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1. Introduction   

The  distribution  system  is  an  important  part  that  provides  the  final  links between the 
utility and the customers. Most distribution systems in practice have a single-circuit main 
feeder and are radially configured. The radial distribution system is widely used because of 
its simple design, generally low cost and supportive protection scheme. This configuration 
suggests from a reliability point of view that all components between a load point and the 
supply point must work and therefore poor reliability can be expected as the failure of any 
single component causes the load point to be disconnected.   
The  reliability  in  a  distribution  system  can  be  improved  by  network reconfiguration, 
which is accomplished by closing normally-open switches and opening  normally  closed  
switches (Brown, 2001). These switches play an important role in reducing interruption 
durations in the event of a system failure. Two types of switches are normally installed 
along the main feeders and laterals: sectionalizing switch (normally closed switch) and tie 
switch (normally open switch). The former is a device that isolates a faulted part from the 
system so that the healthy part can still be electrically supplied. The latter is a device that 
recovers loads that has been disconnected by transferring some of the loads to other 
supporting distribution feeders without violating operation and engineering constraints 
(Chowdhury, 2001). Apparently, different  network  configurations  due  to  an  alteration  of  
the  switch  statuses provide different services to the customers.   
A great deal of work has been done on network reconfiguration (also known as feeder 
reconfiguration) in distribution systems mainly in the context of active power loss reduction 
because the cost of MW loss occupies considerable amount of operating cost in the system 
and therefore small amount achieved from loss reduction is still attractive for electric power 
utilities. A number of methods have been proposed to solve feeder reconfiguration for loss 
minimization, such as integer programming (Sarma & Prakasa Rao, 1995) and artificial 
neural network (Kashem et al., 1998) and simulated annealing (Chang & Kuo, 1994). The 
reconfiguration problem in this case are normally subject to power balance equations, bus 
voltage upper and lower limits, line carrying capability of the feeders and radial topology of 
the network. Other constraints may be taken into account, for example, load balancing 
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(Zhou et al., 1997), introduction of distributed generation (Nathachot & Sirisumrannukul, 
2009) and capacitor placement (Su & Lee, 2001). 
Very little has been paid attention to reliability improvement by feeder reconfiguration. 
Tsai, L. H. presented a model for improving the reliability of electric distribution systems 
through network reconfiguration. Two main reliability indices are targeted to be minimized:  
system average interruption frequency (SAIFI) and the system average interruption 
duration  (SAIDI). The mathematical formulations for calculating the change of SAIDI and 
SAIFI as a result of reconfiguration were developed to identify beneficial load transfers. 
However, his method did not take into account reliability worth, which can be described in 
terms of customer interruption costs.  
Ye Bin et. al proposed network reconfiguration to increase reliability worth by an improved 
genetic algorithm. The mathematical model is formuated in which its objective function is to 
minimize customer interruption costs. The procedure was illustrated by the distribution 
system connected at bus 2 of the 6-bus Roy Billitton Test System (RBTS). It is shown from 
their studies that their developed methodology permits flexible use of sectionalizing and tie 
switches without introducing additional costs while being able to achieve large possible 
economic benefit. 
The  emphasis  of  this  chapter  is  given  to  reliability  worth  enhancement  in distribution 
systems, where a good network topology can significantly improve load point reliability. 
However, a good connection is not straightforward to be identified as the large number of 
on/off switch statuses needs to be determined. In addition, some configurations are not 
allowed because they lead either to an isolated system or to a non-radial system. 
Theoretically, the complete enumeration can be used to arrive at an optimal solution while 
satisfying the constraints. Nevertheless, such an exhaustive technique would be practically 
impossible. Alternatively, simulating annealing (SA), which is one of powerful searching 
techniques for combinatorial optimization problems, can be served as a tool for on/off 
decision making of the switches in the system. This technique imitates the behavior of a set 
of atoms in the annealing of metals. The cooling procedure goes gradually from a high 
temperature to a freezing point, where the energy of the system has acquired the globally 
minimal value. This physical annealing process is analogous to the determination of near-
global or global optimum solutions for optimization problems. 
A SA algorithm for network reconfiguration is developed to identify the most appropriate 
topology that gives the lowest customer interruption cost. Customer interruption costs are 
calculated from load point reliability indices and their customer damage functions. The 
developed algorithm is tested with a distribution system connected at bus 2 of the RBTS, 
which consists of 4 feeders and 22 load points, and a 69-bus distribution system, which 
consists of 7 feeders and 69 load points.  
 
2. Simulated Annealing 

Simulated annealing is physically referred to the process of heating up a solid with a high 
temperature. The molten solid is then gradually cooled until it is solidified at a low 
temperature. At each step of the cooling, the temperature is kept constant for a period of 
time in order to allow the solid to reach thermal equilibrium where the solid could have 
many configurations. 

 

 

This physical annealing process is analogous to the determination of near-global or global 
optimum solutions for optimization problems. The underlying idea is to begin with a 
current atomic configuration. This configuration is equivalent to the current solution of an 
optimization problem. The energy of the atoms is analogous to the cost of the objective 
function and the final ground state corresponds to the global minimum of the cost function 
(Aarts, 2001) (Winton, 2003). The analogy between physical system and optimization 
problem is shown in Table 1. 
 

Physical system Optimization problem 
State Feasible solution 

Energy Cost 
Ground state Optimal solution 

Rapid quenching Local search 
Careful annealing Simulated annealing 

Table 1. Analogy between simulated annealing and optimization 
 
On the basis of the above analogy, the main idea of the SA algorithm is to initialize 
randomly a feasible solution, 0x . The energy 0( )E x , which is equivalent to objective 
function, of the initial solution will be evaluated. A new candidate solution is randomly 
generated in the neighborhood of the current one. The move to the new candidate feasible 
solution is accepted if it is superior in the objective value to the current one (i.e., a reduction 
in the objective function for a minimization problem). Nevertheless, an inferior candidate 
solution has a chance of acceptance with a probability, p , given by the Boltzmann 
distribution. 
 

= Dexp(- / )p E kT  (1)

where DE  = change in objective value 

 k  = Boltzmann’s constant 

 T  = current temperature 

 
A uniformly distributed random number, r , is drawn in the range [0, 1]. The move to the 
inferior solution is accepted if the random number is less than p ; otherwise the move is 
discarded. Such an acceptance avoids getting trapped on a local optimal solution and 
therefore expands the search space. The last accepted solution for each temperature iT  
forms the initial solution of the next stage. The temperature is gradually lowered (e.g., 

1i iT Ta+ = , where a  is a constant between 0 and 1) and the algorithm proceeds until a 
stopping criterion (say, temperature is less than a minimum specified temperature minT ) or 
another preset stopping criteria are satisfied. A flowchart for simulated annealing algorithm 
is shown in Fig. 1 (Weck, 2004). 
For a constrained optimization problem, its solutions can be obtained from penalty function 
methods. The main idea behind these methods is to convert a constrained optimization 
problem into an unconstrained one, whose objective function is formed by attaching the 
constraints to the original objective function. The unconstrained problem with the 
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is shown in Fig. 1 (Weck, 2004). 
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augmented objective function can be solved by SA. With a penalty function method, 
infeasible solutions will be penalized by a penalty factor multiplied by their degree of 
violation.  
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Fig. 1. Simulated annealing algorithm 

 
3. Distribution Reliability Indices  

A distribution circuit normally uses primary or main feeders and lateral distributions. A 
primary feeder originates from a substation and passes through major load centers. The 
lateral distributors connect the individual load points to the main feeder with distribution 
transformers at their ends. Many distribution systems used in practice have a single-circuit 
main feeder and defined as radial distribution system. A radial distribution system consists 
of series components (e.g., lines, cables, transformers) to load points. This configuration 
requires that all components between a load point and the supply point operate; and hence 
the distribution system is more susceptible to outage in a single event. There are two types 
of reliability indices evaluated in the distribution system: load point reliability indices and 
system reliability indices (Billinton & Allan,1996). 

 
3.1 Load Point Reliability Indices 
The basic distribution system reliability indices of a load point p  are average failure rate 
lp , average outage duration pr  and annual outage time pU . These three basic indices are 
calculated using the priciple of series systems and given by 
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where n  = number of outage events affecting load point p   
 il  = failure rate of component i  (failure/yr or, in short, f/yr) 
 ir  = repair time of component i (hr) 
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With the three basic load point indices and energy consumption at load points, system 
average interruption frequency index (SAIFI), system average interruption duration index 
(SAIDI), average service availability (ASAI), average service unavailability (ASUI), energy 
not supplied (ENS) and average energy not supplied (AENS) can be calculated. These six 
customer oriented reliability indices are obtained from  
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where nl  = number of load points 
 jl  = failure rate of load point j  (f/yr) 

 jN  = number of customer connected at load point j  

 jU  = unavailability of load point j  (hr/yr) 

 ,( )a jL  = average connected load at load point j  (kW) 

 
4. Quantification of Reliability Worth  

Reliability worth can be quantified in forms of customer interruption costs. Customer 
interruption costs provide an indirect measure of monetary losses associated with a power 
failure and are served as input data for cost implications and worth assessments of system 
planning and operational decisions. The calculation of customer interruption costs requires 
distribution reliability indices of the load points and customer interruption cost data.  
Customer interruption cost data, compiled from customer surveys, are used to develop a 
sector customer damage function (SCDF). The SCDF is a function of customer class and 
outage duration, which can be used to estimate monetary loss incurred by customers due to 
power failure. Table 2 shows the SCDF for seven sectors of customers for five discrete 
outage durations (Goel et al., 1991). The outage cost data in the table is plotted as shown in 
Fig. 2. Using interpolation or extrapolation techniques, the cost of interruption for any other 
duration is determined by interpolation. 
 
User sector Interruption duration (minutes) 

1  20  60  240  480  

Large users 1.005 1.508 2.225 3.968 8.24 

Industrial 1.625 3.868 9.085 25.16 55.81 

Commercial 0.381 2.969 8.552 31.32 83.01 

Agricultural 0.06 0.343 0.649 2.064 4.12 

Residential 0.001 0.093 0.482 4.914 15.69 

Goverment and institute 0.044 0.369 1.492 6.558 26.04 

Office and building 4.778 9.878 21.06 68.83 119.2 

Table 2. Sector customer damage cost ($/kW) 
 
The contingency enumeration method (Geol & Billinton, 1994) estimates the expected 
interruption cost (ECOST). This method considers each outage event in association with the 
interruption cost data of the customers. The system model consists of relevant reliability 
parameters of all components such as the main and lateral feeders, factors such as the 
inclusion or not of disconnects on the main feeders, fuses in the lateral sections, alternate 
back-fed supply, replacing a failed low voltage transformer or using a spare instead of 
repairing it, etc. The ECOST of load point p  is evaluated by 
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Fig. 2. Section customer damage function 
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where pECOST = expected interruption cost of load point p  ($) 

 ,av pL  = average connected load at load point p  (kW) 

 , ( )k p kC r  = 
cost for contingency k  of load point p  with an outage duration
of kr  ($/kW) 

 kr  = average outage time of contingency k  
 kl  = failure rate of contingency k  (f/yr) 
 nc  = number of contingencies that isolate load point p  

 
5. Optimization of Network Reconfiguration    

The objective function is to minimize the total interruption cost given in (11), subject to the 
following two constraints: the system is still radially operated and all the load points are still 
electrically supplied.  
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The optimal or near optimal solution of (12) can be found by the following simulated 
annealing algorithm. 
 
Step 1: Read the feeder length, statistical operating data and customer damage function 

of the distribution network. 

Step 2: Specify sufficiently high temperature, cooling schedule, initial network 
configuration, minimum temperature and penalty factor and set i  =0. 
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where nl  = number of load points 
 jl  = failure rate of load point j  (f/yr) 
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interruption cost data of the customers. The system model consists of relevant reliability 
parameters of all components such as the main and lateral feeders, factors such as the 
inclusion or not of disconnects on the main feeders, fuses in the lateral sections, alternate 
back-fed supply, replacing a failed low voltage transformer or using a spare instead of 
repairing it, etc. The ECOST of load point p  is evaluated by 
 

 

0

0

0

1

10

100

1,000

1 20 60 240 480

Interruption duration (minutes)

In
te

rr
up

tio
n 

C
os

t (
$/

kW
) Large users

Industrial

Commercial

Agricultural

Residential

Goverment and
institute
Office and
building

 
Fig. 2. Section customer damage function 
 

l
=

=å , ,
1

( )
nc

p k p k av p k
k

ECOST C r L  ($) (11) 

where pECOST = expected interruption cost of load point p  ($) 

 ,av pL  = average connected load at load point p  (kW) 

 , ( )k p kC r  = 
cost for contingency k  of load point p  with an outage duration
of kr  ($/kW) 

 kr  = average outage time of contingency k  
 kl  = failure rate of contingency k  (f/yr) 
 nc  = number of contingencies that isolate load point p  

 
5. Optimization of Network Reconfiguration    

The objective function is to minimize the total interruption cost given in (11), subject to the 
following two constraints: the system is still radially operated and all the load points are still 
electrically supplied.  
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The optimal or near optimal solution of (12) can be found by the following simulated 
annealing algorithm. 
 
Step 1: Read the feeder length, statistical operating data and customer damage function 

of the distribution network. 

Step 2: Specify sufficiently high temperature, cooling schedule, initial network 
configuration, minimum temperature and penalty factor and set i  =0. 
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Step 3: Initialize feasible statuses of the switches ix  and calculate the associated 
interruption cost ( )iECOST x . Feasible statuses can be found from an existing 
configuration.

Step 4:  Generate new statuses of the switches 1ix + . If the new configuration satisfies the 
two system constraints, a new interruption cost +1( )iECOST x  is calculated, or a 
penalty factor is applied to the objective function. 

Step 5:  Perform an acceptance test for the new solution in step 4. If 
+D = - <1( ) ( ) 0i iECOST ECOST x ECOST x , the new interruption cost is accepted 

as it is superior to the previous one, otherwise go to step 5. 

Step 6:  Generate a uniform random number in the range [0, 1] and calculate the 
probability of acceptance = Dexp(- / )p ECOST kT . If r p< , the interruption cost 
obtained in step 6 is accepted and proceed to step 7; if not, return to step 3. 

Step 7:  Decrease the temperature in the next iteration by setting 1i iT Ta+ = , where 
0 1a< < . 

Step 8:  Terminate the calculation process if minT T£  where minT  is minimum specified 
temperature; otherwise 1k k= +  and repeat steps 2-7. 

 
6. Case Study 
The developed methodology is tested with bus 2 of the RBTS (Allan et al., 1991) and a 69-
bus distribution system (Chiang & Jean-Jameau, 1990).  

 
6.1 RBTS  
The 33 kV distribution system at bus 2 of the RBTS is employed in this case study, as shown 
in Fig. 3. The reliability data of the components are provided in Table A. 1 of Appendix. 
Feeder and transfomer are listed in Tables A.2 and A.3 respectively. The average and 
maximum loads of this system are 12.291 MW and 20.00 MW (i.e., the system load factor is 
0.61455). The feeders are operated as radial feeders but connected as a mesh through 
normally open sectionalizing points in the event of system failure. The system has 
sectionalizing switches in the main feeders, fuses in each lateral branch and an alternative 
supply at the end of each feeder. Note that there is only one sectionalizing switch installed 
at one side of each lateral branch tapped from the main feeder. The recovery of a failed 
transformer is replaced by a spare one. The distribution system has 2 tie switches, 14 
sectionalizing switches, 22 load points, 22 transformers and 6 circuit breakers.  
The customer and loading data are provided in Table A.4. The SCDF for this system is 
shown in Fig. 1. These studies consider the 11kV feeders only and ignore any failures in the 
33 kV system, the 33/11kV substation and the 11kV breakers. It is assumed that the 11 kV 
source breaker operates successfully when required, sectionalizing switches are opened 
whenever possible to isolate a fault, and the supply restored to as many load points as 
possible using appropriate disconnects and the alternative supply if available (Allan et al., 
1991). Feeder and transformer section numbers are circled in Fig. 3. 

 

 
a) before reconfiguration                   b) after reconfiguration 

Fig. 3. Distribution system of bus 2 of RBTS  
 
A SA-based computer program for distribution network reconfiguration was developed on 
and tested on Intel Processor Core (TM) Duo CPU 2.4 GHz, RAM 3 GB. The maximum number 
of temperatures is specified at 3,000 with a step size (a ) of 0.00025 for temperature scaling. 
The annealing process will be terminated if the maximum number of temperatures has been 
reached.  
The algorithm starts with tie switches No. 5 and No. 28 left open while all sectionalizing 
switches are closed (designated as pattern 1). This initial configuration gives load point 
reliability indices listed in Table 3 and a system interruption cost of $199,680 as shown in 
Table 4. The optimal solution obtained from the simulated annealing algorithm is to open 
sectionalizing switches No. 4 and No. 32  and to close tie switches No. 5 and No. 28 (pattern 
2), giving an ECOST of $197,360. Such switch statuses satisfy the two system constraints and 
make an annual saving of $2,320. For a practical distribution system with thousands of 
feeders, the annual saving will be much more significant. If the two tie switches remains 
closed, Table 5 shows moves from the optimal solution to two other neighborhood solutions 
(patterns 3 and 4) of sectionalizing switches, which produce higher ECOSTs compared with 
that of the optimal one. The convergence report of the simulated annealing algorithm is 
shown in Fig. 4, from which the solution remains unchanged after 1,700 drops in the 
temperature. This system takes about 4 seconds to converge.  
It is very interesting to note that if we consider minimizing the system ENS, instead of the 
system ECOST, the result is shown in Table 6. It can be seen that setting the system ENS as 
the objective function yields different switch statuses because the SCDF fails to be realized 
in the later case. In other words, 1 MWh for energy not served for one load point does not 
produce the same effect as the others. In short, as far as monetary matter is of priority, the 
ECOST minimization would be more appropriate. In this case, not only is the system ECOST 
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(patterns 3 and 4) of sectionalizing switches, which produce higher ECOSTs compared with 
that of the optimal one. The convergence report of the simulated annealing algorithm is 
shown in Fig. 4, from which the solution remains unchanged after 1,700 drops in the 
temperature. This system takes about 4 seconds to converge.  
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reduced, but also the system reliability indices like SAIFI, SAIDI, ASAI and ENS are seen 
improved, signifying the benefit of network or feeder reconfiguration. 
 

Load 
Point 

l  
(f/yr) 

r  
(hr) 

U  
(hr/yr) 

Load 
Point 

l  
(f/yr) 

r  
(hr) 

U  
(hr/yr) 

1 0.240 14.90 3.58 12 0.256 14.29 3.66 
2 0.253 14.40 3.64 13 0.253 14.19 3.59 
3 0.253 14.40 3.64 14 0.256 14.08 3.61 
4 0.240 14.90 3.58 15 0.243 14.73 3.58 
5 0.253 14.40 3.64 16 0.253 14.40 3.64 
6 0.250 14.51 3.63 17 0.243 14.78 3.59 
7 0.253 14.24 3.60 18 0.243 14.73 3.58 
8 0.140 3.89 0.54 19 0.256 14.24 3.65 
9 0.140 3.60 0.50 20 0.256 14.24 3.65 

10 0.243 14.73 3.58 21 0.253 14.19 3.59 
11 0.253 14.40 3.64 22 0.256 14.08 3.61 

Table 3. Initial load point relaibility indices of bus 2 of RBTS  
 

Reliability indices Before reconfiguration After reconfiguration 
SAIFI (failure/customer/yr) 0.248 0.222 
SAIDI (hr/customer/yr) 3.612 3.584 
ASUI 0.00041 0.00040 
ASAI 0.99959 0.99960 
ENS (MWh/yr) 37.745 37.254 
ECOST (k$/yr) 199.68 197.35 
AENS (MWh/customer/yr) 19.78 19.52 
Sectionalizing switches to be opened - 4, 32 
Tie switches to be closed - 5, 28 

Table 4. Simulation results before and after reconfiguration for RBTS 
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Fig. 4.  Convergence report for customer interruption cost of RBTS 
 

 

Pattern Sectionalizing switch No. ECOST ($) 
1 - 199,677 
2 4, 32 197,358 
3 3, 32 197,668 
4 4, 27 197,511 

Table 5. Simulation results for ECOST minimization  
 

Pattern Sectionalizing switch No. ENS (MWh) 
1 - 37.7457 
2 4, 32 37.2546 
3 3, 32 37.1023 
4 4, 27 37.2883 

Table 6. Simulation results for ENS minimization 

 
6.2 69-Bus System 
The test system is a 12.66 kV radial distribution system with 69 buses, 7 laterals and 5 tie-
lines (looping branches). The single line diagram of this system is shown in Fig. 5. Each 
branch in the system has a sectionalizing switch for reconfiguration purpose. There are 69 
load points, 69 fuses, 69 transformers and 1 circuit breaker at the substation. As in the case 
of RBTS, the circuit breaker, the sectionalizing switches, and the fuses are all considered 
fully reliable and only one sectionalizing switch is installed on one side of each lateral. The 
statistical data of system equipment are given in Table A.5. The feeder and transformer data 
are provided in Tables A.6 and A.7. All the feeders and laterals are considered as overhead 
lines. The customer damage function is shown in Table 7, the data of which is plotted as 
shown in Fig. 6. The system has an average demand of 52.613 MW, a load factor of 0.63, and 
6,120 customers.  The maximum number of temperature is set at 100,000. 
Figures 7, 8 and 9 show, respectively, three basic load point reliability indices for this 
system; namely, average failure rate (l ), average outage duration ( r ) and annual outage 
time ( U ). Compared with the RBTS, this system has higher failure rates and hence annual 
outage times mainly because there are more components in series that affect the load points. 
The initial configuration states that the tie switches located on branch No. 208-212 are open 
while all the sectionalizing switches are closed. With this configuration, the initial ECOST is 
$159,672. The optimal solution for this system, as shown in Fig. 10,  indicates that tie switch 
No. 209, 210, 212 remains open and the statuses of tie switch No. 208 and 211 are changed 
from ‘open’ to ‘closed’, giving a ECOST of $27,799. Only two sectionalizing switches are 
required to be opened: switch No. 43 and No. 59. This system sees a reduction in ECOST of 
$27,799, accounting for 17.41%. The computation time is 80 seconds. A summary of 
simulation results before and after reconfiguration is given in Table 8. 
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Fig. 4.  Convergence report for customer interruption cost of RBTS 
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lines (looping branches). The single line diagram of this system is shown in Fig. 5. Each 
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Fig. 5.  69-bus system before reconfiguration 
 
 
 

 

User sector Interruption duration (minutes) 

1  20  60  240  480  

Commercial 0.130 0.143 0.148 0.173 0.381 
Educational 0.018 0.025 0.027 0.044 0.054 
Office and building 0.248 0.287 0.351 0.494 4.778 
Residential 0.001 0.005 0.008 0.020 0.033 
Small industrial 0.105 0.116 0.151 0.193 1.626 
Large industrial 1.005 1.508 2.225 3.968 8.240 

Table 7. Sector customer damage cost for 69-bus system ($/kW) 
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Fig. 6. Sector customer damage cost of 69-bus system  
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Fig. 7. Average failure rate of load points of 69-bus system 
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Fig. 7. Average failure rate of load points of 69-bus system 
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Fig. 8. Average outage duration of load points of 69-bus system 
 

18.60

18.62

18.64

18.66

18.68

18.70

18.72

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67

Load point

A
nn

ua
l o

ut
ag

e 
tim

e 
(h

r)

 
Fig. 9. Annual outage time of load points of 69-bus system 

 
In fact, feeder reconfiguration attempts to balance the risk of losing customer load points 
with high interruption costs and those with low interruption costs so that the total customer 
interruption cost is minimized. With this logical idea, feeder reconfiguration can, therefore, 
result in overall reliability improvement. 

 

 

 
Fig. 10.  69-bus system after reconfiguration 
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Fig. 9. Annual outage time of load points of 69-bus system 

 
In fact, feeder reconfiguration attempts to balance the risk of losing customer load points 
with high interruption costs and those with low interruption costs so that the total customer 
interruption cost is minimized. With this logical idea, feeder reconfiguration can, therefore, 
result in overall reliability improvement. 

 

 

 
Fig. 10.  69-bus system after reconfiguration 
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 Before reconfiguration After reconfiguration 
SAIFI (failure/customer/yr) 3.1478 3.0568 
SAIDI (hr/customer/yr) 18.664 16.860 
ASUI 0.002131 0.001925 
ASAI 0.997869 0.998075 
ENS (MWh/yr) 0.982128 0.88387 
AENS (MWh/customer/yr) 0.160478 0.14442 
ECOST ($/yr) 159,672 131,873 
Sectionalizing switches to be open - 43, 59  
Tie switches to be closed - 208, 211 

Table 8. Simulation results before and after reconfiguration for 69-bus system  

 
7. Conclusion  
The network reconfiguration problem for reliability enhancement is solved by the 
developed simulated annealing in conjunction with reliability worth analysis that provides 
an indirect measure for cost implication associated with power failure. The objective is to 
minimize customer interruption cost with the constraints that all load points have to be 
electrically supplied and radially connected. It can be seen from the results of the RBTS and 
the 69-bus system that the total customer interruption cost can be reduced (i.e., the system 
reliability worth is enhanced) and system reliability indices are improved if the network is 
properly configured. Some other benefits that can be obtained from the network 
configuration could also be taken into account such as loss reduction and load balancing. In 
such case, a multi-objective optimization problem will result where achieving one objective 
usually comes at the expense of the others and therefore a priority ranking is generally 
required. Other constraints may be included such as the number of switching operations of 
sectionalizing and tie switches. 
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 Before reconfiguration After reconfiguration 
SAIFI (failure/customer/yr) 3.1478 3.0568 
SAIDI (hr/customer/yr) 18.664 16.860 
ASUI 0.002131 0.001925 
ASAI 0.997869 0.998075 
ENS (MWh/yr) 0.982128 0.88387 
AENS (MWh/customer/yr) 0.160478 0.14442 
ECOST ($/yr) 159,672 131,873 
Sectionalizing switches to be open - 43, 59  
Tie switches to be closed - 208, 211 

Table 8. Simulation results before and after reconfiguration for 69-bus system  

 
7. Conclusion  
The network reconfiguration problem for reliability enhancement is solved by the 
developed simulated annealing in conjunction with reliability worth analysis that provides 
an indirect measure for cost implication associated with power failure. The objective is to 
minimize customer interruption cost with the constraints that all load points have to be 
electrically supplied and radially connected. It can be seen from the results of the RBTS and 
the 69-bus system that the total customer interruption cost can be reduced (i.e., the system 
reliability worth is enhanced) and system reliability indices are improved if the network is 
properly configured. Some other benefits that can be obtained from the network 
configuration could also be taken into account such as loss reduction and load balancing. In 
such case, a multi-objective optimization problem will result where achieving one objective 
usually comes at the expense of the others and therefore a priority ranking is generally 
required. Other constraints may be included such as the number of switching operations of 
sectionalizing and tie switches. 
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Appendix A 
A.1 Roy Billinton Test System (RBTS) 
 

Component l  r  s  
Transformer 0.0150 200 - 
Line 0.0650 5 1.0 

l  = failure rate  (f/km-yr)

r  = repair time and 
replacement time (hr) 

s = switching time (hr)
Table A.1. Component reliability data 
 

Feeder type Length
(km) 

Feeder section numbers

1 0.60 4, 7, 8, 14, 26, 32, 33, 43, 47, 49 
2 0.75 1, 2, 3, 6, 18, 24, 27, 30, 31, 35, 39, 45, 55 
3 0.80 10, 12, 16, 20, 22, 23, 25, 29, 37, 41, 51, 53, 57 

Table A.2. Feeder data 
 

Tranformer section numbers
9, 11, 13, 15, 17, 19, 21, 22, 23, 34, 36,  
38, 40, 42, 44, 46, 48, 50, 52, 54, 56, 58 

Table A.3. Tranformer data 
 

Number of 
load points 

Load points  
(LP) 

Customer  
type 

Average  
load (MW) 

Peak  
load (MW) 

Number of customers  
per load point 

5 1, 2, 3, 10, 11 Residential 0.535 0.8668 210 
4 12, 17, 18, 19 Residential 0.450 0.7291 200 
1 8 Small 

industrial 1.00 1.6279 1 

1 9 Small 
industrial 1.15 1.8721 1 

6 4, 5, 13,  
14, 20, 21 Government 0.566 0.9167 1 

5 6, 7, 15, 16, 22 Commercial 0.454 0.7500 10 
Total   12.291 20.00 1,908 

Table A.4. Customer and loading data 

 
A.2 69-Bus System 
 

Component l  r  s  
Transformer 0.0150 200 - 

Line 0.0650 5 1.0 
l  = failure rate  (f/km-yr) 
r  = repair time and 

replacement time (hr) 
s = switching time (hr) 

Table A.5. Component reliability data 

 

Length (km) Feeder section numbers
0.60 3, 5, 6, 7, 9, 14, 16, 17, 19, 21, 23, 24, 27, 28, 33, 35, 37, 41, 45, 46, 48, 

51, 55, 57, 60, 62, 63, 66, 67, 70, 74, 78, 88, 90, 92, 106, 110, 118, 132, 
142, 152, 154, 170, 178, 184, 190, 196, 202, 206 

0.70 2, 4, 12, 13, 18, 20, 26, 30, 31, 32, 36, 38, 43, 47, 54, 59, 64, 65, 68, 82, 
84, 86, 96, 100, 112, 116, 122, 124, 134, 136, 138, 144, 146, 148, 150, 
160, 164, 166, 172, 180, 182, 188, 192, 204 

0.80 1, 8, 10, 11, 15, 22, 25, 29, 34, 39, 40, 42, 44, 49, 50, 52, 53, 56, 58, 61, 
69, 72, 76, 80, 94, 98, 102, 104, 108, 114, 120, 126, 128, 130, 140, 156, 
158, 162, 168, 174, 176, 186, 194, 198, 200 

Table A.6. Feeder data 
 

Tranformer section numbers
71, 73, 75, 77, 79, 81, 83, 85, 87, 89, 91, 93,95, 97, 99, 101, 
103, 105, 107, 109, 111, 113, 115, 117, 119, 121, 123, 125, 
127, 129, 131, 133, 135, 137, 139, 141, 143, 145, 147, 149, 
151, 153, 155, 157, 159, 161, 163, 165, 167, 169, 171, 173, 
175, 177, 179, 181, 183, 185, 187, 189, 191, 193, 195, 197, 
199, 201, 203, 205, 207, 208, 209, 210, 211, 212 

Table A.7. Transformer data 
 

Number of 
load points 

Load points  
(LP)

Customer  
type 

Average  
load (MW) 

Peak  
load (MW) 

Number of customers 
per load point 

12 
1, 2, 13, 14, 25, 
26, 37, 38, 49, 
50, 60, 61 

Commercial 0.574 0.950 200 

11 
3, 4, 15, 16, 27, 
28, 39, 40, 51, 
52, 62 

Educational 0.632 0.825 1 

10 
5, 6, 17, 18, 29, 
30, 41, 42, 53, 
54 

Office and 
building 0.988 1.412 10 

17 

7,  8, 19, 20, 
31, 32, 43, 44, 
55, 56, 63, 64, 
65, 66, 67, 68, 
69 

Residential 1.200 1.934 210 

10 
9, 10, 21, 22, 
33, 34, 45, 46, 
57, 58 

Small 
industrial 0.555 0.878 3 

9 
11, 12, 23, 24, 
35, 36, 47, 48, 
59 

Large 
industrial 0.327 0.798 1 

Total   52.613 83.435 6,120 
 

Table A.8. Customer and loading data 
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