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Abstract: The evolution of the new systems is directly or indirectly connected with betterment in the old systems and hence the
efficiency. Thus assessment of reliability of equipment is of great importance in the context of rapidly growing technology and its
further development. A large number of studies have been carried out to evaluate the reliability by taking two-unit set-up under
different conditions. This paper presents the study of the execution of steam turbine running in electric power-station. Execution of any
set-up can be computed with the help of its availability and reliability. In many combined cycle power plants, the turbine generator
consists of steam turbines interconnected to each other. Here one steam turbine is considered as one unit. In this paper, a system is
considered in which three indistinguishable units (steam turbine) are considered in which two units are functional and third is taken as
an understudy. If two units do not perform, the working of third unit is discontinued till the availableness of the other functional unit.
Here inspection before failure is conducted to check functional units in a regular and schedule time. Operating units are inspected
before failure to analyse whether a functional units required normal maintenance or not, otherwise repair of the failed unit. Here a
independent single server system is supposed which execute normal maintenance inspection and reparation. Inspection before failure
and maintenance are taken in priority over repair of discontinued unit. Also supposed that unit is failed and under reparation, no pre-
failure scheduled inspection is undertaken. In this paper, system will be analyzed to determine various reliability measures by using

mathematical tools MTSF/MTBF, Markov chain, Markov process, renewal process etc.
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1. Introduction

A thermal power station is a power station in which heat
energy is converted to electric power. In most of area in the
world-wide, the steam turbines are steam driven. A steam
turbine is a machine that extricate thermal energy from
compressed steam and utilize it to do automated work
therefore steam turbines are used to originate a collection of
apparatus type pattern of various sizes and speeds such that
all production section taken in power generation and gas
industries. Although there are considerable dissimilarities in
set-up or plan, complexness, steam working order,
dimensions of steam turbines and undergo to the identical
non-performance or discontinuance technique. To hold
reliable turbine performance, there require being an effectual
framework, inspecting the functional working order. Here
one steam turbine is considered as one unit. In this paper, a
system is considered in which three indistinguishable units
(steam turbine) are considered in which two units are
functional and third is taken as an understudy. If two units
do not perform, the working of third unit is discontinued till
the availableness of the other functional unit. Here
inspection before failure is conducted to check functional
units in a regular and schedule time. Operating units are
inspected before failure to analyse whether a functional units
required normal maintenance or not, otherwise repair of the
failed unit. Here a independent single server system is
supposed which execute normal maintenance inspection and
reparation. Inspection before failure and maintenance are
taken in priority over repair of discontinued unit. Also
supposed that unit is failed and under reparation, no pre-
failure scheduled inspection is undertaken.

1.1 Description of system and Assumption

A working unit analyzed after a bounded or definite time
period of its functioning and it is decided whether unit can
running further or demand certain maintenance.

e The system having three indistinguishable units -
Initially two unit is functional and third unit is kept as an
understudy.

e System is supposed to be in Up-state if two units are
working and in down state if one or no unit is working.

e Each of the units of the system has two modes-normal
operative and failed.

e A normal functional unit is inspected for preventive
maintenance before failure.

e The unit which is in understudy cannot fail.

o If an functional unit fails it is reparation by mender and
no preventive maintenance inspection is carried out
during the repair.

e Maintenance will be preferred over repair.

e Inspection time is too small to go for maintenance of
second unit.

e A unit under maintenance would not fail.

e All the random variables are autonomous or freelance.

1.2 Notations

¢D: Compose of renewed or regenerative states
¢H: Compose of non-renewed or non-regenerative states

O: Unitis in working state.

S:  Unitis in understudy

O;: Unitis under inspection

O, : Continue under inspection from previous state.

m (t): pdf of maintenance time of an unit under inspection
M (t): cdf of maintenance time of an unit under inspection

o Invariant failure rate of a unit
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a: Chance of unit(steam turbine) required no maintenance

b: Chance of unit(steam turbine) required maintenance

d (t): pdf of observed period of a unit

D (t): cdf of observed period of a unit

a: Rate of inspection before failure

g (1), G (t): pdf and cdf of repair time period of a
unsuccessful unit

Oum: Inspected unit under maintenance

Oum: Maintenance of inspected unit continuous from
previous state

F: unsuccessful unit under repair

Fr: Repair of unsuccessful unit continuous from previous
state

Fur Fwr: A unsuccessful unit waiting for repair

©: Symbol for Convolution

A Symbol for Laplace convolution

X
h.i_/ Se.

0] Symbol for Laplace Stieltjes Convolution
Down-state

Regenerative Point
The system can be in any of the following states with
respect of the above symbols:

RS, = (0,0,9)
RS; = (0;0,0)
RS, = (F, 0,0)
RSS = (Oum,0,0)
RS, = (O, Fw,0)

RSS = (FRI I:Wl’lo)
RSs = (Fwr, 0,0um)

State Transition Diagram

T
|

gt

FF,.0

2. Transition Probabilities

The era of entering into states {RS, , RS;, RS, , RS3} are
regenerative states. The transition probabilities from the
states RS; to RS; are given by Qj; and in the steady states Tp;
denotes the transition probability from states RS; to RS; are
given under

L

Tpo1= &/(&+m)
TPz =m /(&+ m)
Tpo=ad*(n)
Tpi=b d*(*”)
Tpu={1-d(n)}
Tpo=9 (m
Tpso=m ()
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Tpas={1- g*g n)}
Tpss={1-m (m)}
Tpp=a

Tps=Db

Tps,=1

Tpe=1 N
o, = a {1- d'(m)
oY= b {1-d"(m)}
T, = {1-g'(m)}

It can be easily verified that
Tpor+ Tpe2=1

Tpio+ Tpz+ Tpu=1
Tpao+ Tps=1

Tpao+ Tpss=1

Tpap+ Tpse=1

Tp1(4)2 + Tpl(4)6 =Tpus
sz(s)z =Tpss

Mean Sojourn Times
To compute the mean sojourn time ;(t) for state RS;, let T;
be sojourn time for state RS;. Then

t
Wi (1) = !iij[t 0<t<T]dt
0

So that in steady state we have following relations
Mo () = 1/(&+m)

)= {1-d'm}/n

w@® = [L-g@ln

He() = [I-m@)=

The unconditional mean time taken by the system to transit
from any states RS; to RS; is mathematically given by
mij = [ Qi) = -05'() faseo
0

So that

Mor = i/@*”)z

Mo = m/(&+m)’

mpe = ad (m)

mi = bd (m) ,
my = [{1-d@}/a+d" 0
My = -0 (m)

ms = [{1-9 ()} /n]+g (m)
Myp = -m*’(*n) .
Mg = [{1-m (m)}/xn]+m (m)

It can be easily verified that
Moz + Moz = Ho(t)

My + Mg+ My = py(t)
Mz + Mas = Ha(t)

Map + Mg = Ma(t)

Mean Time to System Failure

Let Q; (t) be the cdf of the first and foremost transition time
from regenerative state i to a failed state, respecting the
failed state as absorbing state. So the recursive relations for
the Mean Time to System Failure (MTSF) are given by the
following equations

Q1) = Qua(t) © Q1 (1) + Qua(t) O Q(t)
Q(1) = Qu(t) O Qo(t) + Qua(t) O Q3(t) + Quq
Q1) = Qa0 () O Qo(t) + Qas(t)

Q3(t) = Qao(t) O Q(t) + Qae(t)

Above these equation can be Solving by taking Laplace

Stieltjes transformations and solving for €, (s),we get
Qo7(5) = UEs) IV(s)

Where

U(S) = 014 Go1 + Go2025 + Go10i3s C13

V(s) = -0o1013930 +1- Go1G10- Go2020

Qo = limgo[{1-Q (5)}5]
{UV (0)-U (0)}/V(0)

MTSF

Where

U = Moy + Moz + (Myz + Myg) Por+ MioPasPao + Poz (Mzo + Mas)
+ Po1P13 (M3g + Msg)

V = Po1P13P3s + Po2P2s + PorP1s

Availability of the system - (Av)-

Let Av; (t) be the chance or probability that the system which
is in upstate at instant of time‘t’ given that the system
entering in the regenerative state i at t=0. Then the recursive
relations for the point wise availability Av;(t) of the system
is given by

Avo(t) = Mo(t) + doa(t) A Avy(t) + doa(t) A Ava(t)

Avy(t) = My(t) + Guo(t) A Avg(t) + 41 Va(t) A AVy(t)+01a(t) A
Avy(t) + 0 %(t) A Avg(t)

Avy(t) = Ma(t) + dao(t) A AVg(t) +02%2 A Avy(t)

Avs(t) = Ma(t) + qso(t) A Avo(t)+ gas(t) A Ave(t)

Avg(t) = gea(t) A Avy(t)

Where

My) = [yt
M) = [;e™D@
Myt) = [ e G
Mty = J; e™ M)

Now solving these equations by taking Laplace transform
and solving for Av (s),we get
AV (t) = Uy(s)/Va(s)

The steady states availability is given by

AVo = ( lims_)o AVO (S)) = Ul(O)Nl(O)

here

U1 (0) = - Uz [Po1P13P3s + PorP1a + Poz+HiPoiP20 - HaPo1P13P20
- P2oMo

And

D;(0) = 0

D1 (0) = — mao (Po1P1a + PoP13P3s = Po2) = [P10P25+P20 (1 — P10)]
Moz~ Mo2P20 — (Mo + M3 +

m Y, +m 1(4)6) Po1P20

+M 2(5)2(p01p10 + Po1P13P3o - 1)

— Mg (Po1P20 P 1(4)6+p01p20p13P36)

— Po1P13P20 (M3 + Mag)

Busy Period Analysis
The recursive relations for the busy period BP;(t) of the
system is given by
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BPgo(t) = goi(t) A BPy(t) + goa(t) A BP,(t)

BPy(t) =Qo(t) A BPo()+a:™; () A BPy(t) + qus(t) A
BP3(t)+0:s () A BP4(t)

BP,(t) = Sa()+0a0(t) A BPo(t)+ q.®a(t) A BPy(t)

BP3(t) = gao(t) A BPq (t) + gss(t) A BPs(t)

BPg(t) = gex(t) A BP; (1)

Where
Ug(t) = [ e™ G(t) dt + f, (me™ © 1)G(t) dit

Now solving these equations by taking Laplace transform
and find BP, (), we get
BPg (s) = U2 (s)/Vi(s)

Then for steady states
BP, = Iin(] (s BPy'(5)) = U,(0) / V1 °(0)
S—>

Where U,(0)
D, (0) is already defined

= —(Po1P1s + Poz* Po1P13Pzs) Ho

Maintenance Time

Let K; is the Maintenance time starting from a regenerative
states S;at t=0 is given by

Ko(t) = goa(t) A Ka(t) + doa(t) A Ka(t)

Ki(t) = quo(t) A Ko(t) + qu¥2(t) A Ko(t) + qus(t) A Ka(t) +
0:%6(t) A Ke(t)

Ka() = 425(6) A Ka()+ Qao(t) A Kolt)

Ka(t) = X3(t)+ gso(t) A Ko(t)+ dss(t) A Ke(t)

Ke(t) = Xet0ea(t) A Ko(t)

Where
Xz () = Ve
Xe() = Hs

Now solving thesg equations by taking Laplace transform
and solving for K (s), we get

Ko (t) = Us(s) / Vs(s)

Ko = Llig (5Ko () = U5(0) / V1'(0)

Where

U3(0) = (P1aPas Mo +Praks+ P 1% Ke) (PorP2s— Por)
V1 (0) is already defined

Inspection Time before Failure

Let T; is the inspection time starting from a regenerative
states S;at t=0 is given by

To(t) = doa(t) A T1(t) + qoa(t) A T(t)

T1(1) = Ny(t) +quo(t) A To(t) + 0950 A To(t) + qua() A T
a(t) + 01 Wa(0) A T ()

T5(t) = Gao(t) A To(t) + G2 A T o(t)

T5(t) = qao(t) A To(t) + qas(t) A T4(t)

T(t) = gea(t) A To(t)

Where N;(t) =

Now solving these equations by taking Laplace transform
and solving for 'y (s), we get
To (s) = Ua(s) / V()

In the steady states
I Iing (sTy (S)) = U4(0) / D1 (0)
S—

Where

U4(0)= - poP2o 1
D, (0) is already defined

Particular cases:
If we take repair rate and inspection time as negative
binomial distributions as

git)= ye ( y)t i(t)=0e (O)t
Then we get,

Pot = /& +n
Po2 = n/E+m

P1o = ad/do+m
P13 = bd/6+ A
P1a = /T + 5
P20 = c/n +G

P2s = nln 5

P30 = m/m+mt

P36 = !/ mt+n

P42 = a

Pas = b

Pe2 = 1

Ps2 = 1

p1(4)2 = an/d6+mw
pPs = bn/m+8
P = n/ (mtd)
Mean Sojourn Time:

Ho = 1/& +m
M1 = 1/86+m=

M2 = 1/7["’0

U3 = I/m+n

Ha = 1/8

Ha = 1/0

Ha = 1/m
Unconditional Mean Time:
Moy = &/ (& +my
Me = n/(E +m)’
Mo = ad /(8 +m)°
M3 = b8 / (8 +m)?
Myg = w/ (8 + 7'l:)2
Mao = o /(mt o)
Mys = w/(n+ 0)2
myp = m/(n+ )’
Mg = nl(n+ m)°
Myo = a/d

Mye = b/d

Mg, = 1/o

Mg = 1/m

The expectable outcomes based on above particular cases
can be explained with the graphs as following:
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Figure 4.15: Availability vs Repair rate
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