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 

Abstract— reliability analysis of distribution systems has been 

attracting increasing attention. A special concern pertains to the 

distribution networks on which most failures occurs. The 

optimization of distribution system of breakers and power 

switches is a possible strategy to improve reliability. The paper 

describes development procedure for modelling restoring after a 

fault and calculating associated reliability indices and customers’ 

outage costs. The developed model of the network and reliability 

and outage costs calculating algorithm is suitable for multi-criteria 

analysis of the network. Proposed reliability and outage costs 

calculation algorithm is based on Monte Carlo simulation and 

genetic algorithm.  

 
Index Terms— distribution network, simulation, power supply 

reliability.  

 

I. INTRODUCTION 

ith the development of economy and mankind the electric 

distribution networks and technical and technological 

solutions of the equipment connected to them are also changing 

resulting in the changes of its application opportunities and 

requirements to quality of the supplied energy. 

Taking into account the conditions of the free market and 

increasing demands of the customers in an uninterrupted 

electric power supply the effectiveness of capital investments 

are expected to be determined as well as losses resulted from 

the supply interruptions and electric supply reliability should be 

calculated. 

The basic task of an electric supply network operator is to 

provide a customer with energy supply of a necessary level of 

reliability and quality with as low financial expenses as 

possible. 

The evaluation of interruptions risks of an electric supply 

system requires to know structure of the network, its load and 

customers data [1].  

II. METHODS FOR CALCULATION OF THE LOSSES 

RESULTED FROM THE ELECTRIC SUPPLY 

INTERRUPTIONS 

The losses resulted from the electric supply interruptions that 

have economic and social influence on the society can be 

divided into direct and indirect losses.  

Direct losses are connected with undelivered electric energy. 

Indirect losses are not connected with the interruptions 

themselves but with their consequences.  

 
 

Different types of losses calculations depend on different 

durations of interruptions, distribution of the customers’ 

groups, methods of results calculations, methods of data 

obtaining, etc. [2, 3]. 

According to the calculation types the methods of losses 

calculation can be divided into three subgroups – analytical, 

simulation and methods of customers’ interview [2, 3].  

After choice of methods – analytical, simulation or interview, 

the direct and indirect losses resulted from interruptions should 

be analyzed and calculated.  

The factors influencing the reliability can be divided into 

subgroups according to the customers of electric energy, 

undelivered energy or power, duration of interruptions, 

frequency as well as combining these subgroups in different 

ways.  

The customers groups are divided taking into account equal 

electric energy consumption and equal interruption losses 

(Fig.1.) [4]. 

Methodology of calculation of electric supply losses from 

interruptions The values of the electric supply reliability and 

losses resulted from the interruptions are calculated with the 

accounting of the following factors: structure of electric supply 

network, undelivered electric energy, distribution functions of 

the interruptions durations probabilities, the duration of electric 

supply system interruptions elimination for reserved, 

unreserved and auxiliary elements as well as the losses of the 

network, society and customers resulted from the interruption 

[5, 6, 7].  

The purpose of the calculations is to consider different 

scenarios as well as to calculate the losses form the 

interruptions.  

For the calculation of the losses the following tasks are 
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Fig. 1.  Factors influencing the losses from electric supply interruptions. 



defined: 

 to model the network and select the criteria for 

reliability and from interruptions resulted losses; 

 to provide an opportunity to calculate the losses 

resulted from the electric supply interruptions; 

 to develop the methods for calculations of losses 

resulted from the interruptions for different periods of 

time and models of network taking into account 

consumption of electric energy, loading factor, length 

of the line, structure of the network, number of the 

customers, expenses for the interruptions elimination 

and capital investments, etc. and analyze the obtained 

results. 

In the calculations of total losses for different scenarios for 

the analysis of capital investments scenario the several factors 

considered in the multi-criteria analysis are taken into account 

(Fig.2.) [4, 8]. 

20kV distribution network of Latvia is analyzed in details 

and calculated. It resulted in a developed model of network the 

data determined below (Fig.3.).  

The reservation of electric supply is possible along the 

connecting line for supply sources A2, A3 and A4.  

In normal regime the power switches QF1, QF5, QF3 are in 

on condition.  

In normal regime power switches QF4 and QF2 are in off 

condition. Points 16, QF4 and QF5 are distribution places. 

In general case for a particular group of customers the losses 

resulted from the interruptions depend on the number of 

customers (N), on the month fm(t), on the day of a week fn(t), 

and time of a day fh(t). Thus the average incomes of the 

correspondent customers C(d) (€/year) and td – duration of 

interruptions, h (1) [3] 

 

dhnm  t,N,d tC(d)(t)f(t) f(t)fN=)ECOST(   (1) 

 

For the determining of the efficiency of the planned capital 

investments in the network with several possible solutions that 

can change the model of the network, the economic calculations 

are required.  

While calculating the level of the losses from interruptions 

and capital investments the capital investments expenses, 

ageing of the elements and the expenses for the elimination of 

the supply system interruptions.  

The expenses are formed from (2), where C – losses from 

interruptions during the calculation period, €/year, Cki – capital 

investments expenses, €/year, CANi – interruptions elimination 

expenses, €/year, CEUi – direct and indirect losses of the 

customers, €/year, n – number of new elements, m – number of 

customers [8] 

minCC=C
m

1i EUi

n

1i ki   ANC . (2) 

 

III. DESCRIPTIONS OF CALCULATION OF ELECTRIC 

SUPPLY RELIABILITY AND LOSSES FROM 

INTERRUPTIONS 

A – Star algorithm is a heuristic method for the way search 

in given graph. The algorithm detects whether there way from 

the starting point to the end point.  

There are developed algorithm modifications, which are 

intended for checking whether the customer is connected to a 

power source. In the algorithm modifications there are taken 

into account in additional restrictions – the reserve source 

searching in the case of network element interruption in 

accordance with network node positions [9].  

If to take into account the features of the network structure 

according to a particular customer it is possible to obtain a more 

accurate duration of the interruptions and frequency for each 

customer.  
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source of main line, A2, A3 – supply source of connecting lines, L1 – L26 – lines, QF1 – QF5 – power 

switch, T1–T21 – transformer substations (TS), T16 – transformer substation connected to main line, 

T2, T10 – transformer substation connected to connecting line, 1, 2, 3,…, 55 – breakers, QF4, QF5, 16 

– places of distributing 
Fig. 3. Model of distribution system. 
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Reservation the elements of electric supply can be divided 

into 3 basic groups – unreserved, reserved and auxiliary. 

Reservation the elements of electric supply can be divided 

into 3 basic groups – unreserved, reserved and auxiliary. 

Unreserved elements are those which in case of interruptions 

customers cannot be provided with electric supply along the 

lines or from other sides.  

Reserved elements are those which in the case of 

interruptions customers can be supplied from other sides.  

Auxiliary elements are the elements that in case of 

interruptions for customers can restore electric supply for the 

element under consideration, as soon as interrupted element is 

interrupted [9].  

The frequency of the elements interruptions regarding to the 
considered transformer substations (TS) can be found as (3), 
where ][xN  – frequency of failures of unreserved elements, 

][xTA  – frequency of failures of unreserved TS, ][xNlin  – 

frequency of failures of unreserved lines, ][xN AT  – frequency 

of failures of unreserved breakers, ][xN JS  – frequency of 

failures of unreserved power switches, ][xR  – frequency of 

failures of reserved elements, ][xRlin  – frequency of failures of 

reserved lines, ][xRAT  – frequency of failures of reserved 

breakers, ][xRJS  – frequency of failures of reserved power 

switches, ][xP  – frequency of failures of auxiliary elements, 

 – frequency of failures of auxiliary lines,  – 

frequency of failures of auxiliary breakers,  – frequency 

of failures of auxiliary power switches: 
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The total frequency of failures of the elements interruptions is 

calculated with (4) 

 

].[][][][ xPxRxNx    (4) 

 

The total frequency of the elements interruptions  can be 

calculated as (5), where  – number unreserved elements, 

 – number reserved elements,  – number of auxiliary 

elements 

 

][][][][ xaPxaRxaNxa  . (5) 

 

The total duration of the elements interruptions  is (6), 

where  – duration of interruption of unreserved elements, 

 – duration of interruption of reserved elements,  – 

duration of interruption of auxiliary elements 

 

tPxaPtRxaRtNxaNx  ][][][][ . (6) 

 

A. Calculations of interrupted energy assessment rate 

The statistical data of several countries were compared, the 

calculated interrupted energy assessment rate (IEAR) was 

determined for all groups of customers; the values of maximum 

and minimum undelivered electric energy were calculated [10]. 

B. Calculations of losses from interruptions by Monte Carlo 

method 

The electric supply reliability and the losses resulted from the 

electric supply interruption for the models with additional 

manually indicated localizations of power switches are 

calculated on the basis of Monte Carlo modelling method.  

The calculations take into account the analysis of the factors 

influencing the reliability for the urban and rural areas electric 

supply network models as well as for the average model with 

the purpose to calculate the expected duration of the 

interruptions without the analysis of previous power switches 

localizations [8, 11]. 

C. Calculations of losses from interruptions by genetic 

algorithm with optimized numbers and localizations of power 

switches 

The optimization of the number and localization of the power 

switches is realized with the help of genetic algorithm (GA), 

taking into account capital expenses and the expenses of 

elimination of supply system interruption [8, 10, 12].  

The calculation of losses from interruptions according to the 

number and localization of additionally placed power switches 

in main lines and connection lines is realized with the aim to 

define an optimal number and localization of power switches 

taking into account the capital investments for power switches 

[10]. 

D. Calculations of losses from interruptions by genetic 

algorithm with optimized numbers and localizations of 

breakers 

The criteria of the optimization of the power switches resulted 

in the decision to optimize the breakers in the main lines and 

connecting lines, taking into account the expenses of the capital 

investments and interruptions elimination.  

The optimization of the number and localization of breakers 

in main and connecting lines is realized with the help of genetic 

algorithm for the electric supply network models of rural area, 

urban area and average type. 

Capital investments and expenses for the interruptions 

elimination without loan, for the loan period of 10 years and for 

the loan period of 25 years. 

IV. RESULTS OF CALCULATIONS OF ELECTRIC 

SUPPLY LOSSES RESULTED FROM INTERRUPTIONS 

A. A. Results of interrupted energy assessment rate 

IEAR calculated for an average electric supply network 

model is demonstrated in Fig. 4.  
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IEAR calculated for an electric supply network model in rural 

areas is demonstrated in Fig. 5. 

IEAR calculated for an urban electric supply network model 

is demonstrated in Fig. 6. 

The summarized data show that the losses from the 

interruptions in 20 kV electric supply network in Latvia are 

equivalent to those in Finland, Norway, the Netherlands, USA 

and Sweden [4, 11, 13]. 

B. Results of calculations of losses from interruptions by 

Monte Carlo method 

The purpose is to calculate the parameters of reliability and 

losses resulted from the interruptions. Application of Monte 

Carlo method gives an opportunity to obtained more accurate 

results using distribution of probabilities and reducing the 

number of assumptions. For an average electric supply model 

with one additional manually indicated power switch the total 

losses resulted from the interruptions are reduced for 14 %, for 

the models of rural areas – for 1.6 %, urban areas – for 19 %.  

For an average electric supply model with two additional 

manually indicated power switches the total losses resulted 

from the interruptions are reduced for 19 %, for the models of 

rural areas – for 3.2 %, urban areas – for 19 %.  

For an average electric supply model with three additional 

manually indicated power switches the total losses resulted 

from the interruptions are reduced for 22 %, for the models of 

rural areas – for 21 %, urban areas – for 22.8 % (Fig. 7). 

The optimal localization of the power switches in the network 

is a significant factor for improving of electric supply reliability 

and, therefore, decreasing of the losses from interruptions.  

The absence of the optimal localization of sectioning 

elements in the network can cause an increasing or insignificant 

decreasing of the losses resulted from the interruptions as well 

as the manually indicated localizations of the sectioning 

elements do not give an opportunity to calculate the efficiency 

of capital investments for the reliability level increasing [8].  

The reducing of the losses from interruptions are directly 

proportional to TS power, number of customers, consumption 

of electric energy and incomes of the customers. 

C. Results of calculations of losses from interruptions by 

genetic algorithm with optimized numbers and localizations of 

power switches 

The optimization of the number and localization of power 

switches in main and connecting lines is realized with the help 

of genetic algorithm for the electric supply network models of 

rural area, urban area and average type.  

The total losses of the distribution network, society and 

customers resulted from the interruptions after the optimization 

of the number and localization of power switches and for 

different loan periods are given in Fig.8. 

After the optimization of the number and localization of 

power switches for the case of no loan the losses resulted from 

the interruptions for the average network model are reduced for 

14 %, for the model of rural area electric supply network – for 

12.6 %, and for the urban area model – for 33.6 %.  

Total losses from interruptions for the loan period of 10 years 

in the model of average network are reduced for 8 %, in the 

model of rural area network – for 7 %, and in the model of urban 

area – for 30 %.  

 

 

Fig. 4. Average IEAR. 

 

Fig. 5. IEAR in a rural area. 

 

Fig. 6. IEAR in a urban area. 

 

Fig. 7. The total losses resulting from interruptions. 



Total losses from interruptions for the loan period of 25 years 

in the model of average network are reduced for 5.8 %, in the 

model of rural area network – for 11 %, and in the model of 

urban area – for 20 %.  

Summarizing the results we can conclude that for the models 

of average and rural areas electric supply networks the capital 

investments for the purchasing of power switches are 

proportionally decreased.  

The total losses resulted from the interruptions are 

significantly decreased as a result of sectioning for the model 

of urban area electric supply network.  

This is connected with higher consumption of electric energy 

in the urban regions and higher incomes of the customers [8].  

Taking into account the total losses from the interruptions the 

additional connection of power switches can be considered 

from the smart grids development and maintaining easy point 

of view. 

 

D. Results of calculations of losses from interruptions by 

genetic algorithm with optimized numbers and localizations of 

breakers 

Note that the optimization of the number and localization of 

the breakers does not give an opportunity to achieve a minimum 

level of the losses resulting from the interruptions. 

Besides, the correspondence of the optimal number of the 

breakers to that of the power switches, the breakers cannot 

provide the operation of the network without the interruptions 

that is why the minimized expenses include the customers’ 

losses from the interruptions. 

Fig.9. represents the total losses of the distribution network, 

customers and society for an optimal number of breakers for the 

loan period of 10years, 25 years and without the loan. 

After the optimization of the number and localization of 

breakers for the case of no loan the losses resulted from the 

interruptions for the average network model are reduced for 2 

%, for the model of rural area electric supply network – for 1%, 

and for the urban area model – for 9%.  

Total losses from interruptions for the loan period of 10 years 

in the model of average network are reduced for 6 %, in the 

model of rural area network – for 3 %, and in the model of urban 

area – for 9 %.  

Total losses from interruptions for the loan period of 25 years 

in the model of average network are reduced for 8 %, in the 

model of rural area network – for 3 %, and in the model of urban 

area – for 7 % (Fig. 9).  

Taking into account the total losses from the interruptions, the 

additional connection of breakers can be considered from the 

perspective of smart grid development and easy maintenance. 

V. CONCLUSIONS 

The proposed methods can be applied for the calculations of 

the interruption risks of the customers and compensation of the 

losses resulted from the interruptions.  

The possible future modifications of the proposed methods 

are applicable in the solutions of different problems related to 

the analysis of electric supply interruptions. 

The overview, analysis and systematization of the methods of 

distribution networks reliability calculation, optimization 

methods of reliability improvement, the alternative of the 

reliability improvement and the losses resulted from the electric 

supply interruptions give an opportunity to search for the 

solutions of capital investments on the level of distribution 

networks, customers and society taking into account the 

tendencies of development and perspective technologies.  

Optimization of the number of power switches and 

localization completed with the help of genetic algorithm, in 

accordance with the loan term and properties of the network 

model, allows reducing the losses from interruptions from 5.8 

% to 33.6 %. 

Optimization of the number of breakers and localization 

completed with the help of genetic algorithm, in accordance 

with the loan term and properties of the network model, allows 

reducing the losses from interruptions from 1 % to 9 %. 

The risks, losses, planning and advantages of the electric 

supply network should be analyzed in accordance with 

economic, environment, electric supply quality, probability of 

interruptions, the risks of the changes in legislation, etc.  

Estimating the solutions of the electric supply reliability 

improvement most of the attention should be turned to the 

selection of optimal number and localization of the sectioning 

elements that provides an immediate improvement of the 

electric supply reliability.  

Taking into account the total losses from the interruptions the 

additional connection of power switches and /or breakers can 

be considered from the smart grids development and easy 

maintenance point of view, but not from the losses decreasing 

 
Fig. 8. Total losses resulted from the interruption for the case of power 

switches optimization. 

 
Fig. 9.  Total losses resulted from the interruption for the case of breakers 

optimization. 



point of view. 

The volume of the possible losses resulted from interruptions 

can be variable with the increasing of electric energy 

consumption and/or changing of the customer properties. 
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