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Abstract—This work proposes a new control strategy for the
voltage regulation of unbalanced low-voltage (LV) distribution
grids with high penetration of distributed renewable energy
sources (DRESs). The proposed method uses the available reac-
tive power of DRESs as the primary means for voltage regulation.
Furthermore, its distinct feature is the use of a distributed control
architecture prioritizing the response of DRESs to maintain the
network voltages within permissible limits and minimize the
network losses. The prioritization process is locally implemented
by each DRES combining two types of information: (a) the
sensitivity matrix that quantifies the impact of reactive power
variations on the network voltages and (b) voltage measurements
along the network. Time-domain and time-series simulations on
the IEEE European LV test feeder are performed to evaluate the
performance of the proposed method against existing decentral-
ized, distributed and centralized, optimization-based methods.

Index Terms—Distributed renewable energy sources, loss min-
imization, reactive power control, unbalance, voltage control.

I. INTRODUCTION

A. Background

INCREASING the share of energy from renewable sources

is one of the primary objectives set by the European Union

(EU) towards the decarbonization of the energy sector. This

is also reflected in the EU directive for the promotion of

renewable energy sources (RESs), where the target for the

RES share in the gross final energy consumption is increased

from 20% in 2020 to 32% in 2030 [1]. Consequently, the

penetration level of distributed RESs (DRESs) will continue

to increase posing a series of technical challenges related to

the secure and reliable operation of distribution grids [2].

Considering low-voltage (LV) distribution grids, voltage rise

is considered as the most important issue hindering the further

increase of DRES penetration [3]. In the literature, various

approaches have been proposed to tackle this issue that can

be organized into active power control (APC) and reactive

power control (RPC) methods. The former includes generation

curtailment (GC) [4], demand response (DR) [5], and use of

energy storage systems (ESSs) [6], while the latter mainly
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involves the use of the available reactive power of DRESs [7].

Nevertheless, APC can be regarded as an energy management

approach in the long-term, where energy can be curtailed,

shifted, stored, etc. This poses several drawbacks which are

related to loss of green energy (GC), consumer inconvenience

(DR), and additional installation and operation cost (ESSs)

[4]–[6]. On the other hand, these shortcomings are effectively

addressed using RPC. Thus, RPC is the first solution to be

adopted for the voltage regulation, even in LV grids where its

effectiveness is reduced due to the high R/X ratio of lines.

B. Literature Review of RPC Methods

RPC methods can be classified into three main categories

based on the adopted control architecture, namely decentral-

ized, centralized, and distributed control schemes [3]. Among

them, distributed control schemes have recently started to gain

ground for the following reasons: (a) higher robustness to

communication failures than centralized solutions [3] and (b)

near-optimal network operation compared to the decentralized

control schemes [7]. In terms of implementation, distributed

control schemes are further divided into two subcategories,

i.e., offline and online, that are analytically described below.
In the offline approach, DRESs use distributed algorithms

to iteratively solve an optimization problem [7]–[12]. During

the solution process, no control actions are performed by the

DRESs. After the algorithm is converged, DRESs switch to

a new operation point. In [7] and [8], the well-established

alternating direction method of multipliers (ADMM) is used

to solve a relaxed version of the original optimization problem

by adopting the cone relaxation technique. ADMM is also used

in [9] in conjunction with a column-and-constraint generation

algorithm to minimize network losses. Its distinct feature is

the ability of handling network uncertainties. Furthermore, the

authors in [10] propose a distributed accelerated dual descent

algorithm that outperforms ADMM in terms of convergence

time. However, all these methods assume a balanced network,

which is unrealistic for LV grids. An improved version of

the ADMM is introduced in [11] including the network

asymmetries. Additionally, a distributed implementation of the

primal-dual gradient algorithm for the optimal operation of

unbalanced networks is proposed in [12]. Nevertheless, all the

above-mentioned control schemes assume a discrete operation

of DRESs. More specifically, each DRES remains idle till

the convergence of the algorithm. This fact in conjunction

with the large number of iterations for convergence constitutes

the application of these methods under fast, time-varying

operating conditions highly questionable.
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On the other hand, in the online distributed algorithms, the

reactive power output of DRESs is updated at each iteration

by combining local measurements acquired at the point of in-

terconnection (POI) with the grid and information received by

neighbouring DRESs [13]–[19]. In [13], the voltage regulation

problem is addressed in three-stages. In the first two stages,

each DRES operates autonomously based only on information

locally available at the POI with the grid. In case these

stages fail, a distributed algorithm is applied to the third stage

selecting neighbouring DRESs to contribute to the voltage

regulation process. Nevertheless, the selection process is made

in an uncoordinated way leading to unnecessary reactive power

exchange with the grid and increased network losses. In [14], a

dual ascent algorithm is proposed to optimize distribution net-

works. Nevertheless, the impact of the adopted communication

technology on the performance of the proposed method is not

investigated. The dual ascent algorithm is also employed in

[15] to minimize the reactive power used by the DRESs. How-

ever, several approximations are used in the update process of

primal variables leading to possible inaccuracies. An online

ADMM method is proposed in [16]. The developed method

presents fast convergence allowing its implementation in real

networks. Nevertheless, this approach leads to steady-state

errors, thus increasing the possibility of voltage violations.

Furthermore, in [17], the optimization problem is partitioned

to several subproblems that are solved using a randomized

distributed algorithm, which, however, is characterized by a

very small convergence speed. It is worth mentioning that all

above-mentioned solutions cannot accurately model existing

LV grids, since they consider a balanced operation. Finally,

improved online versions of ADMM and dual ascent algorithm

that consider the unbalanced behavior of distribution grids

are proposed in [18] and [19], respectively. However, the

developed methods cannot model the neutral shifting effect,

since they assume a perfectly grounding neutral. Moreover,

they require an increased number of iterations to converge.

As a common drawback, the above-mentioned methods

cannot effectively handle network non-linearities. To overcome

this problem, linearized network models are integrated in

the proposed distributed algorithms. Consequently, miscalcu-

lations may occur under real-field conditions, leading also to

possible voltage violations. Furthermore, these methods target

at controlling the phase-to-neutral voltages. This is inconsis-

tent with the requirement posed by the IEEE 1547 Standard

that RPC should be applied to regulate the positive-sequence

voltages [20]. Additionally, according to the literature review,

it can be concluded that little research effort has been made to

develop online distributed algorithms that minimize network

losses, while assuming an unbalanced network operation.

Finally, the vast majority of the proposed methods require the

continuous monitoring of all the network nodes, putting an

increased stress on the communication infrastructure.

C. Main Contributions

In this paper, a new online distributed architecture for the

optimal voltage regulation (OVR) of unbalanced LV grids

is proposed. Scope of the proposed method is to minimize

the network losses by optimally allocating the reactive power

among the DRESs. The main contributions are listed below:

• Introduction of the prioritization concept: The optimal al-

location of the reactive power among the DRESs is imple-

mented by applying priorities to the response of DRESs

towards a voltage violation event.

• Low-complexity: The prioritization process is locally deter-

mined by each DRES combining local measurements and

information received via a communication infrastructure.

• Fast convergence: Assuming flat start, the proposed method

converges to the final operating point in few seconds, thus

allowing its implementation under real-field conditions.

• Limited information exchange: Contrary to the distributed

solutions presented in the literature, the monitoring require-

ments of the proposed control scheme are limited to network

nodes with DRESs.

• Positive-sequence voltage regulation: The proposed method

regulates the positive-sequence voltages complying with the

requirements posed by IEEE 1574 Standard.

• Validation to full, nonlinear network model: The perfor-

mance of the proposed method is assessed using an accurate

representation of the LV grid where the neutral conductor

is explicitly modelled.

• Near-optimal solution: The proposed method presents near-

optimal solutions with reduced computational complexity

compared to the use of optimization-based techniques.

II. MODELING OF LV DISTRIBUTION GRIDS

This section presents a preliminary analysis regarding the

modeling of LV grids, which is used as an input for the

mathematical formulation of the OVR problem presented in

Section III. A graphical representation of the topology of a

three-phase LV distribution grid with four-wire configuration

is presented in Fig. 1, consisting of 3 nodes, namely h, i, and

j. Furthermore, a pure resistive behavior is assumed for the

grounding impedance, which is the normal case for distribution

systems [21]. Considering nodes i and j of Fig. 1, the current

flowing through the lines is calculated according to
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ij Ȳ cc
ij Ȳ cn
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. (1)

Here, V̄ x
ij stands for the complex voltage drop between nodes i

and j, where superscript x indicates either one of the phases a,

b, and c or the neutral n. Furthermore, Īxij denotes the complex

branch current of phase/neutral x flowing between nodes i and

j. Finally, Ȳ xy
ij stands for the self- or the mutual admittance

of the four-wire line connecting node i with node j ((x, y) ∈
{a, b, c, n}). To improve the readability, (1) is simplified to:

Īij = ȲijV̄ij (2)

where Īij and V̄ij denote the vector of complex currents and

voltage drops between nodes i and j, respectively. Further-

more, Ȳij is the admittance matrix of the four-wire line that
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Fig. 1. Simplistic representation of a LV distribution network.

connects node i with node j with a size equal to 4x4. The

complex current vector at node i (̄Ii) is can be generally

expressed as follows:

Īi =
∑

k∈N\{i}

ȲkiV̄k −





∑

k∈N\{i}

Ȳki



 V̄i (3)

where N stands for the set of the network nodes. Further-

more, (4) is introduced as additional constraint to satisfy the

Kirchhoff’s first law at each node.

1T Īi = Īgi , ∀i ∈ N (4)

Here, Īgi denotes the complex current flowing through the

grounding resistance at node i (Rg
i ) and can be calculated

as follows:

Īgi =
V̄ n
i

Rg
i

, ∀i ∈ N (5)

The apparent power of the network losses can be calculated

according to

S̄loss =
∑

i∈N

∑

j∈N
j>i

(

V̄T
ij Ī

∗
ij

)

. (6)

Here, V̄T
ij Ī

∗
ij calculates the apparent power losses of the four-

wire line connecting node i with node j.

III. FORMULATION OF THE OVR PROBLEM

The voltage regulation with minimum network losses forms

an optimization problem. To solve this problem, DRESs are

used as controllable reactive power sources. Thus, the opti-

mization problem is transformed into a DRES-based optimal

reactive power allocation process which can be mathematically

expressed in the following general form:

min f(x,u) (7a)

g(x,u) = 0 (7b)

h(x,u) ≤ 0 (7c)

where (7a) stands for the objective function, while (7b) and

(7c) are the equality and inequality constraints, respectively.

x denotes the vector of dependent variables , i.e., voltages, as

well as branch and node currents of the network. Furthermore,

u is the vector of the control variables, i.e., the reactive power

of the DRESs. The mathematical formulation of the OVR

problem is analytically presented below.

As mentioned above, the minimization of the network active

power losses is the primary optimization objective of the OVR

problem and are calculated as follows:

f(x,u) = ℜ(S̄loss) (8)

The equality constraints of the optimization problem can

be classified into three main categories. The first category

involves the equations used to calculate the network losses,

the second one includes the power flow equations that model

the network operation, while the third one is devoted to the

DRES operation.

1) First Category - Network Losses Derivation: The net-

work losses are calculated using (2) and (6).

2) Second Category - Power Flow Equations: The network

is modeled using (3)-(5). Furthermore, the relation between

net active (Pnet
i ) and reactive (Qnet

i ) power absorbed at each

phase of node i and the corresponding node currents and

voltages is provided below:

Pnet
i = ℜ

(

(

V̄i − V̄ n
i

)T
Ī∗i

)

, ∀i ∈ N (9)

Qnet
i = ℑ

(

(

V̄i − V̄ n
i

)T
Ī∗i

)

, ∀i ∈ N (10)

3) Third Category - DRES operation: The net active and

reactive power at each node i are calculated according to (11)

and (12), respectively.

Pnet
i = PL

i −PD
i ∀i ∈ N (11)

Qnet
i = QL

i −QD
i ∀i ∈ N (12)

Here, PL
i and QL

i stand for the active and reactive power

absorbed by the load connected to node i, whereas PD
i and

QD
i are the corresponding active and reactive power of the

DRES connected to the same node. It is worth mentioning that

QD
i is the only control variable of the OVR problem, while

PD
i is considered equal to the maximum power the DRES can

provide at each time instant.

A distinction is made between the single-phase and three-

phase DRESs. It is assumed that the proposed voltage regu-

lation algorithm will be provided by DRESs with three-phase

configuration, since it is the dominant type of installation for

all kind of DRESs, e.g., PVs. Thus, in the OVR problem,

single-phase DRESs are treated as non-controllable active and

reactive power sources. Three-phase DRESs are employed

as controllable reactive power sources to mitigate voltage

violations in the positive-sequence domain as imposed by the

IEEE 1547 Standard [20]. The positive-sequence voltage at

node i, can be obtained using (13).

V̄ pos
i =

V̄ a
i

3
+

V̄ b
i

3
ei

2π

3 +
V̄ c
i

3
e−i 2π

3 , ∀i ∈ N (13)

To maintain the network voltages within permissible limits,

the following inequality constraints are introduced:

Vmin ≤
∥

∥V̄ pos
i

∥

∥ ≤ Vmax, ∀i ∈ N (14)

where Vmin and Vmax are the minimum and maximum voltage

limits determined by the distribution system operator (DSO).

In this paper, the limits posed by the Standard EN 50160 are
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considered, i.e., 0.9 and 1.1 p.u., respectively [22]. Finally,

(15) represents the boundary limits of the reactive power

provided by the DRESs.

Qi,min ≤ QD
i ≤ Qi,max, ∀i ∈ N (15)

Qi,min and Qi,max are the minimum and maximum reactive

power limits determined by the reactive power capability of

the DRES connected at node i [23].

The optimization problem of (2)-(15) is characterized by an

increased computational complexity which is mainly caused

by three factors. The first corresponds to modelling of network

asymmetries, i.e., use of mutual-impedances, neutral point

shifting effect, etc. The second is related to the inherent

network non-linearities. The third is the extensive size of LV

networks. As a result, conventional centralized and distributed

optimization methods are rather ineffective, since they suffer

from local minimum solutions, initial value problems, and

excessive execution times.

IV. PROPOSED METHOD

Scope of this section is to present a distributed control

scheme for the voltage regulation of unbalanced LV grids. Its

distinct feature includes the use of a rule-based approach for

the coordination of DRESs presenting reduced computational

complexity and monitoring needs compared to the conven-

tional centralized and distributed optimization methods. In the

next subsections, the theoretical framework of the proposed

method is firstly presented followed by a distributed algorithm

for its implementation under real field conditions.

A. Theoretical Framework

As mentioned above, the voltage regulation of LV grids will

be mainly carried out by DRESs. In case an overvoltage occurs

at a specific network node, the DRES located at this node

should absorb reactive power to tackle this problem with the

minimum network losses. An analytical proof of this statement

is presented in [24]. However, LV grids are characterized

by high R/X ratio of the lines. Consequently, when an

overvoltage occurs at a specific network node, the available

amount of reactive power of the DRES located at the same

node will not, most probably, be sufficient for the overvoltage

mitigation of this node. As a result, the overvoltage at this

node will persist and the reactive power absorption should be

undertaken by another DRES of the network.

The selection of the DRES that will contribute to the

overvoltage mitigation of this node will be made based on the

impact it may have on the network losses. According to the

analysis presented in [24], the network losses are increased

when the selected DRES is located either downstream or

upstream of the node with the overvoltage. Thus, the network

losses cannot be used as the main criterion for the selection

process. To overcome this issue, the sensitivity of network

voltages with respect to reactive power variations is introduced

as the main criterion for the selection of the DRES. More

specifically, for a given voltage variation at a specific node,

a DRES presenting a high sensitivity will need to absorb a

smaller amount of reactive power compared to a DRES with

a small sensitivity. It is worth mentioning that there is a strong

correlation between the overall absorbed reactive power and

the network losses. As a result, since the proposed selection

method leads to a minimum reactive power absorption, the

network losses are also near-minimum.
The theoretical framework of the proposed voltage regula-

tion scheme is summarized in the following example: Let TN

is the node of the network with the maximum network voltage.

This is regarded as the most crucial node, since the effective

mitigation of potential overvoltages at this node indirectly

indicates the successful mitigation of overvoltages in the whole

LV grid. In case the voltage at TN exceeds Vmax, the DRES

with the highest sensitivity is selected as the regulating DRES

(RDRES) to reduce the TN voltage by absorbing reactive

power. The RDRES starts absorbing reactive power till one

of the following conditions is met:
• The maximum reactive power of the RDRES is reached. In

such a case, the RDRES selection process is repeated.

• The maximum network voltage occurs at a different node.

The RDRES selection process is repeated.

• The overvoltages are finally regulated. In this case, the

voltage regulation process terminates.
Using the above-mentioned concept the network overvoltages

are effectively mitigated with near-minimum network losses.

B. Actual Implementation

To pave the way for the implementation of the theoretical

framework presented previously under real-field conditions,

the distributed control architecture depicted in Fig. 2 is

adopted. Following this approach, a two-way communication

infrastructure is foreseen to exchange information among the

DRESs. More specifically, each DRES is assigned to monitor

the positive-sequence voltage of all the DRESs at the POI with

the grid (Vpos). Towards this objective, each DRES broadcasts

the positive-sequence POI voltage in a regular basis, varying

from few milliseconds up to several seconds. It is evident

that the refresh rate of the acquired measurements affects the

response of the distributed control scheme. The distributed

control scheme is implemented by applying to each DRES

the control concept of Fig. 3. This control concept describes

the dynamic operation of the DRES connected to node j
and consists of two operation modes separated by a small

deadband (db), where no actions occur in order to prevent

oscillations and repeated activation-deactivation cycles. The

deadband is determined by the accuracy of the measurement

devices located at the DRES, without, however, affecting the

performance of the proposed method.
The first operation mode corresponds to the overvoltage

mitigation by absorbing reactive power. Assuming that TN is

located at node i, this mode is activated in case V pos
i exceeds

Vmax. Nevertheless, to avoid the simultaneous activation of

this process in all the DRESs, different time delays are

introduced to the response of each DRES (dup,j). Scope of

the time delays is to prioritize the response of the DRESs in

a voltage violation event following the above-mentioned theo-

retical control concept. After a time delay of dup,j , the DRES

starts absorbing reactive power by employing a proportional-

integral controller to eliminate the error between V pos
i and
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Fig. 2. Distributed architecture of the proposed voltage regulation method.

the target voltage (TV ) which is equal to Vmax − 0.5db. This

process continues up to the reactive power capability limit of

the DRES unless either the voltage is successfully regulated or

the TN is moved to another network node. In the latter case,

the process is repeated for the new TN.

The second operation mode includes the reverse process

of properly reducing the reactive power consumption. This

is activated when V pos
i falls below the voltage threshold

(Vmax−db). After a predefined time delay (ddown,j), the DRES

reduces the reactive power till zero unless either the voltage

is regulated or the TN moves to another network node. In the

latter case, the process is repeated for the new TN.

C. Time Delays Determination

The time delays are locally determined by each DRES

combining two types of information, namely the positive-

sequence POI voltages of DRESs and the sensitivity matrix.

The former is used to define the TN, while the latter is

employed to determine the sensitivity factors that quantify

the impact of the reactive power variation of DRESs on the

TN voltage. Based on this information, each local controller

sorts the sensitivities in a descending order. In this list, the

position of each sensitivity determines the time delay of

the corresponding DRES. For example, assuming the first

operation mode of Fig. 3, if the DRES at node j presents the n-

th highest sensitivity, then this DRES will react to any voltage

violation event following a time delay of (n − 1)td, where

td is the time between two successive activations. A similar

rationale is used for the determination of the time delays in

the second operation mode.

Traditionally, the sensitivity matrix is calculated by inverting

the Jacobian matrix used in the Newton-Raphson approach

for the power flow analysis of grids [25]. Nevertheless, this

solution cannot be adopted in distributed architectures, since

all the necessary information, e.g., admittance matrix of the

network, power injections at each node, etc., should be gath-

ered in a single unit. To overcome this issue, the method

proposed in [26] is adopted for the calculation of the sensitivity

matrix. In particular, the sensitivity coefficients are determined

using limited, time-invariant information, i.e., line impedances.

Thus, it can be readily integrated to the proposed distributed

method by calculating offline the sensitivity coefficients and

forwarding them to the local controller of DRESs. This process

can be undertaken by the DSO and can be repeated in case of

network reconfiguration.

Based on the above analysis, the duration of the voltage

regulation process (Treg) is equal to Ktd, where K denotes

the number of the activations of the reactive power control

scheme among the DRESs. It should be noted that Treg should
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Fig. 3. Reactive power control scheme of the DRES connected to node j.

be less than the activation time of the built-in overvoltage

tripping mechanism of DRESs to avoid possible interference.

This can be attained by reducing either td or K . The former

can be implemented using a communication infrastructure that

supports fast data exchange with very small latency. The latter

can be achieved by grouping the activation of the reactive

power control among the DRESs. For example, DRESs with

similar sensitivities can be grouped to concurrently react

towards a voltage violation event. This way, the number of

activations K is reduced, leading to a smaller Treg .

V. NUMERICAL RESULTS

In this section, the performance of the proposed voltage

regulation method is assessed by performing time-domain and

time-series simulations. The system under study is the 416 V

IEEE European LV Test Feeder [27]. The one-line diagram

of the examined network is depicted in Fig. 4 and consists of

a 906-bus LV network with radial configuration, feeding 55

single-phase loads. To allow the investigation of the proposed

voltage regulation of LV grids under real-field conditions, the

following modifications are applied to the network of [27]:

• Introduction of DRESs. To overcome the absence of DRESs

in the original configuration of the IEEE network, 32 three-

phase PVs are randomly allocated to the LV network. The

connection node and the rated power of the installed PVs

is presented in Table I, while the location of each PV is

graphically depicted in Fig. 4 using the red square symbol.

Note that most of the European DSOs require a three-phase

configuration for PVs greater than or equal to 5 kWp. The

rated power factor (PF) of PVs is 0.85.

• Transformation of the line impedance from symmetrical

components to the abcn domain to explicitly model the neu-

tral conductor. The procedure proposed in [28] is adopted.
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Fig. 4. One-line diagram of the European LV test feeder. The part of grid
denoted with green color is used to perform time-domain simulations.

TABLE I
CONNECTION NODE AND RATED POWER OF INSTALLED PVS

Node kWp Node kWp Node kWp Node kWp Node kWp

70 5 320 10 482 5 619 5 861 5

73 10 388 5 556 5 651 5 869 5

166 5 403 5 567 5 681 10 882 10

219 10 447 5 578 10 763 5 884 5

234 5 453 5 580 5 785 5

247 5 461 10 588 5 794 10

248 5 476 10 604 10 845 5

• Introduction of grounding resistance. Contrary to the per-

fectly grounded neutral of the initial configuration, a ground-

ing resistance of 40 Ω is assumed for each neutral node [21].

A. Time-domain Simulations

The performance of the proposed distributed voltage regu-

lation strategy is evaluated by performing time-domain sim-

ulations with the PSIM software [29] on a reduced version

of the IEEE European LV test feeder depicted in Fig. 4. This

modification is made to decrease the execution time of the

simulation process to a reasonable value. In particular, the part

of the grid denoted with green color is considered in the time-

domain simulations, consisting of 250 nodes. Only the PV

units and loads directly connected to these nodes are included

in these simulations. Their connection node is presented in

Table II. Note that loads are numbered according to [27].
The proposed voltage regulation method is evaluated under

the worst-case scenario, i.e., maximum generation and mini-

mum consumption, occurring at 13:53 h. At this time instant,

the PV units inject their rated power to grid, whereas the

absorbed power of the loads is determined by the correspond-

ing profiles described in [27]. Furthermore, to facilitate the

network modeling, a balanced network is assumed by con-

sidering only the positive sequence components of the lines,

whereas loads and PV units with three-phase configuration are

considered. Finally, the voltage deadband (db) is considered

equal to 0.01 p.u.

TABLE II
CONNECTION NODE OF LOADS AND PVS USED IN THE TIME-DOMAIN

SIMULATIONS

PV 247 388 447 453 461 476 482

PV 567 580 588 604 619 651 681

Load 19 20 21 22 29 31 33

Load 34 35 36 37

Due to page limitation, numerical results related only to

the first operation mode are presented. Similar conclusions

can be drawn for the second operation mode. The voltage at

the slack bus is considered equal to 1.0675 p.u. All the PV

units inject their rated power to the LV grid. The maximum

network voltage occurs at the POI of PV619 located at node

619. This node is one of the most remotely located nodes

with PV units in the network. The RMS value of the voltage

magnitude measured by the PV619 is depicted in Fig. 5. It can

be observed that the reverse power flow caused by the injected

power of the PV units leads to overvoltage.

The reactive power absorption process is activated at 0.4 s.

Each PV unit can determine the delay that will be applied

towards a voltage violation event by combining the informa-

tion obtained from the sensitivity theory and the remaining

PV units of the network, according to the analysis presented

in Section IV-C. The time delays are presented in Table III.

For example, PV619 will instantly react to overvoltages, since

it presents the highest sensitivity of the voltage at node 619,

i.e., the node with the maximum network voltage, with respect

to reactive power variations. Moreover, PV588 presents the

second highest sensitivity. Thus, the reactive power absorption

process will be activated after a time delay of 0.3 s. The time

delays of the remaining PV units are presented in Table III. A

similar rationale is adopted by the PV units to determine the

time delays during the reverse process of properly reducing

the reactive power absorption.

To imitate the behavior of the ICT system under real-

field conditions, the voltage sent by each PV unit is modeled

as a discrete signal with a refreshing period of 50 ms. For

example, the voltage sent by PV619 is depicted in Fig. 5

with orange line. It is worth mentioning that relatively small

values have been applied to the time delay between two

successive activations of the reactive power absorption process

as well as to the refresh rate of ICT. This selection has

been made to reduce the overall execution time of the time-

domain simulation process. Under real-field conditions, these

time constants can be increased without, however, affecting

the performance of the proposed voltage regulation strategy.

The reactive power output of the PV units participating in

the overvoltage mitigation process is presented in Fig. 6, while

the maximum network voltage is depicted in Fig. 5.

Initially, PV units operate at unity PF as verified in Fig. 6.

At 0.4 s, the proposed voltage regulation control strategy

is activated. PV619 instantly reacts to the overvoltage by

increasing the reactive power till the minimum PF of 0.85 is

reached. According to Fig. 5, the maximum network voltage

is reduced but it is still well above the maximum permissible
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TABLE III
TIME DELAYS (S) APPLIED TO THE PV UNITS

PV 247 388 447 453 461 476 482

dup 3.9 3.3 2.7 3.0 2.4 1.8 2.1

ddown 0.0 0.6 1.2 0.9 1.5 2.1 1.8

PV 567 580 588 604 619 651 681

dup 1.5 0.6 0.3 3.6 0.0 1.2 0.9

ddown 2.4 3.3 3.6 0.3 3.9 2.7 3.0
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1.100 
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Upper Limit

Fig. 5. RMS voltage magnitude at the POI of PV619, where the maximum
network voltage occurs.

limit. Thus, after a time delay of 0.3 s, the voltage regulation

process continues with the next PV unit in the activation

sequence, i.e., PV588, which increases the absorbed reactive

power till the minimum PF is reached as shown in Fig. 6.

This process continues till the maximum network voltage is

finally regulated at 4.4 s. During this process, the activation

sequence of the reactive power control among the PV units

complies with the time delays presented in Table III. In this

way, the reactive power is optimally allocated among the PV

units, resulting in near-minimum network losses.

B. Long-term Evaluation

In this subsection, the long-term performance of the pro-

posed voltage regulation method is evaluated by performing

time-series simulations using the tool developed in [30]. The

simulation period is considered one day with a time resolution

of 1 minute. A sunny day is assumed for the PVs using

the generation profiles depicted in Fig. 7a. Some indicative

consumption profiles of the single-phase loads are presented in

Figs. 7b, 7c, and 7d, which are obtained from [27]. It is worth

mentioning that the PF of all the single-phase loads remains

constant and equal to 0.95 inductive for all the simulation

period. The proposed method is compared against decentral-

ized, distributed, and centralized, optimization-based methods.

More specifically, the following scenarios are considered:

• High QV (HQV). This is a modified version of the con-

ventional QV (CQV) method. In particular, the settings of

Q(V ) droop curve, i.e., V QV
th and V QV

max, are modified from
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Fig. 6. Reactive power of PVs.

1.08 p.u. and 1.1 p.u. proposed in [31] to 1.05 p.u. and 1.09

p.u., respectively. The main reason behind this modification

is to ensure the overvoltage mitigation by activating of

a larger amount of PV units to contribute in the voltage

regulation.

• Proposed with target voltage limitation (PWTV). In this sce-

nario, the proposed voltage regulation method is employed

with a TV limited to 1.095 p.u.

• Proposed no target voltage limitation (PNTV). To investi-

gate the impact of the selected TV value on the voltage

regulation and the network losses, PWTV is modified by

considering a TV equal to Vmax, i.e., 1.1 p.u. This corre-

sponds to the case where db is equal to zero.

• The distributed online VAR control proposed in [19].

• Optimal power flow (OPF). In this scenario, an optimization-

based method is considered. Eqs. (2)-(15) are solved at each

time instant t using the BARON solver in GAMS [32].

The daily profile of the overall reactive power absorbed by

the 32 three-phase PV units is depicted in Fig. 8a, while the

daily profile of the maximum network voltage in the positive-

sequence domain is presented in Fig. 8b. Moreover, the energy

losses of the network are shown in Table IV. Finally, a

statistical analysis is performed to investigate the impact of

each examined scenario on the voltage asymmetries of the

network. The corresponding results are presented in Table V.

According to Fig. 8a, it can be observed that HQV leads to

a wider reactive power profile compared to the other examined

scenarios. This is justified by the incorporation of the Q(V )
droop curve that forces PV units to absorb reactive power in

voltages smaller than Vmax. The impact of this wide reactive

power profile on the voltage profile is depicted in Figs. 8b.

It is evident that the HQV scenario results in a narrower

voltage profile with increased network losses against the other
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Fig. 7. Daily generation and consumption profiles. a) Generation profiles, b),
c), and d) consumption profiles.

0 6 12 18 24
Time (h)

-140

-120

-100

-80

-60

-40

-20

0

20

40

R
ea

ct
iv

e 
P

o
w

er
 (

k
V

A
r)

HQV

PWTV

PNTV

OPF

[19]

a)

0 6 12 18 24
Time (h)

1.04

1.05

1.06

1.07

1.08

1.09

1.1

1.11

V
o
lt

a
g
e 

(p
.u

.)

Limit HQV PWTV PNTV OPF [19]b)

Fig. 8. Daily profiles. a) Overall reactive power consumption and b) maximum
network voltage in the positive-sequence domain.

examined implementations. Note that CQV cannot be directly

compared with the examined scenarios, since it cannot tackle

overvoltages, as shown in Table IV. This is also valid for

the distributed algorithm proposed in [19] where it can be

observed that overvoltages cannot be effectively tackled, as

shown in Fig. 8b. This is justified by the fact that the examined

distributed algorithm cannot fully exploit the available reactive

power of PVs, as shown in Fig. 8a.

Both implementations of the proposed method, i.e., PWTV

and PNTV, outperform HQV, as verified in Figs. 8a, and

8b. More specifically, the daily reactive power profile is

improved since the PV units absorb reactive power only when

the network voltage exceeds Vmax, leading also to reduced

network losses, as shown in Table IV. Furthermore, according

TABLE IV
DAILY ENERGY LOSSES (KWH)

Examined Scenario CQV HQV PWTV PNTV [19] OPF

Voltage Within Limits NO YES YES YES NO YES

Losses (kWh) 59.42 82.02 63.42 56.21 54.53 55.43

Difference (%) +7.20 +47.97 +14.41 +1.41 -1.62 0.00

TABLE V
VUF0 (%) AND VUF2 (%) STATISTICAL ANALYSIS OF THE NETWORK

NODE WITH THE MAXIMUM VOLTAGE ASYMMETRY

VUF0 VUF2

Mean Std Max Min Mean Std Max Min

HQV 0.68 0.54 4.37 0.03 0.18 0.14 1.12 0.01

PWTV 0.68 0.54 4.30 0.03 0.17 0.14 1.08 0.01

PNTV 0.64 0.51 4.02 0.03 0.17 0.14 1.08 0.01

[19] 0.34 0.36 1.90 0.02 0.26 0.20 1.55 0.01

OPF 0.64 0.51 4.00 0.03 0.17 0.14 1.07 0.01

to Fig. 8b, it can be observed that the introduction of a target

voltage TV smaller than Vmax increases the overall reactive

power absorption, and thus network losses, compared to the

case TV is equal to Vmax. Additionally, there exist time

instants where the overall reactive power absorption of PWTV

is greater than the HQV. On the other hand, PNTV presents a

similar performance to the OPF in terms of the overall reactive

power absorption, voltage profile, and network losses.

In terms of network energy losses, PNTV presents a near

optimal solution as shown in Table IV. Moreover, the network

losses are increased in the PWTV scenario by +14.41%

compared to the OPF solution, due to the introduction of

the target voltage limitation (TV = 1.095 p.u.). Nevertheless,

under real field conditions, the target voltage limitation should

be also incorporated into the OPF scenario to avoid any voltage

violation between two consecutive OPF solutions. In such a

case, the corresponding results of the modified OPF scenario

and the PWTV will be in a good alignment, as already revealed

when comparing PNTV and OPF.

In Table V, VUF0 and VUF2 denote the zero- and the

negative-sequence voltage unbalance factors, respectively. It

can be observed that the values of VUF2 are well below the

limits set by the corresponding standards, i.e., 2% in [20]

and 3% in [22]. Considering VUF0, no limits are foreseen by

the above-mentioned standards. The decision regarding these

limits is mainly left to the discretion of DSOs. However,

according to Table V, the mean and the standard deviation

of the VUF0 are very small. Thus, it can be concluded that

the voltage asymmetries lie within acceptable limits without

affecting the secure and reliable operation of the network.

VI. DISCUSSION

In case of LV grids with high R/X ratio, the effectiveness

of the RPC is reduced. Thus, it is possible that the available

reactive power of DRESs may not be sufficient to regulate the

network voltages within permissible limits. To overcome this

issue, APC should be employed as a supplementary means

for the voltage regulation. It is worth mentioning that RPC
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should precede APC in the activation sequence. In this way,

the contribution of APC to the voltage regulation is minimized.

Further investigations regarding the combined operation of

APC and RPC are outside the scope of this paper and

constitute future research work.

The proposed voltage regulation method complies with the

IEEE 1547 Standard in terms of controlling only the positive-

sequence component of the network voltages. Nevertheless,

in case of high network unbalances, the zero- and negative-

sequence voltages should be also controlled. Although this is

not foreseen by the IEEE 1547 Standard, it can be attained

by adopting one of the several voltage unbalance mitigation

(VUM) techniques proposed in the literature [33]. Further-

more, due to the fact that the proposed voltage regulation

method has been implemented in the positive-sequence do-

main, it can be readily combined with VUM techniques

without interfering with each other.

VII. CONCLUSIONS

In the paper, a new distributed control scheme is proposed

aiming to regulate network voltages of unbalanced LV grids

with minimum network losses. According to the proposed

method, decisions are locally taken by each DRES combining

information from: (a) the sensitivity theory, (b) local mea-

surements, and (c) measurements acquired by the remaining

network DRESs. By performing time-domain and time-series

simulations, it can be concluded that the proposed method out-

performs decentralized solutions and presents a near-optimal

behavior compared to optimization-based methods but with

reduced computation complexity and monitoring needs.
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