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Abstract. In recent years, the level of variable Renewable Energy Sources 
(vRESs) integrated in power systems has been increasing steadily. This is 
driven by a multitude of global and local concerns related to energy security 
and dependence, climate change, etc. The integration of such energy sources is 
expected to continue growing in the coming years. Despite their multifaceted 
benefits, variable energy sources introduce technical challenges mainly because 
of their intermittent nature, particularly at distribution levels. The flexibility of 
existing distribution systems should be significantly enhanced to partially 
reduce the side effects of vRESs. One way to do this is using a dynamic 
network reconfiguration. Framed in this context, this work presents an 
optimization problem to investigate the impacts of grid reconfiguration on the 
level of integration and utilization of vRES power in the system. The developed 
combinatorial model is solved using a genetic algorithm. A standard IEEE 33-
node distribution system is employed in the analysis. Simulation results show 
the capability of network switching in supporting large-scale integration of 
vRESs in the system while alleviating their side effects. Moreover, the 
simultaneous consideration of vRES integration and network reconfiguration 
lead to a better voltage profile, reduced costs and losses in the system. 
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1   Introduction 

In recent years, integration of Distributed Generations (DGs) in electric distribution 
systems has attracted more attention due to various reasons [1]. The purpose of DG is 
to install small generation plants (mainly of non-conventional energy sources) close to 
end-users. Because of the growing concerns on climate changes, increased demand 
for electricity and other reasons, several states are adopting new policies to support 
the development of “clean” energy resources and address these concerns [2]. 
Nevertheless, dramatically increasing the level of variable Renewable Energy Sources 
(vRESs) often poses some technical challenges that often undermine the stability and 
reliability of the system as well as the quality of power delivered to consumers [3]. 

This is because such intermittent energy sources substantially increase the level of 
operational variability and unpredictability in distribution network systems, which 
further complicate the “operation, planning and control” of such systems [1]. This can 
be addressed by enhancing the flexibility of existing systems. One way to do this is 
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using dynamic distribution system reconfiguration (DSR). A dynamic DSR can 
considerably enhance the flexibility of the system and improve voltage profiles, 
thereby, increasing chances of accommodating large-scale vRES power.  

The DG placement and sizing problem has been widely studied especially in recent 
years. In relation to this, authors in [4] present a detailed review of existing literature 
in DG allocation and associated issues. Depending on the size and type of DGs, their 
integration in distribution network systems may have positive or negative effects. 
Authors in [4] and [5] employ several techniques to analyze the impact of DGs in 
electrical systems as a whole. Some researchers resort to ways that can be used to 
develop appropriate rules for allocating DGs in distribution network systems while 
minimizing their possible side effects [6]–[10]. In this regard, the most relevant issues 
that need to be accounted for in DG integration include the network topology, DG 
capacity and suitable location among others. In the absence of advanced enabling 
mechanisms such as smart-grids, each connection point in distribution network 
systems has a maximum DG penetration limit beyond which some of the system 
performance indicators such as losses and technical issues are undermined [11], [12].  

One of the main aims of this work is to develop appropriate tools for optimally 
integrating variable energy sources so that the quality of power delivered to end-users is 
enhanced at a minimal possible cost. To this end, an optimization problem is proposed 
to optimally deploy such resources in distribution systems, and investigate the 
impacts of grid reconfiguration on the penetration level of vRESs in such systems. 
The developed model is solved using a genetic algorithm. A standard IEEE 33-node 
distribution system is employed in the analysis.  

Hence, one of the main contributions of this work is an improved mathematical model 
for jointly optimizing distribution network reconfiguration and allocation of RES-
based DGs. Another contribution is the quantitative and qualitative analysis made to 
assess the impacts of network reconfiguration on the penetration and utilization level 
of intermittent power, and relevant system variables in the distribution system. 

2   Relationship to Smart Systems 

The integration of DGs in electrical distribution network systems (renewable types, in 
particular) has been gaining momentum since recently. This is driven by a number of 
factors of technical, economic and environmental nature. Growing concerns related to 
the increasing demand for electricity, energy security and climate change will further 
lead to a continuously increasing share of vRESs (such as wind and solar) in the final 
energy consumption. However, a very high penetration level of such resources results 
in some technical challenges in the system that may undermine the integrity, stability, 
reliability and quality of power delivered to consumers [1]. This is mainly due to the 
intermittent nature of such energy sources that substantially increase operational 
variability and unpredictability in the power production. To deal with such challenges, 
existing systems should be equipped with new flexibility mechanisms. For example, 
the deployments of smart-grid technologies are expected to adequately overcome the 
technical challenges posed by RES-based DGs as a result of the dramatically 
enhanced system flexibility [1], [13]. In connection to this, a dynamic (and possibly 
automated) distribution network reconfiguration is one of these technologies that are 
expected to be rolled out in distribution systems for the same purpose. Distribution 
System Operators (DSOs) can reap the benefits of automated DSR that along with 
other smart systems helps to address the challenges of DG sizing and allocation 



problem [14]. In general, the contribution of the current work to smart systems can be 
summarized with the following points:  

1. DSOs can invest in smart-grid systems that have the capability to 
automatically switch branches in order to operate the system with reduced 
costs and improved system stability. 

2. After the integration of vRES based DGs, smart systems that have the 
capability to switch branches can efficiently route RES power generated 
elsewhere where the demand is low to locations where demand is relatively 
higher, hence reducing curtailment. All this leads to an enhanced voltage 
profile and reduced energy losses in the system.  

3. Smart grids and isolated systems are often based on vRES technologies. 
Innovation in smart systems will influence control and operation of these 
systems, reducing the impact of the associated variability and uncertainty of 
such DGs. This in turn implies better performances in terms of stability, 
reliability and quality of the systems. In the near future, isolated systems 
may operate automatically, without DSO’s intervention. And, this can bring 
fewer concerns for remotely located systems.   

3   Model Formulation 

3.1 Objective Function 

The main objective of the problem is to minimize the total costs of operation in the 
system, which is given by (1).  

ܨ = minܥ௜ (1) 

where Ci is the cost of each population, contained in the fitness vector.   
The formulation of the problem is based on the AC network model. In order to 

solve the AC optimal power flow problem, MatPower is used. The combinatorics of 
DSR is handled via a genetic algorithm. Details of the algorithm are presented below. 

a) Initialization: In order to set the connected branches, a binary population is 
assumed. First, populations whose number is equal to the number of links are 
generated. The generated populations should keep the network radial, given by the 
number of buses minus the number of generators. The DG sizing problem assumes 
integer values. Hence, a DG chromosome generates integer numbers, representing the 
size of a DG and with a length equivalent to the number of buses to simultaneously 
handle the allocation problem. This means that each population has the size and the 
location information of each DG type.  

b) Mutation: Uniform crossover, Boolean mutation for the connected branch is 
used. At the same time, integer mutation for the DG placement and size is used for 
new populations based on the best populations.  

c) Selection: Tournament selection is used to select the best minimal cost. In 
tournament selection, n individuals of a population are selected randomly with the 
same probability. The individual with the greatest fitness among them is selected and 
passed to an intermediate population. The process ends when the intermediate 



population is fulfilled. Crossover uses the information in two or more individuals to 
generate one or more individuals. Mutation can diversify when new information is 
introduced in the individual, and consequently to the population.  

3.2 Restrictions 

In order to keep the radiality of the network system, one needs to check if the 
generated population fulfills the following criterion: 

௖ܰ௟௢௦௘ௗ ௕௥௔௡௖௛௘௦ =  ௕ܰ௨௦௘௦ − ௚ܰ௘௡௘௥௔௧௢௥௦ (2) 

This condition is applied to check if the criterion is satisfied. This is a necessary 
condition but not sufficient to obtain a radial topology. It is therefore necessary to 
verify if all buses in the system are connected. This condition is expressed as follows 
[15]: 
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where ܰ represents the set of nodes in the system; ܥ௜  ∪  ௝  is the unique pathܥ 
connecting nodes ݅ and ݆;  ܼ௜ೖ and ௝ܼೖ refer to the statuses (0 or 1) of the n branches in 
the system that constitute the path ܥ௜  ∪  ௝; and ݇ is an index of the branches thatܥ 
constitute each path. 
 

In addition to the above constraints, the lower and upper limits of system variables 
such as voltage, current, active and reactive power generation are included. 

3.3 Active and Reactive Power Balances 

The constraint related to the active power balance is enforced using Eq. (4): 
݃ܲ൫ߠ; ௠ܸ;  ௚ܲ൯ =  ௕ܲ௨௦(ߠ; ௠ܸ) + ௗܲ ௚ܥ − ௚ܲ = 0 (4) 

Similarly, reactive power balance should be ensured, which is given by (5): 
݃ܳ൫ߠ; ௠ܸ;  ܳ௚൯ =  ܳ௕௨௦(ߠ; ௠ܸ) + ܳௗ ௚ܳ௚ܥ − = 0 (5) 

where ߠ and ௠ܸ refer to the voltage angle and magnitude; ௚ܲ and ܳ௚ are generator 
injections; ௗܲ  and ܳௗ : load injections; ܥ௚: a matrix whose (݅, ݆)୲୦ element is 1 if 
generator j is located at bus ݅ and 0 otherwise. 

4   Tests and Results 

To perform the analysis in this work, a standard 33-bus radial distribution network, 
taken from [16], is employed. The rated voltage, active and reactive power demand in 
this system are 12.66 kV, 3.715 MW and 2.3 MVAr, respectively. Further 
information about this system can be found in [16], [17]. The voltage at any node in 
the system is allowed to deviate up to a maximum value of ±5%. All DGs are 
assumed to have a power factor of 0.95. The costs of the generators at the feeders are 
given by polynomial functions  C(P) = 150 + 20P + 0.01Pଶ €/h. For integrating the 
DG as a PV bus and add to the cost of the system given by the OPF, one polynomial 



function was taken into consideration  ܥ(ܲ) = 8ܲ €/ℎ. For the sake of simplicity, the 
availability of wind and solar power sources is assumed to be uniform across the 
nodes in the system. Furthermore, Node 1 is considered as the reference node, and a 
base power of 100 MVA is used.  

A total of six cases, designated as Case i, are considered in the analysis. Case 1 is 
the base case; Case 2 considers reconfiguration; Case 3 is a scenario where minimizes 
only losses. Cases 4, 5 and 6 all handle reconfiguration along with DG integration but 
they differ in that, in Case 4, the considered DGs are capable of producing active 
power as well as injecting and absorbing reactive power, Case 5 considers DGs that 
can only produce active power, and the DGs considered in Case 6 are capable of only 
producing or consuming reactive power.  

The variations of system parameters when considering different are analyzed as 
shown in Table 1. Comparing Case 1 with Case 2, we see that reconfiguration slightly 
lowers the total costs and losses. The total cost reduction is about 0.54%. The active 
and reactive power losses are also reduced by 61.59% and 17.38%, respectively. In 
Fig. 1, the voltage profiles of the system after reconfiguration and the base case are 
shown. Clearly, the positive contribution of reconfiguration to the voltage profiles can 
be observed. In addition, in Table 1, there is little difference between minimization of 
losses and minimization of costs, the difference is approximately 0.0057% for total 
costs, 0.5147% for active power losses and 0.5695% for reactive power losses. In 
Table 2, the only difference lies between the opened branches that is 9-11 in Case 2, 
and 10-11 in Case 3. Only one branch is different, and almost leads to similar fitness 
function values. There is a small difference and we can conclude that these 
configurations are minimized but may not be the global optima. Analyzing the results 
in Table 1 further, there is a significant difference in total costs and in total losses in 
Cases 4 and 5 compared to the first three cases.  

The effects of having DGs capable of producing only active or reactive power are 
also seen in Fig. 2. With active-power-only DGs, we can also have a better voltage 
profile, not as linear as in Case 4 but significantly better than in the base case. 
Deploying reactive-power-only DGs also has some noticeable impact in systems 
losses, and voltage profiles. In Case 5, the reduction in total costs is 20.65% 
compared with Case 2 and 21.08% when compared with Case 1. Compared with Case 
2, active and reactive power losses are slashed by 76.22% and 66.68%, respectively. 
Table 1. Values of relevant system variables corresponding to the different cases. 

Cases Total 
Cost 
[€/h] 

Total Active 
Power Losses 

[MW] 

Total Reactive 
Power Losses 

[Mvar] 

Total installed 
DG size [MVA] 

Computation 
time [s] 

1 228.1816 0.1865 0.0999 0 - 
2 226.9463 0.1249 0.0825 0 24.423398 
3  226.9593 0.1256 0.0830 0 27.102581 
4 179.7385 0.0023 0.0020 23 32.926209 
5 180.0747 0.0443 0.0333 17 39.599780 
6 226.1954 0.0876 0.0672 15 34.074488 

 
As in Case 6, there is no big impact in total costs, only 0.87% when compared with 

Case 1 but, there is a huge difference in terms of losses. Compared with Case 1, the 
active and reactive power losses are reduced by 53.04% and 32.69%, respectively. 
Although the costs are slightly increased, the benefits of having DGs with this 
technology are evident with the substantial reduction of losses and improvement in 
voltage profile. The placement and sizing of DGs may not be optimal because of the 



solution method. However, there are small differences from one generation type to 
another, probably indicating the closeness of the solution to the optimal one.  
Table 2. Branches opened and DG location in the 33-bus distribution system  

Cases Opened branches DG Bus Location 
1 21-8; 9-15; 12-22;18-33;25-29 - 
2 7-8; 9-10; 14-15; 32-33;25-29 - 
3 7-8; 10-11; 14-15; 32-33; 25-29 - 
4 7-8; 11-12; 15-16; 21-22; 28-29 4; 9; 16; 17; 20; 22; 23; 24; 26; 30; 31; 32 
5 6-7; 11-12; 14-15; 26-27; 32-33 5; 8; 12; 13; 14; 17; 23; 25; 28; 31; 33 
6 7-8; 8-9; 14-15; 28-29; 32-33 5; 6; 13; 15; 22; 24; 30; 32 

 

 
Fig. 1. Voltage profiles corresponding to Cases 1 and 2. 

 

 
Fig. 2. Voltage profiles corresponding to Cases 1, 4, 5 and 6. 

 
It seems that there is no connection between Cases 4, 5 and 6 with respect to 

locating the critical buses to install DG. We can make a connection between Cases 4 
and 5 as well as Cases 4 and 6. Recall that Case 4 considers DGs with active and 
reactive power generation capability while active-power-only and reactive-power-
only DGs are considered in Cases 5 and 6, respectively. Having this in mind, Case 4 
and Case 5 seem to have common optimal DG locations including buses 17, 23 and 
31. Case 4 and Case 6 also have common “optimal” DG locations such as buses 22, 
24, 30 and 32. When we look at the demand and at the total installed size of DG, there 
seems to be a lot of discrepancies among the different cases. The configuration 
outcome of Case 2 is shown in Fig. 3. Fig. 4 shows the DG location and size 
corresponding to Cases 4, 5 and 6. Fig. 5 shows the configuration and DG placement 
outcomes for Case 4.  



 

 
Fig. 3. Network topology after reconfiguration in Case 2 

 
Fig. 4. Location and size of DGs in Cases 4, 5 and 6. 
 

 
Fig. 5. Network topology and DG placement in Case 4. 
 
5   Conclusions 

In this work, an improved mathematical model has been developed with the aim of 
performing quantitative and qualitative analysis with regards to the impacts of 
dynamic network reconfiguration on the penetration and utilization level of variable 
renewable power and overall system performance. The developed model has the 
overall cost minimization as an objective, and is based on the most accurate AC 
network model. A genetic algorithm has been used to efficiently handle the 
combinatorial nature of the reconfiguration problem. Generally, the outcome of the 
analysis shows the capability of dynamic network reconfiguration in increasing the 
penetration and utilization level of vRES as well as improving the overall system 
performance in terms of enhanced voltage profile, reduced costs and losses. 
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