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A B S T R A C T   

Change of the climate, environmental pollution and lack of classical energy sources forced many countries to 
address renewables. In modern strategies of smart distribution network reconfiguration should be applied in 
order to minimize power losses and economic costs. Also, capacitors switching (placement of shunt capacitors) 
and presence of distribution generation are always incorporated in modern networks. Further, On Load Tap 
Changer in the supplying substation has to be used. Simulated Annealing and Minimum spanning tree algorithms 
work separately in order to find the best appropriate solution. The main goals are minimization of power losses 
and costs. In addition, many constraints are attended to find the hourly reconfiguration and capacitor banks 
position. Distributed generators involve both wind generators and solar panels. Two methods described in 
literature are mixed and implemented for locating fixed nodes for distributed generators. Gauss and Weibull 
changing nodal loads and wind generators output respectively, as well as daily load curves for working and 
weekend day with insolation of solar panels are included in analysis. Per unit load diagrams are determined 
according to real one-year measurement results in one substation in Belgrade, Serbia. IEEE 69 bus network is 
analyzed. The main contribution of exposed research is near optimal solution for wide time range, realistic 
network operation/planning forecast (stochastic variation of consumption and production on hour basis) with 
satisfaction of all technical constraints that are minimum and maximum nodal voltages, limiting feeder’s ca
pacities and not-overcompensation of the network, accompanied with elaborate economic background.   

1. Introduction 

Distribution network reconfiguration is a current problem that 
electrical engineers are struggling with. First, it is necessary to find the 
most optimal configuration and define objective functions and con
straints as well. Power losses are emphasised in distribution network 
because of the feeder’s parameters, so the authors of recent papers 
focused on them. On the other hand, economic costs rely and directly 
depend on losses. Further, this is the reason why power losses are an 
urgent problem for network organization. The first issue is the radiality 
and connectivity of distribution network. Apparently, modern re
searches and literature obtain different solutions for solving this prob
lem. Some of them are focused on heuristic approach [1,2], or 
metaheuristic instead [3,4]. Some of them rely on artificial [5,6] or 
finally mathematical methods [7,8]. Papers give both single-objective 
and multi-objective optimization functions instead. Mixed integer 
nonlinear programming approach by taking into account different levels 

of consumption during the day [9], meta-heuristic bee algorithm [10] or 
multi-criteria objective function analyzed by fuzzy technique [11] are 
some of them. This paper considers distribution networks and their 
utilization. Modelling of different power system elements such capacitor 
banks and renewable sources and their implementation in this kind of 
networks are presented. 

A great number of solutions have no possibilities to consider so many 
constraints during the calculation. The real networks include change
ability of demand, presence of distributed generators (DG), optimal 
position and power of capacitor banks and number of switching equip
ment commutations as well. Some authors involve unbalanced loads, 
which is a step further [12]. 

This paper explains a new optimal solution calculation using com
bination of Simulating Annealing technique (SA) [13] and Minimum 
spanning tree algorithm (MST). The advantage of the presented idea is 
not only concentration on power losses, but also a wide economic 
analysis consideration. Speaking about economic issue is extraordinary 
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Contents lists available at ScienceDirect 

International Journal of Electrical Power and Energy Systems 

journal homepage: www.elsevier.com/locate/ijepes 

https://doi.org/10.1016/j.ijepes.2022.108829 
Received 9 August 2022; Received in revised form 20 October 2022; Accepted 25 November 2022   

mailto:rajic@etf.rs
www.sciencedirect.com/science/journal/01420615
https://www.elsevier.com/locate/ijepes
https://doi.org/10.1016/j.ijepes.2022.108829
https://doi.org/10.1016/j.ijepes.2022.108829
https://doi.org/10.1016/j.ijepes.2022.108829
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijepes.2022.108829&domain=pdf


International Journal of Electrical Power and Energy Systems 147 (2023) 108829

2

topic for both producers and consumers. Hence, great number of cir
cumstances has to be analyzed. In addition, switching equipment com
mutations costs are some of them. This is rarely included in optimization 
calculations in recent papers [8]. Thus, the number of commutations is 
often neglected, which is wrong. With an increased number of manip
ulations, the equipment faster deteriorates and needs to be replaced 
earlier. By limiting the number of manipulations, the life of equipment is 
extended. Within the SA algorithm, a limitation of manipulations per 
day is implemented. 

In order to reach the best reconfiguration solution, usage of capacitor 
banks and static compensators has not been avoided using multi- 
objective decision function [14]. The elitist non-dominant sorting ge
netic algorithm (NSGA-II) and the fuzzy concept are implemented for 
the purpose in [15]. Price of the installed equipment is not shown, 
reconfiguration with penetration of renewables and capacitors is 
implemented [16] and only static compensators are analyzed [17]. 
Reactive power compensation has distinguished benefit. Obviously, the 
economic aspect imposes costs of these compensation tools. The paper 
offers optimal solution for capacitor banks power and node position 
including their cost with minimum power losses. Hence, this leads to 
greater power factor value and lower losses. In this paper, the SA al
gorithm is adapted for calculation and optimal placement of capacitor 
banks in the network, as well as their required power. 

Research focused on new technologies like renewable ones and their 
impact in changing power systems. The presence of the renewables is 
implemented in the paper. More often, the papers discussed many 
network reconfiguration solutions with penetrated renewables [18,19]. 
Some of them consider just wind turbines [20], the others solar panels 
[21], but rarely both wind and solar renewables at the same time [22]. 
This research discussed both mentioned distributed types. Weibull dis
tribution defines velocity density. 

Recent references show that distribution engineers keep finding new 
aspects of network optimization in both the exploitation and planning 
phases. Set of data and test system which can not be found in previous 
literature representing European style distribution grids in contrast to 
North American ones are presented [23] that can be very useful for 
European distribution network engineers. This paper tries to implement 
real measurements to model load changeability also. State-of-the-art 
analyses for planning of distribution networks with high-penetration 
of renewables and dynamic loads are exposed in [24]. In present time 
tendency exists of “moving towards a more sustainable and decarbon
ized future that supports higher penetration of clean and renewable 
sources“. Planning process is made difficult on account of uncertainty at 
both supply and demand side. Neglecting economic side of the problem 
is knowledge gap of undertaken analyses, mostly. 

In this research IEEE network is analyzed with 69 nodes and 73 
branches. Further, which is also avoided in recent literature, hourly 
demand changeability is considered as well. For sure, demand is 
changeable so the reconfiguration should follow this inconsistency [25]. 
This paper gives an hourly reconfiguration solution. Changeability of 
daily demand diagram is adopted according to real one-year measure
ment results in one substation in Belgrade, Serbia. 

MST uses branch-weighting factors and shows excellent speed and 
accuracy for changing network reconfiguration during the simulation. 
SA has proven to be very grateful for a great number of implementations 
of constraints and additional considered factors. The newly formed 
hybrid algorithm provides the most favourable configurations at the 
hourly level, taking into account all the mentioned factors and 
limitations. 

Highlights of the research representing findings/novelties/contri
butions are:  

• Stochastic change of the consumption in the network nodes 
(Gaussian distribution),  

• Stochastic change of wind generators output (Weibull distribution),  

• Uniform distribution of wind generators to the nodes in the first stage 
of algorithm application,  

• Inclusion of the On Load Tap Changer (OLTC) in the slack node,  
• Achieving of input power factor>0.85,  
• Multi objective function that includes besides maximum power loss 

in the whole range of investigated period (power loss varies every 
hour in the scope of 1008 h) and capacitors price, also the cost of 
electric energy losses, of undelivered energy and commutations,  

• Limiting the number of commutations in 24 h per single switch,  
• Using Monte Carlo method and heuristic method for most valuable 

position of distribution resources,  
• Implementing Minimum spanning tree algorithm to reconfiguration 

problem previous to the compensation by Simulated Annealing,  
• Inclusion of daily load curves for working and non-working days,  
• Taking daily insolation of solar panels, in the most loaded nodes, into 

account and  
• Wide range of network operation/planning forecast with satisfaction 

of all technical constraints (minimum and maximum voltages, 
limiting feeders’ capacities and not-overcompensation of the 
network). 

Fig. 1. Typical load curve of working day.  

Fig. 2. Typical load curve of non-working day.  
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2. Changeability of consumption power, wind speed and solar 
irradiation 

In modern research, consumption is always constant. Thus, this is 
definitely unusual in practice. Load diagrams during the day are useful 
information for network reconfiguration issues. This paper tackles this 
problem. There is determination of the characteristic work and weekend 
days for some town consumption. Dominant consumption includes 
homes and places for living. In addition, all these diagrams were results 
of one-year measurements in a specific town substation in Belgrade, 
Serbia. All demands for one characteristic day are scaled to nominal 
power of station transformer. Measurements are divided in hour reso
lution. Thus, there are 24 results for characteristic working or non- 
working day instead. Figs. 1 and 2 represent these characteristic days 
for specific demand. 

Since, there are not all 8760 measurements during the year, but only 
characteristic diagrams, some assumptions were adopted. Random 
number generator made uncertainty of the consumption. Using Gauss- 
Laplace distribution, changing of demand is adopted for every single 
hour. In other words, every relative hour demand oscillates around 
characteristic value by mentioned distribution. This leads to different 
daily load shapes (Monday, Tuesday, etc). Probability rule is given in 
accordance with equation (1): 

f (x) =
1

σ
̅̅̅̅̅
2π

√ e−
(x− m)2

2σ2 (1) 

Where: 
x – stochastic variable denoting a probable value of consumption in 

respective network node, 
m – expected consumption value in one node and 
σ – standard deviation, deviation from expected value. 
For σ, 10 % is considered. 
Test network was IEEE 69 bus network (69 nodes and 73 branches). 

The total active and reactive load of tested network amounts to 3802 kW 
and 2694 kVAr respectively. Nominal nodal loads are given in absolute 
values. Typical load values (measurements) are given in per unit. Thus, 

absolute values should participate in the load flow calculation. Product 
of relative values and nominal load values in every 69 nodes gives 
appropriate demand for calculation. This means the nominal demands 
are different from hour to hour and shape during the day is close to 
realistic one. Uncertainty of load provides more realistic demand, which 
is very important for power loss determination. 

The paper deals with renewable sources and their integration in 
distribution network. These circumstances could not be neglected in 
modern research. Renewables are the most important part of distribu
tion systems especially from gas emission point of view, for sure. This 
research considered presence of both wind generators and solar panels. 

In urge to make a more realistic scenario, Weibull distribution for 
wind generators is of interest. Power generated from wind turbine de
pends of wind speed. The probability of wind blowing is defined by 
Weibull distribution. At first, the wind speed during the year is obtained. 
Then Weibull distribution probability curve with two parameters is 
formed. The best presentation of probability distribution density func
tion is with the following equation (2) 

f (ν) = k
A

(νmean

A

)k− 1
e

(

−

(
νmean

A

)k
)

(2) 

Where: 
vmean – mean value of the wind speed (m/s), 
A – Weibull scale parameter (m/s) and 
k – Weibull form parameter. 
Weibull scale parameter (A) is the measurement for wind charac

teristic speed and is proportional to the wind speed mean value. Weibull 
form parameter (k) defines Weibull distribution shape and is usually 
between 1 and 3. The low value of k denotes very changeable winds. The 
following values are adopted vmean = 5.31 m/s, A = 6 m/s and k = 2. 

The output depending on wind speed is given in Fig. 3. For nominal 
power of wind turbine 0.2 MW is adopted. This is very low value for real 
wind turbines, but it was adopted in order to be proportional with 
nominal power demand. 

For wind speed lower than υcutin, there is no generated power. If 
speed is between υcutin and υnom, power will be determined according to 

Fig. 3. Active power of wind turbine.  

B. Stojanović et al.                                                                                                                                                                                                                             



International Journal of Electrical Power and Energy Systems 147 (2023) 108829

4

υ3 (υ is wind speed). Finally, power is equal to nominal power for all 
speeds between υnom and υcutout. For higher values, wind turbine is cut 
out for avoiding mechanical damages. Random number generator makes 
uncertainty wind speed in every single step of simulation. 

Solar panels are also considered. Ideal solar irradiation is adopted for 
one day. It means a symmetrical diagram. Cloudy weather conditions 
lead to uncertainty. In that way, cloudiness is included in calculation. 
This leads to more realistic scenario when irradiation diagram is not the 
same for every day. Fig. 4 represents solar radiation for one random day 
used in simulation. It assumes that solar panel is located in node 49 and 
nominal power is 300 kW. Insolation per day is maximal at 1p.m. It 
varies from symmetrical curve within range of 0 to 10 % every hour 
because of daily cloudiness, representing the realistic situation. During 
the night solar panel production is zero. 

With such modelling of consumption for wind turbines and solar 
panels, more realistic scenario (compared to other papers) is achieved. 

2.1. Location of the renewables 

As already mentioned before, renewable resources are present in the 
network. There are two wind generators and two solar panels. It is 
supposed that all of them belong to same geographical area, so the same 
wind speed and solar irradiation are adopted for both wind generators 
and both solar panels. Two different ways for renwables locations are 
used, one for wind generators and another for solar panels. Wind 
generator locations (nominal power 200 kW each) determined by Monte 
Carlo graphical method are in nodes 34 and 66 [13]. The second way is 
mathematical one [26]. Solar panel in node 49 is of 300 kW power and 
in the node 61 of 500 kW. These power values are introduced in the 
closing to the feasible solution procedure. All these locations are fixed 
during the optimal procedure. 

3. Applied Simulated Annealing method and Minimum spanning 
tree algorithm 

Minimum power loss should be achieved for as much as possible 
realistic scenario. Two calculation types are implemented for finding 
optimal solution. One is Minimum spanning tree algorithm (MST) and 
another is Simulating Annealing method (SA). This paper describes the 
idea of finding both optimal installation power and location of capaci
tors banks. The result is the appropriate reconfiguration and minimum 
power loss for each hour, considering changeable demand, wind speed 
and solar irradiation…. 

The MST treats network as graph with branch weighing coefficients 
that represent negative branch current values of the completely meshed 
network. The result is a connected and radial network with low power 
losses in short optimality gap to the global optimum (the lowest losses). 
It should be noted that the active power losses are the heaviest factor in 
the objective function represented in one of the following Sections and 
they can be used as main objective in the MST. For the tested network, 
computing with MST is almost instant (O(elogN)) but SA compensation 
takes much more time, of an hour order, for 1008 predicted iterations 
(1008 h = 42 days, each iteration equals one hour). Choosing of 1008 as 
a number of iteration was defined just because that was the first 
number>1000 that shows a round number of days. 

Main steps in MST are following:  

• For completely meshed network branch weighting coefficients are 
set that represent effective branch current values,  

• first vertex (node) is slack node that is noted as number 1,  
• the branch with the smallest coefficient is closed avoiding making a 

loop,  
• newly added node is included in the set of nodes,  
• if all nodes are visited the algorithm terminates,  
• if not we proceed following the same logic until all vertices are 

included. 

Simulated Annealing is the probabilistic method which results in the 
global optimum under certain conditions such as the process of tem
perature decrease which seeks zero lasting a very long time and at each 
temperature stationary distribution is achieved (homogenous algo
rithm). The inhomogeneous algorithm also exists decreasing tempera
ture before each application of the Metropolis criterion (the special 
procedure of accepting the more expensive configurations) which is 
much faster because it does not seek the thermal equilibrium, but 
because the fast cooling leads to suboptimal solutions. Metropolis cri
terion is given by the equation (3): 

Pacc(Δf ,T) = min(1, exp( − Δf/T) ) (3) 

Where: 
Pacc. - probability of accepting the proposed network perturbation, 
Δf - a change in the price function corresponding to the proposed 

network perturbation and 
T - artificial control parameter representing temperature. 
Exactly for the algorithm duration, in this research the authors adopt 

inhomogeneous algorithm for the programme at the swap of the solution 
quality. The SA parameters are: starting temperature Tcomm 5000 ◦C, 
length of the Markov chain 3000, temperature (T) lowering rule T =
0.95*T and acceptance ratio 0.001. 

MST is an algorithm with fast convergence. This is the reason why 
this solution was implemented, although this algorithm does not offer 
the global minimum (considering power loss). It results in the radial 
network. SA is the algorithm that requires certain conditions to be ful
filled in network reconfiguration problem (network to be connected and 
radial). The authors chose the SA algorithm to solve the optimization 
problem, because, this method can be easily implemented when it comes 
to functions with several objectives. Applied MST is used for the 
reconfiguration and SA for compensation afterwards. 

Power flow calculation performed by MATPOWER is implemented in 
MATLAB. It is worth noticing that for MST only one MATPOWER flow 
calculation is necessary, which is one of the reasons for its scalability. 

Fig. 5 shows the flow chart of the proposed algorithms systemati
cally, from the beginning to the end. The final step is actually the exit of 
the programme. 

Fig. 4. Insolation of the solar panel attached to node 49.  
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Fig. 5. MST plus SA hybrid algorithm.  
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4. Objective functions, constraints and operational indices 

4.1. Objective functions 

Two objective functions are adopted which may not be general but 
depends on the respective authors’ decision. In [14] the objective 
function is composed of the cost of power purchase, the cost of customer 
interruption penalties, Transformers Loss of Life expenses and the 
switching costs while in [5] DG installation, operation and maintenance 
costs, capacitor installation costs, cost of reconfiguration, line upgrades 
cost, power loss cost, reliability cost and environmental impacts are 
parts of decision function. Hence the authors of the paper decided on the 
construction of objective functions as follows. 

The first is one-hour cost of the operation FINALCOST (4) and it is 
minimized by SA algorithm 

min FINALCOST i, j = CPA × PCBi,j + LPF × Ploss,i,j + Cint,i,j ∀i ∈ I, j ∈ J

(4) 

Where: 
FINALCOSTi,j- one-hour cost of the operation in the i-th scenario and 

the j-th hour ($), 
I - set of all scenarios, 
J - set of all hours, 
CPA - capacitor price annual interest rate (0.15), 
PCBi,j- total price of the installed capacitor banks in the i-th scenario 

and the j-th hour ($), 
LPF- loss penalty factor (120 $/kW), 
P loss, i, j - active power loss of the certain network configuration in 

the i-th scenario and the j-th hour (kW) and 
Cint,i,j- cost of supply interruption in the i-th scenario and the j-th hour 

($). 
The one-hour cost of the operation (4) consists of three addends, the 

cost of the installed capacitor banks, the cost of losses and the cost of 
supply interruption (all for the respective hour and corresponding sce
nario). The cost of pertaining commutations are neglected as the greatest 
amount of switchings per one hour interval equals 5 closings and 5 
openings which equals 500$ at most and can be omitted compared with 
other addends. 

The cost of supply interruption is given by the expression (5) [27], 
considering that in radial distribution networks, the interruption of one 
branch excludes the power supply of all its “downstream” consumers. 

Cint,i,j = cint × α × d ×
∑

q∈Nb

λq × lq × Re
{

Iq,i,j
}
×

̅̅̅
3

√
× Ur ∀i ∈ I, j ∈ J

(5) 

In equation (5) following symbols are used: 
cint- cost per unit of energy not delivered (4 $/kWh), 
α- load factor (0.6), 
d- repair duration (1 h), 
λq- branch failure rate (0.0001 fault/km), 
lq- length of branch q (km), for simplicity 100 km is each branch 

length, 
Nb- number of branches, 
Iq,I,j- current value of branch q in the i-th scenario and the j-th hour 

(A) and 
Ur- network rated voltage (12.66 kV). 
In the case no switching scheme is performed: 

INITIALi,j = LPF × Ploss,initial,i,j + Cint,initial,i,j ∀i ∈ I, j ∈ J (6)  

SAVINGSi,j = INITIALi,j − FINALCOSTi,j ∀i ∈ I, j ∈ J (7) 

The second objective function is the delivered electrical energy 
saving cost ENERGYsavings calculated by (8). 

ENERGYsavingsi = LPF× max(Ploss,initial,i,j) + CDEL×
∑Nhours

j=1 

Ploss,initial,i,j +
∑Nhours

j=1 Cint,initial,i,j+

(

CPA × PCBi + LPF × max
(
Ploss,i,j

)
+ CDEL ×

∑Nhours

j=1
Ploss,i,j

+
∑Nhours

j=1
Cint,i,j + Ccom,i

)

∀i ∈ I, j ∈ J

(8) 

Where: 
ENERGYsavingsi- delivered electrical energy saving cost in the i-th 

scenario ($), 
CDEL- cost of delivered energy loss (0.03 $/kWh), 
Nhours- duration of scenario (1008 h, each iteration equals one hour) 

and 
Ccom,i- cost of commutations for Nhours in the i-th scenario (one 

commutation amounts to 1 $ or 50 $). 
The second objective function, the delivered electrical energy saving 

cost (8) consists of two terms, three addends in the first term valid for initial 
configuration when no switching is performed and five in the brackets 
valid for respective scenario, duration of each is 1008 h. The initial 
maximal power loss, the initial delivered electric energy loss and the initial 
supply interruption for commencing 1008 h are calculated. There is no 
price of commutations and capacitor banks as there are no commutations 
and capacitors. The network demand changes with Gaussian distribution 
equally for no switching and switching scenarios. The same holds for the 
distribution resources. The second term (in the brackets) is composed of 
the price of capacitor banks, the maximum power loss cost, the delivered 
electric energy loss cost, the undelivered electric energy price and the lump 
sum cost of the commutations for pertaining 1008 h lasting scenario. 

4.2. Constraints 

Vmin⩽Vk,i,j⩽Vmax ∀k ∈ N, i ∈ I, j ∈ J (9) 

Vmin,Vmax- minimum and maximum voltage values, 
Vk,I,j- voltage of the network node k in the i-th scenario and the j-th 

hour (p.u.) and 
N - total number of nodes. 

Iq,i,j⩽Imax
q,i,j ∀q ∈ Nb, i ∈ I, j ∈ J (10) 

Imax
q,i,j - maximum current of branch q in the i-th scenario and the j-th 

hour. 

Qbmin,i,j⩽Qb,i,j⩽Qbmax,i,j i = 3, 6, ∀ j ∈ J (11)  

Qbmax,i,j = Qinitial,i,j +Qdem,i,j i = 2, 3, 5, 6, ∀ j ∈ J (12) 

Equation (12) considers network not overcompensated. 

Qbmin,i,j = Qinitial,i,j + Qdem,i,j − P00,i,j ×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − 0.852

√

0.85
i = 3, 6, ∀ j ∈ J (13) 

In equations (11) – (13) following symbols are used: 
Qb,i,j- total power of the installed capacitor banks in the i-th scenario 

and the j-th hour, 
Qbmax,I,j- maximal total power of the installed capacitor banks in the 

i-th scenario and the j-th hour, 
Qinitial,i,j- reactive power loss for initial network, network without 

installed capacitor banks in the i-th scenario and the j-th hour, 
Qdem,i,j- reactive power demand in the i-th scenario and the j-th hour, 
Qbmin,i,j- minimal total power of installed capacitor banks in the i-th 

scenario and the j-th hour and 
P00,i,j- active power at the slack node in the i-th scenario and the j-th 

hour. 
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To have the power factor at the slack node 0.85 or greater [28] 
equation (13) is applied. In (12) and (13) to ground admittances are 
neglected which is valid for tested network. 

Nodal power balance equations (14) – (17): 

Pij = tap2V2
i Gij − tap2ViVj

[
Gijcos

(
δi − δj

)
+ Bijsin

(
δi − δj

) ]
(14)  

Qij = − tap2V2
i Bij − tap2ViVj

[
Gijsin

(
δi − δj

)
− Bijcos

(
δi − δj

) ]
(15)  

Pslack +
∑NDG

d=1
PDG(d) =

∑N− slack

i=1
Pdem(i)+

∑Nbr

ij=1
Ploss(ij) (16)  

Qslack +
∑NCB

k=1
QCB(k) =

∑N− slack

i=1
Qdem(i)+

∑Nbr

ij=1
Qloss(ij) (17) 

In nodal power balance equations (14) – (17) following symbols are 
used: 

Pij - active power injected from node i in branch ij, 
Qij - reactive power injected from node i in branch ij, 
tap - tap position of OLTC in p.u. (for example 1p.u. or 1.025 p.u.), 
Vi - voltage in node i (no regulation applied), 
Gij - conductance of branch ij, 
Bij - susceptance of branch ij, 
δi - voltage angle at bus i, 
Pslack- active power injected into slack node, 
Qslack- reactive power injected into slack node, 
NDG- number of distributed generators, 
PDG- distributed generator power, 
NCB- number of capacitor banks, 
QCB- capacitor banks power, 
Pdem- active power demand of node (Gaussian distribution), 
Qdem- reactive power demand of node (Gaussian distribution), 
Nbr- total number of switched on branches, 
Ploss(ij) - active power loss of branch ij and 
Qloss(ij) - reactive power loss of branch ij. 
The number of taps on the OLTC is standardized by its manufac

turers. This paper analyzes five positions in steps of 2.5 % of the rated 
voltage (-5%, − 2.5 %, 0 %, 2.5 % and 5 %). In normal operating mode, 
the tap is selected in the zero position (i.e. the rated network voltage). 
The legal regulations for the permissible distribution network voltage 
range are 0.95 to 1.05p.u. These limits are met only when the position of 
the OLTC is 2.5 %, that is, when 1,025 p.u. is taken for the input grid 
voltage. In all other positions the achieved voltage limits do not meet the 
prescribed range since the critical node voltage is lower or higher than 
allowed. 

The price of installed capacitors is given in the Table 1. 
Conducting algorithm regarding allowed number of commutations 

per branch for the prescribed time duration (switching operation con
straints s = 1, 2,…, NSW) [8]: 

∑NH

h=1

⃒
⃒xh

s − xh− 1
s

⃒
⃒⩽NMAX

SW (18) 

In the above expression NH stands for the number of operating hours 
within which the allowed number of commutations is observed, xh

s for 
the state in which the switch s is performed during the hour h (open = 0, 
closed = 1) and NMAX

SW for the maximum number of commutations 
tolerated for a single switch over a period of NH hours. Inequality (18) 
requires that the maximum allowed number of switching actions per 

observed switch is not exceeded. This value depends on the physical 
characteristics of the switch, i.e. on how long its “lifespan” is predicted. 
For NH of 24 h and a switch that should be in operation for 15 years, a 
permitted number of 6 commutations is envisaged, 4 for reconfiguration 
and 2 for eventual restoration. In this paper, the authors assigned the 
same value for this parameter to all commutating switches. The 
maximum number of commutations for a single switch is important for 
its’ life period and is rarely considered in recent references. 

4.3. Operational indices 

Two parameters were introduced to assess the “validity” of the dis
tribution network. 

4.3.1. Total voltage profile index TVPIi [14] 
This parameter gives the summary voltage deviation in the network 

nodes during hour j for the scenario i: 

VPIi,j =
∑N

k=1

⃒
⃒1 − Vk,i,j

⃒
⃒ ∀i ∈ I, j ∈ J (19)  

TVPIi =

∑Nhours

j=1 VPIi,j
∑Nhours

j=1 VPIn
i,j

∀i ∈ I (20) 

In equations (19), (20) TVPIi is total voltage profile index for scenario 
i, VPIi,j is voltage profile index of the certain network configuration in 
scenario i and the j-th hour and VPIn

i,j is voltage profile index when no 
switching scheme is performed. It is certainly better for the distribution 
network that TVPIi is as small as possible so that the voltage profile is as 
“flattened” as possible. 

4.3.2. Total power loss index TPLIi [14] 
Given that the reduction of active power losses is the main task 

imposed on the operator in charge of its management, TPLIi is very 
important. 

Ploss,i,j =
∑Nb

q=1
rq × I2

q,i,j ∀i ∈ I, j ∈ J (21)  

TPLIi =

∑Nhours

j=1 Ploss,i,j
∑Nhours

j=1 Ploss,initial,i,j

∀i ∈ I (22) 

In equations (21), (22) TPLI i is total power loss index for scenario i, 
Nhours is duration of scenario (1008 h) and rq branch active resistance. 
Evidently smaller values of TPLIi guarantee the lower losses of the 
network. 

5. Numerical results 

Validation of the proposed new concept is done by the conducted 
sensitivity analysis. Implementing computer simulation in accordance 
with objective function (4) Fig. 6 a-f is obtained. From it can be 
concluded that the most visited nodes for placing the wind generators 
are the node 10 and the node 20. Following Fig. 6 b. to f. it can be 
observed that the same holds for the nodes 26, 63 and 60 for the 
capacitor banks; they are picked for the capacitors (300, 300 and 900 
kVAr, respectively). This is what we call Monte Carlo graphical method 
[13]. Any wind turbine positioning that does not lead to the convergence 
of the power flow algorithm (MATPOWER) is rejected, until the most 
optimal position is found, which satisfies all the constraints. The posi
tion of the solar panels is determined by mathematical method [26]. 
Two wind turbines are installed in nodes 10 and 20, and solar panels in 
61 and 49. 

These positions are fixed for further calculations. After that, the joint 
application of MST and SA leads to the optimal position of capacitor 

Table 1 
Capacitor price step up function [29].  

Qb > 0,≤ 300 
kVAr 

> 300,≤
600 kVAr 

> 600,≤
900 kVAr 

> 900,≤1200 
kVAr 

> 1200 
kVAr 

PCB 1900 $ 3200 $ 4500 $ 5400 $ 6000 $ 

Maintenance and installation cost is included in fixed part of the price. 
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Fig. 6. Switching number for the hybrid algorithm of: a) wind generators b) 300 kVAr banks c) 600 kVAr banks d) 900 kVAr banks e) 1200 kVAr banks f) 1500 
kVAr banks. 
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B. Stojanović et al.                                                                                                                                                                                                                             



International Journal of Electrical Power and Energy Systems 147 (2023) 108829

10

banks. In addition, a favourable network configuration is determined for 
each hour (1008 h in total). In doing so, all constraints are taken into 
account. 

5.1. Comparison of two types of calculations 

In this chapter, the results of two different calculations will be pre
sented. In one, only SA is used, and in the other, the combination of MST 
and SA. For six different scenarios calculation was performed in two 
ways. 

Fig. 7. The input power factor (cosφ) vs hour curve - scenario 3a.  

Fig. 8. The input reactive power vs hour curve - scenario 3a.  
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Following scenarios have been analyzed: 
1 and 1a scenario is when only reconfiguration is performed, 1.025 

p.u. OLTC tap, 
2 and 2a scenario is when only compensation with the certain 

capacitor banks is performed, 1.025 p.u. OLTC tap, 
3 and 3a scenario is when reconfiguration and compensation are 

performed, 1.025 p.u. OLTC tap, 
4 and 4a scenario is when only reconfiguration is performed, 1.000 

p.u., no OLTC, 
5 and 5a scenario is when only compensation with the certain 

capacitor banks is performed, 1.000 p.u., no OLTC, and 
6 and 6a scenario is when reconfiguration and compensation are 

performed, 1.000 p.u., no OLTC. 
Note: Numbers without a denote simultaneous SA algorithm and 

with a hybrid MST and SA method. 
Using aforementioned switching scheme, the following results are 

obtained and presented in Table 2 and 3. 
It would be cumbersome task to display all obtained graphics in the 

paper for all six scenarios and two mentioned algorithms especially 
because some curves will overlap (six of them) making figures not so 
clear. This is the reason for displaying only four curves (Figs. 7-10) for 
economically the best technically feasible scenario, scenario 3a, (as 
others don’t satisfy operational requirements), which represents near 
optimal realistic solution. 

Important remark for the Figs. 7 to 10 is that variables on them 
oscillate round their expected mean values. This is direct consequence of 
Gaussian changing load in the network nodes. 

Input power factor (cosφ) is>0.85 only when reconfiguration is 
accompanied with compensation (scenarios 3, 3a and 6, 6a). It becomes 
very close to 1 (0.9999) in iteration 486 (hour) for scenario 3a. The 
input reactive power becomes almost zero in this case (0.569 kVAr). The 
minimal voltage of the network is>0.95 only in scenarios 3 and 3a. In 
these cases, OLTC is added in the supplying node. This means that only 
mentioned scenarios comply technically. The active power loss is the 
smallest in the scenario 3a. The reason is the aforementioned imple
mentation and reconfiguration with compensation application. 

It is interesting to see how the program generated wind speeds. Only 
the wind speed of wind turbine at location 1 (node 10) is shown. This 
can be seen in Fig. 11. Also, Fig. 12 shows the status of the switch in 
branch number 18. This is one of the branches that have been commu
tated more often. Fig. 12 shows that number of commutations of this 
network branch does not exceed 6 in 24 h. The branch 18 is randomly 
chosen and is monitored for the time period of 100 h (scenario 3a). It is 
worth noticing that the branches 1–12, 14–17, 21–55, 59, 60, 62, 64–68 
and 71–73 (Scenario 3a) are never opened so that the switches on them 
can be omitted bringing additional savings (Fig. 13). 

5.2. Comparison of the proposed algorithm and solutions in other papers 

The proposed algorithm is a combination of MST and SA. In doing so, 

Fig. 9. The minimal voltage vs hour curve - scenario 3a.  

Fig. 10. The active power loss vs hour curve - scenario 3a.  
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MST is used for reconfiguration and SA for compensation. Section 4 
discusses the constraints used to obtain an optimal solution. Table 4 
shows a comparison of the mentioned solution and other solutions 
described in the literature from the aspect of limitations and factors that 
are analyzed. 

The ordinal number of the reference is given in the first column of 

Table 4. Comparison was made according to following segments: 
Voltage profile (VP), Economical issues (EI), Load unbalance (LU), 
Capacitor placement (CP), Load model (LM), DG wind generators pres
ence (DGW), DG solar panels presence (DGS), Number of circuit breaker 
commutations (CBC) and Demand response (DR). Minimization of 
Power Losses is the primary aim for all papers. 

Fig. 11. The wind turbine power for node 10.  

Fig. 12. Switch status changes in 100 h time for branch 18 - scenario 3a.  

B. Stojanović et al.                                                                                                                                                                                                                             



International Journal of Electrical Power and Energy Systems 147 (2023) 108829

13

As it can be seen, the proposed algorithm addresses the problem 
considerably compared with mentioned papers with the similar topic. 

6. Conclusion 

In this paper, the distribution network reconfiguration with simul
taneous capacitor switching, in the presence of wind generators and 
solar panels is presented. Using of Minimum spanning tree algorithm 
shows fast convergence for reconfiguration. Simulating annealing opti
mization is good for capacitor banks determination (power and loca
tion). Combination of these solutions leads to satisfactory results. Many 
constraints are considered. Comparison with using SA for both reconfi
guration and compensation simultaneously shows that proposed hybrid 
method gives better results. In addition, research offers comparison of 
the mentioned solution and other solutions described in the literature 

from the aspect of limitations and factors that are analyzed. Hence, new 
algorithm provides great number of constraints to be satisfied, including 
number of equipment commutations during the day. The developed 
programme can be adopted for the planning stage as well as for opera
tion because of its scalability. 
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Fig. 13. Switching number (opening) of the branches - scenario 3a.  

Table 4 
Review of the previous literature in this topic.  

Ref VP 
1 

EI 
2 

LU 
3 

CP 
4 

LM 
5 

DGW 
6 

DGS 
7 

CBC 
8 

DR 
9 

Optimization method 

[5] x x  x x x    Genetic algorithm (GA) 
[8] x x   x     Lagrange relaxation 
[9] x x  x x     Mixed integer non-linear programming 
[10] x   x x     Meta-heuristic bee algorithm 
[11] x  x   x    Multi-criteria fuzzy technique 
[12] x x x  x     Order estimation 

algorithm and modified branch and bound method 
[14] x x  x x x    Ant colony search algorithm (ACSA), Harmony search algorithm (HSA) 
[15] x  x x  x    Non-dominant sorting GA II (NSGA-II) 
[16] x x  x x x    Elgerd’s formula 
[18] x  x x  x    Hybrid approach of HSA,Particle artificial bee colony algorithm  

(PABC) 
[19] x   x x x    Non-dominant sorting genetic algorithm II (NSGAII) 
[20] x x   x x   x Markov Decision 

Process and dynamic programming 
[21] x x   x  x   Pareto solutions 
[22] x x   x x x   Security limits method 
proposed x x  x x x x x  SA and MST - proposed algorithm  
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B. Stojanović et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S0142-0615(22)00825-0/h0005
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0005
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0010
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0010
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0020
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0020
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0020
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0025
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0025
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0025
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0030
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0030
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0030
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0035
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0035
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0040
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0040
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0040
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0050
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0050
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0050
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0060
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0060
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0060
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0065
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0065
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0070
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0070
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0070
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0080
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0080
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0085
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0085
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0085
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0085
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0090
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0090
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0090
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0095
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0095
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0095
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0095
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0100
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0100
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0100
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0105
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0105
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0105
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0110
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0110
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0110
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0115
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0115
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0125
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0125
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0125
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0130
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0130
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0135
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0135
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0140
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0140
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0140
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0145
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0145
http://refhub.elsevier.com/S0142-0615(22)00825-0/h0145

	Distribution network reconfiguration and reactive power compensation using a hybrid Simulated Annealing – Minimum spanning  ...
	1 Introduction
	2 Changeability of consumption power, wind speed and solar irradiation
	2.1 Location of the renewables

	3 Applied Simulated Annealing method and Minimum spanning tree algorithm
	4 Objective functions, constraints and operational indices
	4.1 Objective functions
	4.2 Constraints
	4.3 Operational indices
	4.3.1 Total voltage profile index TVPIi [14]
	4.3.2 Total power loss index TPLIi [14]


	5 Numerical results
	5.1 Comparison of two types of calculations
	5.2 Comparison of the proposed algorithm and solutions in other papers

	6 Conclusion
	Declaration of Competing Interest
	Data availability
	References


