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SUMMARY 
 

Electric power transmission facilities installed in the high economic growth period in the 1970s 

are required to be replaced at the same period. Investment for new facilities is restricted and 

Maintenance strategy from the viewpoint of system planning is being investigated Utilization 

of existing facilities by longer operation of the facilities is one of the important maintenance 

issues. Strategic maintenance planning method is required for the objectives such as budget 

levelling by incorporating condition monitoring of each system component and the order to 

replacement of these components. 

This paper presents a method for determining an optimal maintenance strategy for system 

components taking into account both maintenance cost and operating risk as an implementation 

of RCM (Reliability-Centered Maintenance). In the proposed method, a deterioration process 

of a system component is developed as a stochastic mathematical model which is widely used 

in reliability engineering, and the amount of outage resulting from a component failure is 

incorporated using this model. The optimal maintenance interval is determined to minimize a 

total cost including maintenance cost and the amount of outage suffered from failure. 

Numerical example to evaluate the optimization model is shown for ranking in maintenance for 

power transformers. 
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1. Introduction 
Electric power transmission facilities installed in the high economic growth period in the 1970s 

are required to be replaced at the same period. Investment for new facilities is restricted and 

Maintenance strategy from the viewpoint of system planning is being investigated Utilization 

of existing facilities by longer operation of the facilities is one of the important maintenance 

issues. Strategic maintenance planning method is required for the objectives such as budget 

levelling by incorporating condition monitoring of each system component and the order to 

replacement of these components [1][2]. 

This paper presents a method  for determining an optimal maitenance strategy for system 

components taking into account both maintenance cost and operating risk as an implementation 

of RCM (Reliability-Centered Maintenance). In the proposed method, a deterioration process 

of a system component is modeled as a stochastic mathematical model which is widely used in 

reliability engineering [3]. The amount of outage resulting from a component failure is 

incoporated using this model. The optimal maintenance interval is determined to minimize a 

total cost including maintenance cost and the amount of outage suffered from failure. 

Numerical example to evaluate the optimization model is shown for ranking in maintenance for 

power transformers. 

 

2. Planing of Optimal Maintenane Stragegy 

 

2.1 Definition of Optimal Inspection Interval 
A single inspection task for a system component is taken into account. The relation between an 

interval of an inspection and costs per unit year related to an inspection and a failure of the 

component is shown in Figure 1. An inspection cost is a total cost regarding inspection activities. 

An repair cost is a toal cost regarding repair activities. A failure cost is a total cost derived from 

an outage during the component failure. If an inspection period becomes longer, an inspection 

cost per a year becomes smaller, whereas a repair cost and a failure cost becomes larger because 

the probability of a failure state becomes larger. Therefore the relationship between an 

inspection cost and the sum of a repair cost and a failure cost is a trade-off relation. The total 

cost regarding the whole maintenance activities can be defined as the sum of these three kinds 

  
Figure 1. Optimal inspection interval 
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of costs. The total cost is a function of an inspection interval and the optimal inspection interval 

can be defined as minimization of the total cost.  

 

2.2 Component Deterioration Model 

This section describes the mathematical model and the method to calculate each cost. 

This model incorporates a stochastic state transition model shown in Figure 2. The deterioration 

of a component is described in three steps, S0, S1, S2. State S0 is a normal condition where a 

component is under normal operation. State S1 is a condition under a minor failure which can 

be found by an inspection based on symptoms by measurement sensors and be recovered by 

taking an appropriate countermeasure. State S3 is a condition where a component doesn’t work 

under a major failure and have to take countermeasures such as replacement by a component in 

reserve. Parameters λ1, λ2 are failure rates, µ1, µ2 are repair rates which indicates the probability 

of transition between two states. 
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Figure 2. State transition model of a system component 

 

Parameters for the model are shown below. 

 

<Model Parameters> 

(a) Mean time to light failure (from normal to minor failure) Tf1 

(b) Mean time to failure (from minor failure to major failure) Tf2 

(c) Mean repair time (from minor failure to normal)  Tr1 

(d) Mean repair time (from major failure to normal)  Tr2 

(e) One repair cost (from minor failure to normal)   Cr1 

(f) One repair cost (from major failure to normal)   Cr2 

(g) Inspection cost for the whole period    Ci 

(h) One outage cost  

 

Failure rates λ1, λ2 and repair rates µ1, µ2  are described as follows using an inspection interval 

Τ  based on the model. A repair rate µ1 becomes smaller if an inspection interval Τ becomes 

larger. Therefore the probability of state S1 and state S2 becomes larger if an inspection interval 

becomes longer. 

λ� = 1 ���⁄  

λ� = 1 ���⁄  

μ� = 1 
��� + � 2⁄ � ≅ 2 �⁄⁄  

μ� = 1 ���⁄  
 

The probability Pi of staying state Si and the transition probabilities p(i, j) from state Si to Sj in 

the steady-state probabilities are described as below.  
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Repair cost, inspection cost and outage cost are shown below. 

Repair	Cost = �
�,����� + �
�,����� 

Inspection	Cost = �# �⁄  

Outage	Cost = ���� 

 

The total cost is described as the sum of these three kinds of cost. 

�� = ���� + �
�,����� + �
�,����� +
�#

�
 

 

The objective function to determining the optimal inspection interval is given as the 

minimization of the total cost TC*.  

��∗ = min
)

�� 

 

The inspection interval can be considered as the ranking in maintenance among components. If 

the inspection interval is shorter for a component than the othres, the component needs closer 

maintenance than the others. 

 

3. Model Parameters for Power Transformers 

Ranking strategy of power transformers in maintenance is shown as an example. 

Model parameters for the proposed model for power transfomers are described in this section. 

Maintenance ranking is usualy determined by condition of transformers, such as age,  

deterioration and fault records. Risk from the viewpoint of operation in the whole power system 

network as well bacause impotance of each transformer in power network should be taken into 

consideration in ranking. 

 

3.1 Failure data 
Power transformer failure rates for aging in Japan are set up in the numerical example shown 

in Table 1 [4]. The failure rates for transformers which has experinced for more than 10 years 

operation based on hazard analysis on failure records of tranformers in Japan.  

 
Table 1 Transition of failure rate of transformers  

Age 10 20 30 40 50 

Failure rate 

[10-3/unit * year] 
0.153 1.13 3.66 8.39 15.93 

 

3.2 Maintenance planing for failure effect 

Usualy utilities adhere N-1 criterion in system planing, which means that there is no outage in 

case of  a single system component. In case the loss of two or more components occurs, which 

means N-2 criterion, an outage may occur. The amount of an outage can be considered as the 

importance of the component. 
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Tha value of Loss of Load Cost (VoLL) has to be estimated as an outage cost in the proposed 

model. The VoLL is calculated by the amount of an outage multiplied by an outage cost per 

MWh. 

For example, the outage cost per unit MWh is set up to 250 yen/kWh, the amount of an outage 

is 10MW and its duration is one hour then outage cost can be calculated as follows.  

250 [yen/kWh]×10,000 [kW]×1 [h]＝2,500k [yen] 

 

4. Numerical Example 

 

4.1 Model power network 
The maintenance priority is validated using model power network including two substations 

shown in Figure 3. Both A substation and B substation have two banks and the bus scheme in 

both A substation and B substation are double bus. Each transformer is interconnected to the 

secondary bus and if a fault occurs in each transformer an outage occurs in the load 

interconnected to the transformer. The age and the amount of an outage are shown in Table 2. 

 

 
Figure 3 Model power system network 

 

Table 2 Transformer specification 

  Age 

[Years] 

Outage 

[MW] 

A S/S #1 Tr 30 10 

#2 Tr 20 10 

B S/S #1 Tr 20 20 

#2 Tr 30 20 

 

 

4.2 Results of evaluation 
In comparison of #1 Tr in A S/S and #2 Tr in B S/S, #1 Tr in A S/S experienced longer operation 

so the failure rate is larger. The amount of outage in #1 Tr in A S/S and #2 Tr in B S/S are the 

same. Therefore the operating risk in #1 Tr in A S/S in larger and the priority in maintenance 

becomse higher.  

A S/S

1Tr 2Tr

B S/S

1Tr 2Tr

L1 L2 L3 L4

L510MW 10MW 20MW 30MW 

30 years 20 years 20 years 
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In comparison of #1 Tr in A S/S and #2 Tr in B S/S, #1 Tr in A S/S  experienced longer operation 

and has the higher failure rate. On the contrary the aount of outage in #2 Tr in B S/S is larger 

than the outage in #1 Tr in A S/S. Therefore the two transformer has the same level of operating 

risk and has the same priority in maintenance. 

The advantage of applying this model is to make clear the order of ranking in maintenance for 

each components quantitativly on a risk map as shown above. 

 
Figure 4 Risk map in transformer maintenance priority setup 

 

5. Conclusions 
The paper describes a method of ranking in maintenace based on stochastic mathematical 

maintenance model of a system component. This model incoprorates the states of each statge 

of deterioration and maintenance activities and an operation risk in outage as well. The model 

provides a quantitative evaluation of the maintenance which is related in the inspection interval. 
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