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Abstract— The analysis of the electrical distribution systems 

is typically carried out by considering multiple time steps and 
the corresponding variations of the load and generation. This is 
required especially in the case of non-negligible share of non-
dispatchable and dispersed renewable energy sources (NDD-
RES), which have a high impact on the node net power and 
hence on the current and voltage values, as well as on the energy 
losses. To improve the voltage profile, a deeper understanding is 
needed of the effects of the centralized voltage control and of 
new distributed solutions aimed to support the diffusion of 
NDD-RES. This paper is focused on the role of the centralized 
voltage control in the present context of deep NDD-RES 
penetration. The grid operation is characterized by different 
indicators based on the network voltages and currents, by 
investigating the conflicting nature among these indicators by 
taking the slack voltage magnitude as a parameter. The results 
show that the proper use of these indicators can drive the setting 
of the centralized voltage control during the different time steps, 
by including only values leading to the Pareto optimality based 
on the considered grid performance indicators. 

Keywords— Radial distribution system, Voltage variation, 
Energy Losses, Loading level, Pareto front, Slack voltage. 

I. INTRODUCTION 
The electrical distribution network operation is radial, 

with possible redundant branches to enable reconfiguration 
of the network in case of contingencies or to improve the 
network operational efficiency. In the presence of distributed 
energy resources, especially with non-dispatchable and 
dispersed renewable energy sources (NDD-RES), the voltage 
control of the distribution system needs to take into account 
both the centralized control applied at the starting point of the 
radial network and the local control depending on the control 
capabilities of the systems connected at the local nodes. In 
fact, the traditional voltage control used in the distribution 
systems without local generation was based on increasing the 
voltage at the supply point to avoid undervoltages in the 
terminal nodes of the radial network. However, in the 
presence of local generation it is possible to find overvoltages 
in some nodes of the network, so that a local voltage control 
has to complement the centralized voltage control in steady-
state [1] and dynamic conditions [2]. 

The centralized voltage control is typically based on the  
on-load tap changer (OLTC) of the high-/medium-voltage 
(HV/MV) transformer and on shunt capacitor banks or static 
var compensators connected at the busbars of the MV supply 
node. For the distributed voltage control, besides typical 
solutions such as shunt capacitors and in some cases series 
voltage regulators along the feeders, more recently there has 
been a drastic increase of local voltage control from 
distributed generation (DG) with different electrical 
machines (from synchronous generators interfaced with 

transformers to generation units with direct current (DC) 
supply and power converter-based grid interfaces.  

For the analysis of the electrical distribution systems, the 
variability of the load and DG during the day requires making 
calculations at multiple time steps. The traditional duration of 
the time steps used in for the assessment of the grid variables 
are 15 minutes, 30 minutes and one hour. Time steps with 
relatively low duration are more effective in understanding 
the changing power flows occuring in the network. 

For the assessment of the distribution network operation, 
it is possible to determine different indicators that follow the 
evolution in time of the network voltages and currents. With 
these indicators, it is possible to quantify the effectiveness of 
the system operation and the possible occurrence of situations 
close to the operational limits of the network. These 
indicators include, for example, the deviations of the node 
voltage magnitude with respect to the voltage reference, the 
loading level of the branches, the energy losses in a given 
time period, the number (or cost) of the switching operations 
of the OLTC, as well as more specific entries such as the 
current sharing error referring to the current injections of DG 
into the grid [3]. 

The above-mentioned indicators refer to objectives that 
can be in conflict or not with each other. Two indicators are 
conflicting when the improvement of one of them implies the 
worsening of the other one. It is evident that the presence of 
conflicting indicators implies the unfeasibility of finding a 
unique optimal condition for both objectives. In that case, it 
is possible only to recognize a subset of sub-optimal 
conditions, representing the non-dominated solutions of the 
problem under analysis. A solution is non-dominated when 
no other solution exists with better values for all the 
individual indicators. The set of the non-dominated solutions 
forms the so-called Pareto front; the points forming the 
Pareto front are compromise solutions. The choice of the 
preferred solution requires the use of decision-making 
methods enabling to formalise the preferences of the decision 
maker and ranking the solutions accordingly. Fig. 1 shows 
four examples of Pareto fronts with different nature of the 
indicators to be maximised or minimised. The marked areas 
represent how to identify the solutions dominated by point A 
in the various cases. The orange dots indicate the Pareto front. 

 
 (a) (b) (c) (d) 
Fig. 1. Example of Pareto fronts: f1 and f2 have to be minimised, whereas g1 
and g2 have to be maximised. (a) min-min case; (b) min-max case; (c) max-
min case; (d) max-max case. 



Table I shows an indicative (even though non-exhaustive) 
selection of papers that consider specific conflicting 
objectives. The energy losses and the voltage deviations with 
respect to the voltage reference are by far the preferred pair 
of conflicting objectives used in multi-objective problems 
referring to voltage control of distribution systems. 

TABLE I. CONFLICTING OBJECTIVES CONSIDERED BY SOME 
LITERATURE CONTRIBUTIONS 

  Energy 
losses 

Voltage 
deviations 

OLTC 
switching 
(# or cost) 

Current 
sharing 

error 
Mendoza et al., 

(2007) [4] 
x x     

Huiling et al., 
(2020) [5] 

x x     

Zhang et al., 
(2020) [6] 

x x     

Dong et al., 
(2018) [7] 

x x     

Kyrionidis et 
al., (2020) [8] 

x   X   

Dissanayake 
and Ekneligoda 

(2020) [3] 

x x   x 

 
The assessment of the possible conflicting solutions needs 

to consider a set of operational cases that differ with each 
other because of the setting of one or more decision 
parameters. A typical case is the calculation of the solutions 
obtained with the same load and generation, by testing 
different configurations of the network (i.e., with a different 
set of open branches such that the network remains radial). 
For a large distribution network with Medium Voltage (MV) 
and Low Voltage (LV) networks, the trade-off between the 
energy losses in the MV network and the total energy 
consumption (demand plus losses) in the LV system has been 
addressed in [9] in the context of conservative voltage 
reduction (that is, a reduction of the supply voltage to reduce 
the energy consumption of the users).  

Taking two or more objective functions, the possible 
presence of conflicting solutions is not always clear-cut. 
Different situations may appear, in which pairs of objectives 
can be in conflict or not with each other depending on some 
operational conditions of the network.  

This paper discusses the possible conflicts among 
different indicators by taking the slack voltage magnitude as 
the decision parameter. The variation of the voltage 
magnitude at the slack node is considered with the same load 
and generation, and represents the effect of the centralized 
control on the above-mentioned indicators. 

It is shown that an indicator based on the voltage 
deviations with respect to a given reference may be either in 
conflict or not with the other indicators depending on the 
range of values of the slack voltage magnitude. This result 
also implies that the centralized control can be applied to 
obtain compromise solutions for the voltage deviations with 
respect to the energy losses and the loading level of the 
branches, provided that the slack voltage magnitude belongs 
to a range of voltages found through Pareto front analysis. 
This aspect is of interest, because it results from the analysis 
of the overall distribution system at a given time period. The 
same analysis can be repeated for different time periods with 

variable generation and load, finding out a synthetic way to 
determine the operational ranges of the slack voltage for 
centralized control, representing the complexity in time and 
space of the distribution system operation by looking only at 
the indicators that could represent conflicting solutions. This 
synthetic way is originally discussed in this paper, suppported 
by simulations carried out on a realistic test network. 

The remainder of this paper is organized as follows. 
Section II introduces the network operation indicators used in 
the analysis. Section III shows and discusses the results 
obtained on the realistic test network. The last section 
contains the concluding remarks. 

II. NETWORK OPERATION INDICATORS 
In this paper, the network operation is described through 

three indicators, namely, the energy losses, the maximum 
deviation of the node voltage magnitude from the reference 
value (i.e., Vref = 1 pu) and the maximum line loading level. 

Let us consider the analysis of the grid behavior during a 
time period composed of T time steps of the same duration τ, 
expressed in hours. Moreover, let us suppose that the grid has 
N nodes and B branches, and indicate the node set as 𝒩 ∈
ℕ!,# = {𝑛	|	𝑛 = 1,… ,𝑁} and the branch set as ℬ ∈ ℕ$,# =
{𝑏	|	𝑏 = 1,… , 𝐵}.  

The three network indicators are written as follows: 
• Energy losses: by indicating with 𝑅% the resistance of the 

branch b and with 𝐼% the current flowing in the branch b, 
the energy losses over the entire analysis period are: 

 ℰ&'(( = 𝜏∑ 𝑅%𝐼%)*
+,#  (1) 

• Voltage deviation: over the entire time period under 
analysis, the voltage deviation is given by: 

𝛥𝑉!"# = max
$%&,..,)

'(𝑉*+, −max-∈𝒩
{𝑉-(𝑡)}( , (𝑉*+, −min-∈𝒩

{𝑉-(𝑡)}(2 (2) 

• Line loading: by indicating with 𝐼𝑏
(𝑡ℎ) the thermal limit of 

the branch b, the line loading, expressed in p.u., is: 

 𝐼-̇./ = max
+,#,..,*;	%∈ℬ

:5!(+)
5!
(#$); (3) 

By considering these indicators as objectives, the 
construction of the Pareto front that contains the compromise 
solutions, enables the identification of the possible 
conflicting objectives. However, in general the conflicting 
nature of the objectives could be found only in a partial region 
of operation of the system. This aspect is not obvious, and is 
investigated with particular detail in the examples presented 
in this paper.  

III. CASE STUDY 
The case study refers to a rural network representative of 

a possible Italian distribution grid layout [10]. It is composed 
of 102 nodes (excluding the slack bus) and it is operated at 20 
kV of nominal voltage, also used as the base voltage 𝑉% in the 
per unit system. The base power has value 𝑆% = 1 MVA. 
From these values, the base current is 28.9 A. 



The structure of the grid is shown in Fig. 2. The grid 
includes DG (of photovoltaic type), which is connected at the 
light blue nodes, whereas the loads are all modelled as PQ 
nodes, with time-variant profiles depending on the load types 
(residential, industrial and agricultural loads, respectively). 

 
Fig. 2. Test network structure. 

The loads are different in types and sizes, so that each 
node has a net active and reactive power patterns different 
with respect to the others. Fig. 3 shows some examples of 
load and generation patterns at time step of 15 minutes (i.e., 
𝜏 = 0.25 h).  

 
(a) Net power pattern at node 41 with load and DG. 

 
(b) Net power pattern at node 62 with load only. 

Fig. 3. Examples of net power patterns at selected nodes. 

A. Evaluation of the network indicators during the whole day 
The power flow has been solved considering a time 

horizon of 24 hours with time step 𝜏 = 0.25  h. The slack 
voltage has been varied in the range 0.9÷1.1 (i.e., 0.9 ≤
𝑉01234 ≤ 1.1), with step 0.001. Totally, 201 simulations have 
been executed; however, part of these solutions cannot be 
used to build the Pareto front because of the constraint 
violation. In particular, in this example the violated constraint 
refers to the voltage value, whereas all the currents flowing 
in the branches lie within the admissible range. 

First of all, it is necessary to understand whether the three 
network indicators are conflicting with each other or not. The 
absence of conflict between two indicators would permit 
considering only one of these indicators as the main indicator, 
disregarding the other indicator. As shown in Fig. 4, the 
energy losses and the loading level are not conflicting in the 
whole range of variation of the slack node voltage magnitude, 
whereas, as pointed out by Fig. 5 and Fig. 6, the voltage 
deviation is conflicting with both the loading level and the 
losses, even though the conflicting nature of the objectives 
occurs only for part of the operational conditions considered. 
For this reason, in the following analysis only the voltage 
deviation and the energy losses will be considered, neglecting 
the loading level. 

 
Fig. 4. Whole day: energy losses vs loading level. 

 
Fig. 5. Whole day: voltage deviation vs loading level. 

 
Fig. 6. Whole day: voltage deviation vs energy losses. 

The number of simulations without any constraint 
violation is 113, corresponding to slack voltage values lying 
in the range 0.971 ≤ 𝑉01234 ≤ 1.083. 

By considering the values of the voltage deviation shown 
in Fig. 4, Fig. 5 and Fig. 6, it is worth to note that the 
maximum value is 10%, which is directly linked to the chosen 
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slack voltage maximum range ( ±10%  of the nominal 
voltage). 

The daily energy losses vary from about 2.75 p.u. to about 
3.50 p.u., i.e., less than 1% of the total net load. This implies 
that the network is not particularly loaded, as proven by the 
maximum value of loading level that is less than 0.6 for the 
entire set of simulations. 

By considering Fig. 5 and Fig. 6, it is possible to 
recognized the left-side branch as the Pareto front (since both 
indicators should be minimized). Among the 113 
configurations without constraint violation, the 
configurations that compose the Pareto front are 60 and their 
slack value belongs to the range 1.024 ≤ 𝑉01234 ≤ 1.083. The 
Pareto front is shown in Fig. 7 by considering the voltage 
deviation and the energy losses: the energy losses forming the 
Pareto front lie in the range 2.76 ≤ ℰ5677 ≤ 3.12, whereas the 
loading level of the solutions forming the Pareto front ranges 
between 0.50 pu and 0.54 pu. 

 
Fig. 7. Whole day: Pareto front of voltage deviation and energy losses. 

B. Evaluation of the network indicators during the daytime 
On the basis of the photovotaic generation, a subset of the 

time steps has been considered as daytime (range 33 ≤ 𝑡 ≤
69). As a matter of example, only the relashionship between 
voltage deviation and energy losses is shown in Fig. 8. The 
shape is quite similar to the one reported in Fig. 6, but with 
different values of the losses, i.e., 1.08 ≤ ℰloss ≤ 1.41 . 
Moreover, the values of loading level differ with respect to 
the previous ones, lying in the range 0.45≤ �̇�𝑚𝑎𝑥 ≤ 0.52.  

The number of cases without any constraint violations is 
larger than the one referring to whole day, being 125 over 
201. Moreover, the slack voltage magnitude range is larger 
than in the previous case, i.e., 0.959 ≤ 𝑉01234 ≤ 1.083: in fact, 
thanks to the presence of DG, it is possible also to operate the 
grid with lower slack voltage magnitude without any 
constraint violation. 

Also in this case, the left-branch represents the Pareto 
front (shown in Fig. 8): it is composed of 65 points (over 
125), with slack voltage magnitude range equal to 1.019 ≤
𝑉01234 ≤ 1.083 . The energy losses lie in the range 1.08 ≤
ℰloss ≤ 1.23, whereas the loading level range is 0.45≤ �̇�𝑚𝑎𝑥 ≤
0.48. 

 
Fig. 8. Day-time: voltage deviation vs energy losses. 

 
Fig. 9. Day-time: Pareto front of voltage deviation and energy losses. 

C. Evaluation of the network indicators during the night time 
The night time is the union of two disjoint subsets, i.e., 

∀	𝑡	|	{1 ≤ 𝑡 ≤ 32} ∪ {70 ≤ 𝑡 ≤ 96} , representing the time 
steps when there is no DG production. With reference to the 
grid operation for which there are no constraint violations, the 
number of solutions is 130 and the ranges of the the loading 
level values and the energy losses are 0.49≤ �̇�𝑚𝑎𝑥 ≤ 0.57 and 
1.62 ≤ ℰloss ≤ 2.13, respectively. 

The values of the slack voltage for which the grid may be 
operated without any constraint violation lie in the range 
0.97 ≤ 𝑉01234 ≤ 1.1 : as expected, the grid is completely 
passive, and hence the voltage drops along the feeder. For this 
reason, the network can be operated with higher slack 
voltage, with a slighly improvement on both the losses values 
and the loading level. 

The Pareto front regarding the night time is shown in Fig. 
10. The front is composed of 68 points, with voltage deviation 
and energy losses range equal to 0.49 ≤ �̇�𝑚𝑎𝑥 ≤ 0.53  and 
1.62 ≤ ℰloss ≤ 1.86, respectively. 

 
Fig. 10. Night-time: Pareto front of voltage deviation and energy losses. 
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D. Evaluation of the 15-minute network indicators 
By considering all the single time steps, each of them can 

be characterized with its own Pareto front, as shown in Fig. 
11. The number of points forming the Pareto fronts without 
violating the constraints change over time, as reported in Fig. 
12. 

 
Fig. 11. 15-minute Pareto fronts of voltage deviation and energy losses. 

 
Fig. 12. Number of points of the 15-minute Pareto fronts. 

Fig. 13 shows the slack voltage magnitude limits referring 
to the Pareto fronts. As expected, during the night the 
maximum voltage may even reach 1.1, whereas the presence 
of the DG it is possible to find the classical shape of the 
photovoltaic curve in the mid-day period. Regarding the 
minimum voltage, the values vary much more. In the 
presence of relative low load and no DG, the minimum 
voltage is around 1.01. Then, with a load increase and without 
significant photovoltaic generation (in closer to the sunrise 
and to the sunset), the minimum voltage is higher (about 1.04 
pu). In presence of DG, in the day analysed the slack voltage 
magnitude is reduced to values close to the night ones (about 
1.01 pu). 

 
Fig. 13. Minimum and maximum slack voltage magnitude values with 
reference to the 15-minute Pareto fronts. 

E. Discussion on the generation and load models  
The power flow calculations have been carried out by 

considering a PQ node model at all the system nodes. This 
model can be considered to be realistic for the photovoltaic 
generation, for which the active power depends on the output 
referring to the solar irradiance and on the characteristics of 
the power conversion system at each time step, while the 
reactive power could be considered almost null because of the 
action of the control system at the grid interface. On the other 
side, for the loads the hypothesis of assigned power could 
introduce more approximations, as some grid components 
that contribute to the nodal load have a response to voltage 
variations that does not maintain the active and reactive 
power constant. In general, the load models can be 
representes with the classical ZIP model or with models with 
dependence on voltage represented through exponents (e.g., 
[11]). However, the determination of the components of the 
ZIP model with their shared participations, or of the 
exponents used to characterize the load aggregation is a 
challenging task that is being continuously explored [12] also 
in the presence of DG [13]. Thereby, in many cases the 
assigned power model is considered at each time step, 
especially justified to calculate the power flows in the 
network in a single solution when active and reactive power 
measurements are available at the node terminals [14]. 

For the study presented in this paper, however, the 
assumption of assigned power could be less justified when 
the slack voltage magnitude changes in a significant range. In 
fact, with the same power the current tends to be relatively 
high when the voltage decreases, and relatively low when the 
voltage increases, with respect to what could happen with the 
use of a ZIP or exponent-dependent model. Changing the 
values of the currents affects the calculation of the losses in 
the network branches and could have an impact on the energy 
losses determined as an objective function in the study, as 
well as on the allocation of the network losses to the nodes 
on the basis of established procedures [15]. Nevertheless, the 
general shape of the Pareto fronts is not expected to change 
qualitatively even by considering more refined load models. 

IV. CONCLUDING REMARKS 
This paper has introduced a different prospect to address 

the identification of centralised voltage control ranges in 
distribution networks with respect to the classical literature. 
The focus has been set to the interpretation of the results that 
can be obtained from classical power flow calculations 
carried out with variable slack voltage magnitude. In this 
respect, the proposed approach can be applied to any model 
of the distribution system, in particular, including any type of 
local voltage controls. The only variables to monitor are the 
ones that appear in the definition of the indicators considered 
(i.e., voltage and current magnitudes), in the different time 
steps (i.e., 15 minutes in our case study).  

The results show that energy losses and voltage deviations 
with respect to the reference cannot be always considered as 
conflicting objectives. In fact, part of the feasible operating 
conditions appear to be (non-conflicting) dominated 
solutions and are by definition non-Pareto optimal. This 
implies that the slack voltage magnitudes causing the non-
Pareto optimal solutions should be avoided to skip 
operational conditions with both high energy losses and high 
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voltage deviation. This condition rises in the presence of 
massive DG penetration, whereas does not appear in case of 
a passive network. Moreover, it is worth noting that the 
variation of voltage magnitude for the centralized control 
allowed to highlight the presence of the Pareto front. If any 
DG local controls are implemented, these controls may 
impact on the Pareto front composition. However, even in 
that case, the proposed methodology of analysis still remains 
valid. In fact, without loss of generality, the presence of 
different local control approaches is included in the power 
flow results, and hence the proposed analysis encompasses 
the explicit implementation of the distributed control system. 

The results of this paper are also influenced by the load 
model chosen. In fact, considering the PQ model for the loads 
simplifies the relation between voltages and currents, which 
basically are inversely proportional, thanks to the fixed 
values of the power with respect to the voltage values. Future 
work will investigate the possible inclusion of a ZIP or 
exponent-dependent model of the loads, for evaluating the 
effectiveness of the above results, and the use of different grid 
layouts to investigate the effect of the network parameters on 
the determination of the centralized voltage control ranges.  

The results of the analysis developed in this paper will be 
used to establish suitable centralized voltage control 
strategies, taking into account the characteristics of the 
voltage control systems available in the network. From these 
results, useful inputs are provided in a simple way, to 
understand possible ranges of variation of the slack node 
voltage magnitude in which there are conflicting solutions at 
different time steps. In fact, the solutions located onto the 
Pareto front provide viable ranges of voltage magnitudes, 
variable with time.  

The proposed calculations do not provide directly the 
control signals to be used in coordinated voltage control 
among centralized and decentralized controllers. The specific 
contribution is to select the voltage magnitude ranges from 
which the voltage magnitude at the grid supply point can be 
set up at different time steps, for example as the voltage 
reference for the control systems used in the centralized 
equipment. These voltage references may be incorporated in 
more elaborated studies concerning voltage control 
coordination in distribution systems. Further work is in 
progress in this direction. 
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