (s) (71)
s—0"

Finally, we make comparative analysis between two systems
(see Figs. 2 and 3)
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- System where therepairman has choice between stay or take vacation in

initial state

Special case where the repairman is on vacation in initial state

Fig 2: Effect of & on availability

Mean time Lo system Tailure

.
[) 1 2 3 4
[#3

- System where the repairman has choice between stay or take vacation in

initial state

—— Special case where the repairman is on vacation in initial state
Fig 3: Effect of & on Mean time to system failure

6. CONCLUSION

In this paper we studied two repairable systems which
influenced by repairman. The repairman has multiple choices
either stays or take vacation in initial state, therefore we note
the effect of repairman on perform of the system. Explicit
expressions for the system availability, MTSF, The steady-
state probability that the repair man is on vacation and the
steady-state failure frequency for two the systems were
derived. After comparative analysis via Figs. 2 and 3, we
deduced the system that the repairman stay in initial state is
better than the system whose repairman takes vacation in
initial state. We recommend that the repairman have to exist
in the beginning of the operation.

7. APPENDIX A

This section investigates some reliability indices of the system
using supplementary variable technique. From equations (22)

-(38) and (39) we get Py pll.
Po = ((nA +14,) Co V_;(rlﬂi +1A,) (hl*(rzﬂz)
(-1+h; (4) —h; (14,)))
[ (A + T 2) (=14 04 V 5 (0 + 140)h (1 4,))
+hy (4,)(—1p A0 (<14+V, (04)) + 14 vy (4,))
Vo (A +64))
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p1=Co H, (n4)

P2 = Co Hy (oA)(—1h — oA )+ (-1

+14 V5 (04 +14)) by (4) —h; (54)(14,

Ly () + 1y V1 () Vo (A +T22))
[(6A 40 2) (1404 V5 (L4, +1,4,)

(hy (1)) + 0y (1 4,) (6,2, (A=vy (1 4))
+r131VI(r2/12)) v ;('1/11 +1,4,))

Ps =Co(hy (4,)(—1+h; (nA)) —hy (AN 5 (A
+0,25) (A + 0 ) (~1+ R AN 5 (A + 1 A)

hy (1,25)) +hy (1 A,)(—1p 2 (—1+v1 (1A)) + AV
()W 2 (LA +1p4,))

Py =Co (—L+ 4 Hy (o)) (1 + 1A )L+ (-1
1 Vg (A + T2y () +1; (4)(-12 2,
(L4v; () + 1 V1 (1 2)) Vo (R +T24,))

[ (g + 0 2) (L4 14y Vg (B +1p2)

hy (1 42)) + 0y (14 )(—1p 4 (<14v7 (14))
+ A1 (7)) Vo (A +154,))

Ps =122 Co V1 (RA)(-hy (5 4)(-1+h; (4)) +h3 (5.4)
Vo +02) [(H(02+1220) + 04 V 5 (04 +12,)
(~Lhy (rp22)) + hy (1 2)(rp Ao (<L4+v1 (1 4))
1A Vi (4)) Vo (R4 +154,))

Ps =1/ Co V 1(12A) Vo (1A +1225)(hy (1)
(-1+hy () ~hy (RA)) /(0 +1a2p)

(11 V 5 (0 + 1) hy () +hy (1 2,)
(122 (FL4v1 (62)) + 14 V1 (A) Vo (04 +1,4))

p; =—hA Co (1+ay V 1 () (p2,)(-1
+hy (04)) = hy (04)) Vo (R4 + 1y 2)

[ (02 + 0 20) (1404 V 5 (04 +6,2,) hy (1 4,))
+hy (1 A) (1 Ap (<1+ V1 () + 1y V1 (654,))

Vo (LA +0,4,))
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Ps =C, (i - |'Tz*(rlﬂ‘i))
H

Po =14 Co (hy (rA)(=1+h; (R4)) —h; (1 4))(-1
W1 (R 2)) Vo (s +10A0) /e (s + 0 A0) (-1 + 1Ay
V(A +1220) (0 2) +hy (1 2) (<o A (-1

+ v, (RA)) +04 v, (LA4)) Vo (A +1,4,))
P1o = T2 Co(-1+a1 V 1(rnA))(hy (rp2p)(-1

+hy (n4)) =h; (A) V2 (A +RAp) Jen (A

0 2) (L1 V5 (0 +120) (R 20)) +hy ()
(122 (FL+V1 () + B4 V1 (4)) Vo (R +Tp4)
Pu =124 Co (hy () (~1+hz (1A4)) —h; (1 4))
(~Lv1 (0A)) Vo (04 +02) /1 (0 + 1 2)(-L
11y V5 (1A +Tap) Ny (1325)) + 1y (1A ) (1o A (<1
+ v, (RA)) +04 v, (LA4)) Vo (A +1,4,))

Co ={(hh + 1) (-1 1y 2y V (1 + 1Ay (1p22))
() (1 (FL4V1 (1) + 1 V1 (12,))

V(A + 1)) / {Mlﬂz(m +00) (4t + (-1

+(n A — #2)‘/2*(&/11 +14) hl*(rzﬂz)) +1,(1

V5 (0 A +1p4,) (02 — 1 (<141 (1,4)))) h; (14,))

_[ oy (IO |4 %2 on ()
H

(rlﬂi(iJri) L Gty ol (on + 4y — V;(rlﬂl))]
o K oty

L (T00) (e + T2t N (FaA0) i/ (4 — (141 (1))

ath oty

1 h* I3 * *
—+ M] V() vaolnd + rzﬂfz))}
Hy M

The steady-state availability of the system is

3 6
A()=D P + QP

A(0) = (Co ((hy (rAo)(—1+hy (nA)) —hy (AN 5 (A4
+,05) + 1720V 5 (A + 1) (—hy (n4) Hy (1,4,)

+ny hy (rzﬂz)(—
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+hy (R A H 3 (52)) + 1, (V 5 (A +14,)
(hy (R A)(—1+hy (nA)) —hy (A)) + V1 (1A)

(—hy (1, 2,) + (14 hy (4,)) by (5A4)) v (R4
+125) + (=14 hy (R4 )L+ (~1+v1 (RA)) Vo (R4

+1,4,))) Hy (54,) + (—1=hy (i 4)(-1+v 1 (. 4))
v 2*(r121 +14)) "T;(rlﬂi)) + 1A ( V_I(rzﬂﬂ)(—h;(rzﬂz)
+(=1+hy" (r4,)) hy (R A)) Vo (A, + 1o A,) + (-1

+hy (LA AV (4,) V5 (54 + 1, 4,))H7 (1A,) + (-1

+h1*("212) Vl*(rzﬂz) V;(rlﬂl +14)) "T;(rlﬂi) +V_;(r1/11
+1,2)(=hy (R A)(A+ 4 Hy (4))+hy (r4,)(-1

+hy (A + 64, Hy (R + 6 2,)(-1+ 14

V 5 (A +1p2p) by (42)) +hy () (1A (<1
W1 (5A)) + 1 V1 (02)) V3 (1 +1p0)

Taking the Laplace transform with respect to t to equations
(54 - 62), we get

Ty (s,U) = e U EHATRR) 20(s 0) V, (),
72{ (s,y) =Y (s +r141)7z-£r (S ’ O) |—_|2 (y )’
7, (s,X) =6 X %) 17 (s 0)H, (x ),

72';(8,0)\/2(8 +0A +104)
S+nA +n,4,

7i(5,2) =€ 7l(s,0) V, (2),

73(s) =

75 (8,2)= €7 25 (s,0) V, (2)

776(8,0) = (8 + 1Ay +1)1+C1 (5)hy (5 +14)))
[(8 +1 20 + 1A A= 1(5 + ANV, (8 + 14 +14)
(S + 1A+ 0N 5 (8 + 1A+ RN (5 +1,)(L

+C,(s)h, (s +1,4))))

71(5,0) = (8 + 1Ay +124) Co(8))/(s +14p + 1y
(A= 1(s +122) Vo (S + 1y + 1) +(5 + 1y + 1)

V(s + 1y +120)) Wy (5 +12A2)L+C1(5) hy (5 + 1))

Vi(S +1A) V(s +nd +14))
S+n4+hi

V(s + 1Ay +1,4,))A+Cy(s) hy (s +1.4)))

73(5,0) = (R4 (-
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/ (Lt g g, WA TN 4 )
45+ 1A + 1) V(s + i + LAy (5 +1,)
(1+Co(6) Ny (5 +14))

75(5,0) = 05 + Ty + 1, A)(A+Cy ()N (5 +14)

(s + Ty + 1A A= 3(s +1, )

Vo (S +nd +0L4)+ (S +nd +hA) V_z (s +n4 +1,4,))
hy (s +1,4,)A+Cy(s) hy (5 +1,.4))

775(5,0) = (1A 5 (S + 4y + 1y A )(A+C4 (8)hy (5 +1.4)))
/(5 + 1y + A A= 1(S +154) Vo (S + 04 +1,4)

+(8 + Ay 1) Vo (8 + 14y + 1)) A+Cy(8) hy (8
+64)) hy' (5 +1,4,)))

76(8,0) = (g Vo (8 +14 +1,2)(L+Cy (8) hy (s

0 A))/(S + 1Ay + A L= (1(s + 1AV o (s + 1A
+1,20) + (8 + 1A + 1 2o N 5 (S + 1y + 1)) (L+C4 (5)
hy' (s + 1), (5 +1,4,)))

Ci(8) =AW (s+nA) v,y(s+n4 +ni)

(S + A +10,) Vo (S + 14y +1,4)))
(8 + 04+ =12 (1 (S + AN 5 (S + 1A +1,4,)

HS + 04+ N5 (S + 04 + 140, (S +14))

The reliability of the system can be defined as:

R(t):jno(t,u)du +J'ﬁl(t,y)dy +I7z’2(t,x)dx
0 0 0

+7r3(t)+26j7zi (t,z)dz.

i=5

The Laplace transformation formula of the system is:

R*(s)=Iﬂ;(s,u)du +I7rl*(s,y)dy +I7r§(s,x)dx
0 0 0

+7r§(s)+i]g7rf(s,z)dz.

i=5
R*(5) =5 (s + 04 +A)A+ A, VI (s +1.4)
A1 (S +1A) Ha (s + 1) V] (5 +1,4))
(@+Cy ($)Ny" (s +1.4)) + (5 + A + LA )(A+RAH S (S

1 Ap)N 5 (S + 04 +1,2,) +Cy(8)(Hy (5 +14y)
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+HL+ RAH (8 + )N 5 (5 + 1A +6A0)hy (s +64))
[ + 132 + 1A (L= 1 (5 +1pd) Vo (S + 1A +122)

+(S +n4 +1A) V_z* (s+nA +14)) hl* (s +14)
(1+Cy(s) hy (s +14)))

The mean time to failure of the system as follow

MTTF =j:R(t)dt = limR"(s)

MTTF =—(, (A +64) L+ 1,4, (4 (0 4) Hy ()
N1 (0A)) + 14 1 (14) Ha (4) +V1(r4,)))
+(1 2y + 02 )L+ T 2o H (1 4) + 14 H 5 (15 4,))

Vo (A +02))/ (-Top + 1A (<14 V1 (rp )

V(s +02) + (A + 1 N 5 (A +1242))

hy (1 2)) + 0o W1 (A NV 5 (A +1525) + (R

+0,, N 5 (04 + 1 4)hy (64))
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