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ABSTRACT 
 

In this paper, using reliability indices in a well known power system a simple method for maintenance 
scheduling of generation units is proposed. This method is based on a systematic matrix based programming 
in which the ISO is capable to determine GENCOs overhaul intervals for in presence of variable loads and 
bids. Simulation of the proposed method on IEEE-RBTS system is done to show its effectiveness and 
simplicity. 
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1. INTRODUCTION 

 
In recent years, the power systems in many countries are interested to be deregulated or restructured in 

order to increase efficiency, to reduce operational cost, and to give consumers more alternatives. For this 
aspect, a great deal of more research has been needed to achieve better intelligent knowledge process.  With 
the  promotion  for  the  deregulation  of electric  power  systems,  maintenance  scheduling  in  a restructured  
power  system  is  becoming  critical  [1,2].  A deregulated power system can be divided into three main 
segments:  generation companies (GENCOs), transmission companies (TRANSCOs) and distribution 
companies (DISCOs). The main tasks of these  components  will  remain  the  same  as  conventional systems, 
however,  to  comply  with  Federal Energy Regulatory Commission (FERC)  orders,  new  types  of 
unbundling, coordination and rules are to be established to guarantee  competition  and  non-discriminatory  
open  access to all users. Each segment has certain responsibilities so that the system would have the required 
reliability.  Therefore, each  segment  is  responsible  for  performing  the  necessary maintenance  on  their  
facilities  in  order  to  sustain  the competitive energy market. In this system, units maintenance scheduling 
will not be decided only by independent system operator (ISO) any more but will be mainly decided by 
GENCOs.  GENCOs will try to schedule their unit’s maintenance according to the operating conditions of 
their units [3].  It is naturally the goal of GENCOs to maximize their benefit. All of them hope to minimize 
the maintenance investment loss (MIL) from their own interests.  So every GENCO  hopes  to  put  its 
maintenance on the weeks when the market clearing price (MCP) is lowest, so that MIL  descends  [3].  
Therefore, objective function for the GENCO is to sell electricity as much as possible, according to the 
market clearing price forecast.  Various constraints such as generation capacity, duration of maintenance and 
maintenance continuity are being taken in to account. The goal of  ISO  is  to  maximize  the  reserve  of  the  
system  at every  time  interval  subject  to  the  purchase  cost  doesn’t increase  from  a  pre-determined  
amount  when  the  units  of GENCOs are in outage for maintenance [4, 5].In the deregulated systems, system 
operators balance between buyers and sellers and may be produced using methods to ensure efficient and 
economical limitations of the system is acceptable [6,7].The economic benefit to the community, so that 
providers can take to generate the highest price, while energy consumers to buy electric power at the same 
time to pay the lowest price. Prices are determined in a free market economy and are limited only by the 
power exchange rules [8-12].Operation and maintenance costs by increasing the rate of exchange can be paid 
more to maintain system reliability [13, 14].Ina vertical power structure, maintenance scheduling is done by 
the owner of the equipment in the system coordinately. The unique advantage of this process is the answer 
could be focused on reliability and cost-efficient operation of the entire system from the power company [15]. 

 
2. Perspective on maintenance scheduling of power systems 

Result of changes in the business strategies, change in the dominant paradigms in manufacturing and 
some other factors, such as society's progress towards the information society. There are different strategies 
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for maintenance and repairs. Some of these important strategies are as follows: Preventive Maintenance [17], 
Corrective Maintenance [18], Condition Based Maintenance [17], Reliability Centered Maintenance [19], 
Lean Maintenance [20], Total Productive  Maintenance (TPM) [21], Lean TPM [22], Reliability Based  
Maintenance (RBM) [23], Agile Maintenance [24,25]. 

Various types of systems such as power system, production lines, and aircrafts are subject to 
deterioration with usage and age. In order to improve the performance of these complex systems, effective 
maintenance has to be carried out. In the literature, three maintenance policies have been investigated: 
Corrective Maintenance (CM), Preventive Maintenance (PM) and Condition Based Maintenance (CBM). In 
the case of CM, maintenance is performed when components fail, with high failure cost and large downtimes. 
PM, on the other hand, refers to any maintenance action performed when the components are still functioning, 
thus prolonging components life to the designed level. However, in PM, information used is acquired from 
average life statistics regardless of the actual deterioration of components. Maintenance actions, such as 
cleaning and adjustments, are often performed at predefined intervals. When the components have degraded, 
the fixed maintenance interval may become less than necessary and result in catastrophic failures. With the 
advances of condition monitoring [26-28], fault diagnostic [29,30] and prognostic technologies [31,32], CBM 
has attracted researchers and industries recently aided by monitoring the condition of the components online. 
Both PM and CBM mean that maintenance actions are scheduled before components fail. In the case of PM, 
the fixed downtime intervals make it unpractical due to lack of real time information about the deterioration 
of components. Based on the condition monitoring system, CBM, however, can predict the appropriate 
maintenance time for individual components more accurately. As a result, it becomes much easier to make 
maintenance decisions for individual components. Furthermore, as most systems are the organic composition 
of various different components, appropriate maintenance time of individual components may differ from one 
another and lead to contradictions between individual components and the system. Considering the interacted 
dependencies among different components, CBM should also be planned to deal with the contradictions and 
get the optimal compromise between the individual and the whole. 

 
3. Review of units methods scheduling and maintenance 

Most methods proposed maintenance plan using conventional mathematical programming or heuristic 
methods. Basic heuristic methods proposed solution is based on trial and error. Mathematical methods based 
on optimization techniques are quite distinct from classical programming heuristic method is trial and error. 
This method scheduled maintenance is proposed to solve small problems. Heuristic methods may lead to the 
optimal solution for complex problems; this method is the starting point shifted a local minimum. Heuristic 
method of solving planning problems in the maintenance of centralized power system due to its simplicity and 
flexibility was used. Mathematical optimization techniques such as integer programming [35], dynamic 
programming, branch and bound [36] have been proposed to solve the maintenance scheduling. For small 
problems, this approach leads to an optimal solution precision. However, the problem size is increased, and its 
size is huge. To solve this problem, modern techniques such as Simulated Annealing and Genetic Algorithm 
was proposed as an alternative to traditional methods [37].These methods are completely distinct from 
classical planning and trial and error methods are heuristic. Principles of natural genetics and natural selection 
similar to the GA approach to search and optimize deals. Principles of natural genetics and natural selection 
similar to the GA approach to search and optimize deals.SA methods like cooling the molten metals to form a 
search method deals with the phenomenon. 

 
4. Reliability Evaluation 

To evaluate reliability of the power system, in a hierarchical division, one can separate it into three 
segments (Figure 1). The generation segment is the first hierarchical level (HLI), generation and transmission 
system in the second hierarchical level (HLII) and whole system is in the third hierarchical level (HLIII). 
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Figure 1.A hierarchical classification of power system 
 

Due to the main focus of this paper to generation unit’s maintenance, studied are done in HLI. The 
reliability indices, which are calculated in these studies, owe Loss Of Load Expectation (LOLE), Loss Of 
Energy Expectation (LOEE), and Loss of Load Probability (LOLP). These Indices definition can be found in 
Table 1. 

 
Table 1.Reliability indices for HLI 

Definition Index 
The probability of a system demand will exceed capacity during a given period LOLP 
The expected number of days per year a system demand will exceed capacity  LOLE 

The expected energy not served per year in a system  LOEE 
 

5. The proposed Method 
GENCOs are trying to schedule their units maintenance so that their cost to be minimized. As a result 

each GENCO preferred to do it at week in which the MCP is minimum. Beside, because ISO as an 
independent decision maker. In the network change suggested maintenance programs so that the reliability 
and economic of the whole system to be guaranteed. 
In this paper the fallowing procedure is proposed for ISO maintenance scheduling: 

1. State matrix containing all possible generation states is built. For N generation units, it is dear that 
this matrix has 2N rows and N columns. Each column contains a few ‘0’ and ‘1’, where the ith 
element is ‘1’ when the unit Gi is ‘up’ and ‘0’ when it is ‘Down’. Then each row shows a ‘state’ in 
which some of generators are in service and some of them are not. 

2. For each state from Eq.(1) to (3), the individual probability is calculated. 
 

)1(  FOR= U  
)2(  A=1-U  
)3(  Probability=A*U  

3. Because overall capacities in some states are similar, individual probabilities of the repeated 
capacities are added together. 

4. A capacity outage table (COPT) for is built for the system with descending sort of the capacities. 
5. Considering the Load level in each months of the year, LOEE is evaluated using Eq.(4). 

)4(  
LOEE=The area under the LDC curve   
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6. A sporadic outage scenario for the units is examined. After each unit outage for all over the year and 
all loads, LOEE is evaluated again. Fig.(5) show the different outages effect on LOEE for 12 months 
a year. 

7. Based on the results of the previous step, for each unit, the time in which the less LOEE is obtained 
is determined as the recommended time for overhaul. 

8. Due to the ISO recommended maintenance program GENCOs change their bids for each days of the 
year. As there is several choices for outage at each time interval as well as different bids, ISO finally 
chose the best arrangement of the units outage to maximize the consumers benefits. 

 
6. Simulation Results 

IEEE-RTS test system is used for simulations [38]. This system is shown in Fig.(2) and its units data 
such as Forced Outage Rate (FOR), Mean Time To Failure (MTTR), and Mean Time To Repair are shown in 
Table(2). Also a typical load levels for 12 months a year are shown in Fig.(3). 

Running the above mentioned proposed method for RBTS system leads to the results of the Fig.(6) to 
(14). Here the best overhaul time of all units are obtained in these figures the vertical axises shows the values 
of specific states in which LOEE is obtained equal to zero and the horizontal axises shows the number of 
these states. 

 
 

Figure 2.IEEE-RBTS test system 
 

Table 2. IEEE-RBTS test system parameters 
Unit capacity(MW) Forced Outage 

Rate(#/y) 
MTTF(h) MTTR(h) 

12 0.02 2940 60 
20 0.1 450 50 
50 0.01 1980 20 
76 0.02 1960 40 

100 0.04 1200 50 
155 0.04 960 40 
197 0.05 950 50 
350 0.08 1150 150 
400 0.12 1100 150 
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Figure3.load in 12 Months (MW) 

  

Figure4.non duplicate capacity (based on the MW capacity vertical axis and the horizontal axis shows the 
number of states.) 

 

Figure 5. The amount LOEE for different load 
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Figure 6. Outage of 12MW unit Figure 7. Outage of 20MWunit 

  

Figure 8. Outage of 50MW unit Figure 9. Outage of 76MW unit 

  

Figure 10. Outage of 100MW unit Figure 11. Outage of 155MW unit 
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Figure 12. Outage of 197MW unit Figure 13. Outage of 350MW unit 

 

Figure 14. Outage of 400MW unit 

 
7. Conclusion 

In this paper, a reliability-based method is investigated for generation unit’s maintenance scheduling in a 
deregulated power system. Using a state matrix to taking into account all possible outage states the individual 
probability is calculated for them by COPT. Then considering the Load level in each months of the year, LOEE for a 
sporadic outage scenario of the unit and the time in which the less LOEE is obtained is determined as the 
recommended time for overhaul. Due to the ISO recommended maintenance program GENCOs change their bids 
for each days of the year. As there is several choices for outage at each time interval as well as different bids, the 
best arrangement of the units outage to maximize the consumers benefits is derived. The proposed method is 
examined successfully on the IEEE-RTS system. 
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