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Abstract: Optimal expansion of medium-voltage power networks is a common issue in 
electrical distribution planning. Minimizing total cost of the objective function with 
technical constraints and reliability limits, make it a combinatorial problem which should be 
solved by optimization algorithms. This paper presents a new hybrid simulated annealing 
and tabu search algorithm for distribution network expansion problem. Proposed hybrid 
algorithm is based on tabu search and an auxiliary simulated annealing algorithm controls 
the tabu list of the main algorithm. Also, another auxiliary simulated annealing based 
algorithm has been added to local searches of the main algorithm to make it more efficient. 
The numerical results show that the method is very accurate and fast comparing with the 
other algorithms. 
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1 Introduction 
Expansion of existent distribution networks, because of 
the load growth, is a common and combinatorial 

Set of branches exist in current solution 
Cooling rate 
Fix cost of installation feeder of size a ($/km) 
Cost function of installing a substation ($) 
Electrical energy cost ($/kWh) 
Neighborhood search size 
Objective function ($) 
Branches saver lists 
Current of branch i while the loop exists (A) 
Number of iterations 
Annual increment load rate 
Inflation rate 
Interest rate 
Number of operation year 
Set of branches exist in loop 
Load of node j (MW) 
Length of feeder i of size a (km) 
Number of moved branches 
Number of branches in the candidate network 
Load nodes number     
Capacity of substation i (MW) 
Total loss in network (MW) 

Loss of feeder i (MW) 
Loss of substation m (MW) 
The best solution 
The best neighbor solution 
Current solution 
Solution carrier 
Initial solution 
Capacity of substation m that was installed 
before (MVA) 
Power flow of feeder i of size a (MVA) 
Maximum allowed power flow of feeder i of 
size a (MVA) 
Total capacity of substation m (MVA) 
Neighbor solution 
New solution 
Initial temperature of the SA for tabu list 
controlling 
Temperature of the SA for local search 
Temperature of the SA for tabu list controlling 
Voltage of node i (p.u.) 
Maximum allowed operation voltage (p.u.) 
Minimum allowed operation voltage (p.u.) 
Binary decision variable associated to the 
installation of feeder i of size a 
Binary decision variable associated to the 
installation of substation m 
Impedance of branch i (Ω) 
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problem which is important economically and 
technologically. The problem consists of optimal 
HV/MV substations placement and sizing as well as 
medium-voltage feeders routing and design using 
complex cost objective function and technical 
constraints. The objective function includes network 
investment cost and power-loss cost. The optimal 
solution must satisfy the supply requirements and 
voltage-drop and power flow of feeders constraints. 
Moreover the distribution network should have a radial 
configuration because of protection system constraints. 
Occasionally, we need to design a system to meet load 
demand in new areas without existing facilities. But the 
most common issue in distribution planning deals with 
the reinforcement and expansion of an existing system. 
So, existing substations and feeders have no 
construction costs associated with them, however, they 
have associated power loss costs. 

In recent years, a lot of mathematical models and 
algorithms have been developed for solving this 
problem. A comprehensive review of classical models 
and issues can be found in [1], while [2] analyzes and 
compares the recent modern algorithms.  Branch 
Exchange (BE), Simulated Annealing (SA), Tabu 
Search (TS), Genetic Algorithm (GA), Ant Colony 
Optimization (ACO) and Particle Swarm Optimization 
(PSO) are the famous modern algorithms which have 
been used for distribution network planning [3]-[9], 
and some improvements have been proposed for them 
[10]-[18]. 

Among these algorithms, SA has a very accurate 
result and could pass the local optimum points by 
accepting low quality solutions at initial iterations. It 
can be shown mathematically that the algorithm 
converge asymptotically to the global optimal solution 
with probability one [19], moreover the quality of the 
final solution does not depend on the initial 
configuration. But SA needs excessive computation 
time comparing to the other algorithms [20]. On the 
other hand, in TS algorithm the quality of the final 
solution depends on the initial configuration and 
convergence property is not guaranteed [21]. But TS is a 
fast algorithm because it selects the best neighbor 
solution of the current solution for the next iteration and 
a tabu list avoids cycling. So in a hybrid SA/TS method, 
the advantages of each algorithm can make up the 
disadvantages of the other and as a result, the hybrid 
algorithm could be faster and more reliable. 

In this paper the hybrid SA/TS algorithms for 
distribution network expansion planning have been 
suggested. The optimization algorithms can be either 
SA based SA/TS algorithm, or TS based SA/TS 
algorithm. Here, the two approaches are compared and 
new TS based SA/TS algorithm is shown to be better for 
distribution network expansion studies. Finally, the 
proposed algorithm has been tested on a 73-node power 
distribution network. 

2 Problem Statement 
This section describes the problem formulation for 

distribution network expansion planning. It results in the 
problem that optimizes the location and type of new 
feeders as well as the location and the capacity of new 
substations and the capacity increment of existing 
substations while minimizing the cost objective function 
of the network under technical constraints. The 
objective function includes fix installation cost and 
variable loss cost of the network. The optimal 
distribution system must supply the required loads and 
keep the load node voltages in the acceptable boundary. 
In addition, feeder capacities can not be exceeded and 
the configuration of the network must be radial. As a 
result, the mathematical formulation may be written as 
follows. 
Objective function: 
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where CCon,i,a= 0, for existent feeders. In a radial 
configuration, each load node should be feed by only 
one substation. So feeding a load from two different 
substations makes a loop in the network which is not 
allowed.  
 
3 Hybrid SA/TS Algorithms 

In the SA based SA/TS algorithm, SA is the mother 
algorithm and TS is an auxiliary algorithm. So the 
neighborhood size is 1 and an aspiration criterion is not 
used. SA has a good convergence property, while local 
search is performed in a lower temperature, so this 
search may revisit solution already visited in the past. In 
the hybrid algorithm, tabu search, prevents revisiting 
and cycling of solution [21]. As a result, more different 
solutions would be studied and the computational time 
is less comparing to only using SA algorithm. Although, 
using of tabu search with perturbation mechanism, 
might penalize a good zone of solutions that one of 
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Start 

TMain = T0    &    Iter = 0    &    Empty tabu list 

Generate Si and calculate F(Si) by Eq. (1)

Update tabu list 

Sb = Sc = Si    &    F(Sb) = F(Sc) = F(Si)

Generate d neighbors of Sc and calculate 
their objective functions by Eq. (1) 

Iter = Iter + 1 

Select the best neighbor solution (Sbn) which: 
{satisfies Eqs. (2)-(5)}  AND 
{ [is not tabu] OR [satisfies the aspiration criterion] 

           OR [exp(F(Sb)-F(Sbn))/TMain >rand(0,1)] } 

Stop 

No 

Sb = Sc       &       F(Sb) = F(Sc) 

Yes 

No 

Sc = Sbn       &       F(Sc) = F(Sbn) 

TMain = α . TMain 

Update tabu list 

F(Sc) < F(Sb) ? 

Yes 

Is iteration criterion satisfied ? 

them had already been visited. So the final result might 
be a local optimum. 

In the TS based SA/TS algorithms, TS is the main 
algorithm and SA is an auxiliary algorithm. However, 
here the proposed TS based hybrid SA/TS algorithm 
includes an adaptive heuristic local search for 
distribution networks expansion planning, too. 

This algorithm, like a tabu search, starts from a 
proper initial solution, searches in the neighbor 
solutions and selects the best of them for the next 
iteration start point. For avoiding a cycle search, a tabu 
list has been added but not exactly like the standard TS. 
In the standard TS, solutions which have been visited 
before are penalized by the tabu list and so some good 
zones might be penalized, although the fix aspiration 
criterion is applied to. Controlling the tabu list 
application, by a simulated annealing based algorithm, 
could make up this weakness. As a result, at the initial 
iterations, the hybrid algorithm visits the zones more 
carefully and continues with better solutions. But at the 
later iterations, it will be prevented revisiting solutions 
smoothly because of annealing process, so cycling will 
be avoided. The flow chart of this algorithm is shown in 
Fig. 1. 

The initial solution and heuristic local search, which 
have been used in the proposed hybrid SA/TS 
algorithm, are as follows. 
 
a) Initial Solution 

In distribution network expansion study all of the 
existing substations, candidate substations, existing 
feeders and candidate feeders must be considered. 
Because of the higher installation and operation cost of 
substations, selecting the optimum substations among 
the candidates could be performed by considering all of 
the substations in the initial solution. So feeding each 
load by the nearest substation, while all of the 
substations have an appropriate chance in the final 
solution, is a good choice for the initial solution. 
 
b) Proposed Heuristic Local Search 

In the TS algorithm (and also the proposed SA/TS 
algorithm) local searches should find the best neighbor 
of the current solution. So normally, one must evaluate 
the objective function for every element of the 
neighborhood current solution. This can be extremely 
expensive from a computational standpoint. In practice, 
the probabilistic local searches are used and this allows 
a shorter tabu lists be used too. This may lead to miss 
excellent solutions [19]. To overcome this weakness, a 
heuristic algorithm which is based on a quasi simulated 
annealing algorithm and two lists is proposed which is 
adequate for distribution network expansion problem. In 
this algorithm, the branch exchange method is used for 
local transformations, in which added branch selection 
is performed randomly but selecting the removed 
branch is controlled At the initial iterations of the main  
SA/TS algorithm, branches which are directly  

 
Fig. 1. Flow chart of the proposed TS based SA/TS algorithm 
 
 
connected to the substations, have more chance to be 
removed from the network (Fig. 2). At the later 
iterations, branches which have less electrical current in 
the created loop and more impedance, have more 
chance to be removed. This is because that electrical 
current flows from the better routes regarding the 
network configuration and the impedance of the feeders 
is relevant to their length (installation cost) and their 
electrical loss cost. 
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Set the parameters: TAux, N1, N2

SCarrier = Sc

exp(-Iter/TAux) > rand(0,1) ? 

N = N1 

Select randomly a branch: b∈A' which 
connects two substations indirectly 

Add b to the Sc 

Make a list H1 of branches in 
the generated loop 

Sort branches of H1 versus being 
nearer to the substation nodes 

N = N2

Select randomly a branch: b∈A'

Add b to the Sc

Sort branches of H1 versus |Ii/Zi| 
(that: 1 ≤ i ≤ |L|)

Move N branches of top of H1 list to H2 list (that: N<|H1|) 

Select a branch of  
H2 list randomly

Remove the selected branch from the loop and from H2 

Are Eqs. (2)-(5) satisfied ? Sn = SNew Add the selected 
branch to Sc 

Is H1 empty ? Move the remained 
top branch of H1 to H2

Sc = SCarrier 

Clear H2 list 

Make a list H1 of branches in 
the generated loop

Yes No 

Yes No 

No 

Yes 

Start 

Stop 

 
 
 
 
 
 
Fig. 2. Removing branches are directly connected to 
substations 
 

Two lists control this selection: the first list (H1) 
compares the feasible branches for being removed, after 
adding a branch. At the initial iterations, H2 sorts 
branches versus nearing to substations and at the later 
iterations, H2 sorts them versus |Ii/Zi| criterion. This 
removing branch selection strategy is very accurate 
 

because all of the feasible solutions are compared with 
each others. The second list (H2) is created by some of 
the best top components of H1 and remaining 
components of H1 will be added to H2, later. The final 
branch selection for removing is done by using H2 
components (not just by the best component of H1). The 
second list makes the selection more supple and 
controllable and avoids local optimum points because it 
lets the algorithm visit good solutions instead of visiting 
the best solutions only.  

As a result, bad neighbor solutions won't be 
generated and considered by the algorithm and less local 
search numbers are needed to find the best neighbor 
solution. So the main algorithm will be faster. A flow 
chart of the proposed algorithm is shown in Fig. 3. 

Fig. 3. Flow chart of the proposed local search algorithm 

Substation 
Load Point 

Nearest Branches for Removing 
Added Branch 
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Fig. 4. Existent distribution network configuration as a case study 
 
4 Numerical Results 

In order to show the capability of the proposed 
hybrid SA/TS algorithm for solving distribution 
network expansion problem, the following example is 
presented. It is a 20 kV distribution network which 
consists of 65 load nodes, 2 existent substations and 6 
candidate substations. Fig. 4 shows the existent 
distribution network, new load points and candidate 
substations. The data required for the analysis is 
presented in Table 1, and Table 2. The test is run on a 
2×1.6 GHz Pentium PC having 1 GB RAM. 

Fig. 5 presents the optimal distribution network 
which has the average objective function, resulted from 
several running of the proposed hybrid SA/TS 
algorithm. This figure shows that two substations is 
needed to feed the new load points. 
 

Table 1. Economic data  
Parameter Value 
Electrical Energy cost ($/kWh) 
Annual increment load rate (%) 
Inflation rate (%) 
Interest rate (%)       
Time period (years)                                          

0.05 
3 
12 
7 
25 

 
Table 2. Parameters of the algorithm  

Parameter Value 
  T0   
  α   
  d 
  TAux 
  N1     
  N2/|L|                                                              

4×106 

0.7 
30 
60 
2 

0.75 
 
 

 
Fig. 5. Optimal distribution network configuration, as a good solution, having the average objective function resulted from the 
proposed algorithm 
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Fig. 6. Comparison of SA, TS and hybrid algorithms 
 

 
Fig. 7. Optimal distribution network configuration, as a local optimum solution, having the average objective function resulted from 
the SA, TS and SA based SA/TS algorithms 
 

4.1     Comparisons 
In order to show the advantages of the proposed TS 

based SA/TS algorithm, the results have been compared 
with the SA, TS and SA based SA/TS algorithms in  
Fig. 6. This comparison considers the average objective 
functions that result from several running. The figure 
shows that the TS is faster than SA, but the solution of 
SA is better. The SA/TS which is based on SA is faster 
than TS and much faster than SA, however the result is 
not better than SA's. The proposed TS based SA/TS has 
the best solution and is faster than the others all (even 
when the standard local search instead of proposed 
heuristic local search algorithm is used). As a result, the 
average solutions of the other algorithms are local 
optimums (Fig. 7), while our computations show that 
the best solutions of them are not better than the average 
solution of the proposed algorithm, too. 
 

To show the advantages of using |Ii/Zi| criterion in 
the proposed local search algorithm, the solving process 
of two algorithms which one includes this criterion and 
the other is not, have been compared. The comparison 
shows that the solution of the first is better than the 
other. This is because of generating better neighbors for 
the current solution, by the proposed local search. 

Increasing the local search size of the second 
algorithm (up to 50), could improve this weakness, but 
computational time will increase clearly. So the first 
algorithm reaches to better solutions sooner than the 
second and thus the first algorithm result would be 
better than the other, in the same running time. Fig. 8 
presents this comparison. 
 

4.2     Parameter Analysis 
The proposed hybrid TS based SA/TS algorithm has 

some important parameters which influence the 
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Fig. 8. A section of optimization process for two algorithms, 
1st: N2/|L|=0.75 & d=30 (solid line) and 2nd: N2/|L|=1 & d=50 
(dash line) 
 
optimization process. The most important parameters 
are T0, TAux, N2/|L|, size of local searches (d) and tabu 
list size. 

Main algorithm initial temperature (T0) should set to 
a value where the initial probability of accepting tabu 
solutions is high. We set the other parameters like  
Table 2 and vary T0 from 4×104 to 4×107 and run the 
algorithm several times for each sample. The result has 
been shown in Fig. 9. 

This figure shows that the initial temperature of the 
main algorithm has an optimal value which equals to 
4×106

 and also the objective function varies linearly 
 

 
Fig. 9. Objective function variation versus main hybrid 
algorithm initial temperature 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

versus the logarithm of the T0. Our computations show 
that T0 has much more influence on the objective 
function than the convergence time. 

The temperature of the auxiliary local search 
algorithm (TAux) has severe influence on the final 
objective function and the convergence time, both. Fig. 
10 presents this influence (other parameters are similar 
to Table 2). This figure shows that if we do not use the 
first half of the proposed local search algorithm  
(e.i. TAux = 0), the algorithm will be fast but the solution 
is not good enough. Increasing TAux leads to better 
solutions with lower objective functions but the 
convergence time increases linearly. TAux = 300 leads to 
the best solution which is a global optimum and the 
relevant distribution network configuration has only one 
new substation (Fig. 11). 
 

 
Fig. 10. Influence of TAux on the final objective function (solid 
line) and the convergence time (dash line) 
 

Fig. 12 presents the influence of the N2/|L| parameter 
on the objective function of the proposed algorithm 
result. Proposed algorithm has been run several times 
for some N2/|L| parameters and the minimum and 
maximum of the results have been obtained. 

This figure shows that using the second part of the 
proposed local search (i.e. |Ii/Zi| criterion) causes a 
lower average objective function in all of the N2/|L| < 1, 
because of leading the algorithm to fairly better 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 11. Optimal distribution network configuration, as a global optimum solution, resulted from the proposed algorithm at TAux=300 
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Fig. 12. Influence of N2/|L| on the minimum and maximum 
objective function, in several runs 
 
solutions in local searches. But this might limit the 
algorithm in certain zones, so the best solution is 
obtained at N2/|L| = 75 %. 

The impact of local searches size and tabu list size 
on objective function of the resulted solution and 
convergence time has been shown in Fig. 13 and  
Fig. 14, respectively. Corresponding to them, increasing 
the local searches size and tabu list size leads to the best 
objective functions because of more accurate study on 
solutions space, but the convergence time would be 
much longer. Increasing tabu list size, even without 
increasing local searches size, results better solutions at 
approximately fix convergence time. For example, 
while tabu list size is 2000 the objective function will be 
the same for 30≤d≤100 and convergence time is good 
enough for 10≤d≤40. So using a large tabu list and mid   
 

 
Fig. 13. Influence of tabu list size and local neighborhood 
search size on the result objective function 
 

 
Fig. 14. Influence of tabu list size and local neighborhood 
search size on the convergence time 

local search size is the best choice for this optimization 
algorithm. 
 
5 Conclusion 

In this paper, a hybrid TS based SA/TS algorithm, in 
which the TS was the main and SA was the auxiliary 
algorithm, proposed for distribution network expansion. 
TS algorithm has a good convergence time but the result 
might be a local optimum. Adding the SA algorithms to 
TS algorithm, improves the result without increasing the 
convergence time. The first auxiliary algorithm, as a 
diversification, lets the main algorithm consider wider 
zones of solution space, so the final solution is more 
accurate and the second auxiliary algorithm, as an 
intensification, makes the local searches more efficient 
and decreases required local search numbers at each 
iteration, so the computational time is less. Numerical 
results showed that the resultant algorithm can reach to 
a near optimum solution very fast and to the global 
optimum a little later after optimum parameter selection. 
So it is better than all the SA based SA/TS, SA, and TS 
algorithms. 
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