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Abstract: As photovoltaic (PV) penetration increases in low-voltage distribution networks, voltage
variation may become a problem. This is particularly important in residential single-phase systems,
due to voltage unbalances created by the inflow of points in the network. The existing literature
frequently refers to three-phase systems focusing on losses and voltage variations. Many studies
tend to use case studies whose conclusions are difficult to replicate and generalise. As levels of
residential PV rise, single-phase PV power injection levels, before voltage unbalances reach standard
limits, become important to be investigated. In this study, an urban European reference network is
considered, and using a real-time digital simulator, different levels of PV penetration are simulated.
PV systems are connected to the same phase (unbalanced case), and are also evenly phase-distributed
(balanced case). Considering a 2–3% unbalance limit, approximately 3.5–4.6 kW could be injected
in every bus in an unbalanced scenario. With a balanced PV distribution, the power injected could
reach 10–13 kW per bus. Buses closer to the power transformer allow higher power connections,
due to cable distances and inferior voltage drops. Feeder length, loads considered during simulation,
and cable shunt capacitance reactance influence the results the most.

Keywords: voltage unbalance; real-time simulation; photovoltaic; reference networks;
distributed generation

1. Introduction

The global photovoltaic (PV) market has grown rapidly over the past decade at a steadily
increasing rate, which will lead to PV becoming one of the major sources of power generation for
the entire world [1]. However, as the share of electrical energy generated by distributed resources
increases, concerns heighten over the potential for such resources to create voltage unbalances (VUnb)
and voltage violations on electrical distribution feeders [2–4]. When the power generated from
distributed resources exceeds the load on a certain feeder or section of it, voltages may rise on
that section. Moreover, distributed generation coupled with the existing load demand may cause
congestions, feeder currents to approach, and even exceed rated currents. Furthermore, single-phase
connections may contribute to a voltage increase in one phase, but to a decrease in another, making
the system potentially unbalanced. Such an unbalance degrades the performance and shortens the
life of certain equipment, such as motors, and may cause current unbalance, which leads to torque
pulsations, increased vibrations, mechanical stresses, and increased losses, resulting in lower efficiency
and winding overheating.

Power quality studies referring to PV generation limits in low voltage (LV) have been a topic
extensively covered in the scientific community, with some referring to voltage unbalance specifically
as the main concern [5–16]. A study [16] considering a Canadian network used in suburban residential
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areas defined voltage variation limits and evaluated PV penetration limits. The results indicated that
the PV penetration level should not adversely impact the voltage on the grid when the distributed
PV resources do not exceed 2.5 kW per household on average on a typical distribution grid. It is
important to bear in mind that the PV penetration has different effects when introduced in different
points of the network [5–7], but also when either a single PV installation is considered or multiple PVs
in the same phase are connected. Even though this effect exists, it does not seem to be as important
as the PV size itself and the subjacent load applied [8]. Such phenomena has also been studied by
Shahnia, Majumder, Ghosh, Ledwich and Zare (2011) [13] where voltage unbalance sensitivity analysis
and stochastic evaluation was performed, based on the ratings and locations of single-phase grid
connected rooftop PVs in a residential LV distribution network. For a single PV installation and for
a feeder supplying up to a 1-MW load, the results show that a rooftop PV (with less than 5 kWp)
could cause network voltage unbalance to increase by 0.1%, if installed at the beginning of the feeder.
For the same installation, the results increase 25% instead if the rooftop PV is installed at the end of
the feeder. The authors show that the voltage unbalance factor (VUF) in a feeder rises rapidly as the
PVs are added. However, adding PVs in other two feeders causes an increase in the value, but this
is not as significant as the increase with the size of the PVs. Hoke, Butler, Hambrick and Kroposki
(2013) [9] refer to the penetration of PV as a measure of peak load. For 86% of the cases simulated,
maximum PV penetration was at least 30% of peak load without exceeding 2% of unbalance. Pansakul
and Hongesombut (2014) [10] present a study on voltage unbalance due to the increased rooftop
PV installations on a low-voltage residential distribution system considering three cases. In all the
power, the demand of the load is light and the percentage of PV penetration is varied from 0 to 100%
of the feeder capacity. The PV’s installation is either considered in phase A, phase A and B, or in
all of the phases. In Case 1 and Case 2, the results are similar, and the voltage unbalance of 2% is
exceeded around 40% of penetration. However, in Case 3, the voltage unbalance never exceeded the
standard limit.

In another study, Ruiz-Rodriguez, Hernández and Jurado (2015) [12] describe a way to analyse
voltage unbalance sensitivity for different maximum sizes of a single-phase photovoltaic system
(SPPS), with multiple PV penetration levels in a typical secondary radial distribution network in Spain.
A stochastic assessment method is proposed to account for any random combination of SPPVSs in
such a network. The results obtained by the authors show that the connection of SPPVSs (of a size up
to 15 kW) is acceptable for a 5% PV penetration level.

Overvoltage is one of the main voltage problems that may occur when distributed generation
systems are connected in small residential areas. The impacts of PV penetration on LV distribution
networks have been studied comprehensively, and several major issues are typically identified.
Yang and Blaabjerg (2015) [15] present an overview of the advancement of power electronics converters
in single-phase PV systems being commonly used in residential applications as well as control
strategies. The problems that have been addressed are namely reactive power fluctuations and
an increase in power losses, reverse power flow, voltage rise, voltage fluctuations, and the frequent
operation of voltage regulation devices [17]. Solar PV impacts on LV three-phase distribution networks
have been investigated using a comprehensive assessment tool by Alam, Muttaqi and Sutanto
(2012) [5]. This investigation revealed that PV output at midday may significantly change the network
behaviour in terms of voltage rise, voltage unbalance, reverse power flows, and feeder losses. Usually,
in the middle of the day, with peak PV output, feeder voltage profiles may improve heavily loaded
phases, but there is still the risk of voltage rise and reverse power flow on low-loaded phases [5,18].
Such voltage rise and voltage variation phenomena have a direct impact on consumers’ appliances,
but also on network equipment. Voltage variations cause frequent operation of line voltage regulators
(VRs) and voltage-controlled capacitor banks for controlling the feeder voltage. Furthermore, also the
tap changer (if it exists on the power transformer) keeps constantly being requested to change its
position. This frequent operation shortens the expected life cycle of such devices and increases
maintenance. The voltage unbalance factor relies on how the solar PV loads are dispersed in different
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phases of the LV distribution feeder [18]. Several studies were performed to determine the factors
limiting the level of photovoltaic penetration on distribution feeders, and analyse their influence on
network behaviour [9,19,20]. Voltage rise has been found to be one of the most important elements
that limit the integration of high levels of solar generation in LV distribution systems [19].

There are methods dispensing the use of power flow analysis software for estimating the
maximum PV generation that can be integrated into low-voltage feeders, while escaping excessive
voltage levels. Heslop, MacGill and Fletcher (2016) [7] provide maximum PV generation estimates that
are close to those calculated by such tools, while being easily implemented in a standard spreadsheet
software. The example given for a low-voltage single-phase connection for a network based on
Australian characteristics, estimated a 3.5 kW as maximum PV power for each PV system.

As can be seen in the literature, it is a consented trend that as the total distributed PV power
increases on many feeders, voltage problems are very likely to happen, especially as PV systems whose
peak power is a significant fraction of the feeder capacity become more common. The limitations
under which an unmanaged network could work are justified and pertinent areas of study. However,
many of the studies that have been conducted so far, consider very specific networks, which makes it
difficult to draw conclusions or realise their applicability to other scenarios. Particularly in Europe,
the high diversity of network configurations, Member States’ (MS) policies towards residential PV
installation, and different levels of PV penetration in the electricity mix, often make the lessons learned
from the literature unclear. Electricity networks can be categorised into transmission and distribution.
Even though both transmission and distribution activities are considered to be natural monopolies
that need to be subject to regulatory supervision, their distinct characteristics make each of these
activities rather unique. In particular, the fewer number of installations in the transmission networks
allows having inventories of these networks and (simplified) models at the European level. On the
contrary, in distribution, the number of installations is so large that it is not conceivable to have a single
repository covering the full details of all of these networks. In Europe, there are 2400 distribution system
operators (DSOs), connecting 260 million customers, operating 10 million km of lines, and supplying
2700 TWh of energy per year [21]. To model the effects of various PV penetrations across the wide
spectrum of European Union (EU) distribution feeder architectures, a common approach is required.
This opportunity is now available after the publication of several European reference networks
(RN) [22]. European Representative Networks, even though not representing any country or region
specifically, can serve as reference scenarios where technical, economic, and technological conclusions
can be drawn as common interests.

In this study, various levels of photovoltaic (PV) power injection levels are simulated on several
typical distribution feeders of an urban low-voltage reference network. The main objective is to
determine which levels of PV power injection create voltage unbalances, and under what conditions.
This simulation is done using a real-time digital simulator (RTDS), and considers only steady-state
voltage and current. It does not consider generation ramp rates, protection, and coordination.
So far, there hasn’t been a common approach to conduct such studies in what regards the network
characteristics. Building upon the Joint Research Centre (JRC) report [22], this is the first study to use
such RNMs as a common reference to develop a simulation work.

2. PV Systems and LV Network Context in Europe

2.1. Legislation in Europe

In order to make a connection between the simulation work and the real world, a literature
review was carried out on the main SPPS in the European Union. The market for residential systems
is active in all Member States (MS). In most of the countries, it appears that the sector is mature and
with high penetration levels, fast procedures, and no major barriers (such as in Belgium or Portugal).
However, in others, despite demonstration projects and some increase in investment, there is still a low
contribution in residential PV penetration, as is the case of Romania and Hungary; hence, the levels of
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power that are typically installed is unclear. From the literature review, a limitation of single-phase
systems connection is not taken as a threat to the network. This is possibly due to the variety of
network configurations, levels of penetration, or market designs; the limits for residential PV power
are quite diverse. The results of the legislation and literature review of the 28 MS can be seen in Table 1,
which is divided into the limits of single-phase connection limits, i.e., the power levels available for
consumers when signing a power contract with a DSO.

Table 1. Limits of single-phase power connections on residential segment in Europe [23]. EU: European
Union, SPSS: single-phase photovoltaic system.

EU Member State SPPS Connection Limit (kWp) Single-Phase Contracted Power (kVA) Levels

Austria 3.68 2.3, 3.68, 4.83, 5.75, 7.36, 9.2, 11.5
Belgium 5 3.68, 4.6, 5.75, 7.36, 9.2, 11.5, 14.49
Bulgaria 5 6, 7–15
Croatia 5 4.6, 5.75, 7.36, 9.2, 11.5
Cyprus 4 9.2

Czech Rep. 3.68 5.75
Denmark 3.68 5.75
Estonia 3.68 1.38, 2.3, 3.68, 4.6, 5.75
Finland 3.68 5.75
France 6 3, 6, 9, 12, 15, 18

Germany 4.6 4.6
Greece 5 8, 12

Hungary 5 1.38, 2.3, 3.68, 4.6, 5.75, 7, 36, 9.2, 11.5, 14.49, 18.4
Ireland 5.75 12, 16

Italy 6 1.5, 3, 4.5, 6
Latvia 3.68 3.68, 4.6, 5.75

Lithuania <10 3, 4, 5, 6, 7, 8, 9, 10
Luxembourg <30 (3Φ) 9.2, 11.5, 14.49, 18.4 (3Φ)

Malta 3.68 9.2
Netherlands 5 1.38, 2.3, 5.75, 8.05, 9.2

Poland 4.6 1.38, 2.3, 3.68, 4.6, 5.75, 7.36, 9.2, 11.5
Portugal 5.75 1.15, 2.3, 3.45, 4.6, 5.75, 6.9, 10.35, 13.8
Romania 10 (3Φ) <3, 3–6, >6
Slovakia 4.6 5.75
Slovenia 4.6 3, 6, 8

Spain 5 1.73, 2.3, 3.45, 4.6, 5.75, 6.9, 8.05, 9.2, 10.35, 11.5, 14.49
Sweden 2 and 4 3.68, 4.6, 5.75, 8.05, 11.5, 14.49

Great Britain 3.68; 17 5.75, 13.8, 15, 18.4, 23

Equation (1) provides the ratio of PV installed power (PPV), divided by the total contracted power
(PC) in the considered low-voltage network or consumer. This ratio can be found in some European
Member States’ legislation or DSO technical recommendations.

%PVkW p/kVA =
PPV
PC

× 100% (1)

Other limitations for power injection exist apart from defined ratios of PV peak power over the
consumer’s contracted power. Many MS limit the injection of power as a certain number of hours or
energy injected per year (as is the case of Portugal). Another case is in Bulgaria, where the electricity
system operator (ESO) orders a limitation of the generation from renewable energy sources (RES) to
work with no more than 40% of their capacity, usually for the hours from 10 h to 17 h [24]. In many
MS, a three-phase contract for households is typical, even though at least one option of single phase is
available. The differences from country to country are due to the use of specific appliances, cooling
needs, or heating needs. This implies that the cabling of the distribution networks can widely differ
between MS, as recognised as well by the RN report [22]. In three-phase connection options, it was
found that many DSOs refer to an unbalance limit of 4.6 kW between phases.
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In the majority of countries, the maximum PV connection allowed is either 3.68 kW or 5 kW,
corresponding to a %PVkW p/kVA ratio varying from 0.4 to 1. If the upper values of contracted power are
chosen, then usually the ratio does not apply, as there is a threshold normally around 5 kW. Different
thresholds may depend on many phenomena. One may be because some MS offer higher contracted
power options than others, which means that the cables and the network structure itself is dimensional
in such way that it allows taking in high corresponding currents. Another factor may have to do with
the expected penetration of systems that allow higher or lower connection capacities.

2.2. Voltage Unbalance from PV Penetration in LV Networks

A high line resistance over reactance ratio (R/X) and an unbalanced in nature are typical features
of LV distribution networks. For historical reasons, the sector was mostly seen as a vertical value
chain, i.e., from generation at the top, to transmission, distribution, and consumption at the bottom.
Together with such a high R/X ratio, they are generally planned to have a unidirectional power flow
from high voltage to low voltage. The unbalance in power systems is mainly due to asymmetry in
load currents and feeder impedances producing uneven voltage levels in each phase. As a result,
LV distribution networks may encounter some technical challenges, with high numbers of PV systems
installed at a residential level, which can degrade the situation, leading to poor power quality.
The challenges and impacts of integrating many distributed generation resources in LV distribution
networks is a well-covered topic in the literature [5,16–20,25–28].

There are three main approaches to the calculation of voltage unbalance [29], as can be seen from
Equations (2)–(4). The first according to National Equipment Manufacturer’s Association (NEMA) is
defined as the line voltage unbalance rate (LVUR) and is given by:

%LVUR =
max voltage deviation from the avg line voltage

avg line voltage
× 100% (2)

The NEMA definition assumes that the average voltage is always equal to the rated value, which is
400 V for the three-phase systems, and since it works only with magnitudes, phase angles are not
included. A definition by IEEE: The IEEE definition of voltage unbalance, also known as the phase
voltage unbalance rate (PVUR), is given by %PVUR:

%PVUF =
max voltage deviation from the avg phase voltage

avg phase voltage
× 100% (3)

The IEEE uses the same definition of voltage unbalance as NEMA, the only difference being that
the IEEE uses phase voltages rather than line-to-line voltages. Here again, phase angle information
is lost, since only magnitudes are considered. A third definition states that voltage unbalance is
defined as the ratio of negative sequence to positive sequence voltage components and is represented
in percentage terms as the voltage unbalance factor [29].

%VUF =
negative sequence voltage component
positive sequence voltage component

× 100% (4)

The EN 50160 [30] standard states the limits for voltage unbalance as up to 2% for 95% of the
week, with a mean of 10 min root mean square (rms) values, and even up to 3% in some locations.

Voltage unbalance is viewed as a power quality issue of huge worry in LV distribution
networks [31]. Even though the voltages are quite well balanced at the generator and transmission
levels, the voltages at the consumption level can be unbalanced. This phenomenon is mostly due to
unequal system impedances and the unequal distribution of single-phase loads. Voltage unbalance
in LV distribution networks may also be caused by unbalanced solar generation and the intermittent
nature of PV [18,32] itself. The increase in voltage unbalance can result in overheating and lour of
all induction motor types and also distribution transformers [33]. Voltage unbalance likewise relies
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on upon the area and rating of disseminated PV. Voltage unbalance tends to increase with uneven
loading [18], and the worst condition seems to be with high load demand and no PV installed. On the
other hand, voltage unbalance is enhanced significantly when levelling the feeder loads with the
combination of moderate loads and moderate PV generation. Simulations with scenarios exploring
high-load demand with moderate PV generation or moderate load demand with high PV generation
also report voltage unbalance problems.

The present study only considers the magnitude of the voltages; hence the NEMA definitions,
as it is not pertinent to consider the angles for the purpose of this analysis, and given its easiness to use.

2.3. European Distribution Reference Networks

The JRC published report [22] of 2016 is the most comprehensive data collection exercise on
European distribution systems published so far. Based upon this inventory, detailed reference network
models (RNMs) were used to develop representative distribution networks, to carry out namely
simulation work and analyse the impact that renewable energy sources (RES) penetration can have on
their technical performance.

The inventory provides three classes of indicators, i.e., network structure, network design,
and distributed generation. These indicators allow for comparison of the parameters and criteria used
by DSOs when planning and sizing their network installations. They help to reveal some insight
into the diverse features of some of the major European distribution networks and support research
activities by decreasing the resources that are ordinarily dedicated to aggregating input information
and building case studies. Several indicators were selected to generate representative distribution
networks using RNMs such as: the number of LV consumers per medium-voltage (MV) consumer;
LV circuit length per LV consumer; LV underground ratio; number of LV consumers per MV/LV
substation; MV/LV substation capacity per LV consumer; MV circuit length per MV supply point;
MV underground ratio; number of MV supply points per HV/MV substation; typical transformation
capacity of MV/LV secondary substations in urban areas; typical transformation capacity of MV/LV
secondary substations in rural areas.

The representative LV feeder network was built with the aim of analysing the impacts of
distributed generation (DG) on single LV networks, such as the installation of PV units. Section 2.3.1
presents the characteristics of the urban LV grid model used.

2.3.1. Urban Low Voltage Network

The network presented in Figure 1 represents a MV/LV substation with LV feeders. This configuration
is modelling a high-density urban LV network.
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Tables 2–6 provide the information regarding active (P) and reactive (Q) power, peak power of
each LV consumer and cable characteristics.
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Table 2. Urban network consumer characteristics.

Bus ID Length (km) Num. Consumers P (MW) Q (MVAr) r (p.u.) x (p.u.) Capacity
(MVA)

1 0.035 0 0.0000 0.0000 8.60 × 10−4 1.65 × 10−4 0.177
2 0.023 3 0.0024 0.0007 5.56 × 10−4 1.07 × 10−4 0.177
3 0.028 10 0.0800 0.0240 6.76 × 10−4 1.30 × 10−4 0.177
4 0.033 10 0.0400 0.0120 8.14 × 10−4 1.56 × 10−4 0.177
5 0.019 15 0.0120 0.0036 4.72 × 10−4 9.08 × 10−5 0.177
6 0.031 10 0.0080 0.0024 2.68 × 10−4 1.53 × 10−4 0.291
7 0.021 15 0.0600 0.0180 5.13 × 10−4 9.87 × 10−5 0.177
8 0.021 3 0.0240 0.0072 5.13 × 10−4 9.87 × 10−5 0.177
9 0.018 10 0.0240 0.0072 4.30 × 10−4 8.26 × 10−5 0.177

10 0.025 1 0.0240 0.0072 6.00 × 10−4 1.15 × 10−4 0.177
11 0.001 15 0.0360 0.0108 4.00 × 10−5 2.00 × 10−5 0.177
12 0 15 0.1200 0.0360 1.83 × 10−4 6.35 × 10−4 0.630

Table 3. Medium to low-voltage transformers.

Voltage (kV) Rated Power (kVA) Rsc (p.u.) Xsc (p.u.)

20/0.4 630 0.012 0.04

Table 4. Network indicators in the low-voltage (LV) feeder type networks. MV: medium voltage.

Network Indicator Urban

LV network length per LV Consumer 0.0024
LV underground ratio 100%

No. of LV consumers per MV/LV substation 107
MV/LV substation capacity per LV consumer 5.9 kVA

Table 5. Low-voltage cable used.

Voltage (kV) Type ID Section (mm2) Type Rated Current R (ohms/km) X (ohms/km)

0.4 LV_UU_1 3 × 95 Underground 255 (A) 0.39 0.075
0.4 LV_UU_2 3 × 240 Underground 420 (A) 0.14 0.080

Table 6. Zero sequence shunt capacitance reactance example.

Reactance Type ID XC (Ω) Length (km) XC (MΩ·km)

XC1 (Branch1) LV_UU_1 0.181822 0.035 6.364 × 10−9

XC2 (Branch6) LV_UU_2 0.180461 0.031 5.594 × 10−9

3. Materials and Methods

To design the model, the structural indicators were input and technical characteristics were
adjusted in order to fit the requirements of the software itself (cable calculation). Tables 3 and 4 show
the values of the selected network indicators for the representative LV feeder type network.

The cables used in the networks and inputted into the models are of extreme importance.
The method of symmetrical components is used to simplify the analysis of unbalanced three-phase
power systems under both normal and abnormal conditions. In the most common case of the
three-phase system, the resulting “symmetrical” components are referred to as direct (or positive),
inverse (or negative), and zero (or homopolar). The RTDS software, RSCAD, uses the Bergeron
resistence, inductance and capacitance (RLC) data entry model, requesting as inputs the Positive and
Zero sequence Resistance and Reactance, respectively. Resistances and inductances are commonly
provided by manufacturers in cable specification; however, the capacitance values are not so common.
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The shunt capacitive reactance (C0) in µF/km, between an insulated conductor within a concentric
sheath and the sheath was calculated using Equations (5) and (6) for Bus 2 (cable 95 mm2) and
Bus 6 (cables 240 mm2). The thickness of insulation considered for the cables used was 1.6 mm and
2.2 mm, respectively [34]. “D” refers to the diameter (mm) over insulation, and “d” is the conductor
diameter (mm). εr is the relative permittivity of the insulation material, which considering cross-linked
polyethylene (XLPE) is 2.3.

C0 =
εr

18 ln×D
d

, [µF/km] (5)

C0 is the zero sequence capacitances per unit length. Equation (6) converts capacitance-per-
kilometre to total ohms-per-phase reactance XC0 , where one is the length in kilometres: The zero
sequence shunt capacitance reactance is hence given by:

XC0 =
1

lωC0
, [Ω] (6)

The main data for the main cables used is provided in Tables 5 and 6.
For the simulation work, a real-time simulator by RTDS was used, equipped with four racks

and eight processors in total. The software used to design the model is by the same manufacturer,
called Real Time Simulator Computer Aided Design (RSCAD). The draft model was separated into four
subsystems, even though Figure 2 presents it only in one, so that it can be easily shown and replicated
if needed. Given the amount of signals considered, especially in the PV blocks, all of the processors
were used. The single-phase PV model, which can be seen in S1 in the Supplementary Material section,
was adapted from the three-phase model available in the RSCAD library and connected to the network
given by the RN in a single phase. Two models had to be designed given the scenarios tested: one with
all of the PVs connected to the same phase (phase three) representing the PV unbalanced distribution
scenario, and a second one with an even distribution of PV by all of the phases, representing the
balanced case.
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When trying to simulate the amount of PV in a certain network, the scenarios have to be defined
in regards to structural indicators. So, quantifying PV penetration relative to load is one important
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consideration. The literature also often refers to how important it is to quantify the amount of
penetration relative to the power transformer capacity to the average power of each consumer or to
the line length.

However, the tendency in the literature as stated is to consider the comparison of PV power to the
costumer’s contracted one. The fact is that there is no single recommendation, which is possibly due to
the diversity of network configurations in the EU and technical constraints. Nevertheless, the ratio
will be considered so as to make a comparison between the simulation results and the literature.

Four scenarios were considered, and the corresponding voltage unbalance was observed in
each of the 12 buses. One refers to the unbalanced distribution of PVs, and the other one refers
to a balanced distribution. In each of the simulations, two different load demand scenarios were
considered. The first accounts for the maximum median load demand provided by the reference
networks report (referred to herein as maximum), which corresponds to 4.19 kVA, of which there is
4.02 kW. It should be highlighted that the real-time simulation only considers a snapshot in time; hence,
in a realistic situation, this would correspond to the peak hour, which is not likely to be coincident with
the maximum PV generation. Starting with the unbalanced case with maximum load, several levels of
PV power were injected in every bus. The VUnb was observed and the limits were recorded. The same
was done with the minimum load scenarios. After the worst situations (buses with higher VUnb),
were identified, the balanced model was run, and the maximum power injections were estimated.

Figure 3 shows a representation of the runtime interface given by the RSCAD of the model,
where the PVs and loads may be varied, connected, and disconnected, and all of the system values can
be observed in real time and recorded.
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Empirically, when PV generation is higher, the residential load demand is more likely to be
minimal. For such reason, there was a need to study what would be the impact of demand on the
results. In order to do so, a minimum load of 200 W was considered per household, which could
correspond to a fridge (or equivalent load). All of the results were compared against the EN 50160 [30]
standard limits regarding voltage unbalance and nominal voltage limits, and conclusions were drawn
regarding the limits of power injection in an unbalanced scenario first (all injection of PV power made
in the same phase).

The fifth and last simulation was carried out in order to identify which was the single-phase
PV limit of power injection to the grid, but in a balanced scenario with minimum load demand.
Several power levels (3.5 kW, 7 kW, 10.5 kW, and 14 kW) were chosen, and both voltage unbalance
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and nominal value limits were observed. The first limit to be reached would indicate the maximum
power injection.

4. Results and Discussion

In this section, voltage unbalances are analysed both referring to all of the buses and to the
distances to the power transformer (provided by the reference network report). The limits stated in
the EN 50160 [30] standard for LV networks are ±10% of voltage supply nominal value and ≤2% of
VUnb or ≤3% (in some locations). Figure 4 shows the voltage unbalance for four different scenarios
in an unbalanced situation (all PV connected to the same phase) with maximum load. As expected,
without any PV generation, the system shows very low voltage unbalance that is very close to zero.
Then, by inputting a generation of 1.7 kW per bus, the unbalance increases to approximately 1.00%.
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Figure 4. Voltage unbalance form an unbalanced distribution of a single-phase photovoltaic system
(SPPS) with different power injection levels.

The limits of 2% and 3% of voltage unbalance stated in the EN 50160 [30] standard are reached
with a power injection scenario of 3.5 kW and 4.6 kW, respectively. The more problematic buses
tend to be the ones further away from the power transformer. Even though the standard states that
the voltage unbalance limit can go up to 3% in some cases, we will pursue the conservative (2%)
approach and consider the value of 3.5 kW as reference to deepen the analysis. Having verified the
single-phase PV injection limit per bus, it is necessary to analyse this limit with respect to a minimum
load situation, and examine how it behaves with a balanced distribution of the PV throughout the three
phases. The minimum load simulation, which considers a minimum demand of 200 W per consumer,
corresponds to a total of 21.4 kW power demand. For a balanced system simulation, a distributed
single PV system of 3.5 kW is divided by the three phases in the following manner: Phase 1 (PVs on
Bus 7, 12, 2, and 8); Phase 2 (PVs on Bus 5, 6, and 9); Phase 3 (PVs on Bus 11, 3, 4, and 10), corresponding
to 36, 35, and 36 consumers, respectively, in each phase. Figure 5 shows the results of the voltage
unbalance for the four scenarios.
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When there is a balanced distribution of PVs, the minimum load case presents higher values of
VUnb in all of the buses when compared to the minimum load case, as can be observed in Figure 5
(bottom two curves). This can be explained by there being a voltage rise in all of the phases, and the
absolute value of the difference between them being higher than when the higher load case occurs
due to the counter phenomena by the loads, which makes the voltage drop. On the contrary, when all
of the PVs are connected in the same phase, the case of when higher loads are connected presents
higher values of VUnb. This is because the phase where all of the PVs are connected rises, whereas in
the other phase, voltages decrease more than when compared to the minimum load case. Figure 6a
presents the nominal voltage values variation, according to the distance of the bus from the power
transformer. Both correspond to a 3.5-kW PV power injection balanced scenario, with maximum and
minimum load power demand. The values shown are for phase 3, and it can be observed that the
voltage decreases along the feeders when maximum loads are considered. The RNM base case (no PV
and maximum load scenario) is also displayed for comparison. It can be seen that the voltage drop
along the feeder is improved due to the PV power generation. Similarly, Figure 6b show the voltage
variation in phase three with all of the PV injection made on this phase.
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One can observe that in regard to the case where no PV is connected, the difference of having
all of the power in the same phase at the end of the feeder tends to be higher than in the beginning.
For example, for the bus further away from the transformer, in the maximum load scenario, the voltage
rises from 0.2337 kV to 0.236 kV, where in the shortest distance, the value changes from 0.2421 kV to
0.2439 kV. This means that the voltage unbalance is lower at the beginning of the feeder; hence, there is
a tolerance to have more power at this point than at a more distant one.

The balanced scenario limits of PV injection are presented in Figure 7. Having verified the most
critical buses in Figure 5, where the voltage unbalance is more likely to be the highest (i.e., Bus 8, 9,
and 10), the minimum load case is chosen, since it is the one where the highest unbalance is observed
with the 3.5 kW simulation. Also, the nominal voltage limits of ±10% are observed, since these
limits could be broken before the voltage unbalance ones are. The results in Figure 7 show that the
voltage unbalance limits of 2–3% are reached before the ±10% nominal voltage ones. The maximum
value of PV generation in this balanced scenario varies from 10 kW to 13 kW for the 2% and 3%
limits, respectively.

In terms of comparison with the values from the literature review of all of the MS, the ratio
between the injected PV power and the total power requested to the upstream power transformer
found in this study is 143 kW/430 kW = 33%, whereas the ranges found in the legislation vary from
0.4 to 1. However, a distinction must be made between injected power and PV installation power.
The values found in this study refer to a maximum power injection per bus, whereas the limits of
Member States refer to maximum PV connection per household.
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The power injection simulations have been approached from the most conservative assumption.
If a simultaneity factor (SF) lower than 1 is taken into consideration, than the maximum power could
be increased, which is actually what many DSO use. This is because it is very unlikely that all of the
consumers would have a PV panel generating the maximum power at the very same moment, and all
with the same power demand. Another factor to take into consideration is the performance ratio (PR),
which is also called quality factor, and refers to the overall performance of the system (orientation of
the panels, losses, shades, dust in panels, etc.). This refers to the AC power that is actually provided by
the system, which is very different from the peak power installed in the panels.

Buses closer to the power transformer allow higher power connections than further ones due to
the distances of cables and consequent voltage drops. Therefore, three-phase connections should be
encouraged whenever possible. This would allow a more balanced voltage and a compensation of
the voltage drop, especially in the most distant buses, and consequently higher power connections.
Variables such as the length of the feeders, the load considered during the simulation, and the zero
sequence shunt capacitance reactance of the cables influence the model’s results the most. In terms of
implications for public policies and proposed schemes, by identifying such limits of power injection,
it is not desirable that in single-phase connections, similar schemes to net metering are used, especially
with high penetration levels. This is because it makes an unnecessary or undesirable use of the grid,
i.e., consumers may put power on the grid that they may use later, without actually having an incentive
to consume when they generate power. A behaviour change towards an immediate consumption or
local storage should be incentivised, and since there is a limit of power to be injected per bus, it should
be optimised.

5. Conclusions

The results show that for the minimum load/balanced case, an average power injection of
approximately 10 kW–13 kW per bus on the LVRN distribution grid would not push the voltage
unbalance beyond the 2–3% limits. In a worst case scenario, where all of the PVs would be connected
to the same phase and a maximum load would be applied, the power injection per bus may
be up to 3.5 kW and 4.6 kW before reaching the same voltage unbalance limits. It should be
emphasised that the reference network does not refer to any particular country or region. Nevertheless,
the results are within the same order of magnitude as those found in the literature for several
Member States. Three-phase connections should be encouraged whenever possible, allowing higher
power injections. Only unbalances in the urban scenario were considered in the study. Semi-urban
and rural networks could provide different outcomes for the study due to longer cable distances.
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Congestions, amongst other factors, especially in urban areas where population density is higher,
may be an important factor to consider as well. The improvement on LV network efficiency by
reducing transformers’ short circuit resistance and feeder impedance or the installation of tap changers
in secondary substations, would mitigate voltage rise/drops. The curtailment of PV generation in
order to charge local storage units for later use could be promoted, allowing higher power installations.
It should also be highlighted that the cables considered in the simulation or in a given network are of
extreme importance in allowing a higher penetration of DG. In reality, distribution networks should
foresee a bidirectional flow of power, which increasingly tends to be the case in the future, especially
in the smart grid context.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/8/8/1333/s1,
Figure S1: Block diagram implementation of the single phase PV control system developed in RSCAD.
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