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Abstract: The current development of prosumer microsources and the expected spread of electric
vehicles may cause the appearance of significant current and voltage unbalance in low-voltage
(LV) networks. This unbalance, which is an unfavorable phenomenon, may occur when using
single-phase photovoltaic (PV) microsources and single-phase home chargers for electric vehicles.
This paper presents a proposal for the symmetrization of the LV network using devices for the
reconfiguration of phases in the power supply. Both the different locations of these devices and the
different objective functions for device implementation are analyzed. The research was carried out on
an example LV network, taking into account several variants of the development of PV microsources
and home chargers for electric vehicles. The analysis indicates that the appropriate location of
phase reconfiguration devices and the use of an appropriate objective function leads to a significant
reduction in unfavorable unbalancing in the LV network.

Keywords: LV network; voltage unbalancing; current unbalancing; photovoltaic source; electric
vehicle charger

1. Introduction

By 2050, the European Union (EU) wants to achieve climate neutrality [1]. Various
programs are used to achieve this aim, including programs for increasing the share of renew-
able energy sources, resigning from the registration of combustion cars, or resigning from
individual combustion-based heating furnaces. This is related to the large-scale emergence
of new facilities in the power system, such as photovoltaic (PV) sources, electric vehicle
(EV) chargers, or heat pumps. Single-phase facilities, in some cases, can significantly impact
the operation of the low-voltage (LV) network, which is used for distributed generation.

Wind and PV sources, as well as energy storage facilities [2] and EVs that can operate in
V2G or G2V modes [3–5], are connected to a local network. Thanks to local production and
close consumption, the use of smart metering and smart charging causes self-consumption
to increase [6–8]. In such a system, there is no need to transmit power over long distances,
which avoids increased power losses. The intelligent management of electric vehicles
connected to the grid allows for technical and economic benefits [9]. Such intelligent
management is also considered on the basis of DC microgrids [10]. However, it should
be indicated that in networks with distributed generation, there may be problems with
power quality [11]. One of the problems is power outages, e.g., in systems with wind
turbines [12]. The behavior of such systems is recommended to be analyzed using real-
time simulators [13]. The greatest problems occur in networks with PV sources because
they cause a significant increase in network voltage, often exceeding the permissible
value [14–16], and are also the reason for a significant voltage unbalance [17–20]. The
problem of increased voltage/current unbalance, as well as increased power loss, may be
aggravated by connecting EVs to the LV power network [21,22].

In order to mitigate the unfavorable voltage parameters in the network with dis-
tributed generation, various solutions are used. In paper [23], an insulated gate bipolar
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transistor-based parallel active filter was used for current/voltage unbalance compensation.
It has been proven that such a filter can compensate for the unbalance in load current or
in the voltage source. Paper [24] proposes a Three Phase Optimal Power Flow method to
minimize the voltage unbalance in LV distribution networks with a high penetration of PV
sources. Consequently, the reactive power management from these sources significantly
reduces voltage unbalance. Paper [25] describes voltage unbalance compensation and
minimizing loss in the distribution system with the use of a three-phase individual-step
voltage regulator. The application of this system enables the individual tap control of
each phase. Paper [26] proposes a method to mitigate voltage unbalance caused by single-
phase PV inverters in LV systems. The method is based on the uneven absorption and
injection of reactive power by three-phase PV inverters. Each phase is controlled here to
achieve this uneven power injection. In turn, paper [27] presents strategies for the control
of single-phase and three-phase generating units cooperating with the inverters to improve
the voltage magnitude and compensate for the current unbalance. A dynamic voltage
restorer—a series-connected advanced power electronic custom-based tool—is discussed
in paper [28]. This restorer is installed between the voltage source and the loads to alleviate
voltage disturbances. The aforementioned solution is recommended, among others, as a
cost-effective method for improving the voltage profile and reducing the voltage unbalance.
The authors of paper [29] consider the effect of an unbalanced load with its step change on
the voltage unbalance factor. They implemented a positive sequence controller strategy for
the control of voltage for varying loads. In paper [30], the authors draw attention to the
problem of connecting single-phase distributed energy resources and modern single-phase
loads to the network. They analyze the effectiveness of using on-load tap changers, line-
voltage regulators, and a Zic-Zac-Load balancer. When reviewing the most recent literature,
it should be noted that the following solutions for improving the voltage parameters in the
network are currently being discussed. Paper [31] focuses on optimal voltage regulator
placement in relation to the optimal placement of EV chargers and PV sources. An optimal
allocation of distributed generations is considered in paper [32]. In this case, PV sources,
wind turbines, and conventional sources were used so as to minimize voltage drops and
the level of power losses. In the analyzed case, more than 2% of power loss reduction, as
well as an improvement in voltage levels, was achieved. The problem of optimization in
networks with distributed generation is also discussed in publication [33]. Here, optimal
EV charging station integration based on the voltage profile and power losses is presented.
A genetic algorithm was used for proper network planning. In the case of paper [34],
a comprehensive management plan for distributed PV grid-connected voltage based on
shunt reactors and energy storage is proposed. In paper [35], a test microgrid consisting
of a synchronous generator, PV system, battery storage system, and controllable balanced
and unbalanced loads is discussed. It has been proven that it is possible to simultaneously
decrease voltage unbalances and frequency deviations with the use of the advanced con-
trol structures of the distributed generation sources based on power electronics devices.
Paper [36] proposes a neighborhood-collaborative mechanism-based voltage control and
voltage unbalance alleviation method for individual PV inverters. This method is inte-
grated with the proposed current unbalance mitigation. There are also methods related
to network reconfiguration [37–40], but relatively few methods are focused on phase rear-
rangement, such as the Particle Swarm Optimization method, which can find the optimum
phase rearrangement as the minimized imbalance on the feeder [41], and is a method of
phase rearrangement and dynamic phase and load balancing along a feeder with a radial
structure [42] or Dynamic Switching Devices, which are fast power electronic devices for
changing the phase connection of a solar PV [43] or measurable data phase-reconfiguration
devices [44]. In [45], a droop-based control approach is developed to compensate for the
unbalanced output voltages of generators in islanded systems. Paper [46] proposes a con-
trol strategy for the converter to suppress the unbalance and distortion of the network-side
current and achieve reference voltage output under the unbalanced network voltage.
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Based on an analysis of the literature, it can be concluded that a reduction in volt-
age/current unbalance, as well as the reduction in power losses in networks with dis-
tributed generation, are performed primarily with the use of power electronic devices and
with the help of the optimal location of sources, e.g., PV sources. So far, the automatic
switching/reconfiguration of phases in the network, depending on the voltage/current
unbalance caused by the connected single-phase sources and single-phase loads, has not
been deeply considered. The implementation of such a proposal is being considered in
one of the Polish local power networks. This paper describes the possible benefits of this,
calculated on the basis of a real network study. The proposed idea and obtained results
may be applicable to many other networks.

In this paper, phase reconfiguration is understood as the change in the sequence of
the supply phases. At the same time, it is only possible to shift the phases consecutively.
For example, if the sequence of the phases supplying the consumer is L1-L2-L3, it is only
possible to change it to L2-L3-L1 or L3-L1-L2.

2. Description of the Analyzed Power Network

The real LV network with a nominal voltage equal to 400/230 V was used in the
analyses (Figure 1). It is an urban cable network where most of the customers are those
living in single-family houses and multi-family houses. The total length of power lines
is 4.24 km, and cable cross sections are between 16 mm2 and 240 mm2. The network is
supplied by a 400 kVA transformer—15 kV (MV side) and 0.4 kV (LV side). In Figure 1,
this can be recognized by the number of consumers/prosumers written at the ends of the
line connections. If this number is at least a dozen or so, it means that it is a multi-family
building. In total, 337 private consumers are supplied in the entire network. Each of these
consumers has a bidirectional energy meter.
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Figure 1. Structure of the real network. The analyzed part—low-voltage (LV) network.

In general, the LV network is characterized by current and voltage unbalancing. The
reason is single-phase loads, which constitute the vast majority of electrical installations for
private/domestic consumers. It can, therefore, be concluded that unbalancing is a “natural”
state in LV networks, and its level may change often. Figure 2 shows two examples (two
randomly selected cases) from the considered LV network, which illustrate the difference
in currents in individual phases during the day. These values were measured by Advanced
Metering Infrastructure (AMI) system meters and represent the average current value for
15 min.
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Figure 2. Sample measurement results of one consumer current (line conductors L1, L2, and L3) in
the analyzed LV network: (a) Example 1; (b) Example 2.

For further analyses related to the development of prosumer installations, it was
assumed that some prosumers in the network have single-phase PV microsources with a
power of 3.7 kW. Moreover, the same prosumers have electric vehicles. It was assumed
that there are 28 prosumers of this nature in the considered network, which constitutes
8.3% of the total number of participants connected to it. The generation of PV sources was
obtained from the Photovoltaic Geographical Information System (PVGIS) [47] (Figure 3a).
In the case of electric vehicles, it was assumed that they were charged in the evening and
at night from single-phase chargers with a power of 3.8 kW (Figure 3b). Single-phase PV
microsources and electric vehicle chargers were used to highlight the problems that can
(and do) occur in the LV network. The powers of these objects were assumed for national
conditions, in which the current flow of a standard single-phase load should not exceed
16 A.
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Figure 3. Assumed model of power generation by a single-phase photovoltaic (PV) source (a) and
the charging of electric vehicles (EVs) (b).

In fact, prosumers with PV microsources and electric vehicles may be connected to
different areas of the LV network. As this may have a significant impact on the network’s
operation, the following two different ways of allocating prosumers were tested:

(1) In the first variant (W1), prosumers are distributed evenly along the entire length of
the main supply lines. Their location is marked in Figure 4 by adding the marks “PV”
and “EV”.

(2) In the second variant (W2), prosumers with PV microsources and electric vehicles are
clustered closer to each other (Figure 5). In this case, more than one such prosumer is
connected to one network point (node/cable connector).
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Figure 4. Even distribution of prosumers with a PV source and an electric vehicle charger as well as
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Figure 5. Concentrated distribution of prosumers (red circles indicate places of their concentration)
with a PV source and an electric vehicle charger, as well as the deployment of phase reconfiguration
devices in main lines.

In both variants (W1 and W2), the number of prosumers with PV and EV remains
the same.

This paper considers phase reconfiguration in the LV network in order to reduce
current and voltage unbalance. In practice, the phase reconfiguration device can be placed
only at one point of the network (e.g., at the beginning of the main power line), or it can
be located at many points of the network (e.g., at the point of connection for selected
customers/prosumers). In general, three locations for phase reconfiguration devices can
be defined:

(1) In main power lines, there may be several such devices located along the line.
Figures 4 and 5 show the proposed locations, marked as green squares with the de-
scriptions “A1”, “A2”, etc.;

(2) At the point of connection of the prosumer, i.e., in the “node/cable connector”;
(3) At the MV/LV distribution substation, at the beginning of the main power lines.

A separate analysis has shown that the least effective solution is the third option.
Therefore, this solution was omitted from further analyses.
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3. Objective Functions

Symmetrization of the LV network is understood in this paper as a reduction in voltage
unbalance and/or as a reduction in current unbalance. The following two approaches,
utilizing the reconfiguration of the supply phases (line conductor reconfiguration), are
considered as follows:

(1) Distributed Main Circuit Reconfiguration (hereinafter referred to as
DMCR)—reconfiguration performed in the main power lines, which affects a specific
group of prosumers’ supply “behind” (downstream) the device;

(2) Final Individual Circuit Reconfiguration (hereinafter referred to as FICR)—phase
reconfiguration of prosumers with a PV microsource and an electric vehicle at the
point of their connection to the network.

In both of the above cases (DMCR and FICR), it is necessary to measure phase voltages
and currents as well as currents flowing in neutral conductors. The place of current/voltage
measurement may be at the place where the phase reconfiguration device is installed or at
a place remote from it. This is also related to the operation of devices, which, depending
on the adopted strategy, can operate autonomously or be controlled by a master controller
installed in the MV/LV substation. It should be noted that the analyzed Distribution System
Operator (DSO) has remote communication capabilities using Power Line Communication
(PLC) technology. However, at the moment, it does not yet have controllers designed for
the tasks described in the paper.

Depending on the location of the phase reconfiguration devices and the location of
the measurements, four example objective functions were proposed, which are called
“scenarios” (Figure 6).

• Devices installed at prosumers (for FICR implementation):

a. The minimization of the voltage unbalance factor measured at the point of
installation of the phase reconfiguration device (mark: FICR-LVc)—objective
function (scenario) no. 1—is as follows:

KV(FICR-LVc) = min{kV,n} for Ij ≤ Iz,j and Vw ≤ Vmax and Vw ≥ Vmin, (1)

where kV,n—voltage unbalance factor (defined in (5)) at the point of application of
the phase reconfiguration device, Ij—current in the j-th power line, Iz,j—current-
carrying capacity of the j-th power line, Vw—voltage of the w-th network node,
Vmax—maximum permissible line-to-neutral voltage of the analyzed network (253 V),
and Vmin—minimum permissible line-to-neutral voltage of the analyzed network
(207 V).

b. The minimization of currents flowing in neutral conductors at the point of
installation of the phase reconfiguration device (mark: FICR-Lic)—objective
function (scenario) no. 2—is as follows:

KI(FICR-Lic) = min{Ic,i} for Ij ≤ Iz and Vw ≤ Vmax and Vw ≥ Vmin, (2)

where Ic,j—IN current in the j-th power line, at the point of application of the phase
reconfiguration device (other symbols as in (1)).

c. The minimization of currents flowing in neutral conductors in the MV/LV dis-
tribution substation (mark: FICR-Mis)—objective function (scenario)
no. 3—is as follows:

KI(FICR-Mic) = min{Is,i} for Ij ≤ Iz and Vw ≤ Vmax and Vw ≥ Vmin, (3)

where Is,i—IN current in the i-th main power line in the MV/LV substation (other
symbols as in (1)).

• The devices installed in main power lines (for DMCR implementation).
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a. The minimization of currents flowing in neutral conductors in the MV/LV dis-
tribution substation (mark: DMCR-Mis)—objective function (scenario)
no. 4—is as follows.

KI(DMCR-Mis) = min{Is,i} for Ij ≤ Iz and Vw ≤ Vmax and Vw ≥ Vmin, (4)

where symbols are the same as those explained in (1), (2), and (3).
Calculations for a given objective function were made iteratively with the use of DigSI-

LENT PowerFactory 2022 software using an author’s algorithm automating this process.
The analyses also use the base scenario, which means no phase reconfiguration in the

network. It is used to verify the effectiveness of the proposed objective functions.
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tor current.

4. Results

As mentioned above, the analyses assumed two different variants of network operation
(W1 and W2), which are also related to the location of prosumers with a PV microsource
and an electric vehicle (Figures 4 and 5). In both of these variants, the following connections
of PV microsources and Evs are planned as follows:

• PV microsources (3.7 kW) are connected to phase L2,
• Evs are charged (3.8 kW) from phase L3.

Each time, phase reconfiguration is carried out as their shift. Therefore, if the phase
sequence is L1-L2-L3 at the point of reconfiguration, only sequence L2-L3-L1 or L3-L1-L2
is possible. Thanks to this, problems related to the correct power supply of three-phase
drives are avoided in the network.

The following values were adopted as criteria for assessing the phase reconfigura-
tion efficiency:

• Current flowing in the neutral conductor;
• Voltage unbalance factor defined by [48,49]:

KV = (V2/V1) × 100%, (5)

where V1 and V2 are the positive-sequence and negative-sequence voltages, respectively.
The lower the above-mentioned values, the better the effectiveness of a given solution.

In addition, power losses Plosses in the network are presented to show the effectiveness of
the proposed objective functions.

4.1. Objective Function FICR-LVc (No. 1)

The first considered objective function is the minimization of the voltage unbalance
factor kV at the point of installation of phase reconfiguration devices—in this case, at
prosumers (FICR LVs). At the same time, it is assumed that these devices operate au-
tonomously. This seems to be the simplest solution among those proposed in this paper. In
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such a case, phase reconfiguration devices should be sized for power no higher than the
maximum contracted load of the prosumer. It is also relatively easy to measure voltages at
the place where the device is installed.

In general, phase reconfiguration cannot take place simultaneously in all devices in
the network because such action would not have the intended effect. It was, therefore,
assumed that reconfiguration took place “sequentially”, starting with the devices closest to
the ends of the main power lines (Figure 7).

Energies 2024, 17, x FOR PEER REVIEW 9 of 31 
 

 

prosumers (FICR LVs). At the same time, it is assumed that these devices operate autono-
mously. This seems to be the simplest solution among those proposed in this paper. In 
such a case, phase reconfiguration devices should be sized for power no higher than the 
maximum contracted load of the prosumer. It is also relatively easy to measure voltages 
at the place where the device is installed. 

In general, phase reconfiguration cannot take place simultaneously in all devices in 
the network because such action would not have the intended effect. It was, therefore, 
assumed that reconfiguration took place “sequentially”, starting with the devices closest 
to the ends of the main power lines (Figure 7). 

 
Figure 7. Phase reconfiguration direction. The arrows show the direction of phase reconfiguration. 

After phase reconfiguration for prosumers with PV microsources and electric vehi-
cles, a reduction in the value of the voltage unbalance factor kV was obtained to a level 
below 1.2% (Figure 8b). This was a significant improvement in relation to the values ob-
served without taking into account phase reconfiguration (Figure 8a—base scenario), in 
which the permissible value, defined in [48] at the level of 2%, was exceeded. The high 
values obtained in the base scenario resulted from the assumption of connecting all PV 
sources to phase L2 and electric vehicle chargers to phase L3. 

 
(a) 

3 0  m

C01C02C03C04C05C06C07C08C09C10

A01A02A03A04A05A06

B01 B02 B03 B04 B05
B06

D01D02D03

D04
D05D06

3111123111

6

21
11

0

112

5

5
2

11

0

3

1
2

2
1

21

224

0

00

2

2
22

2 413

3 2

232
62

2
0

3

1

0
11 3

3 1
23

2
1 2 2 1

24

1
3

11
1

136

3

2

0

2

3

(PV)
(EV)27

32 33
3

48

1

1

13

28

(PV)
(EV)

(PV)
(EV)(PV)

(EV)
(PV)
(EV)

(PV)
(EV)

(PV)
(EV)(PV)

(EV)(PV)
(EV)

(PV)
(EV)

(PV)
(EV)

(PV)
(EV)(PV)

(EV)
(PV)
(EV)(PV)

(EV)(PV)
(EV)

(PV)
(EV)

(PV)
(EV)(PV)

(EV)
(PV)
(EV)

(PV)
(EV)

(PV)
(EV)(PV)

(EV)
(PV)
(EV)

(PV)
(EV)

(PV)
(EV)

(PV)
(EV)

(PV)
(EV)

1

A01, A02, …, B01, ... – node (cable connector)
PV – photovoltaic source
EV – electric vehicle charger

– MV/LV substation
– MV network
– LV network
– reconfiguration direction

Figure 7. Phase reconfiguration direction. The arrows show the direction of phase reconfiguration.

After phase reconfiguration for prosumers with PV microsources and electric vehicles,
a reduction in the value of the voltage unbalance factor kV was obtained to a level below
1.2% (Figure 8b). This was a significant improvement in relation to the values observed
without taking into account phase reconfiguration (Figure 8a—base scenario), in which
the permissible value, defined in [48] at the level of 2%, was exceeded. The high values
obtained in the base scenario resulted from the assumption of connecting all PV sources to
phase L2 and electric vehicle chargers to phase L3.
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The use of phase reconfiguration for selected prosumers also reduces the value of
currents flowing in the neutral conductors in the main power lines (Figure 9). The lowest
effect is observed for the main power line “A” when power is generated by PV sources.

Reducing currents in neutral conductors transfers into lower active power losses in the
analyzed network, which, depending on the hour, are reduced by approximately 50–60%
(Figure 10).

The obtained results show that the use of an objective function minimizing the voltage
unbalance factor at prosumers has a limited impact on reducing current unbalance and,
consequently, on reducing power losses in the network.
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Figure 10. Active power losses in the analyzed LV network. Objective function FICR-LVc. Variant W1.
∆Plosses (right vertical axis in %)—the difference in power losses “with reconfiguration” compared to
“without reconfiguration”.

The above considerations assumed the order of operation of phase reconfiguration
devices from the end of the main power lines towards the power supply (MV/LV substa-
tion). The reverse situation was also considered, in which reconfiguration started from the
MV/LV substation towards the end of the main power lines. In this case, much better re-
sults were obtained, i.e., the voltage unbalance factor reached very low values (Figure 11b).
This solution also translates into relatively low current values in the neutral conductors
(Figure 12b) in the main power lines, measured in the MV/LV substation. At the same time,
network power losses are reduced by approximately 65–70% as presented in Figure 13 (in
the case of the opposite direction of reconfiguration, it was 50–60%).
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Further analyses were carried out for the uneven location of prosumers with a PV
microsource and an electric vehicle (variant W2). In this case, phase reconfiguration is as-
sumed at prosumers, starting from the end of the main power lines towards the distribution
MV/LV substation. The value of the voltage unbalance factor without phase reconfigu-
ration, i.e., in the base scenario, is slightly higher than for the W1 variant (Figure 14a vs.
Figure 8a). This is due to the different locations of prosumers with a PV microsource and
an electric vehicle.
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The use of phase reconfiguration in selected prosumers reduces the voltage unbalance
factor below the permissible value of 2%. However, the values are clearly higher than even
the location of prosumers with PVs and EVs (Figure 14b vs. Figure 8b).D
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from the end of the main lines to the MV/LV substation (a) and from the MV/LV substation to the
end of the main lines (b). Objective function FICR-LVc. Variant W1. ∆Plosses (right vertical axis in
%)—the difference in power losses “with reconfiguration” compared to “without reconfiguration”.

Lower efficiency of phase reconfiguration for the LV network configuration in the W2
variant means a lower reduction in the values of neutral conductor currents (Figure 15b
vs. Figure 9b) despite higher currents in the base scenario (Figure 15a vs. Figure 9a). As a
consequence, a lower reduction in power losses is observed (Figure 16 vs. Figure 10), only
by about 40–50%.
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Figure 14. Voltage unbalance factor without (a) and with (b) phase reconfiguration. Objective function
FICR-LVc. Variant W2.

The above analyses show that in the case of minimizing the voltage unbalance factor
at the point of phase reconfiguration, the direction of reconfiguration is important. A much
better effect is achieved if the reconfiguration starts from the distribution MV/LV substation
towards the end of the main power lines. In real implementation, a specific order/direction
of operation for phase reconfiguration devices can be achieved using different device
startup delays.
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Figure 15. Currents in the neutral conductor of the main power lines without (a) and with (b) phase 
reconfiguration. Objective function FICR-LVc. Variant W2. 
Figure 15. Currents in the neutral conductor of the main power lines without (a) and with (b) phase
reconfiguration. Objective function FICR-LVc. Variant W2.

Moreover, the location of prosumers in the network also affects the achieved efficiency.
In general, it can be said that the uneven location of this type of prosumers in the network
reduces the efficiency of phase reconfiguration.
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Figure 16. Active power losses in the analyzed LV network. Objective function FICR-LVc. Variant 
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Figure 16. Active power losses in the analyzed LV network. Objective function FICR-LVc. Variant W2.
∆Plosses (right vertical axis in %)—the difference in power losses “with reconfiguration” compared to
“without reconfiguration”.

4.2. Objective Function FICR-LIc (No. 2)

Another analyzed objective function (FICR-LIc) is the minimization of currents flowing
in neutral conductors. For this purpose, phase reconfiguration devices are installed for
prosumers that have a photovoltaic microsource and an electric vehicle. This approach
requires measuring currents in the neutral conductors at the point where the prosumer
is connected to the main power line. However, if more phase reconfiguration devices are
connected at one point in the network (points marked in Figures 4 and 5 as “node, cable
connector”), this measurement can be common for all devices. This analysis uses the W2
network variant (Figure 5), in which prosumers with a PV microsource and an electric
vehicle are located unevenly in the network.

The use of the FICR-LIc objective function allows for a significant reduction in the
voltage unbalance factor (Figure 17). At the same time, a clearly better result is obtained
here than for the FICR-LVc objective function, the results of which are presented in the
previous section (Figure 17b vs. Figure 14b).

In the case under consideration, a significant reduction in the neutral conductor
current measured in the distribution MV/LV substation was also achieved (Figure 18).
Much lower values were obtained than for the FICR-LVc objective function, in which the
voltage unbalance factor was minimized (Figure 18b vs. Figure 15b).
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Figure 17. Voltage unbalance factor without (a) and with (b) phase reconfiguration. Objective func-
tion FICR-LIc. Variant W2. 
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Figure 17. Voltage unbalance factor without (a) and with (b) phase reconfiguration. Objective function
FICR-LIc. Variant W2.

Reducing the neutral conductor currents reduces the active power losses in the ana-
lyzed network by approximately 65–75% (Figure 19).
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Figure 18. Currents in the neutral conductor of the main power lines without (a) and with (b) phase 
reconfiguration. Objective function FICR-LIc. Variant W2. 

Reducing the neutral conductor currents reduces the active power losses in the ana-
lyzed network by approximately 65–75% (Figure 19). 

Figure 18. Currents in the neutral conductor of the main power lines without (a) and with (b) phase
reconfiguration. Objective function FICR-LIc. Variant W2.

The results presented above for the FICR-LVc and FICR-LIc objective functions show
that it matters what parameter is minimized. When using phase reconfiguration devices for
selected prosumers, much better efficiency is achieved by minimizing the currents flowing
in the neutral conductors than by minimizing the voltage unbalance factor.D
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Figure 19. Active power losses in the analyzed LV network. Objective function FICR-LIc. Variant 
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4.3. Objective Function FICR-MIs (No. 3) 
The FICR-MI objective function minimizes the neutral conductor currents measured 

in the MV/LV substation using phase reconfiguration devices at prosumers with a PV mi-
crosource and an electric vehicle. In such a case, it is necessary to use a main controller in 
the MV/LV substation and ensure communication between the controller and the phase 
reconfiguration devices. Considerations were carried out for both variants (W1 and W2) 
for the location of prosumers with a PV microsource and an electric vehicle. For both var-
iants, a significant reduction in the voltage unbalance factor is obtained (Figure 20). At the 
same time, slightly lower values are obtained for the W1 variant, in which prosumers with 
PV and EV are located evenly (Figure 20a). 
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Figure 19. Active power losses in the analyzed LV network. Objective function FICR-LIc. Variant W2.
∆Plosses (right vertical axis in %)—the difference in power losses “with reconfiguration” compared to
“without reconfiguration”.

4.3. Objective Function FICR-MIs (No. 3)

The FICR-MI objective function minimizes the neutral conductor currents measured
in the MV/LV substation using phase reconfiguration devices at prosumers with a PV
microsource and an electric vehicle. In such a case, it is necessary to use a main controller
in the MV/LV substation and ensure communication between the controller and the phase
reconfiguration devices. Considerations were carried out for both variants (W1 and W2) for
the location of prosumers with a PV microsource and an electric vehicle. For both variants,
a significant reduction in the voltage unbalance factor is obtained (Figure 20). At the same
time, slightly lower values are obtained for the W1 variant, in which prosumers with PV
and EV are located evenly (Figure 20a).
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Figure 20. Voltage unbalance factor for variant W1 (a) and variant W2 (b). Objective function FICR-
MIs. 

The effectiveness of minimizing currents in the neutral conductor measured in the 
MV/LV substation is also observed in the values of these currents (Figure 21). They obtain 
relatively low values compared to the values obtained without reconfiguration (Figure 
21a vs. Figure 9a and Figure 21b vs. Figure 15a). 
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Figure 20. Voltage unbalance factor for variant W1 (a) and variant W2 (b). Objective function
FICR-MIs.

The effectiveness of minimizing currents in the neutral conductor measured in the
MV/LV substation is also observed in the values of these currents (Figure 21). They obtain
relatively low values compared to the values obtained without reconfiguration (Figure 21a
vs. Figures 9a and 21b vs. Figure 15a).
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Figure 21. Currents in the neutral conductor of the main power lines for variant W1 (a) and for 
variant W2 (b). Objective function FICR-MIs. 

An effective reduction in the currents flowing in the neutral conductors also results 
in a significant reduction in active power losses in the analyzed network (Figure 22) by 
approximately 60–70%. 
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Figure 21. Currents in the neutral conductor of the main power lines for variant W1 (a) and for
variant W2 (b). Objective function FICR-MIs.

An effective reduction in the currents flowing in the neutral conductors also results
in a significant reduction in active power losses in the analyzed network (Figure 22) by
approximately 60–70%.
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Figure 22. Active power losses in the analyzed LV network for variant W1 (a) and variant W2 (b). 
Objective function FICR-MIs. ΔPlosses (right vertical axis in %)—the difference in power losses “with 
reconfiguration” compared to “without reconfiguration”. 
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Figure 22. Active power losses in the analyzed LV network for variant W1 (a) and variant W2 (b).
Objective function FICR-MIs. ∆Plosses (right vertical axis in %)—the difference in power losses “with
reconfiguration” compared to “without reconfiguration”.

The above results indicate that the use of phase reconfiguration devices at selected
prosumers, combined with the minimization of currents in neutral conductors measured
in the MV/LV substation, effectively reduces the unbalance that occurs in the analyzed
LV network.

4.4. Objective Function DMCR-MIs (No. 4)

The last scenario considered is the use of the DMCR-MIs objective function to minimize
the currents flowing in the neutral conductors in the MV/LV substation (the central point
of the network). The objective function is implemented using phase reconfiguration devices
installed at selected points of the main power lines. In this case, two variants of the location
of prosumers with a PV microsource and an electric vehicle were also considered: variants
W1 and W2. The location of the phase reconfiguration devices is shown in Figure 4 or
Figure 5. In each main power line, three devices were used in the same places for the W1
and W2 variants. Because of this, it was possible to draw conclusions about the effectiveness
of the considered scenario for various network structures.

When using devices installed in main power lines, every possible reconfiguration
combination is checked for three devices in each main power line. At the same time, it
is assumed that the phase sequence can only occur as follows: L1-L2-L3, L2-L3-L1, or
L3-L1-L2. From the above, there are 27 phase combinations in these three devices used in
each main power line, assuming that the reconfiguration “0” means no reconfiguration.

Phase reconfiguration devices effectively reduce the voltage unbalance factor for the
variant in which prosumers with PVs and EVs are evenly located (Figure 23a). For the
uneven location of these prosumers, there is no case that would allow for the voltage
unbalance factor to be below the permissible value (Figure 23b).
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Figure 23. Voltage unbalance factor for variant W1 (a) and variant W2 (b). Objective function 
DMCR-MIs. 

In the considered approach, for the W1 variant, there are reconfiguration sequences 
that ensure an effective reduction in both the value of the voltage unbalance factor and 
the value of the neutral conductor currents (Figure 24a). Such reconfiguration sequences 
are, for example, no. “15”, “18”, “19”, “22”, “23” and “26”. For the selected reconfiguration 
sequence (no. “26”), the values of neutral conductor currents during the day are shown in 
Figure 25. 

Figure 23. Voltage unbalance factor for variant W1 (a) and variant W2 (b). Objective function
DMCR-MIs.

In the considered approach, for the W1 variant, there are reconfiguration sequences
that ensure an effective reduction in both the value of the voltage unbalance factor and the
value of the neutral conductor currents (Figure 24a). Such reconfiguration sequences are,
for example, no. “15”, “18”, “19”, “22”, “23” and “26”. For the selected reconfiguration
sequence (no. “26”), the values of neutral conductor currents during the day are shown in
Figure 25.
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Figure 24. Currents in the neutral conductor of the main power lines for variant W1 (a) and for 
variant W2 (b). Objective function of DMCR-MIs. 
Figure 24. Currents in the neutral conductor of the main power lines for variant W1 (a) and for
variant W2 (b). Objective function of DMCR-MIs.

The use of phase reconfiguration devices in the main power lines while evenly locating
the prosumers results in a relatively good reduction in active power losses (Figure 26a). In
turn, in the case of the uneven location of prosumers (variant W2), the effect obtained is
much lower (Figure 26b).D
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Figure 25. Currents in the neutral conductor of the main power lines (detailed data for sequence no. 
26) for variant W1 (a) and for variant W2 (b). Objective function of DMCR-MIs. 
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Figure 25. Currents in the neutral conductor of the main power lines (detailed data for sequence
no. 26) for variant W1 (a) and for variant W2 (b). Objective function of DMCR-MIs.

The above analysis demonstrates a close relationship between the location of pro-
sumers with a high-load unbalance in the network and the effectiveness of the solution
with phase reconfiguration devices in the main power lines.
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Figure 26. Active power losses in the analyzed LV network for variant W1 (a) and variant W2 (b). 
Objective function of DMCR-MIs. ΔPlosses (right vertical axis in %)—the difference in power losses 
“with reconfiguration” compared to “without reconfiguration”. 

The above analysis demonstrates a close relationship between the location of 
prosumers with a high-load unbalance in the network and the effectiveness of the solution 
with phase reconfiguration devices in the main power lines. 

5. Conclusions 
This paper considers the possibility of the symmetrization of the LV network using 

phase reconfiguration devices located either in the prosumer connection points or in the 
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device itself and focused on the effectiveness of using the proposed objective functions 
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Figure 26. Active power losses in the analyzed LV network for variant W1 (a) and variant W2 (b).
Objective function of DMCR-MIs. ∆Plosses (right vertical axis in %)—the difference in power losses
“with reconfiguration” compared to “without reconfiguration”.

5. Conclusions

This paper considers the possibility of the symmetrization of the LV network using
phase reconfiguration devices located either in the prosumer connection points or in the
main power lines. These considerations omitted the aspect of the technical solution of the
device itself and focused on the effectiveness of using the proposed objective functions
and the reconfiguration process itself. The presented analyses allowed us to draw the
following conclusions:

• The application of phase reconfiguration in selected prosumers, compared to the
reconfiguration in the main power lines, gives a better effect in a network with single-
phase PV microsources and electric vehicles, charged using single-phase chargers;
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• It is necessary to apply boundary conditions, i.e., the minimum voltage unbalance
factor or the minimum IN current below which the devices do not perform reconfigu-
ration. This can avoid unnecessary (inefficient) reconfiguration;

• Based on the measured values, inferences about the reconfiguration efficiency should
be introduced in the decision-making algorithms, which can verify the necessity of
reconfiguration. This reduces the number of ineffective reconfigurations;

• Phase reconfiguration devices installed at individual prosumers should be sized in
relation to the contracted power. Therefore, these are relatively low-power devices;

• Phase reconfiguration devices installed in main power lines should be sized to supply
power to the prosumers “behind” (downstream) the device. If there is more than one
device in the main power line, they will have different power ratings. It remains an
open issue to determine the expected load, which can be defined, for example, on the
basis of the historical loads of prosumers;

• The effectiveness of the operation of phase reconfiguration devices located in the main
power lines strongly depends on the location of prosumers with high load unbalance;

• Some of the proposed scenarios require the use of a main controller at the distribution
MV/LV substation, as well as communication between the controller and phase recon-
figuration devices. This is an additional element increasing the cost of symmetrization
in the LV network;

• If the database of historical measurements of prosumers contains measurements of
energy, power, or currents independently for each phase, it may facilitate the decision
on the appropriateness of using phase reconfiguration devices. Using measurements
in a mathematical model would make the decision easier.

Based on the above considerations, it is possible to determine the effectiveness of the
objective function and the ease of implementing a given solution. A synthetic comparison
is presented in Table 1.

Table 1. Recommendation of the considered objective functions.

Function Efficiency Ease of
Implementation

Speed of
Calculation

DMCR-MIs ~ 1 + +
FICR-MIs + + ++
FICR-LIc ++ ++ ++

FICR-LVc (phase reconfiguration from the
MV/LV substation to the end of main

power lines)
+++ +++ ++

FICR-LVc (phase reconfiguration from the
end of main power lines to the MV/LV

substation)
+ +++ ++

1 “~“ means a non-recommended solution; “+” number means the level of the recommended solution.

The comparison from Table 1 shows that for the analyzed real network presented in
Figures 4 and 5, the best solution is to use the FICR-LVc objective function with phase
reconfiguration from the MV/LV substation to the end of the main power lines.
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35. Todorović, I.; Isakov, I.; Reljić, D.; Jerkan, D.G.; Dujić, D. Mitigation of Voltage and Frequency Excursions in Low-Inertia
Microgrids. IEEE Access 2023, 11, 9351–9367. [CrossRef]

36. Li, J.; Hai, Z.; Shuai, Z.; Zhu, L.; Xu, X.; Zhang, C.; Zhao, J. Coordinated Current and Voltage Unbalance Mitigation in Networked
Microgrids With Aggregated PV Systems. IEEE Trans. Power Syst. 2023, 38, 968–971. [CrossRef]

37. Ding, F.; Loparo, K.A. Feeder Reconfiguration for Unbalanced Distribution Systems With Distributed Generation: A Hierarchical
Decentralized Approach. IEEE Trans. Power Syst. 2016, 31, 1633–1642. [CrossRef]

38. Peng, C.; Xu, L.; Gong, X.; Sun, H.; Pan, L. Molecular Evolution Based Dynamic Reconfiguration of Distribution Networks With
DGs Considering Three-Phase Balance and Switching Times. IEEE Trans. Ind. Inform. 2019, 15, 1866–1876. [CrossRef]

39. Alhmoud, L.; Marji, W. Optimization of Three-Phase Feeder Load Balancing Using Smart Meters. IEEE Can. J. Electr. Comput. Eng.
2022, 45, 9–17. [CrossRef]

40. You, R.; Lu, X. Voltage Unbalance Compensation in Distribution Feeders Using Soft Open Points. J. Mod. Power Syst. Clean Energy
2022, 10, 1000–1008. [CrossRef]

41. Tuppadung, Y.; Kurutach, W. The Modified Particle Swarm Optimization for Phase Balancing. In Proceedings of the 2006 IEEE
Region 10 Conference (TENCON), Hong Kong, China, 14–17 November 2006.

42. Siti, M.W.; Nicolae, D.V.; Jimoh, A.A.; Ukil, A. Reconfiguration and Load Balancing in the LV and MV Distribution Networks for
Optimal Performance. IEEE Trans. Power Deliv. 2007, 22, 2534–2540. [CrossRef]

43. Kharrazi, A.; Sreeram, V. Mitigation of Voltage Unbalance in Distribution Feeders Using Phase Switching Devices: A Decentralized
Control Approach Based on Local Measurements. IEEE Trans. Power Deliv. 2022, 37, 2875–2885. [CrossRef]

44. Liu, B.; Meng, K.; Dong, Z.Y.; Wong, P.K.C.; Li, X. Load Balancing in Low-Voltage Distribution Network via Phase Reconfiguration:
An Efficient Sensitivity-Based Approach. IEEE Trans. Power Deliv. 2021, 36, 2174–2185. [CrossRef]

45. Shafiqurrahman, A.; Yahyaee, S.A.; Sreekumar, P.; Khadkikar, V. A Novel Decentralized Unbalance Load Sharing Approach For
Islanded Microgrids. IEEE Trans. Ind. Appl. 2024, early access. IEEE Trans. Ind. Appl. early access. 2024. [CrossRef]

46. Wu, Z.; Guo, X.; Wang, B. Coordinated Control Strategy for Cascaded Current-Source Converter Under Unbalanced Grid Voltage.
IEEE Transactions on Power Electronics 2024, 39, 5439–5448. [CrossRef]

47. Photovoltaic Geographical Information System (PVGIS). Available online: https://re.jrc.ec.europa.eu/pvg_tools/en/ (accessed
on 20 May 2024).

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://doi.org/10.1109/ACCESS.2023.3252371
https://doi.org/10.1109/ACCESS.2023.3238869
https://doi.org/10.1109/TPWRS.2022.3210770
https://doi.org/10.1109/TPWRS.2015.2430275
https://doi.org/10.1109/TII.2018.2866301
https://doi.org/10.1109/ICJECE.2021.3113521
https://doi.org/10.35833/MPCE.2021.000565
https://doi.org/10.1109/TPWRD.2007.905581
https://doi.org/10.1109/TPWRD.2021.3118917
https://doi.org/10.1109/TPWRD.2020.3022061
https://doi.org/10.1109/TIA.2024.3384462
https://doi.org/10.1109/TPEL.2024.3364978
https://re.jrc.ec.europa.eu/pvg_tools/en/
http://mostwiedzy.pl


Energies 2024, 17, 2780 31 of 31

48. EN 50160:2010; Voltage Characteristics of Electricity Supplied by Public Electricity Networks. European Committee for Elec-
trotechnical Standardization: Brussels, Belgium, 2010.

49. IEC International Electrotechnical Vocabulary, IEV ref 614-01-331. Available online: https://www.electropedia.org/iev/iev.nsf/
display?openform&ievref=614-01-33 (accessed on 20 May 2024).

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.

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://www.electropedia.org/iev/iev.nsf/display?openform&ievref=614-01-33
https://www.electropedia.org/iev/iev.nsf/display?openform&ievref=614-01-33
http://mostwiedzy.pl

	Introduction 
	Description of the Analyzed Power Network 
	Objective Functions 
	Results 
	Objective Function FICR-LVc (No. 1) 
	Objective Function FICR-LIc (No. 2) 
	Objective Function FICR-MIs (No. 3) 
	Objective Function DMCR-MIs (No. 4) 

	Conclusions 
	References

