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 In recent years, the availability of power plants has become increasingly important issue in most 
developed and developing countries. This paper aims to propose a methodology based on Markov 
approach to evaluate the availability simulation model for power generation system (Turbine) in a 
thermal power plant under realistic working environment. The effects of occurrence of 
failure/course of actions and availability of repair facilities on system performance have been 
investigated. Higher availability of the components/equipments is inherently associated with their 
higher reliability and maintainability. The power generation system consists of five subsystems 
with four possible states: full working, reduced capacity, reduced efficiency and failed state. So, 
its availability should be carefully evaluated in order to foresee the performance of the power 
plant. The availability simulation model (Av.) has been developed with the help of mathematical 
formulation based on Markov Birth-Death process using probabilistic approach. For this purpose, 
first differential equations have been generated. These equations are then solved using 
normalizing condition so as to determine the steady state availability of power generation system. 
In fact, availability analysis is very much effective in finding critical subsystems and deciding 
their preventive maintenance program for improving availability of the power plant as well as the 
power supply. From the graphs illustrated, the optimum values of failure/repair rates for 
maximum availability, of each subsystem is analyzed and then maintenance priorities are decided 
for all subsystems.The present paper highlights that in this system, Turbine governing subsystem 
is most sensitive demands more improvement in maintainability as compared to the other 
subsystems. While Turbine lubrication subsystem is least sensitive.  

© 2012 Growing Science Ltd.  All rights reserved
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1. Introduction 

Majority of the systems in the industries are repairable systems. The performance of these systems can 
influence the quality of product, the cost of business, the service to the customers, and thereby the 
profit of enterprises directly. Arora and Kumar (1997) analyzed availability of steam and power 
generation systems in the thermal power plant.  Arora and Kumar (1997) did stochastic analysis and 
maintenance planning of the ash handling system in the thermal power plant, situated in North India. 
Invariably, the proper maintenance of such subsystems and the frequency of maintenance are some of 
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the issues that are gaining importance in industry. The production suffers due to failure of any 
intermediate system even for small interval of time. The cause of failure may be due to poor design, 
system complexity, poor maintenance, lack of communication and coordination, defective planning, 
lack of expertise/experience and scarcity of inventories. Thus, to run a process plant highly skilled/ 
experienced maintenance personnel are required. Woo (1980) performed a study on reliability of an 
experimental fluidized-bed boiler of a coal-fueled plant to determine the major contributors to plant 
outage in terms of equipment failure and plant management. Most power plants use the index proposed 
by IEEE Std. 762, (1987), to define availability.  During the past decade a lot of study has been done by 
Butler (1986), Koren (1987) and Ciardo et al. (1989) on analysis tools for reliability, availability, 
performance and performability modeling. Kumar et al. (1988) discussed about feeding systems in the 
sugar industry and paper industry. Kumar and Singh (1989) analyzed the Availability of a washing 
system in paper industry. The considerable efforts have been made by the researchers providing general 
methods for prediction of system reliability designing equipments with specified reliability figures, 
demonstration of reliability values issues of maintenance, inspection, repair and replacement and notion 
of maintainability as design parameter, as stated by Sharma (1994). Kaushik and Singh (1994) 
presented reliability analysis of the feed water system in a thermal power plant. Rahman et al. (2010) 
worked on root cause failure analysis of a division wall superheater tube of a coal-fired power station in 
Kapar Power Station, Malaysia. Purbolaksono et al. (2010) had undergone failure case studies of 
SA213-T22 steel tubes of the reheater and superheater of boiler using computer simulations.  Lim and 
Chang (2000) studied a repairable system modeled by a Markov chain with two repair modes. Samrout 
et al. (2005) describes the availability and reliability as good evaluations of a system’s performance. 
Barabady and Kumar (2007) states that the most important performance measures for repairable system 
designers and operators are system reliability and availability. Kiureghian and Ditlevson (2007) 
analyzed the availability, reliability and downtime of system with repairable components. Jorn Vatn 
and Aven (2010) discussed the optimization of maintenance interval using classical cost benefit 
analysis approach in Norwegian railways. So it is imperative to investigate the availability analysis of 
the unit, for taking necessary measures regarding maximization of power supply. This paper presents a 
system reliability-based method to identify the most critical subsystem in the system discussed. The 
criticality of a subsystem as for power generation operation is associated with the subsystem failure 
effect on the system operational condition. The higher the criticality of the subsystem the greater is the 
amount of technical and economical resources used by the maintenance activities to keep the power 
generation system available for operation. For the present paper the power generation can be 
considered as a system. The examination of the system needs to be made in a well-organized and 
repeatable fashion so that the availability analysis can be consistently performed, therefore insuring that 
important elements of a system are defined.  

2.  System description 

The power generation system consists of five sub-systems: Tb: Turbine blade, Ei: Condenser evacuation 
(E1), Regenerative system (E2), Tg: Turbine governing, Tl: Turbine lubrication, Sj: Seal oil system (S1), 
generator cooling (S2)    

2.1 Assumptions:  

1. Failure and repair rates for each subsystem are constant and statistically independent. 

2. Not more than one failure occurs at a time. 

3. A repaired unit is as good as new, performance wise. 

4. The standby units are of the same nature and capacity as the active units.  

2.2 Nomenclature 

        : Good capacity state                               : Reduced efficiency state    

        : Reduced capacity state                          : Failed state 
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Tb, Ei, Tg, Tl, Sj: Subsystems in good operating state 
tb, ei, tg, tl, sj: Indicates the failed state of Tb, Ei, Tg, Tl, Sj  

 , , : Subsystems Tl, Sj and Tg are in reduced capacity state 

λi: Mean constant failure rates from states Tb, Ei, Tl, Sj, Tg,  , ,  to the states tb, ei,  , , , tl, sj, tg  

µi: Mean constant repair rates from states tb, ei,  , , , tl, sj, tg to the states Tb, Ei, Tl, Sj, Tg,  , ,   

Pi(t): Probability that at time‘t’ the system is in ith state. 

’ : Derivatives w.r.t.‘t’ 

2.3 Availability simulation model 

The availability simulation model (Av.) for power generation system has been developed for making 
the availability analysis, hence performance evaluation, using Markov concept has been carried out. 
Markov modeling is based on the assumption that a system and its components can be in different 
states. A Markov model is so-called state space model and describes the transitions of one state to 
another. The flow of states for the system under consideration has been described in a transition 
diagram, as shown in Figure 1, which is logical representation of all possible state’s probabilities 
encountered during the failure analysis of power generation system. Further, the mathematical analysis 
is done to derive and solve the various differential equations associated with the transition diagram for 
obtaining the expression of availability simulation model (Av.). 

2.4 Mathematical Analysis of the System: Probability consideration gives the following differential 
equations (Eq. 1 – Eq. 21) associated with the transition diagram (Fig.  1)  
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'
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Initial conditions at time t = 0 are 

1)( tPi
 for i = 0, otherwise 0)( tPi

    
 

Steady State Availability: The power generation system is required to be available for long duration of 
time. So, the long run or steady state availability of the system can be analyzed by setting d/dt→ 0 and 
t ∞, into all differential equations (1) to (21). Thus, the limiting probabilities from Eq. (1) – (21) are: 
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Solving the above Eq. (22) to Eq. (42) recursively, yields, 
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The values of L4, L10, and L15 can be obtained by solving Eq. (26), Eq. (32) and Eq. (37) using matrix 
method. Now using normalizing conditions i.e. sum of all the probabilities is equal to one, we get: 
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Now, the simulation model for steady state availability of the power generation 
system may be obtained as the summation of all the working state probabilities, i .e. 

015104151040 ]1[.)( PLLLPPPPAV 
                   

 
Fig. 1. Transition Diagram of Power Generation System 

 
3. Results and discussion 

The availability simulation model (Av.) is used to predict the availability/performance of power 
generation system for known input values of failure and repair rates of its subsystems. The appropriate 
failure and repair rates of various subsystems of power generation system are taken from the 
literature/maintenance history sheets and through the discussions with the plant personnel of thermal 
power plant. Fig. 2 to 6 reveals the effect of baseline failure / repair rates (λ1=0.00007, µ1=0.0025, 
λ2=0.001, µ2=0.01, λ3=0.01, µ3=0.2, λ4=0.001, µ4=0.01, λ5=0.0005, µ5=0.02) of Tb, Ei, Tl, Tg, Sj 
respectively on availability simulation model (Av.) of the system. Fig. 2 represents that as the failure 
rates of Tb increases from 0.00007 to 0.00035 the availability decreases by about 8.7%. Similarly as 
repair rates of Tb increases from 0.0025 to 0.0045, the availability increases by about 1.07%. Fig. 3 
shows that as the failure rates of Ei increases from 0.001 to 0.005 the availability decreases by about 
12.3%. Similarly as repair rates of Ei increases from 0.01 to 0.05, the availability increases by about 
1.04%. Fig. 4 represents as the failure rates of Tg increases from 0.001 to 0.005 the availability 
decreases by about 25.4%. Similarly as repair rates of Tg increases from 0.010 to 0.030, the availability 
increases by about 6.04%. Fig. 5 shows that as the failure rates of Tl increases from 0.01 to 0.05 the 
availability decreases by about 4.97%. Similarly as repair rates of Tl increases from 0.2 to 0.6, the 
availability increases by about 0.42%. Fig. 6 represents as the failure rates of Sj increases from 0.0005 
to 0.0025 the availability decreases by about 7.88%. Similarly as repair rates of Sj increases from 0.02 
to 0.06, the availability increases by about 1.44%. Accordingly, maintenance decisions can be made for 
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various subsystems keeping in view the repair criticality and we may select the best possible 
combinations of failure and repair rates. 

 
 

Fig. 2. Effect of Failure and Repair Rates of Turbine blade 
(Tb) on Availability 

Fig. 3. Effect of Failure and Repair Rates of Ei on 
Availability 

  
Fig. 4. Effect of Failure and Repair Rates of Turbine 
governing (Tg) on Availability 

Fig. 5. Effect of Failure and Repair Rates of Turbine 
lubrication (Tl) on Availability  

 

Fig. 6. Effect of Failure and Repair Rates of Sj subsystem on Availability 

Table 1  
Optimum values of failure and repair rates of various subsystems of power generation system for 
maximum availability  
S. No.     Subsystem  Failure rates (λi) Repair  rates (µi) Maximum Availability 

1. Turbine blade λ1=0.00007 µ1=0.0045 86.48 % 
2. Ei  subsystem  λ2  = 0.001 µ2  =0.05 86.45 % 

3. Turbine governing  λ3  = 0.001 µ3  = 0.030 90.73 % 

4. Turbine lubrication λ4  = 0.01 µ4  = 0.6 85.92 % 
5. Sj subsystem  λ5  = 0.0005 µ5  = 0.06 86.79% 
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4. Conclusions  

The availability simulation model (Av.), for Power generation system has been developed with the help of 
mathematical modeling using probabilistic approach. The decision tables are also developed and shown in 
the form of graphs (Figs. 2-6). These figures facilitate the maintenance decisions to be made at critical 
points where repair priority should be given to some particular subsystem of power generation system. Fig. 
4 clearly indicates that the Tg subsystem is most critical as far as maintenance aspect is concerned. 
Therefore, it should be given top priority as the effect of its failure and repair rates on the unit availability is 
much higher than that of other sub-systems. While Fig. 5 shows Tl subsystem is found to be least sensitive. 
Therefore, on the basis of repair rates, the maintenance priority should be given as per following order:  
1) Turbine governing (Tg) 
 2) Turbine blade (Tb) 
3) Ei: Condenser evacuation (E1), Regenerative subsystem (E2)  
4) Sj: Seal oil system (S1), Generator cooling (S2)    
5) Tl: Turbine lubrication  
The optimum values of failure and repair rates for maximum availability of various subsystems of power 
generation system can be determined also shown in Table 1. 
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Appendix 
 
To solve the Eq. (22) to Eq. (42) a computer program on MATLAB as given below can also be used to 
get the value of availability simulation model (AV.). 
format long 
global lambda1 lambda2 lambda3 lambda4 lambda5 lambda6 mu1 mu2 mu3 mu4 mu5 mu6 k1 k2 k3 
k4 k5 
lambda1= assign value; lambda2= assign value; lambda3= assign value; lambda4= assign value; 
lambda5= assign value; lambda6= assign value; 
mu1= assign value; mu2= assign value; mu3= assign value; mu4= assign value; mu5= assign value; 
mu6= assign value; 
k1=lambda1/mu1; k2=lambda2/mu2; k3=lambda3/mu3; k4=lambda4/mu4; k5=lambda5/mu5; 
A=[ lambda6+mu3 0 -mu6*k1 ; 0 lambda3+mu2 -mu3 ; -lambda6 -lambda3 mu3+mu6]; 
B=[lambda3; lambda2; 0]; 
s=inv(A)*B; k=sum(s); 
n=1+k; 
l4=s(1,1); l10=s(2,1); l15=s(3,1); 
g=n+k1+k4+k5+((k1)*(l4))+((k2)*(l4))+((k3)*(l4))+((k4)*(l4))+((k5)*(l4))+((k1)*(l10))+((k2)*(l10))
+((k4)*(l10))+((k5)*(l10))+((k1)*(l15))+((k2)*(l15))+((k3)*(l15))+((k4)*(l15))+((k5)*(l15)); 
po=inv(g); 
Av.=n*po 
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