International

OPEN @ ACCESS Journal
Of Modern Engineering Research (IJMER)
)

(

Reliability Analysis of a two Dissimilar Unit Warm Standby
Redundant System with Imperfect Switch

G.S. MokaddisG.S.Khalil" Hanaa Alhajri

Ain Shams University, Faculty of Science, Department of Mathematics, Kuwait University,
Faculty of Science, Kuwait

ABSTRACT: This paper investigates the reliability analysis of a two-dissimilar unit warm standby
redundant system with two modes (normal and total failure) and imperfect switching device has been
studied. Failure, repair of units and repair of a switch time distributions are stochastically
independent random variables each having an arbitrary distribution. The system is analyzed by the
semi-Markov process technique. Some reliability measures of interest to system designers as well as
operations managers have been obtained. Explicit expressions for the Laplace-Stieltjes transforms of
the distribution function of the first passage time, mean time to system failure, steady state
availability and the busy period analysis of the system are obtained. Certain important results have
been derived as particular cases.
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l. INTRODUCTION AND DESCRIPTION OF THE SYSTEM
Many authors [4 , 7 , 12] have studied the two — unit warm standby system operating under different
model formulations by using the theory of semi-Markov process , regenerative process and Markov renewal
process. They obtained the mean time to system failure, the pointwise availability and the steady state
availability of the system using the theory of regenerative process . The purpose of the present paper is to
investigate a two-dissimilar-unit warm standby system where each unit works in two different modes normal
and total failure. The failure , the repair of units and the repair of a switch time distributions are assumed to

different arbitrary distributed , the probability that the switch works at the time of need is p ( = 1 - q ) .

Repair of a total failure unit, failed from operative or standby state continues when the other unit enters the total

failure mode, when an operative unit fails , switch is used to disconnect the failed unit and connect the standby

unit if it is operative . A single repair facility is available , priority for repair being given to transfer switch , after

repair of a unit or the switch works like a new one , repair time distribution of a unit failed from the standby

state is different from that of the unit failed from operative state. Switch failure occurs in a non-regenerative

state , for the first time . Using the semi-Markov process technique and the results of the regenerative process ,

various measures of the system effectiveness as mean time to system failure , pointwise availability , steady state

availability and busy period analysis are found out. The results by [15] are derived from the present results as a

special case . In this system the following assumptions and notations are used to analyze the system .

(1) The system consists of two-dissimilar units in warm standby configuration, so That a unit can fail during its
standby state.

(2) Each unit has two modes normal and total failure.

(3) Failure of units, repair of units and repair of a switch times are stochastically independent random variables
each having an arbitrary distribution.

(4) The probability that the switch works at the time of need is p ( = 1- q ) .

(5) A single repair facility is available. Priority for repair given to transfer switch. After repair of a unit or the
switch works like a new one .

(6) Repair of a total failure unit ., failed from operative or standby state continues when the other unit enters
the total failure mode from the normal mode .

(7) When an operative unit fails, switch is used to disconnect the failed unit and connect the standby unit(if it is
operative ).

(8) Switch failure occurs in a non-regenerative state , for the first time .

(9) Repair time distribution of a unit failed from the standby state is different from that of the unit failed from
operative state .

________________________________________________________________________________________________________________________________|
| IMER | ISSN: 2249-6645 | Www.ijmer.com | Vol. 6 | Iss. 8 | August 2016 | 52 |



Reliability Analysis of A Two Dissimilar Unit Warm Standby Redundant System With...

I1.  NOTATIONS AND STATES OF THE SYSTEM

E 0 state of the system at time point t — O
E set of regenerative states {O 1 2 3 4 5 6 7}
E set of non-regenerative states; {88 y Sg y Slo y Sll}’

fi (t) y FI (t) pdf and cdf of failure time of the | -th operative unit from normal mode to total failure mode

=12

Ii (t) y LI (t) pdf and cdf of failure time of the | -th standby unit from normal mode to total failure mode ;

=12

gl (t) y G I (t) pdf and cdf of time to repair for the | -th unit failed while operative i=1, 2,

hi (t) y H i (t) pdf and cdf of time repair for a unit failed while in standby ; | - 1, 2

j (t) J (t) pdf and cdf of time to repair for the switch,
’

q i J (t) y QI J (t) pdf and cdf of first passage time from regenerative state | to a regenerative state j ortoa
failed state J without visiting any other regenerative state in (O,t],l y J € E )

q(k) (t) : Q(k) (t) pdf and cdf of first passage time from regenerative state | to a regenerative state J or to

failed state J visiting state k only once in (O,t],l ) J ek . k S E_

pdf and cdf of first passage time from regenerative state | to a regenerative state J or to

(kh) 4y, otk
WO e st K ) o(O1] g MK B

Pij one step transition probability from state | to state J J - E
P(k) probability that the system in state | goes to state j passing through state
| - . =
k;i.jeE;k eE.
P_(k’h) probability that the system in state | goes to state J passing through states
] .. _
k,h;i,jeE;k,hek.
T i (t) cdf of first passage time from regenerative state | to failed state,
Ai (t ) probability that the system is in up state instantt given that the system started from regenerative
state | attimet — O ,
M i (t ) probability that the system , having started from state | is up at time t without making any

transition into any other regenerative state ,

B i (t ) probability that the repairman is busy at time t given that the system entered regenerative state

| attimet - O ,
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v (t ) expected number of visits by the repairman given that the system started from regenerative state
I at timet — O ,
/’llj contribution to mean sojourn time in state | when transition is to state J is

-Q;(0) =q; (0).

A joum time instate | 7, — (k)
mean sojourn time in state I ,ILlI = Z ﬂlj _|_ Z ILlIJ
j k

~ symbol for Laplace — Stieltjes transform , e.g. F (S ) - Je st d F (t ) ,

* symbol for Laplace transform , e.g. F . (S) - Je St F (t )dt
& t
symbol for stieltjes convolution e.g. A(t) &B (t) — J' B (t —u ) dA(U)
0
© symbol for ordinary convolution , e.g.

at)ob(t) :tja(u)b(t —u)du
0

For simplicity, whenever integration limits are (O, OO) they are not written.

symbols used for the states :

N 0i the i-th unit is operative in normal mode | - 1, 2
N si the | -th unit is standby in normal mode | = 1, 2
FOI‘i the | -th unit operative in total failure mode and under repair ; | = 1, 2
F§I’i the | -th unit is standby in total failure mode and under repair ; | = 1, 2 ,
FORi the | -th unit is operative in total failure mode , with repair continued from earlier state; | = 1, 2 )
F§Ri the | -th unit is standby in total failure mode, with repair continued from earlier state; | = 1, 2
FOWi the | -th unit operative in total failure mode and waiting for repair ; | = 1, 2
S r switching device is under repair.

Considering these symbols, the system may be in one of the following states:

So = (N 01 N §2)’51 =(N §1’N 02)!32 = (For1' N 02)!53 =(N 01 F0r2)'
Sq=(N g3, F2) 5= (Fsi1,N g) S5 = (F s N ,,51) 8= (N, oy 0.5,)

Sg = (For1 Fow2)- So = (Fou1 Fore )-S10 = (Faw 1, Fer2) - S11 = (Fegy, Fow2)-
Up states :SO —55. Down states: SG _Sll .

States and possible transitions between them are shown in Fig. 4.1.
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Sa

o U ¢

Up state Down state Regeneration point

I11.  TRANSITION PROBABILITIES AND MEAN SOJOURN TIMES

It can be observed that the time points of entry into S i S E are regenerative points so these states
are regenerative . Let TO (E O) ’Tl ,T2 y =+« denote the time points at which the system enters any state
S i e E and X n denotes the state visited at the time pointTn+1, i.e. just after the transition at Tn+l

then {X n ,Tn}is a Markov renewal process with state  space E and
Qij = p[X Nl = J ’Tn+1 _Tn <t ‘X n= |] is a semi-Markov kemnel over E
stochastic matrix of the embedded Markov chain is P = (Pij) = ( Qlj (OO)) = Q (OO) and the

nonzero elements P ae

P =P[LMAR®M Py =[ROILEO  Py=a[L)RE)

Py =P [Li(t)dF, (t).Pis = [ F,(t)dLy(t). Py =afL(t)dF,(t)

Ppo = [F(t)dG1(t) Py =[Gy (t)dF,(t) P =P[F,(t)dG,(t).
Py =q[Fy(1)dGy(t). Py = [F()dG,(t) Py =[G, (t)dRy(t).
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PS) =P[R )G, (t). PL =q[Fi(t)dG,(t).Py = [F(t)dH, ()
Paso = [ Ho ()R, (t) PSY =P [R(t)H, (). Pg” =q [ R (t)dH ().
Py = [ F(1)dH 1 (t) Psqy = [ Hy (t)dF, (t) RS =P [F,(t)dH, t).
Py; ™ ZQIFz(t JAH 1 (t) Pg, =Pz =1 (3.1-323)

The mean sojourn times Li; in state Si are

t = [FOL, ()t 4 = [F )L, 4)dt 1, = [G(4)F, ()dt 15 =[G ()F, (t)dt
py = [ RO, ()t 5 = [FyH ()t 5 = g5 = [T )t . g5 =[Gy (t)elt.
Ho = [Go)dt . o= [H, )t g, = [H ()t - ©24-339

V. MEAN TIME TO SYSTEM FAILURE
Time to system failure can be regarded as first passage to the failed states

Sg 157158y Sg S1(9s S11Which are considered as absorbing. By probabilistic arguments, the following
recursive relations for 7Z; (1) are obtained.

7o(t) =Qop ()& 775 (1) + Qo (1) & 774 (1) + Qg ().

7y (1) =Qpa(t) & m5(t) +Qys(t) & 75(t) +Qy7 (1),

(1) =Qu(t)&7(t) +Qz(t)  75(t) =Qgy(t)&m (1) +Qg(t) ,

7(t) =Qu ()& () +Qyp(t) 75(t) =Q5 ()&, (1) +Q514(t) - 6140

Taking Laplace — Stieltjes transforms of equations (4.1 — 4.6) and solving forﬁ'o (S ) , dropping the

argument «S ” for brevity, it follows.

No(8) = (1-Q19Q3; ~Q1Q51)(Qps Q0L 10).

Do(s) = (1—Q13Q31 ‘Q15Q51)(1—Q04Q4.10) : (4.8-4.9)
The mean time to system failure with starting state SO is given by

MTSF =N, /D, . (4.10)

N o = Poy (£43P31 + Pratlay + th5Ps1 + Pisiisr)

+ (o + Poatly + Hog)(L— PysPay — PisPsy)
Do =@~ Pi3P31 — PisPs1)(L— Pos Pao)- (411-412)
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V. AVAILABILITY ANALYSIS
Elementary Probability arguments yield the following relations for Ai (t )

Aglt) =M (t) +05,()OA(t) +04, (1)O A, (t) +055 (1) O A (L)

At) =M (t)+0g3t)0A;(t) +05(t)OAS (L) +0,; (t)OA, () .

Aylt) =M, (1) +0 ()0 A 1)+ ()0 AL ) +a5 ()0 A 1)

Aglt) = M5(t) +05, (0)OA, () +05 ()0 A, (1) +05 )0 A1),

A1) =M, (1) +0,(0)0A 1) +0 ()0 A, () +ag )0 A(E) .

A(t) =My (t) +05,0)0A 1) +a )0 A1) +a5 E)OA ) |

As(t) =0 )0 Ay () As(t) = Ars(t)OAS) . . s
Mo(t):Fl(t)Lz(t) Ml(t):Fz_(t)Ll(t) ,Mz(t):G1(t2F2(t),
M(t) =G, )F(t). M 4(t) = FL(t)H,(t) Mg = F()H,(t).  Gos10

Taking Laplace transforms of equations (5.1-5.8) and solving for Ag (S) . we have

Ay (s)=N,(s)/D,(s) | (5.15)
N, (8)=Mgl,-M "|1+|\/|;‘|2 Ml +M 1, -M.l.

Dy(s) =150l , —Uol 4

l, =1-bag, +055(03f —0s;)—cd (1- C|15C|51)

|, =030 (a+doe) '

|y =—{1+b05 +035(0af —~U5)J@+00). 15 =€ (1- Ul )@+ 0pse) .

|4 =0 [1+b015; +0 (0 ~05)]-Cagd (1-0ye05) 15 = Ui (A +CUgs?).

(qu+qg6q;2) ' b = (q;*‘q;?q;s) C——(ng*qu;*q;s),
d =—(5 +0% Ug)  =-(0%” +a% tep).f == +05"7 075).
(5.16-5.29)

The steady state availability of the system is

Ay(0)=N,/D, , (5.30)
Ny =tplo—saly+ 1l — gl g+ 1yl 4 — piel s,

Dy =1g— 0l 2 = Pl 3+ paol 4 p4o|£

T =1~byGy + Oy (G Fy — O) — oy (L~ sy 11 = —PaiCo (@ +oco).
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l __[1+bOQ31+Q15(Q31f0 05.)](@g +0s80) 13 = —4C (1-0ys0ls1) (B9 +0lgs€ ).
= p04[1+b0q31+ P15 (Uit o —s1)] —Claid o (1 -01e0s;)

5 = —Ps51031Co (39 +U0s€0)
g =bgPgy +bottyy — 1131 (Pf o = Psy)

= Pus (ttaif o = Parf o = #451) = (€l +Col o)L= P1sPsy)
- ~Colo(445Psy + Pastsy)
I, =[boths +DgPyr = Hsy (Pysf o = Pst)

= Pas (tharf o = Parf o = #61)1(@g + Posko)

~[1+Bg P31 + P (Paif o = Ps1)1(@ — Hoo + Pocko)
| ==t [14+DoPys + Pis (P o — Psy)]

~ Poa (Do Pay —bottsy — 15 (Psf g — Psy)

+ Pis(Parf o = taaf o + t51)]

—[coPosdo —CoPoslo —Co(Poado — £oad)

(1— P1sPs1)CoPosd o (£45Ps1 + Prsiis;)

8 =~(Poz + Pos) Dy =013 +017) Co = (P55 + P ). do =~(p57 + P35
e =—(p + Pl ) Fo=-(p5 + ;). 0 = gy + Posea + g

’ ' 8 8 8
Dy = 131 + Pr7tlgz + 147.Co = ﬂz(Ls) p§7)ﬂ73 + !é?)
, 9 9 9
do= ﬂe(z) + p:ga)ﬂez + /L%(es) €)= ﬂ42 )4 p46 ﬂsz u /146
o=ty +PS phg + 17" (5:31-5.53)

VI. BUSY PERIOD ANALYSIS
Elementary probability arguments yield the following relations for B i (t )

Bo(t) =0o ()0 B, () +04 (t)O B, () +gs(t)O By (t)
B, (t) =0;3(t)0 B,(t) +045(t)0 B (t) +0y,(£)0 B, (t)
B, (t) =V, (t) +05(t)0 By(t) +055 ()0 B4(t) +03 (1)O B, (1)
By(t) =V4(t) +05,(t)0B, (1) +a5 ()0 B, (1) +a5 ()0 B )
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B, (t) =V, (1) + 0o t)0 By (t) +05” ()0 B, (t) +0% (1O Bs t)
By (1) =V5(t) +0s, (1) OBy (t) +085” ()0 By (t) +05” (1) 0 B, (),
By(t) =V(t) +0g, (E)0B,(t) .B,(t) =V, (t) +0,(t)0B,(t)

Weie) L) V20 =6, OR0)V, 0= FOH, ()
VD)=V, ()= ()

5 (t)F,
Vs(t)=F,(t)H,(t)
Taking Laplace transforms of equations (4.6.1 —4.6.8) and solving for Bg (S). we have
By(s)=N,(s)/Dy(s) 610
N5 () =0od/ ¢ 1o =0V, 1, — 5 +a52V I,

+05 +a@ Vel -V, +as Ve)l,
+5 +a57V )1
D,(s),| i ] =0,1,2,3,4,5 are given by (5.16 - 5.29)

Expected busy period of service facility in (O,t ]

/LAD (t ) — Expected busy time of the repairman in (O,t ] .

(6.15)

The repairman may be buys during (O,t ] starting from initial stateSO .

t * *
Hence 14 (1) = I Bo(u)du o that [, (S) = BO (S) /'S Thus one can evaluate
0

My (t ) by taking inverse Laplace transform of ILAS (S)
Expected idle time of the repairman in (O,t ] is ,Ui(t ) =1 - /uo (t )

VII. SPECIAL CASES
7.1 The two units are dissimilar with exponential distributions: Let

O!i failure rate ofthel —th operative unit from the normal mode to the total failure mode ; | — 1 2 0! > 0
IBi failure rate of thel — th standby unit from the normal mode to the total failure mode ; | — 1, 2; ﬂi > 0 ,
7/i rat of repair of the | — th unit failed while operative ; | - 1, 2; 7/i > O

gi rat of repair of the | — th unit failed while standby; | - 1, 2; 7/i > 0

5 rate of repair of the switch ; 5 > O

Transition probabilities are
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Doz = Py (e + By) oy = o e + ). Pog =0n [y + 3,)

Pis =Py (e + B)).Pis = B l(ay + B). P17 =, [y + )
Do = 711071+ ) Py = 0 (1 + ) P = paty l(ty +77)

pég) =qo, (o +71) s =72 1(y, + ) . Pag = (7, + )
pY) =paylay+7,) . DY =Uay oy +7,) . Pag =0, /(e +6))

Paso = (e +6,). % = poy (o +6,).pSg" =0y Iy +6,)
Psy =6 l(cty +6,). P51y = @, (cry + ;). P& = pay (et + )
ps%l) =, (o +0). Pgr = P73 =1

The mean sojourn times are

to=Uey+B,). =1y + B) 1y =Ur,+ ) . 13=11(y, + ).
py =1y +6,)  ps =1y +8) pg =1, =116 g =11y,

ty =1y, o =116y 1y =16 . iy, = pey ey + B,)°

tos = Bl + B)° .t =0 n + By)° . gz = Pty Iy + B,)°.
ths=Play+ B) .ty = ey + B)° . g = 71 (31 + )

g =y (1 + )" 1) = Py Moy + 20) (1 + ) g =72 (v + )
tag =y l(7, +)* 4ify) = Py oy +275) 17,7, + )’

e =0y oy +27,) 1 7,(r + 1)’ g = 6, /(051+‘92)2ﬂ4,10:051/(051+92)2 ’
iy = pay oy +26,)16, (e +6,)" 1y = 6, /(t, +6,)°

fegy = 0y l(aty + 6)° 15 = paty (at, +26,)16,(ct, +6)°

1 =0a, (o) +20) 160, + ), ey = 173 =115

The mean time to system failure with starting state S, is MTSF = N 0 / DO ,
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Mo _ Py pay

(g + Bo)(ay + 1) (y2 + )

1 N 1 N S0,
(+f) (rat+a)] (+6)

1, 1 } 1
(i + ) (o +6) 17 (g + )
[ (Bo+qa) N 127 } 1— 1
(o +5) (y+06,) (ap + 1)
i Py, + £6
(ot ) (o +6)

B, - {1_ 1 { pay B4 }}
(i +B)| (1 +a) a,+6

{1_ A, }
(g + By)(ay +65)
inthis case, M i (U)are
M o) _e~(@At M () P CVY (t) _ o)
M 5(t) _p~(zra)t \j L) _p (@it £\ () _ o (@)

the steady state availability of the system is AO (OO) - N 1 / Dl

R 1 ~ 1 A 1 S
(o + ;) (a, + ) (n+ay)

1 - 1 - 1 -
S I S S
(72t ) (o +6,) (a, +6)

~ A A Ja 9 pas 9 &
D1:| + 71 Il_ 71 Il 2 2 I!

<~

_|_
+a) © (hta) "t (g+6) " (+6,)

o
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,1_7 5 ﬂ1{72 on_ ‘91}
(7, + ) (a, +B) | (7o + ) (o, +0)

—~Cod {1— fith }
(o + B) e, + &)

V2 . yip
(7/2"‘051)60 |:éo+(a1+:82)éo:|
V2 5 IB
(7/2 +a) (o + B1)

P>

[l

o

Il

| -
q‘_h |

| B,
[(72+a1) (a2+9)}}_é°+(al+ﬂz)é°}

i i3
I, = — 2 ¢
’ 0{ (a2+ﬂ1)(a2+9)}_ao+(al+ﬁz) 0}

|A4= ﬂz {1+ V2 b n ﬂl |: V2 f"_

,+a) © (+B)| (ata) ° (o +6))

_ ,32 Codo |:1_ 181 1 i|
(o + ;) (ay + B)(a, +6)
i . ﬂ17/2 60 |:ao ﬂZ ) :|
(o + B)(y, + ) (o +5;)

A,
| —

{b _ bO ]_ ﬂl _ ﬂl { 1 [ )2 f_ 91 ]
(7, +a) O (72"'%) (@, +8) (a,+B) (a2+ﬂ1) (72"'%)0 (0!2+(91)

P L : )fAO—fAO'} : }

(r,+a) (r+a (0‘2+91)2

- (64 +c};d})){1- P ]
(o, + B)(er, +6)

a dodo
(o, + B)(er, +6) (o, + B)(er, +6)
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ﬁz:_{ Pa, [ 1 6_60']+ A [ Vs - 0 ]Jr b
(o, + ) (a2+ﬂ1) a2+,81 ;/2+a1) (@, +6) | (o, +5)
|: V2 fAO_ 0 H é:| V2 60
(r2+a) (72"‘0‘1) 0{2+(9) (0‘1+ﬂ2 (72"‘0‘1)
ﬂl V2 " 1 :I:} _ 2 |: 1 ) é\r:P
+(0‘1+ﬂ2){(7z+0‘1) ° (o, +0) {ao (o +,) | (aq + ) 0%
i S {1_|_ 72 b 181
‘o (g + 52) (72+0‘1) (052+,B1)
|:(}/2—|—a'1) (0‘2+9)
Aol it
0 0 0
(o +5,) (7’2"‘051) (7, +x) (051+ﬁ2) (7, +a,) (a, +8)

+ 131 { V2 £ V2 f o4 91 _}
(g + )| (7, + ) ° (7, + ) ° (052""91):
_ ﬁz r 4! 132 é {dﬂ _ 1 d
{(a1+ﬁ1) T @t B) LT (@) °_}
- ﬂl [ /2 fA_ 91 ]+ ﬂl /2 f”_ /2 fA-l- (91 P
2 0 0 0
(051 T ,32) (7/2 + al) (052 + ‘91) (% + ﬁl) i (72 + al) (72 + al) (az + 01)
ﬂ ' ﬂ ] l ’\_
éd — ¢ 1d, -——d
_{(aﬁﬂl) (0, + ;) [ (0, + ;) °_}
{1_ ﬂ11 ]_ ﬂzﬂﬂl (fdA[ 1 n 1 ]
(4 B+ B) | (o + B+ By +0) |y +) (@, +6)

& =-ay ey + ) by =~ o, + ) Gy =~y ey +71)
dy=—01 (g +7,) €0 =~ oy + 6,) fo = —at, (e, + )
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R

(2, + ) nnta) o

&'1+2;/2) ] é\{ _é\o{ (a1+202) _I_q] lff\oy:_f'\o[ (az +291) +9] ,
B Oy(cy +6,) 0 byloy +6) 0

(gt f,) 0
(

dg-—d{
AR
FO-FO LO-LOG,O=61) H,O)=H )
p02=p13:ij(t)dF(t),p04:p15 J (L (t) p06_p17 QJ L (t)dF (t)
p20:p31:ij(t)dG(t),ngnggzj > (R (). g Pj (tNG(t).
pg)=p§2)=qu(t)dG(t),p4o=p51 J ~(tH (). Pygo = Psy1 = '[ (tXF ()
Pl =P’ = pJF(tKH (t).pig” = pF =a[F(OHH (t). Py = Pry = [ 1) .
o=t = [FOLO) 1= gy = [GOF (At 11y = s = [F(OH ()t

g =t = | T 1y = g = [ GO o = py = [ H ()

The mean time to system failure with starting state SO is MTSF N / D

/\

N = Ho + Pouth + Poatts Do =1—(PozPro + PorPao)-
The steady state availability of the system is Ai o(0) = N: / [5
N, =(1-p ~pi) o +[ Por + Poa(PS) + P+ P |14
A+pwﬂ P i )it

D1 = Paotlo + (1= Po2P20) 14 + Poz Prots

+(p13 + Po2P1o p23 * P10Po3 = Po2P2o pl(g))ﬂs
The busy period analysis BO( )— 2( )/Dl( )
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N ,(8) =V, [doy +a0, @5+ a5,) +a0s: |
;[ (1-a" —aza5) |
+V3*[q31q1(§)* +q§2 (1_%(;1)*)%5?*
+0005 9" +a5 -]
Dy () =10 ~ a8 a5 —~Aiolley —Uaolor @ +aa5,)
~0og31010 —Uaclor L —01") +Azel0z0510%s
7.3. The two unite are similar with exponential distributions : Let
Fty=1-e*' L(t)=1-¢/ ' G (t)=1-¢e7 '
Ht)=1-e’" J({t)=1-¢e7"
The transition probabilities are
Po2 = Pz = Palla+B).po = Pis = Blla+ B).Pys = Py =qal(a+ f),
Do =Py =7 /(7 + B).Pog = Pag =al(y + ). p =) = parl(a+7).
pg) = psgg) =Qal(a+y). Py =Psy =@ +0).p410= P51y =al(a +06)
pip) =Ps =pal(a+6).pg) = ps” =qal(a+6) pg = Py =1

The mean sojourn times are

to=pm=Ua+p) w,=1m=Ua+y) u=p=1a+0)

Mo =t =116 pg=pg=1ly . 1y9=p4;=1/0

oy = s = Pal(a+ ) gy = phs = B+ BY’ g = piy =Qexl(a+ B)°
Hoo = Ha :7/(7+05)2+‘28 = Hag :05/(7+05)2

) =) = palla+20) Yy +a)f i) = i) = dela+29) 1 y(y + )
Hyo = Hs1 = ‘9/(05+9)27ﬂ4,10 = H511 :05/(0”6’)2

10 :,uéél) = pal(a+26)10(a+6)*

1) = 13D =qal(a+20)] 0(a+0) gy + p13 =115

The mean time to system failure with starting state SO is MTSF =N 0 / DO
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- {1+ pa_,_ P ][5:1— L {paer po }
Yt (aty) (@+h)] T (a+p)|(a+y) (a+6)

The steady state availability of the system is . AO (OO) =N 1 / Dl

N, = 1 [1+ s J
(a+p) (a+ )

B, = po 1 qo [1+L}
(a+ p)* (06+7/) 5(06+7/) (a+ B)
Ba+56)(y —6)
Ola+ B)a+y)(a+06)

7.4. The two units are dissimilar with a cold standby : In this case
Li(t)=H;(t)=0. L(t)=H,;()=1
The transition probabilities are :

[302=l513= l506:l517:

Pos = P15 = Pyp = Py = pz(éo) = (11) L(éo) = pgl’ =0

Paso = P = Pso = B =1 P = | F: (t)del< ).Ds = |Gyt XIF, (1)
b = [ F, ()G, (). m?’ =q[F, ()G, (t) Py = [F, (NG, ().
o =[G, ()R, (t) . PG = p[F (MG, (t) PR =q[R(t)XG,(t).

The mean sojourn time are

i =[O = [Fy)at, ﬂ2=J(t)F2(t)dt

i =[G, OR(O. 4y = [FOH, ()t 5 = [F (O)H,
fis = 0 [ T ()t | ﬂs—,[Gl(t)dt g =[G, (t)dt
The mean time to system failure with starting state SO is MTS /5

ey

N = P(fh3Pa + Pin3) +0(1- ppsy). Iﬁo:(l P13P31)
m;mscaseMi(t)areMo ML) =Fy(0) My(0) =M () =F,0)
M,(t) =G,[t)F,(t) . M) =G,@t)F(t) .

The steady state availability of the system is AO (OO) = N 1 / Dl ,
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Ni=iplo—iyly+ il — gl s+ iyl 4 — [l s

A 2 =S 2 = 2

D, =1g+ gl — Pogl 5 + gol 4 — Pyl 4

| =1-D0yP3 —Cydy |1=—{331—_030 1y =—[1+by P Ja,

5=0 l531 {1z = (Codg ~Codo)
boPs ) (1+bf>31) ||_3=0

—(ljzs "‘Fj ) . d —(ﬁsz +p36)

H :ﬂoz +0 flgy + flog. b_A(S :fﬁs +q,&73 + b7

8 8 ] "
‘5’ ﬂz F5§7)/U73 ( ) d —/U32 + I536 fgp + p36

7.5. Numerical example:
Let the two units are similar with exponential distributions and the switch is perfect, i . e.

ft)=ce™a>0, I{t)=4" B>0
gt)=re.y>0. h(t)=6"*.0>0
jt)=%""5>0
p=1q=0.y=07.0=03.65=08

MTSF
: B =015 =02 B =045
01 30.00000 3333333 18.00000
02 1457446 1192307 9.45544
03 939303 7.98449 650793
04 6.82584 5.96846 4.98387
05 5.31034 474285 404255
06 431972 3.92100 3.40000
07 3.62637 333333 293233
08 311651 289342 257636
09 272727 2.55255 229629

Failure rate of the operative unit from N — mode to F — mode
Fig. 2.
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Relation between the failure rate of the operative unit from N — mode to F — mode and the MTSF of the system

ﬁ MTSF
a=0.3 a=05 a=0.7

0.05 12.02898 6.17391 4.02597
0.10 10.47619 5.69230 3.80952
0.15 9.39393 5.31034 3.62637
0.20 8.59649 5.00000 3.46938
0.25 7.98449 4.74285 3.33333
0.30 7.50000 452631 3.21428
0.35 7.10691 4.34146 3.10926
0.40 6.78160 4.18181 3.01587
0.45 6.50793 4.04255 2.93233

14

12 ~a=03

10 B S

a=07

(¥

0.05 01 0.15 02 0.25 03 0.35 04 045
Failure rate of the standby unit from N — mode to F — mode
Fig. 3.

Relation between the failure rate of the standby unit from N— mode to F — mode and the MTSF of the system.
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