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Abstract: The global capacity for renewable electricity generation has surged, with distributed pho-
tovoltaic generation being the primary driver. The increasing penetration of non-programmable
renewable Distributed Energy Resources (DERs) presents challenges for properly managing distribu-
tion networks, requiring advanced voltage regulation techniques. This paper proposes an innovative
decentralised voltage strategy that considers DERs, particularly inverter-based ones, as autonomous
regulators in compliance with the state-of-the-art European technical standards and grid codes. The
proposed method uses an optimal reactive power flow that minimises voltage deviations along all
the medium voltage nodes; to check the algorithm’s performance, it has been applied to a small-scale
test network and on a real Italian medium-voltage distribution network, and compared with a fully
centralised ORPF. The results show that the proposed decentralised autonomous strategy effectively
improves voltage profiles in both case studies, reducing voltage deviation by a few percentage points;
these results are further confirmed through an analysis conducted over several days to observe how
seasons affect the results.

Keywords: voltage regulation; renewable distributed energy resources; distribution network; optimal
reactive power flow; local control laws

1. Introduction

In recent years, the world’s capacity to generate electricity from renewable resources
has expanded faster than ever [1], creating a real chance of tripling global capacity by
2030 [2–4]. In 2023, the new renewable energy capacity added to the world’s energy
systems grew by 50%, reaching almost 510 GW, with solar photovoltaic (PV) accounting for
three-quarters of additions. In Europe, the growth rate of renewable capacity is expected to
double in 2023–2028 compared with the previous six years, with an additional 532 GW [1]; in
particular, distributed solar PV will continue to be the main source of expansion, supported
by new feed-in tariffs, tax exemptions, innovative automation functions, and improved
battery performance to mitigate the uncertainty of PV production [5].

In this new scenario, characterised by the massive penetration of renewable and
non-programmable Distributed Energy Resources (DERs), distribution system operators
(DSOs) have to face an increasingly complicated set of challenges [6]: indeed, given their
intermittent nature and dependence on the variability of weather conditions, DERs may
cause negative impacts on the power grid, including an increase in reactive power flows [7],
voltage fluctuations [8–10], unbalances [11,12], and congestions [13].

Voltage quality represents one of the aspects of distribution networks (DNs) operation
that is more affected by the presence of a large number of DERs [14]; DSOs must provide
a reliable and stable power supply voltage for the proper functioning of all electrical
appliances, allow a reliable operation of generating units [15], and prevent damage to the
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network infrastructure. For this reason, voltage regulation plays a key role in ensuring that
the voltage profiles remain within acceptable limits: according to the technical standard
EN 50160 [16], the supply voltage on MV and LV DNs in normal conditions needs to be
within ±10% with respect to the reference voltage level.

Traditionally, the on-load tap changer (OLTC) of high-voltage/medium-voltage trans-
formers has long been utilised in primary substations (PS) to keep the voltage close to
the nominal value by compensating for generation and load pattern changes and voltage
variation on the transmission grid. However, due to an increased fluctuation in the voltage
profiles over the distribution lines caused by load and DER generation variations, the
regulation performed through the OLTC in PS alone may be insufficient to ensure that the
voltage value over the entire DN remains within the admitted thresholds [17]. For this
reason, the introduction of decentralised voltage control is often identified as a possible
solution to improve the voltage quality over modern DNs.

In this framework, DERs, especially inverter-based, are pivotal because they can
regulate their reactive power (and, in exceptional conditions, active power) to maintain
the voltage at the desired level. For this purpose, technical connection rules for DERs in
many countries have been updated to include a minimum set of reactive (and active) power
control functions to support the network during contingencies. In Italy, technical standards
CEI 0-16 [18] and 0-21 [19] provide a set of prescriptions concerning DER control capabilities,
harmonised with the relevant ENTSO-E network code [20]. DERs can use these newly
added control laws to act as distributed voltage regulators, improving the voltage at their
terminals and reducing the occurrence of over/under-voltage events on the grid. This way,
DERs can provide low-cost and fast-timescale reactive power compensation throughout
the DN, reducing the mechanical switching burden on traditional devices and improving
voltage profiles even in the presence of high penetration of intermittent generation.

In the present framework, this paper aims to lay the foundations for developing a
voltage control method on DNs through a decentralised strategy that copes with the main
limitations of the current voltage strategies. In particular, at present, the voltage value at
the DERs’ terminals is usually controlled according to local voltage control laws, without
any communication among the various DERs. Often, the voltage control exploits a droop
function that regulates the reactive setpoint of each DER as a function of the voltage locally
measured at the point of connection with the grid. Usually, the droop coefficient of the
voltage control function (i.e., its angular coefficient) is the same for all the DERs involved.
Despite its simplicity, this technique is not optimal, since the voltage sensitivity over the
reactive power changes as a function of the grid’s topology and operating conditions [7].
To overcome this issue, this work proposes a customised optimal reactive power flow
(ORPF) that allows a minimising of the deviation between the voltage value in each node
and its nominal value (by optimally setting up the droop coefficient of each DER), while
exploiting the specific control capabilities of each generator. To this end, the work provides
a procedure to optimally set up the DER droop control, exploiting functionalities already
defined in network codes. The proposed methodology is tested on both a small-scale
test grid and a real Italian distribution grid to propose an efficient solution to the voltage
regulation problem.

This work is structured as follows. Section 2 provides an extensive overview of the
relevant literature, including the key theoretical frameworks and relevant studies. Section 3
describes the methodology, highlighting the distributed control law and the mathematical
model that was implemented. Section 4 provides an illustrative small-scale case study to
highlight the potential and peculiarities of the proposed decentralised control. Furthermore,
this section evaluates the case study and the results obtained from the numerical simulations
performed on the real existing distribution grid. Finally, Section 5 gives some conclusions
based on the study’s outcomes.
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2. Literature Review

In this section, a deep bibliographical review is performed. In Section 2.1, a careful
analysis is carried out concerning the various voltage regulation strategies; in Section 2.2, a
focus is provided on ORPFs as one of the methodologies today most commonly used to
cope with the voltage regulation problem.

2.1. Voltage Regulation in Modern Distribution Networks

The heightened focus on sustainable and renewable energy systems has triggered
a significant transition in modern DNs; due to the growing demand for cleaner and
more efficient energy solutions, understanding the dynamics of DERs within current DNs
becomes imperative [21]. In this regard, it is crucial to note that the implementation of
such resources into the electrical network is not without challenges [22]: in particular,
the presence of DERs could lead to a voltage rise, depending on the active and reactive
power exchanged, as well as the network’s topology. The DER connection to a distribution
feeder leads to a voltage rise at the generator’s delivery point, as explained in [22–24].
Furthermore, power imbalances between DER production and load demand tend to create
over/under-voltage events to some extent.

Traditionally, to keep the voltage within limits mandated by the regulations, DSOs
could increase the conductor size [25], install voltage regulators [26], or change the setpoint
of primary or secondary transformer taps [27]. However, the fast growth of DERs in DNs
requires fast structural interventions that can hardly keep up with the pace of the energy
transition [28]. The best solution to cope with the rhythm of the energy transition resides
in adequate control strategies of distributed generators. In this regard, DSOs developed
various voltage controls to improve voltage quality over MV/LV grids: centralised control,
decentralised autonomous control (or local), and decentralised coordinated control [29–31].
DSOs, which implement centralised control, send command signals to DERs [32], OLTCs, or
STATCOMs [33]; they act as central coordinators and network supervisors in the centralised
mechanism, communicating with all the network agents to fully exploit the resources’
flexibility. However, centralised control requires the coordinator to constantly have access to
all the information needed to operate the grid, which is not always feasible or economically
viable. Hence, the availability and reliability of communication links among voltage
sensors, voltage control devices, and the central entity’s control centre constrain the system’s
efficiency [34].

On the other hand, decentralised control presents greater flexibility and scalability [35].
The decentralised coordinated voltage strategy relies on communication among DERs to
update their setpoint through local computations. The system exploits a large amount of
data to identify a robust solution for the voltage regulation problem. Due to the repeated
data exchange and the reduced deployment in actual application, distributed coordina-
tion does not seem to be a ready-to-use technology for voltage regulation in distribution
systems [36]. Regarding decentralised voltage strategies, the literature widely exploits
multi-agent schemes to enhance voltage regulation. Paper [37] proposes a new voltage
control scheme to cope with DER penetration; the authors exploited a 6.6 kV test grid as a
benchmark. Paper [38] proposes an innovative multi-agent graph-based deep reinforce-
ment learning tested on the IEEE 33-bus and 123-bus distribution test feeders. Paper [39]
studies a novel physics-informed multi-agent deep reinforcement learning voltage control
methods tested on the IEEE 33-bus and IEEE 141-bus systems. Despite the versatility of
multi-agent schemes, they always require big data handling and a huge computational
effort, and their convergence is challenging [40,41]. Furthermore, the studies proposed
in the literature focused on punctual action by specific DERs; moreover, the DSO could
find some approaches that generalise the voltage control for system stability purposes
more appealing.
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2.2. Optimal Reactive Power Flow

ORPFs are complex, non-linear, and non-convex problems, essential mathematical
programming for studying power grids’ proper operation and control [42]. The scope
of an ORPF is to minimise the overall cost of the system by adequately dispatching the
optimal reactive power setpoint of each production unit. Moreover, in DNs, an ORPF
could also manage PS’ OLTCs and capacitor banks [43]. The management of these elements
by optimisation allows for the identification of their setpoints to operate the grid safely
and efficiently. Numerous objective functions have been investigated in the literature,
such as the kVAR cost, total fuel cost, active power transmission losses, and voltage
deviation/stability [44,45]. It is worth noticing that different objective functions return
different optimised outcomes, and their adoption could be case-specific.

Mathematical programming exploits algorithms to identify the value of the variables
that ensure the global optimal of a given objective function. The major convergence
problem in mathematical programming resides in binary variables. This element inside
an optimisation divides the problem’s feasibility area, limiting the solver’s efficiency.
Moreover, the power flow equations are non-linear and non-convex due to the presence
of trigonometric components, which may lead to local optimal solutions instead of global
ones. The linearisation of power flow equations is discussed, allowing the linearisation
of trigonometric expression [46]. The approximation of the power flow equation leads
to an error proportional to the angle considered in the trigonometric function [47]. The
voltage angle has a low value in the DN because of the limited electrical distance of the
lines; on average, the linearisation error has a value of around 1% for the DN [47]. It is
also important to note that the implementation on DNs of standard ORPF methods is
not straightforward, due to a lack of proper monitoring devices [48] and the acquisition
of real-time measurements; consequently, alternative methods capable of managing the
problem more effectively are usually preferable [49–51].

In this regard, this work proposes a partially autonomous decentralised control strat-
egy in which DER units autonomously operate in response to voltage deviations at their
terminals; generally, DERs in DNs embed a voltage droop control to adjust their reactive
power to compensate for measured voltage deviations. With this strategy, the data ex-
change among the different resources involved in the regulation is limited, because the
DSO sends setpoint signals to the dispersed units with a predefined (low) periodicity (e.g.,
daily or monthly). Then, in real time, each DER on the grid autonomously regulates the
voltage at its terminal through a local voltage droop characteristic. A customised ORPF
algorithm provides efficient angular coefficent setpoints to each DER; the generalisation of
this information allows the creation of a rule or strategy for DSOs to manage the electric
power system more efficiently.

3. Methodology

This work proposes an ORPF-based decentralised voltage regulation. The idea behind
this method is to control the angular coefficient of a linear local voltage control law of
each DER unit over the DN network: this parameter (voltage droop) adjusts the reactive
power contribution of each distributed resource, according to the voltage measured at its
terminals (Q(V) control law). The ORPF allows for the identification of the optimal angular
coefficient that minimises voltage deviations from the nominal values. It should be noted
that the optimisation based on the ORPF mathematical model does not directly modify the
reactive power contribution of each DER but acts on the droop of the voltage control law:
this aims to avoid constant communication between the DSO and DERs, improving the
efficiency and robustness of the proposed strategy. Indeed, a communication signal is sent
by the DSO to the dispersed units with a predefined periodicity (e.g., daily or monthly) to
set the optimal angular coefficient of the voltage control, leaving DERs to autonomously
adjust the reactive power at their terminals according to the control law.
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In this section, the proposed methodology is explained in detail; in Section 3.1, the
droop voltage control law is defined according to the Italian CEI 0–16 technical standards. In
Section 3.2, the numerical model of the ORPF is described, and the characterising equations
are provided for all the reported models.

3.1. The Q(V) Control Law

In the present study, to locally control the voltage profile at the DER terminals, the
Q(V) control law reported in Figure 1 has been implemented: it modifies the reactive power
exchanged by the DER unit (Q), both in absorption and injection, based on the voltage
(V) measured at the generator point of connection. Even for small fluctuations around
the reference voltage value (1.0 p.u.), the regulation is supposed to adjust the reactive
power (no deadband regulation); instead, if the voltage value is outside the range Vi ÷ Vs,
the regulation saturates at ±Qmax. According to technical standards, Qmax is defined as
0.4843 of the DER nominal active power (Pmax), corresponding to a power factor of 0.9. The
equation that describes this control law is reported next:

Q =


Qmax i f V < Vi

m·Pmax·
(

V − Vre f

)
i f Vi ≤ V ≤ Vs

−Qmax i f V > Vs

(1)

In this case, Vref has been set equal to 1.0 p.u., while m is the negative angular coefficient
that controls the reactive power exchange by the DER as a function of the measured voltage
value; the developed novel ORPF algorithm optimises this parameter.
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With the proposed approach, the Q(V) control law is modified, as shown in Figure 2. In
particular, the angular coefficient m is varied to obtain different reactive power contributions
for the same voltage deviation; therefore, ±Qmax is reached for different voltage levels of Vi
and Vs. The angular coefficient m and the voltage thresholds will depend on the output
of the optimisation process described in the next subsection. It is defined to obtain the
maximum benefit from the regulation capabilities of each DER. It is worth noticing that the
voltage at each system node cannot overcome Vmin and Vmax, respectively, equal to 0.90
and 1.10 p.u.
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3.2. The Mathematical Model

The ORPF problem is an optimisation problem which consists of the minimisation
of an objective function subject to a set of constraints that express the correct operation of
the system investigated. In turn, constraints are subdivided into equality constraints, such
as power flow equations, and inequality constraints, such as limits on voltages, currents,
generator capabilities, etc.

Regarding equality constraints, the set of power flow equations that physically describe
the point of operation of the network can be defined as:

Pg(k)− Pd(k) = ∑
m∈B

VkVmYkmcos(δk − δm − θkm), ∀k ∈ B (2)

Qg(k)− Qd(k) = ∑
m∈B

VkVmYkmsin(δk − δm − θkm), ∀k ∈ B (3)

where:

• B is the set of all nodes of the grid;
• Pg(k) is the active power injected in the bth bus;
• Pd(k) is the active power required by the bth bus;
• Qg(k) is the reactive power injected in the bth bus;
• Qd(k) is the reactive power required by the bth node;
• Vk, Vm are the magnitudes of the nodal voltage in p.u.;
• δk, δm are the angles of the nodal voltage in p.u.;
• Ykm is the magnitude of the kmth element of the nodal admittance matrix;
• θkm is the angle of the kmth element of the nodal admittance matrix.

Regarding inequality constraints, the nodal voltages of the network and the thermal
limits of the lines are constrained by the technical minimum and maximum limits:

Vmin
k ≤ Vk ≤ VMAX

k , ∀k ∈ B (4)

Ikm ≤ IMAX
km , ∀k, m ∈ B (5)

As already introduced, the objective function is the voltage deviation minimisation:
the model tries to modify the generator setpoint of m to set the nodal voltages as close as
possible to the nominal value by DER reactive power flows. Although different objective
functions have been investigated in the literature [52], the voltage deviation minimisation
has been shown to be the main goal of DSOs. Even if other factors could be considered in the
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optimisation (e.g., losses), their relevance from the DSOs’ perspective is often questionable
and it widely depends on the quality of service standards and regulatory prescriptions
in place. In addition to voltage deviations, another contribution has been added to the
objective function that aims to limit the value of the angular coefficient m of the Q(V) control
law, avoiding any steep change in the voltage droop characteristic; steep changes should be
avoided because the droop control would saturate to ±Qmax even for small voltage errors.
Consequently, the active power production would be reduced to keep the operating point
within the DER capability curve, thus creating economic problems for the plant operator.

To this end, the implemented objective function is:

OF = min
(
∑k∈B|Vk − Vn

k | − ∑g∈G C·mg

)
(6)

where:

• G is the set of nodes of the grid at which the DERs are connected;
• C is a suitable penalty factor;
• mg is the angular coefficient of the gth distributed generator.

As already introduced, it is worth noticing that the optimisation function does not
directly control the reactive power setpoint of each DER but the angular coefficient of the
Q(V) control law. This approach is designed so that, at the beginning of each considered
period (e.g., one day), the DSO runs the ORPF algorithm to identify the optimum m
based on a dataset of historical measurements (e.g., the measurements collected on the
same day of the previous week). The ORPF identifies the m as the most efficient values
that minimise the voltage deviation. The optimal angular coefficients are sent through a
suitable communication channel to the DERs, which implement the required regulation
autonomously over the period under analysis. The structure of the presented decentralised
voltage regulation is shown in Figure 3. In particular, the m signals are sent to each DER on
a daily basis (D1, D2, D3), at the beginning of the day (t = 0); for the rest of the day, DERs
regulate autonomously, according to the received angular coefficient setpoint.
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4. Case Studies and Numerical Results

This section aimes to prove the effectiveness of the proposed ORPF algorithm on
different case studies. Section 4.1 presents its application to a small-scale DN [53], while
in Section 4.2, the proposed methodology is applied to a real-life DN in Italy. All the
significant results are reported in the following. The NLP optimisation problem has been
implemented in GAMS 38.3.0 [54] and solved using KNITRO 13.0.0 [55].

4.1. Test on a Small-Scale Distribution Network

The automatic decentralised voltage control algorithm has been tested on a small-scale
DN (Figure 4) to check the effectiveness of the proposed method. The network consists of
an MV busbar, an MV line, an MV load, and a distributed generator; a short line connects
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the DER to the load busbar. The MV busbar represents the slack bus of the system, with the
voltage magnitude fixed at 1.0 p.u. and the angle at 0◦.
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To evaluate the performance of the optimisation algorithm, two parameters of the
test grid are changed iteratively; these parameters are the length of the MV line l, and the
ratio DP between the active power produced by the DER and the one absorbed by the
load, obtained by iteratively increasing the power produced by the DER according to the
formula in Table 1. In more detail, Table 1 lists the parameters investigated in the test grid,
for which the parameters with apex “0” refer to the initial value. The line parameters are
taken from the datasheet of Prysmian [53], and the 7 MW load power had been selected as
the nominal capacity of an MV (15 kV) line.

Table 1. Variations of production/load active power ratio and length of the small-scale distribution
grid line.

Production/Load Active Power Ratio DP Line Length l{
Pload = 7 MW

cosφload = 0.95 − Inductive
Pg = P0

g + 0.5· (h − 1)
P0

g = 0 MW

l = l0·k
l0 = 0.217 km

R0 = 0.042 Ω
X0 = 0.020 Ω

B0 = 13.480 µS

h = 1 : 41, generator growth index
k = 1 : 73, line-length growth index

The following subsection investigates how the variation of these parameters affects
the Q(V) control law identified by the optimisation algorithm.

Numerical Results: Minimisation of Voltage Variations

In this subsection, the effects of some electrical parameters of the test network on the
voltage regulation via the Q(V) control law are evaluated; in particular, it is investigated
how the line length l and the ratio DP between generation and load impact the value of the
angular coefficient m of the Q(V) control law. In addition, the penalty factor C of the multi-
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objective function (7) is varied to study the sensitivity of the angular coefficient m with
respect to the voltage deviation term. Three different penalty factors are considered, namely,
C = 0, C = 10−7, and C = 10−5. In particular, the first penalty factor has been chosen to
study the proposed decentralised voltage regulation with an objective function that only
takes the voltage variation into account and does not restrict the angular coefficient of Q(V);
the other two penalty factors have been defined according to a sensitivity analysis: as a
result of the tuning process, these values proved to be the most efficient trade-off between
the penalty on the droop coefficient and the minimisation of the voltage deviation.

In the first instance, the ORPF strategy is evaluated, and the objective function is set to
contain only the voltage deviation term, i.e., the penalty factor C on the angular coefficient
of the Q(V) control law is equal to zero. Therefore, m can take any value to keep the voltage
as close as possible to the reference value. In Figures 5 and 6, the relationship between the
angular coefficient m of the Q(V) control law has been plotted as a function of the length
of the line l and the active power ratio DP, respectively. It is worth noticing that, in both
figures, there are no clear-cut trends for the value of the angular coefficient m, either with
respect to the line length or the DER penetration into the test network. Furthermore, the m
parameter assumes very high values, reaching more than 1000 p.u.; thus, the Q(V) control
law is a stepped regulation, which saturates at ±Qmax for very low voltage deviations.
This regulation could be detrimental to the network operation, bringing instabilities in
the voltage control. Consequently, the null penalty factor in the ORPF algorithm is not
recommended and discarded in the following analysis.

Next, a penalty factor has been inserted into the objective function to drive the outcome
of the ORPF towards a realistic trend. A 10−7 penalty factor has been chosen to have a
small, although not negligible, contribution of the C parameter on the objective function;
in this case, the ORPF algorithm has an objective function that considers both the voltage
deviation and the angular coefficient m of the Q(V) control law. In Figures 7 and 8, the
relationship between the angular coefficient m of the Q(V) control law has been plotted
with respect to the length of the line l and the active power ratio DP. It should be noted
that, in this case, the values of m are smaller than in the previous case, and, in both figures,
specific trends are outlined.

Electricity 2024, 5, FOR PEER REVIEW 9 
 

 

Numerical Results: Minimisation of Voltage Variations 

In this subsection, the effects of some electrical parameters of the test network on the 

voltage regulation via the Q(V) control law are evaluated; in particular, it is investigated 

how the line length l and the ratio DP between generation and load impact the value of 

the angular coefficient m of the Q(V) control law. In addition, the penalty factor 𝐶 of the 

multi-objective function (7) is varied to study the sensitivity of the angular coefficient m 

with respect to the voltage deviation term. Three different penalty factors are considered, 

namely, 𝐶 = 0, 𝐶 = 10−7, and 𝐶 = 10−5. In particular, the first penalty factor has been 

chosen to study the proposed decentralised voltage regulation with an objective function 

that only takes the voltage variation into account and does not restrict the angular 

coefficient of Q(V); the other two penalty factors have been defined according to a 

sensitivity analysis: as a result of the tuning process, these values proved to be the most 

efficient trade-off between the penalty on the droop coefficient and the minimisation of 

the voltage deviation. 

In the first instance, the ORPF strategy is evaluated, and the objective function is set 

to contain only the voltage deviation term, i.e., the penalty factor 𝐶  on the angular 

coefficient of the Q(V) control law is equal to zero. Therefore, m can take any value to keep 

the voltage as close as possible to the reference value. In Figures 5 and 6, the relationship 

between the angular coefficient m of the Q(V) control law has been plotted as a function 

of the length of the line l and the active power ratio DP, respectively. It is worth noticing 

that, in both figures, there are no clear-cut trends for the value of the angular coefficient 

m, either with respect to the line length or the DER penetration into the test network. 

Furthermore, the m parameter assumes very high values, reaching more than 1000 p.u.; 

thus, the Q(V) control law is a stepped regulation, which saturates at ±Qmax for very low 

voltage deviations. This regulation could be detrimental to the network operation, 

bringing instabilities in the voltage control. Consequently, the null penalty factor in the 

ORPF algorithm is not recommended and discarded in the following analysis. 

 

Figure 5. Variation of the angular coefficient of the Q(V) characteristic with respect to the length of 

the line for C = 0. 
Figure 5. Variation of the angular coefficient of the Q(V) characteristic with respect to the length of
the line for C = 0.



Electricity 2024, 5 143
Electricity 2024, 5, FOR PEER REVIEW 10 
 

 

 
Figure 6. Variation of the angular coefficient of the Q(V) characteristic with respect to the active 
power ratio for C = 0. 

Next, a penalty factor has been inserted into the objective function to drive the 
outcome of the ORPF towards a realistic trend. A 10ି଻ penalty factor has been chosen to 
have a small, although not negligible, contribution of the 𝐶 parameter on the objective 
function; in this case, the ORPF algorithm has an objective function that considers both 
the voltage deviation and the angular coefficient m of the Q(V) control law. In Figures 7 
and 8, the relationship between the angular coefficient m of the Q(V) control law has been 
plotted with respect to the length of the line l and the active power ratio DP. It should be 
noted that, in this case, the values of m are smaller than in the previous case, and, in both 
figures, specific trends are outlined. 

 
Figure 7. Variation of the angular coefficient of the Q(V) characteristic with respect to the length of 
the line for C = 10−7. 

Pgen/Pload [%]

L
line

 = 0.207 km

L
line

 = 15.84 km

Lline [km]

Pgen/Pload = 0%

Pgen/Pload = 286%

Figure 6. Variation of the angular coefficient of the Q(V) characteristic with respect to the active
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For a better understanding of the obtained trends, Figures 9 and 10 report three specific
case studies relevant to the distributed voltage regulation performed. In particular, the
minimum and maximum cases were chosen for the length of the line l and the ratio DP; an
intermediate case was also selected: DP = 100% and l = 9 km.
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Looking at the first figure, the ORPF strategy has a beneficial effect on the voltage. In
all three cases, the regulated voltage Vgen

ORPF is closer to the reference value than in the
voltage without regulation Vgen

PF. This is due to the voltage regulation carried out through
the droop control law; indeed, the reactive power exchanged by the DER saturates at the
maximum permissible value (±Qmax − 1.0 p.u.), showing that the distributed generation
regulates the voltage at its terminals. This is also confirmed by the angular coefficient
curves: as the line length increases, the voltage increases, exceeding the reference value,
and the reactive power delivered by the DER saturates. As the length increases, the voltage
keeps increasing, moving the saturation point of the Q(V) characteristic further from the
reference value. For this reason, the angular coefficient m is reduced, while still providing
the maximum reactive power.

Similar reasonings can also be applied with respect to power variations. In this case,
the angular coefficient of the Q(V) control law is strongly influenced by the voltage at
the generator’s terminals: for DP values between 100% and 150%, the voltage is close to
the reference value. For this reason, the voltage regulation is not activated, dropping the
DER reactive power to zero; thus, the angular coefficient also goes to zero. For all other
DP values, it is observed that the regulated voltage Vgen

ORPF is better than the voltage
without regulation Vgen

PF, via the activation of the Q(V) control law, which identifies the
best angular coefficient that saturates at ±Qmax the reactive power value.

For a complete understanding, the case where the penalty factor C is set to 10−5

was also investigated. In Figures 11 and 12, the same cases as previously depicted have
been represented.

The next figure (Figure 13) reports the occurrences of voltage variations from the
reference value. It is observed that the larger the penalty factor C, the greater the voltage
deviation; however, by increasing C, the worsening is not significant; thus, it is still
preferable to choose penalty factors other than zero to limit the value of m, while still
providing reactive power by the DERs. In the next subsection, 10−5 has been chosen as the
penalty factor for a real DN case study.
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4.2. The Aosta Case Study

The proposed approach’s effectiveness has also been evaluated in a case study relevant
to the distribution grid that covers Aosta, a medium-sized city in the northwestern part
of Italy. A PS, in which two 31.25 MVA transformers are present, feeds 17 feeders with an
average load of 2 MW and a 16 MW peak power. Each feeder is accurately described by
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data about resistance, inductance, and capacitance; furthermore, the Aosta grid has almost
200 secondary substations. A more detailed grid description can be found in [56].

Figure 14 provides a schematic representation of the PS; in particular, only the MV
portion of the distribution grid has been considered as a case study. The MV side of the
substation has been considered as a slack bus, with the voltage amplitude fixed to 1.0 p.u.,
and an angle equal to 0◦. This assumption is coherent with the fact that an ideal OLTC
has been considered in the PS, capable of constantly keeping the voltage to the reference
value. The limits and constraints of the OLTC technology have not been implemented in
the proposed algorithm.
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Figure 14. Schematic representation of the Aosta distribution system.

To test the effectiveness of the proposed algorithm, 24 h simulations with 1 h intervals
were made by choosing a typical day for each season of the year, as shown in Figure 15 and
reported in Table 2.

Table 2. Summary of the typical days chosen to test the algorithm proposed in the study case.

Day Consumption [MWh] DG Production [MWh] Reference Figure

7 February 562.755 191.890 Figure 16
25 May 355.964 132.565 Figure 17
2 August 407.274 44.732 Figure 18
17 October 472.981 196.267 Figure 19
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The DN’s production and hourly generation profiles come from data gathered on the
field by the DSO. Power profiles were available for medium-voltage consumers, producers,
and the PS. Data concerning the hourly consumption of secondary substations was not
available. Equation (7) estimates the consumption of each secondary substation:

Pss
t,i =

PPS
t − PMV

t

∑j STRANS
j

STRANS
i (7)

where:

• PSS
t,i is the hourly power consumption of the i-th secondary substation (SS);

• PPS
t is the hourly power consumption of the primary substation (PS);

• PMV
t is the summation of the MV users’ hourly consumption. This parameter also

includes the distributed generation;
• STRANS

j is the apparent power of the transformer installed in the j-th secondary substation.

The m penalty factor C has been set equal to 10−5. Results are summarised for the
four seasons in Figure 16 (winter), Figure 17 (spring), Figure 18 (summer), and Figure 19
(autumn), where the MV nodes’ voltage are plotted for each hour of the day, with respect
to the equivalent electrical distance between the slack bus and the node, defined as the
absolute value of the Thevenin equivalent impedance. In general, the proposed regula-
tion provides a significant voltage improvement in all cases analysed, both hourly and
seasonally; results also summarised in Table 3 in terms of Root Mean Square Error (RMSE).

Table 3. RMSE for nodal voltages with and without regulation.

Voltages Root Mean Square Error

Without Regulation With Regulation

Season

Winter 0.0036 0.0034
Spring 0.0113 0.0084

Summer 0.0087 0.0066
Autumn 0.0052 0.0041
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Lastly, the proposed method has been compared with a traditional fully centralised
ORPF with the same objective function (i.e., the minimisation of voltage deviation). Nu-
merical results are shown in Figure 20 for the winter day (for the sake of simplicity, other
days are omitted). From the boxplots, it can be seen that, with the proposed decentralised
approach, voltage profiles are little worse than the ones obtained with the centralised
strategy: this is an expected result, since without (1), the reactive power withdrawn by
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the generators is left free to change to minimise voltage deviations. However, voltage
trends in the two cases are very close. Then, the advantages of the decentralised control in
terms of adaptation to disturbances and lower data exchange requirements can motivate
its adoption over the traditional one.
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5. Conclusions and Future Studies

This research introduced a decentralised voltage regulation strategy tailored to address
the challenges posed by the escalating integration of DERs, particularly inverter-based
ones, driven by the remarkable surge in global renewable electricity generation, primarily
through distributed PV.

The proposed strategy investigated a decentralised regulation by DERs to minimise
voltage deviations across medium-voltage nodes; the implemented control law is aligned
with the latest European technical standards and grid codes to best use DERs on the DNs.

The novelties proposed by the methodology reside in an ORPF capable of identifying
the most efficient angular coefficient for each DER’s Q(V) control law. The efficacy of
the optimisation strategy was confirmed through several numerical simulations on both
a small-scale network and a real Italian DN. The outcomes affirm the effectiveness of
the decentralised approach in enhancing voltage profiles across diverse scenarios. In this
regard, the work assessed that the Q(V) control law was influenced by the electrical distance
to the PS and the DN’s active power ratio (generated/absorbed). In addition, the proposed
methodology was daily-tested in the four seasons: in all of them, the algorithm allowed
a reduction in the voltage deviation at the MV nodes in a real-life DN. Furthermore, a
comparison with a traditional ORPF was performed; despite the latter providing slightly
better performance, the decentralised approach has clear benefits, concerning its capability
to manage disturbances (eg., sudden voltage variations) without a real-time communication
between the DSO and DERs, and the lower data exchange requirement.

In future works, the decentralised strategy will also be tested with other objective
functions to compare the algorithm’s outcomes and performance. In addition, other
regulation resources could also be considered, such as the OLTC in the PS. Furthermore,
different optimisation or metaheuristic algorithms could be compared or coupled to identify
the optimal trade-off between accuracy and computational effort. Finally, investigating the
integration of advanced communication and control mechanisms could further enhance the
robustness of the decentralised voltage regulation strategy in dynamic grid environments.
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35. Dragičević, T.; Lu, X.; Vasquez, J.C.; Guerrero, J.M. DC Microgrids—Part I: A Review of Control Strategies and Stabilization
Techniques. IEEE Trans. Power Electron. 2016, 31, 4876–4891. [CrossRef]

36. Lo, C.-H.; Ansari, N. Decentralised Controls and Communications for Autonomous Distribution Networks in Smart Grid. IEEE
Trans. Smart Grid 2013, 4, 66–77. [CrossRef]

37. Yorino, N.; Zoka, Y.; Watanabe, M.; Kurushima, T. An Optimal Autonomous Decentralized Control Method for Voltage Control
Devices by Using a Multi-Agent System. IEEE Trans. Power Syst. 2015, 30, 2225–2233. [CrossRef]

38. Hu, D.; Li, Z.; Ye, Z.; Peng, Y.; Xi, W.; Cai, T. Multi-agent graph reinforcement learning for decentralised Volt-VAR control in
power distribution systems. Int. J. Electr. Power Energy Syst. 2024, 155 Pt A, 109531. [CrossRef]

39. Zhang, B.; Cao, D.; Hu, W.; Ghias, A.M.Y.M.; Chen, Z. Physics-Informed Multi-Agent deep reinforcement learning enabled
distributed voltage control for active distribution network using PV inverters. Int. J. Electr. Power Energy Syst. 2024, 155 Pt B,
109641. [CrossRef]

40. Zhang, X.; Wu, Z.; Sun, Q.; Gu, W.; Zheng, S.; Zhao, J. Application and progress of artificial intelligence technology in the field of
distribution network voltage Control: A review. Renew. Sustain. Energy Rev. 2024, 192, 114282. [CrossRef]

41. Fusco, G.; Russo, M.; De Santis, M. Decentralized Voltage Control in Active Distribution Systems: Features and Open Issues.
Energies 2021, 14, 2563. [CrossRef]

42. Ghasemi, M.; Ghavidel, S.; Akbari, E.; Vahed, A.A. Solving non-linear, non-smooth and non-convex optimal power flow problems
using chaotic invasive weed optimisation algorithms based on chaos. Energy 2014, 73, 340–353. [CrossRef]

43. Ahmadian, A.; Sedghi, M.; Aliakbar-Golkar, M.; Elkamel, A.; Fowler, M. Optimal probabilistic based storage planning in
tap-changer equipped distribution network including PEVs, capacitor banks and WDERs: A case study for Iran. Energy 2016, 112,
984–997. [CrossRef]

44. Wang, Z.; Wu, J.; Liu, R.; Shan, Y. A P-Q Coordination Control Strategy of VSC-HVDC and BESS for LVRT Recovery Performance
Enhancement. Electronics 2024, 13, 741. [CrossRef]

45. Naderi, E.; Narimani, H.; Pourakbari-Kasmaei, M.; Cerna, F.V.; Marzband, M.; Lehtonen, M. State-of-the-Art of Optimal Active
and Reactive Power Flow: A Comprehensive Review from Various Standpoints. Processes 2021, 9, 1319. [CrossRef]

https://www.entsoe.eu/fileadmin/user_upload/_library/resources/RfG/130308_Final_Version_NC_RfG.pdf
https://doi.org/10.3390/en13123293
https://doi.org/10.3390/en16010562
https://doi.org/10.1016/j.rser.2016.06.030
https://doi.org/10.1109/TPWRD.2015.2462723
https://doi.org/10.1049/pe:20020101
https://doi.org/10.1109/TPWRD.2009.2033073
https://doi.org/10.1109/TPWRD.2014.2311959
https://onlinelibrary.wiley.com/doi/pdf/10.1002/er.4847
https://doi.org/10.1002/er.4847
https://doi.org/10.1016/j.arcontrol.2023.03.008
https://doi.org/10.3390/en16062814
https://doi.org/10.1016/j.gloei.2023.02.007
https://doi.org/10.1109/ACCESS.2023.3242236
https://doi.org/10.1109/MPE.2011.943134
https://doi.org/10.1109/TPEL.2015.2478859
https://doi.org/10.1109/TSG.2012.2228282
https://doi.org/10.1109/TPWRS.2014.2364193
https://doi.org/10.1016/j.ijepes.2023.109531
https://doi.org/10.1016/j.ijepes.2023.109641
https://doi.org/10.1016/j.rser.2024.114282
https://doi.org/10.3390/en14092563
https://doi.org/10.1016/j.energy.2014.06.026
https://doi.org/10.1016/j.energy.2016.06.132
https://doi.org/10.3390/electronics13040741
https://doi.org/10.3390/pr9081319


Electricity 2024, 5 153

46. Alsac, O.; Bright, J.; Prais, M.; Stott, B. Further developments in LP-based optimal power flow. IEEE Trans. Power Syst. 1990, 5,
697–711. [CrossRef]

47. Giraldo, J.S.; Vergara, P.P.; López, J.C.; Nguyen, P.H.; Paterakis, N.G. A Linear AC-OPF Formulation for Unbalanced Distribution
Networks. IEEE Trans. Ind. Appl. 2021, 57, 4462–4472. [CrossRef]

48. Bovo, C.; Ilea, V.; Subasic, M.; Zanellini, F.; Arrigoni, C.; Bonera, R. Improvement of observability in poorly measured distribution
networks. In Proceedings of the 2014 Power Systems Computation Conference, Wroclaw, Poland, 18–22 August 2014; pp. 1–7.
[CrossRef]

49. Brinkmann, B.; Negnevitsky, M. A Probabilistic Approach to Observability of Distribution Networks. IEEE Trans. Power Syst.
2017, 32, 1169–1178. [CrossRef]

50. Pokhrel, B.R.; Bak-Jensen, B.; Pillai, R.J. Integrated Approach for Network Observability and State Estimation in Active Distribu-
tion Grid. Energies 2019, 12, 2230. [CrossRef]

51. Montanari, A.N.; Aguirre, L.A. Observability of Network Systems: A Critical Review of Recent Results. J. Control. Autom. Electr.
Syst. 2020, 31, 1348–1374. [CrossRef]

52. Nuaekaew, K.; Artrit, P.; Pholdee, N.; Bureerat, S. Optimal reactive power dispatch problem using a two-archive multi-objective
grey wolf optimiser. Expert Syst. Appl. 2017, 87, 79–89. [CrossRef]

53. Prysmian Group. Low and Medium Voltage Cables and Accessories Catalogue. Available online: https://na.prysmian.com/
markets/electrification/industrial-and-construction/building-wire/accessories/low-and-medium-accessories (accessed on 27
February 2024).

54. GAMS Development Corporation. General Algebraic Modeling System (GAMS) Release 38.3.0; GAMS Development Corporation:
Fairfax, VA, USA, 2022.

55. Byrd, R.H.; Nocedal, J.; Waltz, R.A. KNITRO: An integrated package for non-linear optimisation. In Large-Scale Non-linear
Optimization; di Pillo, G., Roma, M., Eds.; Springer: Berlin/Heidelberg, Germany, 2006; pp. 35–59.

56. Mirbagheri, S.M.; Merlo, M. Optimal reactive power flow procedure to set up an effective local voltage control. Sustain. Energy
Technol. Assess. 2020, 39, 100709. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1109/59.65896
https://doi.org/10.1109/TIA.2021.3085799
https://doi.org/10.1109/PSCC.2014.7038326
https://doi.org/10.1109/TPWRS.2016.2583479
https://doi.org/10.3390/en12122230
https://doi.org/10.1007/s40313-020-00633-5
https://doi.org/10.1016/j.eswa.2017.06.009
https://na.prysmian.com/markets/electrification/industrial-and-construction/building-wire/accessories/low-and-medium-accessories
https://na.prysmian.com/markets/electrification/industrial-and-construction/building-wire/accessories/low-and-medium-accessories
https://doi.org/10.1016/j.seta.2020.100709

	Introduction 
	Literature Review 
	Voltage Regulation in Modern Distribution Networks 
	Optimal Reactive Power Flow 

	Methodology 
	The Q(V) Control Law 
	The Mathematical Model 

	Case Studies and Numerical Results 
	Test on a Small-Scale Distribution Network 
	The Aosta Case Study 

	Conclusions and Future Studies 
	References

