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ABSTRACT 

Assessment of customer power supply reliability is an 

important part of distribution system operation and planning. 

Distribution system reliability assessment is able to predict the 

interruption profile of a distribution system based on system 

topology and component reliability data. In this paper, a 

methodology has been developed for reliability enhancement of 

radial distribution system having distributed generation (DG). 

DG is being adopted in distribution networks with one of the 

objectives being enhancement of system reliability.  By 

determining the optimum values of failure rates/repair times, 

reliability of the distribution system has been optimized 

subjected to constraints on customer and energy based indices 

i.e. SAIFI, SAIDI, CAIDI, AENS, and ASAI. The objective 

function includes (i) cost of modification for failure rates/repair 

times (ii) additional cost of expected energy supplied by DG. A 

recently developed Bacterial foraging algorithm (BFA) is 

employed to solve the optimization problem. The proposed 

algorithm has been implemented on an eight node distribution 

network. The obtained results are compared with PSO, CAPSO 

and DE algorithms. 
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NOMENCLATURE 
λs : total failure rate up to load point from source, rs : average 

interruption duration from source, λdg : failure rate of DG, rdg :  

average outage duration of DG,   :  Failure rate of kth   section,  

  :  average repair time of kth section,    and      are the cost 

coefficients, EENSO:  expected energy not supplied without 

DG, EENSD: expected energy not supplied with DG,  

ADCOST: additional cost per KWh, Li: average load connected 

at ith load point, λsys,i :  system failure rate at ith load point, Ni :  

number of customers at load point i,  Usys,i :  average annual 

outage duration at ith load point, S:  set of distribution segments 

in series upto kth load point, λsw : failure rate of manual switch, 

s:  service restoration time from DG. 

1. INTRODUCTION 
It is of great significance to evaluate reliability of individual 

customer service which can significantly affect the design and 

operating characteristics of power systems, especially 

distribution systems. The majority of distribution systems are 

designed to operate with a radial topology. Radial distribution 

systems have many series components between a substation 

and a load point. A failure of any component in the series path 

results in the outage of a load point. Analysis of customer 

failure statistics indicates that distribution systems make a 

significant individual contribution to overall customer supply 

unavailability. Approximately 80% of all customer 

interruptions occur due to failures in the distribution system [1].  

Nowadays distributed generation is the best way to be used in 

the distribution system, to improve the reliability of the system 

[2]. Due to the problems associated with the establishment of 

new transmission lines, environmental pollution and due to 

restructuring and competition in power systems have increased 

the deployment of DGs to improve the reliability of the 

distribution systems. Other potential benefits of DGs are: power 

loss reduction, voltage support, ancillary services support etc. 

In distribution systems, DG can provide benefits for the 

consumers as well as for the utilities, especially in sites where 

the central generation is impracticable or where there are 

deficiencies in the transmission system. Generally DGs are 

installed in strategic points of the electric power system and 

mainly close to load centers. Though the use of DG has many 

benefits, it involves high capital cost to the system. The time 

necessary to start up the DG should also be taken into account 

for the reliability evaluation of distribution system. If this time 

is sufficiently short, the customers suffer a momentary 

interruption, while, if not, they suffer a sustained interruption.  

Distribution system reliability performance is optimized with 

respect to failure rate and repair time allocation to each 

distribution segment.  Failure rate and average repair time are 

reduced by intensifying fault avoidance and corrective repair 

measures.  In the literature, many researchers have attempted 

the optimization of distribution system reliability performance 

using various algorithms such as gradient projection method, 

primal dual interior point algorithm, value based approach, 

modified genetic algorithm [3 - 8].  In-Su et al [9] described an 

analytical method to determine the reliability of a distribution 

system with DG. They considered three modes of operations of 

DG such as stand by unit, peaking unit and mixed mode 

operation. Gozel et al [10] determined optimal allocation and 

sizing of DGs using an analytical method (in view of 

minimum) line loss. Singh and Varma [11] proposed multi-

objective optimization for DG allocation including load 

models. The case studies were presented to assess the impact of 

type of loads on DG allocation. Reza Baghipour et al [12] 

proposed binary particle swarm optimization algorithm to 

determine the optimum placement and sizing of distributed 

generation and capacitor banks. They considered an objective 

function which includes reliability improvement, loss reduction 

and voltage profile improvement.  

All these methodologies successfully obtain optimum failure 

rate and repair time for reliability enhancement.  In all these 

articles, constraints are considered on primary reliability 

indices i.e. system failure, average interruption duration and 

unavailability.  But it should be noted that these indices may 

not give true picture of severity of an outage as the number of 
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customers and average load at various load points are not 

included in these indices [2]. Conventional reliability analysis 

is normally concerned only with evaluating the expected or 

average value of a particular index. Despite the considerable 

growth in the field of distribution system reliability assessment, 

service continuity indices continue to be measured almost 

exclusively by average indices.  In order to reflect severity of 

an outage, customer oriented and energy based indices have to 

be evaluated. Most frequently used indices by utilities are 

SAIFI, SAIDI, CAIDI, AENS and ASAI [2]. 

This paper presents a methodology to find out the optimal 

solution of failure rate and repair time of each segment of a 

radial distribution system with DG by using BFA. An eight 

node radial distribution system is considered as test system for 

the purpose of illustration. Results were obtained by the 

proposed algorithm for customer and energy based load point 

indices with and without DG. An objective function which 

reflects cost of modification of failure rates, repair time and 

cost of energy supplied from DG has been constructed and 

minimized subject to reliability constraints. The proposed 

algorithm has been compared with other three optimization 

techniques, namely DE, PSO and CAPSO. 

2. PROBLEM FORMULATION 
Distributed generation may be used as standby units for 

reliability improvement at specific load points. At any event 

failure should be occur in distribution system causing loss of 

supply from the main source substation. At that time customers 

are supplied from alternate source (i,e) DG connected at that 

load point.  If DG capacity is sufficient to meet the load at a 

load point in the event of failure of supply from substation then 

the situation at load point is represent as shown in Fig. 1. 

 

Fig 1:  Load point fed from main source and as stand by 

supply from DG. 

 

Fig 2: Equivalent reliability network diagram 

 

Fig 3:  A single component equivalent of reliability network 

The load may be shifted to DG in the event of failure from 

source side by controlling manual switching. The average time 

to carry out the switching operation is assessed as ‘s’ hours. 

The equivalent reliability diagram for the system is shown in 

Fig. 2 in which source side, and DG are directly connected in 

parallel but placed in series with important switching element 

with λsw and ‘s’. The system of Fig. 2 is reduced to an 

equivalent network (λeq, req) shown in Fig. 3 using following 

basic relations (1) and (2) along with series parallel reliability 

network reduction formulae which are used to evaluate the 

basic indices. 

  λ   λ  λ           λ                                      (1) 

    
λ  λ           λ    

λ  λ           λ  
                                                   

To improve the reliability indices the failure rate and repair 

time of each segment of radial distribution system is modified. 

Addition of DG may require additional cost per KWh to be paid 

to the private DG owners. In view of this, the objective function 

is selected as follows: 
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The objective function constitutes of three parts i.e. first part 

reflects cost of modifications of failure rates of each section, 

second part gives cost of modifications in average repair time 

of each sections, third part represents additional cost to be paid 

to the owners of DG. This term in fact is the expected energy 

supplied (EENSO–EENSD) by DG multiplied by additional 

charge per KWh (ADCOST). Hence a compromise has to be 

achieved between failure rate and repair time modifications and 

additional cost involved by the provision of DG sources. This, 

in fact, is achieved by minimizing the objective function given 

by relation (3). This framed objective function includes the cost 

of ‘modifications’ and additional cost of energy purchased from 

Distribution system operator (DSO), power cannot be taped 

immediately from  G, but with a time delay of ‘s’ (service 

restoration time from DG) hours and this has been 

accommodated in modeling aspects.  

Expected energy not supplied (EENS) is calculated for all load 

points as follows [2]:                                                  

                                     
 

                                                   

EENS is calculated using equation (4) without DG is termed as 

EENSO and that calculated with DG is termed as EENSD. 

USYS,i is average annual outage duration at ith load point. Usys,i   

without DG to evaluate EENSO is given as follows: 

                                  λ                   
   

                                            

To calculate Usys,i with DG to evaluate EENSD, the equivalent 

failure rate and repair time are used as given by relations (1) 

and (2).  Usys,i accounting DG is evaluated as follows: 

                   λ                                               (6) 

The objective function is minimized subject to the following 

customer and energy based constraints. 

1. Bounds on the modification of failure rate and repair time of 

each section 

.              

                                                                     (7)

                                                 (8) 

λeq, req 

λs, rs 

 

λdg, rdg 

λsw, s 

Load point 

λs,rs 

 
  Load point 

λdg,rdg 

Main source            DG 
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2. Inequality constraint on System Average Interruption 

Frequency Index (SAIFI):  

 

             SAIFI- SAIFId    ≤ 0                                     (9) 

   where                       
           

   
                                              

                                         

3. Inequality constraint on System average interruption duration 

index (SAIDI): 

 

                            SAIDI - SAIDId  ≤ 0                                  (11)        

   where                      
           

   
                                              

                  

                    

 

4. Inequality constraint on customer average interruption 

duration index (CAIDI): 

 

CAIDI -CAIDId  ≤ 0                              (13) 

where                        
           

           
                                           

5.  Inequality constraint on average energy not supplied 

(AENS):  

    AENS - AENSd   ≤ 0                            (15) 

 

    where                       
         

   
                                             

 

      

                                                                                      

6. Average Service Availability Index (ASAI): 

                

          ASAI = [(8760-SAIDI)/8760]*100                            (17) 

 xpressions for evaluation of λsys,i and Usys,i for each load point 

are given as follows: 

                                                                                               

                                                                                            

Objective function represents the cost of modifications of 

failure rate and repair time of each section. Further the 

inequality constraints implicitly represent the various 

associated cost which may be mitigated by selecting adequate 

desired values of the customer and energy based indices. In this 

paper optimum values of failure rate and repair times of each 

distribution segment are obtained subject to satisfaction of 

threshold values of reliability indices and enhancement of 

distributed generation available in standby mode.   

3. BACTERIAL FORAGING 

ALGORITHM 

BFA is an optimization method developed by Kevin M. Passino 

(2002) [13], based on the foraging strategy of Escherichia Coli 

(E. Coli) bacteria that live in the human intestine. Foraging 

strategy is a method of animals for locating, handling and 

ingesting their food. The foraging strategy of E.Coli is 

governed basically by four processes namely Chemotaxis, 

Swarming, Reproduction, Elimination and Dispersal. 

3.1 Chemotaxis  
Chemotaxis process is the characteristics of movement of 

bacteria in search of food and consists of two processes namely 

swimming and tumbling.  A bacterium is said to be 'swimming' 

if it moves in a predefined direction, and 'tumbling' if moving 

in an altogether different direction. Let j be the index of 

chemotactic step, k be the reproduction step and l be the 

elimination dispersal event. Let θi (j,k,l) is the position of ith 

bacteria at jth chemotactic step, kth reproduction step and lth 

elimination dispersal event. The position of the bacteria in the 

next chemotactic step after a tumble is given by  

                                       
    

           
                  

 If the health of the bacteria improves after the tumble, the 

bacteria will continue to swim in the same direction for the 

specified steps or until the health degrades.  

3.2 Swarming  
Bacteria exhibits swarm behavior i.e. healthy bacteria try to 

attract other bacteria so that together they reach the desired 

location (solution point) more rapidly.  The effect of Swarming 

is to make the bacteria congregate into groups and move as 

concentric patterns with high bacterial density. 

                         
         

 

   

               

                                    
  

 
 

   

  

 

   

             

                                                                                                                         

                                        
  

 
 

   

  

 

   

     

       

3.3 Reproduction  
In this step, population members who have had sufficient 

nutrients will reproduce and the least healthy bacteria will die.  

The healthier half of the population replaces with the other half 

of bacteria which gets eliminated, owing to their poorer 

foraging abilities. This makes the population of bacteria 

constant in the evolution process. 

 

3.4 Elimination and Dispersal 
Gradual or sudden changes in the local environment where a 

bacterium population lives may occur due to various reasons 

e.g. a significant local rise of temperature may kill a group of 

bacteria that are currently in a region with a high concentration 

of nutrient gradients.  Events can take place in such a fashion 

that all the bacteria in a region are killed or a group is dispersed 

into a new location.  To simulate this phenomenon in BFA 

some bacteria are liquidated at random with a very small 

probability while the new replacements are randomly initialized 

over the search space. 

3.5 Implementation flowchart for BFA 
Fig.  4 Shows the implementation for bacterial foraging 

algorithm to solve the optimal values of failure rate, repair 

time, reliability indices and objective function value. 
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Fig 4: Implementation of BFA 

4. SIMULATION RESULTS 
The effectiveness of the proposed bacterial foraging algorithm 

has been demonstrated by solving reliability optimization 

problem on a sample 8 node radial distribution system [14], 

which is shown in fig 5.  The system has seven distributor 

segments.  The system has been modified due to presence of 

DG at load points LP-3, LP-6 and LP-8. In the absence of loss 

of supply at these nodes, continuity is maintained with the help 

of these distributed sources. It is assumed that all the DGs have 

sufficient capacities to meet demand of all the consumers 

connected at these load points.  Each load point (LP) connected 

to lateral distributor via pole mounted transformers (33/0.4 kV) 

where a fuse gear is installed.  

 

 

Fig: 5  Radial distribution systems with DG at selected load 

points. 

In case a short circuit occurs on a lateral distributor, causes fuse 

to blow. It does not affect or cause the disconnection of any 

other load point.  Hence reliability of 33 kV load point is 

unaffected. Appendix A.1 gives current and minimum values of 

failure rate and average repair time for each segment.  A.2 

shows the average load and number of customers at load points. 

A.3 gives cost coefficients     and      for calculating 

objective function (J). A.4 gives failure rate and average down 

time for distributed generation. The ADCOST is selected as 

Rs.1.5 per kWh. λsys and Usys  of the  load points LP-2, LP-4, 

LP-5 and LP-7 which do not have DG are evaluated using 

following relations. 

          

          

            

                

                      

       
      

      
 

             

                 

G 

7 
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G 

LP3 LP5 

5 

4 

DG3 

G 

LP6 DG6 

   Start  

Read the system data 

and BFA parameters   
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The calculation of basic reliability indices at load points 3, 6 

and 8 where DGs are present will be different. The reliability 

network equations to evaluate basic indices for LP-3, LP-6, and 

LP-8 are as follows:  

            

    
         
       

 

Since     and       with DG are obtained using relations (1) 

and  (2) as follows: 

                            

       
                      

      
 

               

    
               

          
 

                            

       
                      

      
 

                  

    
                      

             
  

                            

       
                      

      
 

In the above equations   ,    are failure rate and average down 

time of DG,     failure rate of manual switch, s3 is average 

service restoration time. The optimum values of basic reliability 

indices (i.e.) failure rate and repair time of each feeder segment 

obtained using BF algorithm and are given in table 1. To 

validate the proposed method, the obtained results are 

compared with that of PSO, CAPSO and DE algorithms and the 

comparison is also given in table 1.  CPU times required to 

solve the problem by these four methods are given in table 2. 

Though it is observed that the results of all these methods are in 

close agreement, BF algorithm takes less time than other 

algorithms.  

The load point and customer based reliability indices are 

calculated using these optimized values of the basic reliability 

indices and are given in table 3. It is observed that the obtained 

customer based indices are within the threshold values. 

Table 1: Optimized values of failure rates and repair times 

as obtained by BFA. 

 

 

 

Table 2: CPU times required for convergence 

 

 

 

Variables 

Magnitudes as obtained by 

PSO [15] CAPSO [15] DE [15] BFA 

1λ / year 0.2471 0.2245 0.2331 0.2653 

2λ / year 0.1357 0.1743 0.1789 0.1491 

3λ / year 0.2932 0.3449 0.3104 0.1514 

4λ / year 0.3685 0.3731 0.3430 0.1067 

5λ / year 0.2998 0.2719 0.2845 0.2251 

6λ / year 0.0952 0.0901 0.0920 0.0939 

7λ / year 0.1487 0.1239 0.1483 0.1058 

r1 (h) 6.0023 6.4414 6.0033 6.0010 

r2 (h) 6.0012 6.7191 6.0767 6.0807 

r3 (h) 13.2311 8.6474 6.1595 10.0152 

r4 (h) 8.0029 8.1497 8.0100 8.0071 

r5 (h) 7.0685 7.2750 7.0643 7.0041 

r6 (h) 11.3771 6.1672 9.2649 8.0158 

r7 (h) 6.0042 6.7933 8.3064 6.0299 

Objective 

function J x104 
1.1836 1.1841 1.1701 1.1662 

Technique PSO [15] CAPSO [15] DE [15] BFA 

Cpu time 

(ms) 
281 250 250 242 
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Table 3: Current and optimized reliability indices for radial 

distribution system. 

 

5. CONCLUSION  
 In this paper an efficient methodology has been presented to 

improve the reliability of a radial distribution system with DG. 

An application of Bacterial foraging algorithm has been 

presented to evaluate optimum failure rate and repair time for 

each distribution segment subject to various inequality 

constraints based on energy and customer based reliability 

indices.  The proposed model has been compared with other 

three optimization techniques based on DE, PSO and CAPSO. 

It is observed that BFA performs better than other methods. It 

is also observed that CPU time required for BFA is less than 

that required for other three techniques. It is clear that the 

network constraints have a significant impact on the reliability 

indices in radial distribution systems. 

6. APPENDIX 

 A.1 System data for sample 8 node radial distribution 

system. 

Distributor 

segment 
1 2 3 4 5 6 7 

year/λ0

j  0.4 0.2 0.3 0.5 0.2 0.1 0.1 

/yearλ minj,  0.2 0.05 0.1 0.1 0.15 0.05 0.05 

λ j,max  / year 0.6 0.3 0.5 0.8 0.3 0.15 0.15 

     
 (h) 10 9 12 20 15 8 12 

minj,r (h) 6 6 4 8 7 6 6 

r j,max (h) 15 14 18 30 22 12 18 

 

 A.2 Average load and number of customers at load points 

 

A.3 Coefficients    and      for calculating objective 

function (J) 

 

 A.4 Failure rate and average down time for distributed 

generation. 
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