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1. INTRODUCTION 

Based on the definition of IEC No: 60300-3-11 for 

RCM: „method to identify and select failure 

management policies to efficiently and effectively 

achieve the required safty, availability and economy of 

operation”, it actually represents a conception of 

translating feedback information from the past time of 

the operation installations to the future time of their 

maintenance, grounding this action on: 

- Statistical calculations and reliability calculations to 

the system operation; 

- The basic components of preventive maintenance 

(PM), repair/renewal actions.  

So, Reliability Based Maintenance (RCM) implies 

planning the future maintenance actions (
+T ) based on 

the technical state of the system, the state being 

assessed on the basis of the estimated reliability indices 

of the system at the planning moment (
0T ). At their 

turn, these reliability indices are mathematically 

estimated based on the record of events, that is, based 

on previously available information, related to the 

behaviour over period (
−T ), i.e. to the (

0T ) moment, 

 concordant with Figure 1. 

 
Fig. 1. Assessment and planning times of the RCM 

 

Even if in case of the OEL, the two actions are 

apparently independent, as they take place at different 

times, they influence each other through the model 

adopted for each of them.  

Thus: 

- The analytical expression of the reliability function 

adopted in while (
−T ), depends directly by the basis of 

specific physical phenomena (such as wear, failure, 

renewal, etc.) of equipment during maintenance actions 

in time interval (
+T ); 

- In turn, the actions of the preventive maintenance in 

time interval (
+T ), depend directly on the reliability 

parameters at the time (
0T ) and by the time evolution 

of the reliability function of the system over this period 

of time. The interdependence of the two actions can be 

expressed mathematically given by the analytical 

expression by the availability of system, which is the 
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most complex manifestation of the quality of the 

system's operation, because it includes both: the 

reliability of the system and its maintainability.  

2. RELIABILITY MODELING EDS 

Establishing a law distribution used in reliability 

implies good knowledge of the physical bases of the 

phenomenon of wear, of the specific ways in which 

these phenomena manifest themselves and of the type 

of wear to which each OEL component and the entire 

system has been subjected. Considered as an EDS 

component, the OEL contains, at its turn, components 

of a mechanical character, whose operations are directly 

influenced by mechanical actions, electrical ones (e.g. 

overvoltages, over currents), temperature, 

environmental pollution, etc. We can say with certainty 

that the OEL failures are due to wear and slow aging 

and, from the standpoint of their reliability; they are 

treated as IFR and NBU type, with an increasing failure 

rate. 

Given these findings, the law of Weibull distribution 

is adopted as theoretical law for modelling such 

survival processes. This law is specific for positive 

wear systems, being also characteristic for overhead 

electrical lines. 

In the case of an OEL in operation whose components 

are characterized by the absence of hidden defects, but 

show a striking phenomenon of aging in time while the 

intensity of failures increases monotonically, the law of 

Weibull distribution is adopted as theoretical law, 

which is specific for positive wear systems, being also 

characteristic for overhead electrical lines. 

Of all the known forms of the Weibull distribution 

law (two and three parameters, normalized) let us 

accept the form with two parameters for modeling the 

reliability of the electrical line in study. This form has 

the mathematical expression (Baron et al., 1988), (IEC 

61649, 2008): 

 ( )
β⋅α−

=βα
te,,tR  (1) 

where:  

α > 0 – is a scale parameter; β>0 – is a shape parameter, 

β > 1 – for components of IFR type; t (0, +∞) – time 

variable. 

The relationship (1) expresses the probability that the 

event will occur in time interval (0, t) or as they say in 

the theory of reliability is the probability of the OEL 

functioning without fault until t moment. 

The OEL operation time was selected as random 

variable form the database of the beneficiary of the 20 

kV power line, which includes the sheets of incidents 

and interventions over a period of about five years. The 

OEL operation time is expressed according to: 

- Moments of time ti (expressed in days), when the OEL 

stopped functioning. Only those failures/interruptions in 

electricity supply were considered, which were 

followed by corrective actions in installation to bring 

the facility into operation of OEL; 

- The period of corrective actions, tri (expressed in 

minutes), to restore in operation OEL, the values are 

presented in Table 1. 

Table 1 

Incidents database 

 

 

 

 

The parameters of Weibull distribution function 
There are several studies which present a lot of 

techniques and methods to evaluate the Weibull 

function parameters, depending on: the number of 

function parameters chosen, the scope of the 

application, the available statistical data, etc.  

In (Dickey, 1991), (IEC 61649, 2008), are mentions 

statistical methods for assessing the parameters for 

Weibull distribution of failures type and constant repair 

time. The Statistics Toolbox MATLAB programming 

environment allows the evaluation of parameters of the 

Weibull function, with the instructions, (Blaga, 2002): 

[parmhat,parmci]=wblfit (t) 

parmhat (1);  parmhat (2); 

A synthesis of the calculation methods and accuracy 

of the Weibull parameters is presented in (IEC 61649, 

2008). 

In the paper (Baron et al.,1988), the authors presents 

a practical mathematical method of setting the α and β 

parameters with two parameters of Weibull law by the 

form of relationship (1), based on statistical data 

obtained from the analysis of operating arrangements of 

the OEL, as well as in the following assumptions: 

a). there are significant records concerning  the 

concerning to the number of defects and the operating 

times between them; 

b). the average recovery times are negligible compared 

with the operating times. 

For the OEL 20 KV in study, by replacing the 

parameters from Table 1 in the previous relations, the 

following values of parameters of the Weibull function 

distribution result: 
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( ) 2939.1and102669.1 4 =β⋅=α −

 (2) 

Which allows modeling the reliability function R(t) of 

OEL the through the relationship: 

 ( )
( ) 2939.14 t102669.1etR ⋅⋅− −

=  (3) 

and the graph presented in Figure 2. 
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Fig. 2. Variation of reliability functions and failure probability  

 

Concordance test  

The fundamental criterion in adopting the 

distribution law is the concordance between the 

theoretical law, which in our case is Weibull 

distribution and experimental data, which in this case is 

the recorded database. For this study, the validation of 

the chosen distribution law it is imposed by 

concordance study between: Weibull distribution by the 

form (3), with two parameters α, β, with experimental 

data presented in Table 1. This can be achieved using 

the chi square concordance test which, in MATLAB, 

Statistics Toolbox is achieved with the procedure, 

(Blaga, 2002): 

[h,p] = chi2gof(t,@cdfweib_OEL)  

where:  - t is  line matrix of experimental data, and  

- @cdfweib_OEL is the cumulative density function 

F(t)=1-R(t).  

The following values resulted are h=0, p=0.935. This 

means the acceptance of the null hypothesis of 

concordance between the observed data and the 

theoretical Weibull distribution of the parameters α, β, 

with the level of significance of 6.5%. 

 

Reliability indices 
Determining the reliability indices of an OEL facilitates 

the knowledge of the safety level in the operation of the 

OEL analyzed and the whole essembly which composes 

the OEL. The OEL 20 KV is studied as a reparable 

simple element, which regains its operating ability after 

failure, through repair, and then it can continue 

operation until the next failure. The evolution in time of 

such an element is a sequence of tfi operating times 

with tri and repair times, for which, the following 

indices of reliability can be defined and calculated:  

 

- MTBF, Mean Time Between Failures, given by the 

relationship: 

[ ] [ ]day7037.31MTBF;tttwithday
n

t

MTBF 1iifi

n

1i

fi

=−== −
=

∑
 (4) 

 

- λ , failure rate,   

 [ ] [ ]11 day031542.0;day
MTBF

1 −−
=λ=λ  (5) 

 

- MTTR, Mean Time Repair,   

 [ ] [ ]day2506.0MTTR;day
1n

tr

MTTR

n

1i

i

=
−

=

∑
=  (6) 

- µ, repair rate,   

 [ ] [ ]11 day9897.3;day
MTTR

1 −−
=µ=µ  (7) 

For the case of steady state, indices P and Q are 

defined. In our case, which chose the Weibull model for 

shaping the reliability function, and considering that 

(β=1.2939), β=1, we used the relationships of 

availability associated with the exponential distribution 

with operating times and repair times. 

 

- P, success probability, 

 9922.0P;P =
µ+λ

µ
=  (8) 

- Q, failure probability, 

 P1QorQ −=
µ+λ

λ
=  (9) 

- M ( )( )tα , Total average duration of operation of the 

OEL for a time interval (0,T),  

 ( )( ) TPtM ⋅=α  (10) 

- M
( )( )tβ

, Total average duration of failure of the OEL 

for a time interval (0,T), 

 ( )( ) ( ) TP1TQtM ⋅−=⋅=β  (11) 

- M
( )( )tγ

, the average probably number of interruptions 

in operation of the OEL for a time interval (0,T),  

 ( )( ) TQTPtM ⋅⋅µ=⋅⋅λ=γ  (12) 
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3. RENEWALS MODELING 

We define the action of renewal, as: the external 

intervention performed on a system that restores the 

system operating status and/or changes the level of its 

wear, respectively of the system reliability. From the 

definition we can distinguish two types of renewal 

actions that can be performed on systems: 

- Failure Renewal (FR), is performed only at the 

appearance of some failures and its purpose is to restore 

the system operation. They are random events 

generated by the failure of the system; 

- Preventive renewals (PR), have the purpose of 

renewing the system before its failure. They can be 

random or deterministic events, according to the way in 

which they design their strategies. Thus, the random or 

deterministic strategy of preventive renewals is added 

to a random process of failure renewals.  

The classification of renewal actions can be performed 

on several criteria, of which we remind a few: the 

purpose, timing and costs of their occurrence, 

distribution and frequency and last but not least, the 

effects on the system safety, (Anders et al., 2007).    

In this work, we analyze and study only preventive 

renewal processes, through their modelling influence on 

the system in the following cases: 

- the system is known due to the reliability function and 

reliability indices, based on data received from 

operation; 

- PR actions have the purpose of reducing the influence 

of the system wear and thus improve its reliability, 

which are considered preventive maintenance actions 

(PM) from this point of view;  

- PR does not entirely change the characteristics of the 

system, and after the renewal action, the evolution of 

the system follows the same law of reliability until a 

new renewal; 

- determining the PR frequency on the system will be 

based on technical criteria and/or economic ones; 

- PR of system elements, will be performed considering 

the same assumptions of study as the system as a whole. 

The evolution of an equipment will thus be represented 

by the succession of renewal moments nttt ,...,, 21 , and 

the intervals between them: 
...,...,, nxxx 21  presented in 

the Figure 2. 

 

 
Fig. 3. The evolution of an equipment with renewal  

 

If it is considered a certain time interval (0, t), the 

number of PR denoted by tN , performed during this 

time, is a discrete deterministic process, called 

preventive renewal process, as the basic component of 

preventive maintenance, which in turn determine 

planning, development and the effects of RCM on 

system. This requires the development of PR strategies, 

enabling knowledge of behaviour of renewal 

equipment, used in the development of PM programs. 

In accordance with the information presented in 

section 2, it follows that the prophylactic strategy 

related to a system with RCM represents the 

combination of two defining elements: the type of wear 

and intervention operations, the renewal type and 

moment. In the cases in which at the time t = 
0T  

presented in Figure 1: 

a) The system is in operation, and has the probability 

function P0 (
0T ), known by the relationship (8); 

b) The law of variation of system reliability is know, 

being expressd by he relationship (3); 

c) The system and its components will follow the same 

law of variation of reliability including during the 

periods of preventive maintenance (
+T ), presented in 

Figure 1; we can shape the preventive renewal process 

for the following situations: 

 

Modeling on a time interval 
In the conditions of preventive maintenance actions for 

a period of [0, ∆T], with a number of renewals r 

performed during that period, we can express the 

system reliability function, on the relationship given by 

(Catuneanu & Popentiu, 1998), (Georgescu et al., 

2010); and the nonreliability function F(t),  through the 

relationship: 

 ( ) ( )( )( )ββ− ∆⋅+α−=∆ T1rexpT,rR 1  (13) 

 

Where: α; β - Weibull parameters, the relationship (2); 

r – the number of preventive renewals during the study 

∆T. Figure 4 illustrates the graph in the case of the OEL 

in study, with the parameters given in the relations (3) 

and (8) with he purpose of exemplifying the variation of 

the reliability function R(r,∆T), under the influence of 

PMA, carried out by varying the number of renewals r 

for [0,10,50,100], assuming a reliability of the OEL, at 

the beginning of the study period by P0 (t) = 0.9922. 

 

 ( ) ( ) ( )( )( )ββ− ∆⋅+α−⋅=∆ T1rexptPT,rR 1
0  (14) 
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Fig. 4. The influence of the renewals r on the reliability of the OEL 

20 kV 

 

From the graphic of Figure 4, we note an increase 

reliability of the OEL at the end of the period ∆T, under 

the influence of renewals r0, r1, r2, r3. 

 

Modeling over n time intervals 
Let us study the variation probability for a system 

operating with PM, over a period of time Tn, composed 

of n time intervals ∆Ti. A number ri of renewals is 

performed over each interval ∆Ti for i=1,n, while the 

reliability of system at the beginning of the interval ∆T1  

is known Po|t=0. 

 ( ) ( ) ( )∏
=

∆=

n

1i

iiion T,rRtPTR  (15) 

Where: 

 ( ) ( )( )[ ] n,1iT1rexpT,rR i
1

iiii =∆⋅+α−=∆
ββ−  (16) 

Or: 

 ( ) ( ) ( )( )[ ]∏
=

ββ− ∆⋅+α−=

n

1i

i
1

i0n T1rexptPTR  (17) 

In the case of OEL in study, the variation of reliability 

was studied for: 

- 
∑∆= iTT

, with equal periods of time of ∆Ti = 600 

days |i=1,2,3; 

- For each period i having a number rij  | j = 1, 2, 3 

renewals, or: 

- ∆T1  | r1 = 0,5,20,50;    ∆T2  | r2 = 0,3,15,30;     

  ∆T3  | r3 = 0,1,10,20;     

With the parameters given in relations (3) and (8), we 

obtain the graph of variation presented in Figure 5: 

 

 

 

 
Fig. 5. Variation of reliability over time periods 3,2,1iT =∆  

 

From the graph of Figure 5, we note an increased 

reliability of OEL at the end of the three periods  

∆Ti | i = 1, 2, 3, under the influence of renewals. 

The second component of the actions of the PM, 

after strategy modeling, is the cost management 

involved in the prophylactic strategy associated to the 

OEL systems with maintenance. In turn, the action of 

management and control of the maintenance plan of the 

electricity provider and in particular the implications of 

these actions on the financial relationship between the 

electricity supplier and electricity consumers; impose 

realizing an economic model of PM. Such a model 

should summarize all the costs and effects generated by 

the actions of the preventive and corrective 

maintenance, in all their aspects: planning, execution, 

management, etc., including the effect of inflation 

through the update method (Sarchiz et al., 2009), (IEC 

60300-3-11, 2009). 

To optimize the effect of RCM through the action 

and through the effect of the renewal processes for a 

period ∆T, belonging to the interval (
+T ), presented in 

Figure 1, we propose an economic model, based on the 

state parameters of the OEL and the number of r 

renewals. 

 

Total costs 
The economic model of the PMA, from the 

perspective of the total cost (TC), has three basic 

components, (Anders et al., 2007): 

- CF  - the costs due to corrective maintenance actions; 

- CPM – the costs due to preventive maintenance 

actions;  

- CINT – the costs due to unplaned intrerruptions. 
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Or: 

 ( ) ( ) ( ) ( ) ]year/t[cosrCrCrCrTC INTPMF ++=  (18) 

We express these costs depending on the parameters of 

reliability and on the number of planned interventions r 

during the period ∆T of by PMA for an OEL belonging 

to the EDS, through the following components. 

 

Costs with unplanned interruptions 

The costs due to unplanned interruptions, due to system 

failure, can be expressed as follows: 

 ( ) FFF cNrC ⋅=  (19) 

where: NF, average number of failures for the reference 

interval ∆T from the relation  (12),  

Or: 

 TRN SSF ∆⋅λ⋅=  (20) 

Where: 

 ( )( )( )ββ− ∆⋅+α−⋅= T1rexpPR 1
0S  (21)  

from the relationship (13). 

α ; β - Weibull parameters, the relationship (2); 

λS - the failure rate of a EDS, considered constant 

during the study ∆T, OEL being half way through its 

life cycle, the relationship (5); 

cF - the average cost to fix a failure. 

Or: 

 ( ) ( )( )( ) FS
1

0F cTT1rexpPrC ⋅∆⋅λ⋅∆⋅+α−⋅= ββ−  (22) 

Renewal costs 
The cost of preventive maintenance activities 

performed on a system or system element is determined 

on the basis of existing statistical information available 

at each EDS operating unit. This cost can be 

appreciated as a function directly proportional to the 

number of interventions, i.e. renewals r on the system 

or on the system element, of the form: 

 ( ) PMPM crrC ⋅=  (23) 

with: cPM  - average cost of a preventive renewal. 

 

Penalty costs 

The penalties suported by the electricity supplier, due 

unplanned interruptions, for duration ∆T, can be by two 

types: 

- PENS - proportional with the time of interruption TF, 

for undelivered electricity at the average power on OEL 

by POEL, and 

- PENU - for unrealized production during interruption 

by the electricity consumer connected to the OEL. 

  ( ) USINT PENPENrC +=  (24) 

With: 

 FwOELS TcPPEN ⋅⋅=  (25) 

 ∑
=

⋅⋅=

K

1k

FkkU TcPPEN  (26) 

Where: 

POEL - average power on OEL; Pk - average power at 

the k consumer; cW  - electricity cost;    

ck - production cost unrealized for a kilowatt hour of 

electricity undelivered, at the k consumer; TF - total 

average duration of OEL nonoperation during the 

reference period ∆T,  relation (11); K - number of 

consumers connected to the OEL in the study. 

With: 

 ( ) TR1T SF ∆⋅−=  (27) 

By replacing the relations established in (24), it follows: 

( ) ( )( )( )( ) TT1rexpP1cPcPrC 1
0

K,1k

kkwOELINT ∆⋅∆⋅+α−⋅−⋅













⋅+⋅=

ββ−

=

∑    (28) 

By replacing the relations (22), (23) and (28) in relation 

(18), we obtain the expression of the total costs over a 

period of time ∆T, depending on the safety operating 

parameters of OEL and depending on the renewal 

actions of the PM. 

( ) ( )( )( )

( )( )( )( ) TT1rexpP1cPcP

crcTT1rexpPTC

1
0

K,1k

kkwOEL

PMFS
1

0r

∆⋅∆⋅+α−⋅−⋅













⋅+⋅+

+⋅+⋅∆⋅λ⋅∆⋅+α−⋅=

ββ−

=

ββ−

∑
  (29) 

With the following specifications on the relashionsip (29). 

1. The term (26) is included into the optimization 

calculations for situations where an OEL provides 

electricity for consumer, which can calculate the costs 

of production according to the electric energy supplied, 

which allows the calculation of the coefficient ck; 

2. To certain categories of electricity consumers, the 

higher production losses occur depending on the 

number of interruptions NF during ∆T and less 

influence on time of interruption TF; 

3. In a system with multiple components, each having a 

specific number of renewals ri, the total costs are the 

sum of costs on each system element. 

4. THE OPTIMIZATION OF RCM 
STRATEGIES 

The literature in this field approaches a wide range 

of classifications, according to different criteria and 

parameters, used in the design and optimization of 

RCM strategies, (Anders et al., 2007). Further on, we 
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will give examples of RCM strategies for an OEL 

belonging to EDS, for the following cases and 

mathematical models. 

 

Study assumptions 
The strategies of optimizing PM of OEL, depending 

on the optimal number of preventive renewals r over a 

given period (0, T), can be approached from the 

perspective of the consequences it has on the 

relationship between electricity supplier and electricity 

consumer, based on two different criteria, which from 

the standpoint of the electricity supplier are (Sarchiz, 

2005), (Georgescu, 2009): 

a). The economic criterion: through the total cost 

involved in providing a safe supply of electricity to 

consumers. This optimization model is: 

 ( ){ }r,TTCmin  (30) 

in presence of technical constraints imposed on safety 

criteria: 

 ( ) min
SS Rr,tR ≥  or      ( ) max

FF Nr,tN ≤  (31) 

where: - 
min
SR , the minimum reliability imposed on the 

study interval, and 

- 
max
FN , the maximum number of failures permitted on 

the study interval. 

b). The tehnical criterion, aims to maximize safety in 

operation, respectively of system reliability on interval 

(0, T). 

 ( ){ } ( ){ }r,TR1minorr,TRmax SS −  (32) 

in presence of economic constraints due to maintenance 

actions:  

 ( ) maxTCr,TTC ≤  (33) 

Where,
maxTC , the maximum cost allocated to the 

exploitation of the OEL on the studied interval. 

The study of the strategies used to optimize the RCM 

based on models (30) and (32), can be performed 

depending on the degree of safety imposed to ensure 

electricity and/or depending on the degree of assurance 

of financial resources during the PM during (0,T). 

We will exemplify the application of the two models to 

the OEL 20KV in study, for the duration, T, a year, on 

these assumptions: 

- We consider as action of renewal r, one or more 

specific PMA, or BRP type, for an OEL component and 

it can take one of the following forms: 

Simple/minimal preventive maintenance and/or; 

Maximal preventive replacement;  

Sequential and/or continuous inspection strategies. 

- We admit a periodic distribution of preventive 

renewals on the interval (0, T), with a  constant time 

between two renewals for: 

OEL rTt /=∆  or 

OEL component 3,2,1/ ==∆ irTt ii
 

- The technical parameters of OEL are given in the 

relations: (3); (5); (7); 

- We admit an average power on OEL per year:  

POEL = 5.16 MW; 

- the values of the economic parameters are only 

calculation values given in monetary units [m.u.]; 

cF = 1000 m.u. ;   cPM = 17500 m.u.;    cW = 530 

m.u./MWh.   

Note: The values of costs used in the program are not 

real, that is why the obtained results are only 

demonstrative theoretical results.  

- We ignore the PENU component from the relation 

(26), because we do not have data regarding the 

technical and economic parameters of the consumers 

connected to the electric line. 

The solution of the mathematical optimization models 

(30) or (32) in relation with r variable optimization, 

impose the use of nonlinear optimization techniques in 

relation with criterion functions and the restrictions of 

the models. In order to solve the RCM strategy models 

presented below, we used the software package 

MATLab 7.0\Optimization Toobox\procedure fmincon.    

The design of preventive strategies for renewal by type 

(30) or (32) can be done based on different criteria, 

which will be listed below within each RCM model 

optimization strategies. 

 

The model: The minimum costs and imposed 

reliability  

We will determine the optimum number of renewals, 

in the situation of minimum total costs, in such away 

that OEL relaibility does not drop below the imposed 

value min

SR . 

The fmincon procedure imposes the following 

structure of mathematical models to be optimized: 

1. Vector of decision variable:            

x ≡  r the number of renewals 

2. Objective function:                    

( ){ }xTCmin

( ) ( )( )( )
( )( )( )( ) TT1xexpP1cP

cxcTT1xexpPxTC:where

1
0wOEL

PMFS
1

0

⋅+⋅α−⋅−⋅⋅+

+⋅+⋅⋅λ⋅+α−⋅=

ββ−

ββ−

 (34) 

3. Constraints of the model: 

 ( ) maxmin
SS xx0;RxR ≤≤≥  (35) 
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 ( )( )( ) maxmin
S

1
0 xx;0x;RT1xexpP:or ≤≤−≥+α−⋅

ββ−  (36) 

with xmax – the maximum imposed number of 

renewals. 

By running the application program for different values 

imposed to the minimum reliability
min

SR , we obtain the 

optimum number of renewals ropt, for PM of OEL 

during a year, in conditions of the minimum total cost 

TC (T,r), presented in Figure 6, i.e. the graph 

( )min
S

opt Rfr =
. From the graph of variation we remark 

that in order to ensure reliability of 0.95, it is required 

to perform a number of 16 preventive renewals per year 

and for a reliability of 0.96, it is impose a number of 41 

renewals. Also, we can extract the variation costs with 

reliability 
min
SR  imposed to the OEL or with the 

optimum number of renewals, i.e.: ( )min

SRfTC =  or 

( )opt
rfTC = . 
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Fig. 6. Variation of the optimum number of renewals with reliability 

imposed to the OEL 

 

The model: Minimum costs and number of 

interruptions imposed 

We determine the optimum number of renewals with 

minimum total cost, in conditions in which the number 

of failures (unplanned interruptions) NF does not 

exceed a maximum number imposed per year, max

FN . In 

this hypothesis, the structure of the mathematical model 

to be optimized is: 

1. Vector of decision variable:            

x ≡  r the number of renewals 

2. Objective function:                    

( ){ }xTCmin

( ) ( )( )( )
( )( )( )( ) TT1xexpP1cP

cxcTT1xexpPxTC:where

1
0wOEL

PMFS
1

0

⋅+α−⋅−⋅⋅+

+⋅+⋅⋅λ⋅+α−⋅=

ββ−

ββ−

 (37) 

 

3. Constraints of the model: 

 ( ) maxmax
fF xx0;NxN ≤≤≤  (38) 

Or: 

( )( )( ) maxmax
Fs

1
0 xx;0x;NTT1xexpP ≤≤−≤⋅λ⋅+α−⋅

ββ−
  (39) 

with xmax – the maximum imposed number of renewals. 

By running the application program, for different 

maximum values imposed to the numbers of unplanned 

interruptions on the OEL, we obtain the optimum 

number of renewals that are required to apply to the 

OEL during a year, in conditions of minimum total cost 

TC(T,r), presented in Figure 7, i.e. ropt = f(NF). 
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Fig. 7. Variation of the optimum number of renewals with the 

number of unplanned interruption 

 

The model: Maximum safety and imposed costs  
We determine the optimum number of renewals, to 

maximize the reliability of the OEL in conditions of 

total costs TC(T,r) does not exceed a maximum value 

imposed max
TC .  

In this hypothesis, the structure of mathematical 

model to be optimized is: 

1. Vector of decision variable:            

x ≡  r the number of renewals 

2. Objective function:                    

( ) ( ){ }xR1xFmin S−=  

Where: 

 ( ) ( )( )( )ββ−+α−⋅−= T1xexpP1xF 1
0  (40) 

3. Constraints of the model: 

 ( ) maxmax xx0;TCxTC ≤≤≤  (41) 

Or: 

( )( )( )
( )( )( )( ) ;xx;0x;TCTT1xexpP1cP

cxcTT1xexpP:or

maxmax1
0wOEL

PMFs
1

0

≤≤−≤⋅+α−⋅−⋅⋅+

+⋅+⋅⋅λ⋅+α−⋅

ββ−

ββ−
  (42) 
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with, xmax – the maximum imposed number of 

renewals.  

By running the application program, for different values 

imposed for max
TC , we obtain the maximum reliability of 

the OEL, presented in Figure 8 and the optimum 

number of renewals required to achieve that reliability, 

presented in Figure 9. 
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Fig. 8. Variation of the reliability of OEL with TCmax imposed  
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Fig. 9. Variation of the number of renewals with TCmax imposed  

 

The model on components: The minimun costs and 

reliability imposed 
We determine the optimum number of renewals on 

the three components of the OEL  

(pillars, conductors, and insulators), in the assumption 

of minimum total costs and on condition that the 

reliability of the OEL does not fall below an imposed 

value 
min

SR .  

In this case, the structure of the mathematical model 

to be optimized will include the total costs TC (T,ri) 

corresponding to those three components. 

1. In this case, the vector of variables to be optimized 

will have three components, corresponding to the 

number of renewals on the three components of the 

electric line: 1-pillars; 2-conductors; 3-insulators. 

 

[ ] 3,2,1irxwithxxxX ii
T

321 =≡=  

2. Objective function:                    

( ){ }xTCmin  
Where: 

 

( ) ( )

( ) ( )( )( )
( )( )( )( ) TT1xexpP1cP

cxcTT1xexpPXTC

:whereXTCXTC

ii1
iii0wOEL

PMiiFii
ii1

iii0i

3

1i

i

⋅+α−−⋅⋅+

+⋅+⋅⋅λ⋅+α−=

=

ββ−

ββ−

=

∑
(43) 

3. Constraints of the model: 

 ( ) max
ii

min
SS xx0;RxR ≤≤≥  (44) 

 

( )( )[ ] ;xx;0x;RT1xexpP:or max
iii

min
S

ii1
ii

3,2,1i

i0 ≤≤−≥+α− ββ−

=

∏  (45) 

with: 
max

ix – the maximum imposed number of renewals 

on the i component for |i=1, 2, 3; 

iii λβα ;; - the reliability parametres of components; 

PMiFi cc ; - the cost with the corrective and preventive 

maintenance on components. 

where: 

The reliability parameters of the components have the 

estimated values presented in the Table 2. 

Table 2 

Reliability parameters of OEL components 

 

** The data are estimates, because there is no 

information on the component maintenance 

 

The maintenance costs of the components can be 

assessed as a percentage of the costs related to the 

maintenance on the electric line, in the absence of a 

database with the costs on the components. 

By running the application program, for different values 

imposed to the reliability of the OEL, we obtain the 

optimum number of renewals rioptim | i=1,2,3; on each 

component of the OEL, to ensure the minimum 

reliability imposed min

SR , in the conditions of the 

minimum total cost TC, presented in Figure 10. 

 
Buletinul AGIR nr. 3/2012 ● iunie-august
_____________________________________________________________________________________ 

563



WORLD ENERGY SYSTEM CONFERENCE – WESC 2012 

Buletinul AGIR nr. 3/2012 ● iunie-august 10

  

  

0 5 10 15 20 25 30 35 40 45 50
0.96

0.962

0.964

0.966

0.968

0.97

0.972

0.974

0.976

0.978

0.98

Optimal number of renewals

R
e
li
a
b
il
it
y
 o

f 
E

L

 

 

PILLARS

CONDUCTORS

INSULATORS

 

Fig. 10. Variation of the optimum number of renewals with the 

reliability imposed to the OEL 

 

In conclusion, through the models of RCM optimization 

strategies that have been developed, we can obtain 

technical and economic information on the analysis, 

policy and planning maintenance actions for a period of 

time. This information pertains to: 

- The optimum number of PMA on the components; 

- The time interval between two actions; 

- The optimum degree of safety in the electricity supply 

to consumers; 

- The costs with preventive maintenance and/or 

corrective maintenance; 

- The penalty costs due to improper maintenance. 

 

6. CONCLUSIONS 

The paper is the result of basic research in the field 

of operational research and maintenance management, 

with contributions and applications in optimization 

strategies of RCM for EDS. The contributions refer to 

the formulation the mathematical models of preventive 

maintenance strategies belonging to RCM, solving 

technical and economic objectives of the exploitation 

distribution systems and systems use electrical energy. 

The optimal solutions to these models, with 

applications on a OEL 20KV as an EDS subsystem, 

allow a fundamental planning of RCM, through: setting 

the optimal number of future actions for the preventive 

maintenance PM, on overhead electric line or its 

components; the optimal interval between actions; the 

optimum degree of safety in electricity supply; the 

optimal management of financial resources for RCM.  

The results are summarized by integrated software 

for the maintenance management, to manage the 

database regarding the history of events, as well as the 

RCM design and analysis. We consider the models 

presented can be developed in the following research 

directions: failure rate λ was considered constant 

throughout the PMA, although in reality it changes 

value after every action; the time between two 

successive renewals was considered constant, although 

it may be placed in the model, as a new variable to be 

optimized; in evaluation of costs did not take into 

account the influence of inflation, which could 

influence the results; last but not least, the lack of real 

databases, on technical and maintenance events, and 

their costs in relation to the components of the OEL. 
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