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ABSTRACT 

Testing and maintenance activities of power electrical equipment are an important 
potential for both risk and cost reduction. A multi-objective maintenance optimization method 
is presented based on the Genetic Algorithms (GA) technique. The method determines the 
optimal schedule of preventive maintenance actions based on minimization both selected risk 
measure and cost. Applied cost model takes into account both preventive and corrective 
maintenance. This paper also presents application of the methodology to optimize 
maintenance of a real distribution network 22 kV. Conclusions and recommendations for 
practice are made on the basis of obtained results. 

 

1 INTRODUCTION 

The RCM (Reliability Centred Maintenance) analysis can be defined as a systematic 
evaluation approach for developing or optimizing a maintenance program in order to prevent 
potential failures or to control failure modes. In general, the RCM methodology has three 
major goals. First is to enhance reliability of systems focusing on the most important 
functions. Second is to prevent or to mitigate the consequences of failures (e.g. unavailability, 
economical losses, etc.), not to prevent the failures themselves. Third one is to reduce 
maintenance costs by avoiding or removing maintenance actions that are not strictly 
necessary. The goal of the maintenance optimization is to formulate such a maintenance 
strategy so that the total operating costs may be minimised at keeping the necessary degree of 
the reliability and safety (given by a selected risk measure, e.g. mean availability) of 
equipment operated.   

To solve the problem of the maintenance optimization, the analyst has to dispose of a 
viable software tool for risk and safety calculations, which corresponds with an optimization 
technique. Basic methodology for this complex problem was introduced in [1] (R. Briš, E. 
Châtelet, F. Yalaoui, 2003). First part of the methodology, oriented on risk calculations, has 



095.2 

been recently newly modified, as showed and documented in [2] (One Computation 
Algorithm for Multi-objective Maintenance Optimization). 

The innovative aspect of the work presented in this paper is development and 
application of the methodology on real system from practice – the system under interest is a 
part of real distribution network 22 kV. New methodological aspect is given by considering 
both preventive and corrective maintenance, while in previous analysis [1] were taken into 
account only preventively maintained components. In previous reliability analysis in [3] we 
have been also motivated by real distribution system from practice but the optimization 
process was realised only from the point of view of reliability and construction aspects, while 
in this paper we take into account both risk and cost aspects, as subjects of optimization, in 
application on different (more complex) distribution network.  

This paper presents an optimization method, which integrates GA technique with 
reliability and risk assessment to minimize cost of maintenance activities of power 
distribution network by their optimal scheduling.  
Notations 
AAV: asymptotic availability value 
N : total number of components 
TP =(TP(1), TP(2)… TP(N)) : solution vector of system component inspection periods 
TM : mission time 
Cj(e(i)): the cost of jth inspection of the ith component 

)i(nR : mean number of corrective actions of ith component 
Ai(t): availability of the ith component at the time t 
A(t): system availability at the time t 
A0 : availability constraint (lower limit) 
CMC: corrective maintenance cost 
PMC: preventive maintenance cost 
λic [year-1]: corrected value of failure rate of ith component λi 
 

2 METHODOLOGY 

Each optimization method should use the models and results of probability safety 
assessment (PSA), which is comprehensive source of reliability or risk information. The PSA 
process starts with the analysis of a schematic diagram of a representative engineering system, 
performs the evaluation of the system block diagram, and afterwards builds and analyzes a 
fault tree, using Boolean logic methodology, obtaining at the end the structure function of the 
system. 

Our new optimization methodology includes such PSA models that take into 
consideration time requirements, e.g. [4].  Current approach to PSA is summarized in [5] 
(M.Čepin, 2002). 

 
2.1 Reliability and Risk Assessment Based on Simulation Technique 

Basic availability calculations of the paper were done by using simulation technique. In 
fact, the technique is employed when analytical techniques have failed to provide a 
satisfactory mathematical model or defy solution of the problem in closed form or the solution 
becomes unwieldy. The principle behind the simulation technique is relatively simple and 
easy to apply.  In a lot of cases this technique is the only practical method of carrying out 
reliability studies, particularly when system is maintained and arbitrary failure and repair 
distributions are used or some special repair or maintenance strategy is prescribed. 
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Availability or risk assessment method applied in the paper is based on the simulation 
program in [5]. Many improvements of the program have been done recently, as for example 
parallel version. The parallel version of the simulation algorithm brings many improvements 
of the basic direct simulation technique, resulting in higher computational efficiency. Directed 
Acyclic Graph composed from nodes and edges, was used as a system representation. Large 
variety of maintenance strategy applied on basic components is allowed using the algorithm.  

 
2.2 Cost Model for Components under Preventive Maintenance 

In the paper we will assume that the preventive maintenance (PM) actions improve the 
reliability of input component to “as good as new”. It means that the element’s age is restored 
to zero (replacement). Cost of the above mentioned preventive maintenance policy of a given 
system is simply given by summarizing each of the PM inspections done on the components 
that are under maintenance: 
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is the integer part of the fraction, and TM, T0, TP, are respectively, mission time, first 
inspection time and inspection period of a given component. 
The time, in which a component is not available due to PM activity, is negligible if compared 
to the time elapsed between consecutive actions. 
Basic assumptions of this paper are as follows: 
1 Testing actions (or inspections) are carried out periodically, for j-th component with the 

period of TP(j). Inspections are ideal which means that the component is renewed (as good 
as new). The inspection of the j-th component begins at the time T0(j).  

2 Each component is characterized by its exponential failure rate function, given by 
λ, MTTR (Mean Time to Repair), PMC of one inspection C(e(i)) and CMC. 

 
2.3 Cost Model for Components under Corrective Maintenance 

We take into account also corrective maintenance cost CCM. We never know in advance, 
how large the cost in fact is. The cost is many times dependent on weather, or on natural 
accidents. Apparently, the cost must be in some relation with the above mentioned preventive 
maintenance cost. The more frequently will be a component renewed (preventively) the less 
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CCM cost will be applied. The relation was intensively studied in [6], on the basis of real data 
base system from practice. With respect of the conclusions from the research we will model 
the corrective maintenance as follows.  

The failure rate of ith component λic, which is under preventive maintenance is not a 
constant (what we usually suppose in exponential case), but it depends on the period of 
maintenance of the ith component: 
 

                                                (4) )e.( iP ).i(T
iic

λλλ −−= 1

Where 
λic [year-1] = the corrected value of the failure rate  
λi [year-1]  =    the failure rate of the given element 
TP(i)[year] =   inspection period of a given component  
  
  Resulting from the idea we can conclude that corrective maintenance cost of given 
component will be in close relation with the TP(i):  
If TP(i) is small enough, then the mean number of corrective actions in the course of 
mission time TM  is 

)i(nR
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On the other hand, if TP(i) is large enough, then the mean number of corrective actions 

in the course of  TM is independent on the TP(i), i.e.  )i(nR
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where   MTTFi =1/λi. 
Finally, the mean corrective maintenance cost of ith component in the course of mission time 
TM can be estimated as  
 

      ,            (7)      )i(CMC).i(n)i(C RCM =

and the total mean corrective maintenance cost 
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2.4 Total Maintenance Cost and Problem Formulation 

      Main aim of the paper now is to optimize, for each component of a system, the 
maintenance policy minimizing the total cost function  

 
       C=CCM +CPM = min                      (9) 

 
in the course of mission time TM, and respecting an availability (risk) restriction.   
It is necessary to find optimal vector (cost minimizing) TP =(TP(1), TP(2)…TP(N)), under 
given restriction.  
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As eligible reliability restriction for this kind of optimization was taken the asymptotic 
availability value (AAV), i.e. such limiting availability value to which the instantaneous 
availability converges. This asymptotic availability value AAV we can compute as follows. 
Assuming the asymptotic availability value of  ith component  AAVi  as 

       
icλiMTTR

icλ(t)iAlim
iAAV

t 1

1

+
==

+∞→

,               (10)        

we obtain the final AAV for all considered system: 

       )Ah(AAV = ,                                                  (11)   

where A  = (AAV1, AAV2,…,AAVN) and, 
h = availability of the structure function of a system under interest (in this research the 
structure is represented by Directed Acyclic Graph).  

 
2.5 Cost Optimization Technique 

The genetic algorithms were developed by John Holland in 1967 (ref. [7]) at the 
Michigan University. This method is based on the species reproduction principle, which 
consists in selecting the best adapted individuals among a population and in procreating by a 
crossing process. The implementation of the GA technique consists to first create an initial 
population with given size (number of individuals). Then by a selection process similar to that 
of the natural selection, which is defined by an adaptation function, the second step is to select 
the individuals who will be crossed. These individuals are represented by a chromosome in 
the Genetic Algorithm. Then a current population is created by crossing of the individuals. 
The passage from a current population to another is called generation. For each generation, 
the algorithm keeps the individual with the best criterion value. The coding and the 
construction of the chromosome, representing the individual in the population, is the most 
important step of the algorithm. In this study, a chromosome corresponds to a solution of our 
problem - optimal vector (cost minimizing) TP =(TP(1), TP(2)…TP(N)). 

The general structure of the genetic algorithm according to ref. [7] is as follows:   
Step 1. Initialization of the chromosomes population; 
Step 2. Evaluation of each chromosome of the population; 
Step 3. Creation of new chromosomes using crossing and mutation operators; 
Step 4. Evaluation of the new chromosomes; 
Step 5. Removing of the not selected chromosomes 
 

        The last step is the final stop test (one considers for example the iteration count, or the no 
improvement of the solution value on a certain iteration count...). If the test is not verified, go 
to Step 3. Evaluation process in Step 4 requires, of course, an effective technique for 
reliability and quantification, see above methodology. Full details concerning application of 
the GA technique to our cost optimization problem is demonstrated in [1].  
                           

3 CASE OF APPLICATION – REAL DISTRIBUTION MV NETWORK 

3.1 Description of the system 

The optimization of maintenance policy is performed at real distribution MV (Medium 
Voltage) network, where four points of supply are connected (Fig. 1). Consumption point is a 
distribution transformer station MV/LV (DTS). This system is supplied from a 110 kV 
substation that is taken as point with ideal reliability. There is 22 kV substation fed from that 

Proceedings of the International Conference “Nuclear Energy for New Europe 2005” 



095.6 

110 kV through transformer 110/22 kV. Network further consists of outlets, lines, and section 
disconnecting switches. Their reliability parameters are shown in Table 1 that also contains 
data about periods of present maintenance. The time to failure of each component is supposed 
to be exponential, as well as the time to end of repair. 

Seeing that there is a power switch only in outlet of substation in the network, any 
failure in the MV part results in the outage of all network as far as to this switch. Thus correct 
function of the system is defined so that all four consumptions have to be supplied by their 
power (system “4 out of 4”). 
 

Table 1: Reliability parameters of equipment. _____________________________________ 

Line 08 

Line 05 Line 04Line 03 

Disconnecter 

Disconnecter 

Disconnecter 

Disconnecter 

Transformer 
110 / 22 kV 

Line 01

Substation 22 kV 
Outlet 22 kV 

Disconnecter 

DTS

DTS

Consumption 1

DTS 

DTS 

Outlet 22 kV 

Outlet 110 kV 

Outlet 110 kV 
Substation 110 kV 

Disconnecter

Disconnecter Disconnecter 

Disconnecter

Disconnecter 

Disconnecter 

Disconnecter 

Disconnecter Disconnecter 

Consumption 2

Consumption 3

Consumption 4

Line 02

Line 09

Line 10

Line 11

Line 14

Line 15

Line 06

Line 07

Line 12 Line 13 

Line 16 Line 17 

Line 18

 λ MTTR  PPM*        
           [year ]    [h]               [year] _____________________________________ 

-1

Outlet 22 kV    
 0.015    30  1 
Outlet 110 kV   
 0.01    100  1 
Transformer 110/22 kV  
              0.04    1300  1 
DTS 0.0085    2.605  4 
Disconnecter    
 0.004     20  1 
Line 01 0.029     215  - 
Line 02 0.35     3  1 
Line 03 0.014     3  1 
Line 04 0.098     3  1 
Line 05 0.406     3  1 
Line 06 0.154     3  1 
Line 07 0.196     3  1 
Line 08 0.224     3  1 
Line 09 0.014     3  1 
Line 10 0.308     3  1 
Line 11 0.098     3  1 
Line 12 0.014     3  1 
Line 13 0.07     3  1 
Line 14 0.112     3  1 
Line 15 0.294     3  1 
Line 16 0.112     3  1 
Line 17 0.058     215  - 
Line 18 1.3     3.5  1 _____________________________________ 
* Period of preventive maintenance 

 
 
 
 

Figure 1: Reliability block diagram of the network. 
 
Responsible workers are sensible to the fact that maintenance of most kinds of 

equipment is provided unnecessarily frequently without any significant effect. Consequently, 
the cost is too high. We would like to specify in this contribution such preventive 
maintenance policy that optimizes the cost and at the same time preserves topical degree of 
reliability. The corrective and preventive maintenance costs of all components included into 
the analyzed network are listed in Table 2. 
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Table 2: CMC and PMC of components include______________________________________ d into the network.  
Equipment CMC*  PMC**    
    [CZK]  [CZK] ______________________________________ 
DTS  91,788  11,692 
Line   2,000  5,000 
Transformer 110/22 kV 
  25,300  45,000 
Disconnecter 4,500  9,500 
Outlet  15,000  10,000 ______________________________________ 
* Corrective maintenance cost-cost of one repair 
** Preventive maintenance cost-cost of one inspection 

 
3.2 Availability Calculation for Starting Data Based on Simulation Technique 

Basic availability computation of the system, given by reliability parameters from the 
Table 1 brings Figure 2, where the instantaneous availability is averaged during each year in 
the course of mission time TM = 10 years. 

 
Figure 2: Yearly averaged availability in the course of 10 years for original maintenance 

strategy from Table 1. 
       Before we present the final results, we make one more assumption: first inspection time 
vector T0 =(T0(1), T0(2)… T0(N)) has not been included into the process of optimization.  
Because we optimized inspection periods in dependency on asymptotic availability 
characteristic, the results have not been influenced by the first inspections (at least not 
significantly). That is why we accepted the following strategy: first inspections are realized 
uniformly for all maintained components of the network just in the time which coincides with 
the length of period of the current component. 
For the reliability parameters given in Table 1 we obtained the value of  AAV= 0.9882 . 
Cost is estimated as follows: 

 

       C = CCM +CPM  = 0.1114 + 3.0969  = 3.2083  [mil. CZK / per 10 years]            (12) 

4 OPTIMIZATION RESULTS AND CONCLUSIONS 

4.1 Results of Optimization 

Now we have taken into account the availability constraint A0 =0.9882 for which the optimal 
vector TP =(TP(1), TP(2)…TP(N)) has been found, using above methodology, see Table 3. 
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 Table 3: Optimal vector of periods TP ________________________________________ 
ith component         TP(i)             
                                                               [year] ________________________________________ 
Outlet 110 kV before Line 18            4.07 
Line 18                                      0.24 
Outlet 110   kV behind Line 18        7.70 
Transformer 110/22 kV                       0.88 
Outlet 22 kV before substation 22 kV    7.62               
Outlet 22 kV behind substation 22 kV    2.72               
Line 01                           - 
Disconnecter between Line 01-02        7.02 
Line 02                                       4.36 
Line 03                                       7.62 
Disconnecter between Line 03-04        6.16 
Line 04                                        6.88 
Line 05                                      4.22 
Disconnecter behind Line 05                  2.33 
DTS-Consumption 1                      6.73 
Line 06                        4.23 
Disconnecter between Line 06-07          6.84 
Line 07                                     1.21 
Disconnecter between Line 07-08          5.08  
Line 08                                     5.98 
 

 
 
Disconnecter behind Line 08                 4.09 
DTS-Consumption 2                     7.06 
Line 09                       7.43 
Disconnecter between Line 09-10         5.82  
Line 10                                    1.70 
Disconnecter between Line 10-11         5.60  
Line 11                                    7.03 
Line 12                                    5.76 
Disconnecter between Line 12-13         4.93  
Line 13                                                  4.14 
Disconnecter behind Line 13                 5.68 
DTS-Consumption 3                     5.73 
Line 14                                     2.66 
Disconnecter between Line 14-15          5.37  
Line 15                                     6.83 
Disconnecter between Line 15-16          3.82  
Line 16                                                   2.09 
Disconnecter between Line 16-17          1.88  
Line 17                                            - 
Disconnecter behind Line 17                  3.30 
DTS-Consumption 4                      5.02 _________________________________________ 

Cost result computed according to the criteria (9) gives the final value C: 

C=CCM +CPM =1.367[mil. CZK / per 10 years].                           (13) 
For the comparison purpose (compare Figure 2 and Figure 3) we also computed the 
instantaneous availability referring to the optimized preventive maintenance strategy, yearly 
averaged during each year in the course of mission time TM = 10 years. We can see that 
obtained results are in good agreement with the instantaneous availability computed for 
original PM strategy. 
   

 
Figure 3: Yearly averaged availability in the course of 10 years for optimized maintenance 

strategy from Table 3. 
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4.2   Conclusions 

On the basis of the results we made the final conclusions: 
− Distribution transformer station DTS (which has expensive preventive maintenance … see 

Table 2) is no more necessary to maintain with period of 4 years, but the period might be 
increased to 5-7 years. 

− Original preventive maintenance of transformers 110/22 kV (most expensive preventive 
maintenance), which was prescribed by the period of 1 year, is well-founded. 

− Concerning other components, most critical seem to be lines and, first of all the Line 18 
(with period of three month).   

   
      New optimal strategy preserving (or improving) the original value of AAV= 0.9882 of 
given distribution network significantly decreases the cost – we reached the savings about 1.8 
mil. CZK /per 10 years. 
      As future activity in that research we will try to finish the development of newly modified 
software that enables to take into consideration not only asymptotic (AAV) but also 
instantaneous availability in the process of optimization. Then will be necessary to include 
into the optimization process also the vector of first inspection times T0 = (T0(1), T0(2)… 
T0(N)). Basic methodology for finding the vector is introduced in ref. [1]. 
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