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Abstract: The proliferation of residential photovoltaic (PV) prosumers leads to detrimental impacts on
the low-voltage (LV) distribution network operation such as reverse power flow, voltage fluctuations
and voltage imbalances. This is due to the fact that the strategies for the PV inverters are usually
designed to obtain the maximum energy from the panels. The most recent approach to these issues
involves new inverter-based solutions. This paper proposes a novel comprehensive control strategy
for the power electronic converters associated with PV installations to improve the operational
performance of a four-wire LV distribution network. The objectives are to try to balance the currents
demanded by consumers and to compensate the reactive power demanded by them at the expense
of the remaining converters’ capacity. The strategy is implemented in each consumer installation,
constituting a decentralized or distributed control and allowing its practical implementation based
on local measurements. The algorithms were tested, in a yearly simulation horizon, on a typical
Portuguese LV network to verify the impact of the high integration of the renewable energy sources
in the network and the effectiveness and applicability of the proposed approach.

Keywords: photovoltaic (PV) systems; ancillary services; low-voltage (LV) network; voltage
imbalance; reactive power control; smart grids; power electronic converters

1. Introduction

1.1. Generally Known Information about the Topic

Due to reduced costs, government incentives and increased community awareness of
environmental problems, installed power from distributed energy sources, or micro- and
mini-generation plants has increased. Among low-voltage (LV) networks, rooftop photovoltaic (PV)
systems represent a higher percentage. With the recent legislation, a new regime has appeared: the
so called self-consumption scheme. In this regime, the electrical energy produced is used primarily
to supply on-site loads, while any excess of energy can be sold to the utility. When production is not
sufficient to satisfy consumption, the energy deficit is supplied by the utility. Therefore, the classical
consumer is becoming a prosumer, defined as a combination of an energy consumer and producer,
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interacting bi-directionally with the distribution grid [1]. The proliferation of residential PV prosumers
leads to detrimental impacts on the network operation. Amongst the reported problems, the most
relevant ones are voltage regulation and voltage imbalance.

To properly understand these impacts, one must take into account the network structure. In
Europe (and in many other parts of the world), LV networks are usually three-phase, four-wire systems,
supplied by three-phase transformers, forming radial network structures [2–4]. Most of the houses are
single-phase loads and are supplied connecting them to one of the three phases and neutral, while
larger houses have three-phase connections. Originally, the grid was designed to operate with a
unidirectional power flow, and distribution systems are operated on the assumption that the energy
flows are unidirectional, going from upstream to downstream where the loads are placed. In this
situation, the typical voltage profile is decreasing from the transformer, at the beginning of the network,
to the consecutive supplied loads.

Generally, PV panels are connected to the network by means of an electronic power converter,
which is designed to obtain the maximum solar energy and to inject it to the network [5]. As this
type of energy has intermittent characteristics, when its penetration is reduced, there are no negative
impacts on the network. However, in a context including numerous prosumers, in high PV production
periods, there is a possibility of significant reverse power flow and, mainly on cloudy days, serious
voltage fluctuations may occur. This may cause overloading and violation of power quality standards
such as surges above limit values [6–8]. The described LV network has an inherently unbalanced
behaviour, due to the random load distribution between phases and also due to uneven consumption.
The increasing installation of single-phase rooftop PV unit and the fact that they are installed at random
locations and have different ratings, contributes to worsening the imbalance problem [9]. Besides,
as a consequence of the unbalanced current flowing through the network, current flows through the
neutral wire. The flow of this current through the neutral grounding impedances will cause a rise of the
neutral-to-ground voltage (NGV), which can damage sensitive electronic and computing equipment
due to the common-mode noise effect. Limits to imbalances are imposed by the standards, as in
EN50160 [10], where a limit value of 2% is indicated for the negative-sequence to positive-sequence
voltage ratio.

Traditionally, the voltage regulation issue has been addressed by the utility, mainly by means of
the operation of tap-changing transformers, voltage step regulator and switching capacitors. On the
other hand, the utilities try to minimize the imbalance problem by manually changing the customer
single-phase connections to achieve a more balanced distribution of the loads, resizing the neutral
conductor or improving the grounding system. Apart from the possible increase in the installation
costs, the inherent rapid variability of PV power would make it difficult for these basically “static”
mitigation techniques to compensate the combined effect of load and PV.

1.2. Prior Studies’ Historical Context to the Research

Recent approaches to overcome the voltage regulation and the imbalance problems in LV networks
with high PV power penetration involve inverter-based solutions. Taking into account the support that
these systems can give to the electric energy networks, in the context of smart grids, these converters
have been designated as smart inverters.

Some papers address the voltage regulation problem by means of the reactive power
control [11–13]. These studies, in many cases, are based on a balanced network model which, however,
is not the case in LV networks. Moreover, PV control strategies based only on reactive power control,
which is not an effective approach in distribution networks with high R/X ratios, are relatively
common. Regarding voltage imbalance, some work has been presented in which the three-phase
inverters inject current in the network that can be balanced or not, according to the load [14,15]. More
recently, in [16], the residential loads are transferred from one phase to another to minimize voltage
imbalances along the feeder. The concept of real power curtailment is used in [17,18]. A hierarchical
optimisation strategy with coverage from the substation zone to the LV feeder is proposed in [19].
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A hierarchical control structure is proposed to reduce power oscillations under unbalanced voltage
in [20]. Community energy storage is applied for the mitigation of the neutral current in [21].

Almost all previous studies are based on centralized control and, therefore, they are generally
complex and need local measurement and communication between a centralized master controller
and the prosumers [22]. By contrast, in a distributed control scheme, control actions of each
prosumer are decided based on local measurements [23–25]. Though, these studies do not deal
with voltage imbalance, which is especially helpful for a more suitable practical implementation
in existing networks.

Another problem in power grids is the existence of current harmonics. Thus, in order to mitigate
this problem, work has also been carried out, where the possibility of the smart inverter to have a
parallel mode of operation as an active power filter is verified [26–29]. In this way, it will be possible to
attenuate those harmonics, allowing the improvement of the quality of the voltage waveform [30,31].

1.3. Hypothesis and an Overview of the Results

The mentioned previous studies provide a global perspective for the convenience to address a
different approach. Thereby, this paper proposes a novel comprehensive control strategy for the power
electronic converters associated with the PV installations to improve the operational performance of
a four-wire LV distribution network. The proposed strategy will balance the currents demanded by
consumers and compensate their reactive power, using the remaining capacity of the PV converters.
The strategy is implemented in each consumer installation, constituting a decentralized distributed
control and allowing its practical implementation with local measurement.

The simulation of a case study addresses several operating regimes, such as: (a) only generation;
(b) generation and imbalance compensation and (c) generation with imbalance and reactive
power compensation. These various cases are analysed considering the highest and lowest solar
radiation days.

1.4. Article Organization

The rest of this paper is organized as follows: Section 2 reviews the typical PV inverter topology
and the fundamental ideas of its control system. Section 3 presents the proposed control strategy
describing the algorithm for voltage imbalance combined with reactive power compensation. Section 4
shows the test network and the load and generation profiles used to simulate the strategies; and
analyses and discusses the results in several cases or scenarios. Section 5 concludes the paper.

2. PV Inverters Topology and Control

A three-phase PV system transfers the produced active power to the network evenly through the
use of three-phase three-leg inverter topology. However, this topology does not allow compensating for
imbalance in the network resulting from unbalanced three-phase loads and the existence of single-phase
consumers. To achieve the balance behaviour, the solution resides in the use of three-phase four-leg
Voltage Source Inverter (VSI) (Figure 1), to access to the neutral conductor [32]. These inverters, when
associated with adequate control systems, have advanced functions allowing network assistance
(ancillary services).

The control strategy is the part of the current controlled VSI control system in charge to produce
the reference signals for the currents, that have to be generated by the power converter (icp,a, icp,b,
icp,c), taking as inputs the actual variables measurements. These references are taken as inputs to the
switching signal generator, which, by means of some type of control, as dead-beat or hysteresis band
control, generates the electronic devices gate pulses.

In LV networks, the typical control strategy for PV converters tries to extract the maximum
energy from the panels (the DC side), usually by means of a Maximum Power Point Tracking (MPPT)
algorithm, this power is then injected it into the network (the AC side), typically in balanced form and
with unity power factor [5].
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Figure 1. PV system with four-leg power inverter. 

Using the 4-leg topology and a suitable control strategy, the PV systems may provide novel 

auxiliary services that appear to be more interesting for LV networks: mitigation of imbalance and 

voltage control support. Thus, on the one hand, the current injected by the three-phase PV system 

converter will be higher in the phase with higher load and lower in the others, so that the association 

of the inverter with the load demand currents from the grid are as balanced as possible. And even 

more, the three-phase converters installed in the same feeder may compensate the imbalances 

introduced by the single-phase loads and their respective PV single-phase converters. On the other 

hand, PV systems also allow the exchange of reactive power to contribute to voltage regulation. In 

order to avoid increasing the converters rated power, the reactive power absorbed/injected by the 

power converter must take into account the active power generated by the solar panel. Being S and 

P the inverter’s apparent and active power produced, respectively, the proposed algorithms will limit 

the reactive power Q to be injected according to the following expression: 𝑄 ≤ √𝑆2 − 𝑃2. This means 

that when the solar panel is at its maximum power, the available reactive power of the electronic 

converter is zero. The limit of the reactive power increases with the decrease of the active power 

supplied by the solar panel. The maximum reactive power available occurs when the active power 

supplied by the panel is zero. It should also be pointed out that the inverter must be sized taking into 

consideration the allowed imbalance compensation. At the limit, all the generated PV power would 

be injected into the grid by one phase. Thus, each of the inverter legs should be sized to support the 

maximum generated PV power. However, since the inverter is also used to provide ancillary services, 

as in this case the reactive power compensation, that oversize can be used for that support. 

3. Proposed PV Inverter Control Strategy 

Figure 2 shows a generic bus j of the radial LV network under study. It can be observed the 

active and reactive power flows in each phase f (a, b ,c) that will be used hereinafter, along with its 

reference directions: the injected power at the bus (𝑆𝑖𝑛𝑗,𝑓,𝑗 = 𝑃𝑖𝑛𝑗,𝑓,𝑗 + 𝑗𝑄𝑖𝑛𝑗,𝑓,𝑗), the power demanded 

by the load 𝑆𝐿,𝑓,𝑗 = 𝑃𝐿,𝑓,𝑗 + 𝑗𝑄𝐿,𝑓,𝑗  and the power supplied by the PV 𝑆𝑐𝑝,𝑓,𝑗 = 𝑃𝑐𝑝,𝑓,𝑗 + 𝑗𝑄𝑐𝑝,𝑓,𝑗 . The 

proposed algorithm will define for each PV inverter the active and reactive power set points for each 

phase (𝑃𝑐𝑝,𝑓,𝑗 and 𝑄𝑐𝑝,𝑓,𝑓, in order to balance the network and to improve the voltage profile. These 

set-point values will be used to produce the aforementioned reference currents for the VSI. 

Figure 1. PV system with four-leg power inverter.

Using the 4-leg topology and a suitable control strategy, the PV systems may provide novel
auxiliary services that appear to be more interesting for LV networks: mitigation of imbalance and
voltage control support. Thus, on the one hand, the current injected by the three-phase PV system
converter will be higher in the phase with higher load and lower in the others, so that the association of
the inverter with the load demand currents from the grid are as balanced as possible. And even more,
the three-phase converters installed in the same feeder may compensate the imbalances introduced
by the single-phase loads and their respective PV single-phase converters. On the other hand, PV
systems also allow the exchange of reactive power to contribute to voltage regulation. In order to avoid
increasing the converters rated power, the reactive power absorbed/injected by the power converter
must take into account the active power generated by the solar panel. Being S and P the inverter’s
apparent and active power produced, respectively, the proposed algorithms will limit the reactive
power Q to be injected according to the following expression: Q ≤

√
S2 − P2. This means that when

the solar panel is at its maximum power, the available reactive power of the electronic converter is
zero. The limit of the reactive power increases with the decrease of the active power supplied by the
solar panel. The maximum reactive power available occurs when the active power supplied by the
panel is zero. It should also be pointed out that the inverter must be sized taking into consideration the
allowed imbalance compensation. At the limit, all the generated PV power would be injected into the
grid by one phase. Thus, each of the inverter legs should be sized to support the maximum generated
PV power. However, since the inverter is also used to provide ancillary services, as in this case the
reactive power compensation, that oversize can be used for that support.

3. Proposed PV Inverter Control Strategy

Figure 2 shows a generic bus j of the radial LV network under study. It can be observed the active
and reactive power flows in each phase f (a, b ,c) that will be used hereinafter, along with its reference

directions: the injected power at the bus (
→
S inj, f ,j = Pinj, f ,j + jQinj, f ,j), the power demanded by the load

→
S L, f ,j = PL, f ,j + jQL, f ,j and the power supplied by the PV

→
S cp, f ,j = Pcp, f ,j + jQcp, f ,j. The proposed

algorithm will define for each PV inverter the active and reactive power set points for each phase
(Pcp, f ,j and Qcp, f , f , in order to balance the network and to improve the voltage profile. These set-point
values will be used to produce the aforementioned reference currents for the VSI.



Energies 2019, 12, 972 5 of 16
Energies 2019 12, x FOR PEER REVIEW  5 of 17 

 

1 2 3 5 6 7 8 9 10 11 12 13 144 150

, , , ,inj f j inj f jP jQ+

, , ,cp f j cp jP jQ+ , , , ,L f j L f jP jQ+

PV LOAD

Bus jBus i

 

Figure 2. Direction convention for power flows at a generic bus j. 

3.1. Proposed Imbalance Compensation Algorithm 

The algorithm for phase imbalance compensation consists of injecting more active power from 

PV in the phases with higher consumption. Besides balancing the phases in the network, this 

procedure also helps regulating the voltage. 

The procedure begins with the verification of the existence of three-phase PV generation in the 

farthest node N, seen from the MV/LV transformer. If this is the case, the active power flowing to the 

downstream bus j in each phase f, 𝑃𝑖𝑛𝑗,𝑓,𝑗 is determined: 

−

  − 
=    

   

, ,
*

, , ,
,

Re
f i f j

inj f i f j
f i j

V V
P V

Z
, (1) 

where �⃗⃗�𝑓,𝑖 and �⃗⃗�𝑓,𝑗 are the phase f voltage phasors (in V) at the adjacent buses i and j, respectively; 

and 𝑍𝑓,𝑖−𝑗 is the phase f impedance (in  ) of the line between buses i and j. 

In order to calculate these voltages, a power flow program adapted to LV networks is used [33]. 

Load values are data (in a first step PV generation is not considered), voltage at bus 1 is set to 1 pu. 

and the power flow program gives the bus voltages. The compensation algorithm, as it will be 

explained in the following paragraphs, will calculate the compensation powers progressively from 

the farthest bus to the transformer bus. In each step, the power flow program gives the updated bus 

voltages. This procedure is necessary for simulation purposes, to demonstrate the proper operation 

of the proposed strategy. However, in a practical implementation of this control strategy on power 

electronics converters, 𝑃𝑖𝑛𝑗,𝑓,𝑗  would not be calculated by Equation (1), but it would be directly 

measured at bus j, which justify the advantageous feature (mentioned in the introduction) that the 

control actions are based only on local measurement. 

At each bus, the phase with the lowest power value is designated by , its value is 𝑃𝑖𝑛𝑗,𝛼,𝑗 =

min(𝑃𝑖𝑛𝑗,𝑓,𝑗) , the following one is designated by β, its value is 𝑃𝑖𝑛𝑗,𝛽,𝑗 and the phase with the highest 

value is designated by γ, its value is 𝑃𝑖𝑛𝑗,𝛾,𝑗 . Then, the first total three-phase active power to be 

compensated at the bus j is calculated as: 

1, , , , , , , , ,( ) ( )cp j inj j inj j inj j inj jP P P P P   = − + − . (2) 

The next step is to verify if the system is able to compensate the three phases, that is, if the three-

phase production at bus j, 𝑃𝑃𝑉,𝑗, is greater than or equal to the total power to compensate, i.e., if it is 

𝑃𝑃𝑉,𝑗 ≥ 𝑃𝑐𝑝1,𝑗. In that case, the difference between these two powers is calculated 𝑑𝑖𝑓 = 𝑃𝑃𝑉,𝑗 − 𝑃𝑐𝑝1,𝑗. 

Then, the compensation power for each phase , β, γ at the bus j are obtained in the following way: 

, , 3jcpP dif =  (3) 

, , , , ,, 3cp inj j injj jP P P dif  = − +  (4) 

Figure 2. Direction convention for power flows at a generic bus j.

3.1. Proposed Imbalance Compensation Algorithm

The algorithm for phase imbalance compensation consists of injecting more active power from PV
in the phases with higher consumption. Besides balancing the phases in the network, this procedure
also helps regulating the voltage.

The procedure begins with the verification of the existence of three-phase PV generation in the
farthest node N, seen from the MV/LV transformer. If this is the case, the active power flowing to the
downstream bus j in each phase f, Pinj, f ,j is determined:

Pinj, f , i = Re

→V f , j

→V f , i −
→
V f , j

→
Z f , i−j

∗, (1)

where
→
V f ,i and

→
V f ,j are the phase f voltage phasors (in V) at the adjacent buses i and j, respectively;

and
→
Z f ,i−j is the phase f impedance (in Ω) of the line between buses i and j.
In order to calculate these voltages, a power flow program adapted to LV networks is used [33].

Load values are data (in a first step PV generation is not considered), voltage at bus 1 is set to 1 pu. and
the power flow program gives the bus voltages. The compensation algorithm, as it will be explained
in the following paragraphs, will calculate the compensation powers progressively from the farthest
bus to the transformer bus. In each step, the power flow program gives the updated bus voltages.
This procedure is necessary for simulation purposes, to demonstrate the proper operation of the
proposed strategy. However, in a practical implementation of this control strategy on power electronics
converters, Pinj, f ,j would not be calculated by Equation (1), but it would be directly measured at bus j,
which justify the advantageous feature (mentioned in the introduction) that the control actions are
based only on local measurement.

At each bus, the phase with the lowest power value is designated by α, its value is Pinj,α,j =

min
(

Pinj, f ,j

)
, the following one is designated by β, its value is Pinj,β,j and the phase with the highest

value is designated by γ, its value is Pinj,γ,j. Then, the first total three-phase active power to be
compensated at the bus j is calculated as:

Pcp1,j = (Pinj,β,j − Pinj,α,j) + (Pinj,γ,j − Pinj,α,j). (2)

The next step is to verify if the system is able to compensate the three phases, that is, if the
three-phase production at bus j, PPV,j, is greater than or equal to the total power to compensate, i.e., if it
is PPV,j ≥ Pcp1,j. In that case, the difference between these two powers is calculated di f = PPV,j − Pcp1,j.
Then, the compensation power for each phase α, β, γ at the bus j are obtained in the following way:

Pcp, α, j = di f /3 (3)

Pcp,β,j = Pinj,β,j − Pinj,α,j + di f /3 (4)
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Pcp,γ,j = Pinj,γ,j − Pinj,α,j + di f /3 (5)

If the system cannot compensate the three phases, then it is verified if it is possible to compensate
the two phases with the highest injected powers, β and γ. To achieve this, the second total active
power to be compensated at the bus j is calculated as:

Pcp2, j = Pinj , γ, j − Pinj , β, j (6)

Next, this value is compared to the three-phase production at bus j, i.e., it is verified if PPV,j ≥ Pcp2,j.
If so, the difference between these two power values di f = PPV,j − Pcp2,j is calculated. Then, the
compensation powers for each phase at the bus j are obtained in the following way:

Pcp,α,j = 0 (7)

Pcp,β,j = di f /2 (8)

Pcp,γ,j = Pinj,γ,j − Pinj,β,j + di f /2 (9)

Finally, if PPV,j < Pcp2,j, there is not enough PV generation to compensate phases β and γ, then
the total available power is applied to phase γ. Therefore, in this case, the compensation power for
each phase at the bus j are:

Pcp,α,j = 0 Pcp,β,j = 0 Pcp,γ,j = PPV,j (10)

The process is repeated from the farthest bus until the transformer bus. Figure 3 shows the
flowchart of the described algorithm.
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Figure 3. Flowchart for the phase imbalance compensation algorithm. Figure 3. Flowchart for the phase imbalance compensation algorithm.

When the load changes, the algorithm must be run again. As said before, the process starts
without considering the PV sources and calculating the compensation powers progressively from the
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farthest node to the transformer node. Therefore, one load state will not have influence on the next
load state.

3.2. Proposed Reactive Power Compensation Algorithm.

This section presents an algorithm for load reactive power compensation, taking into account
the PV converters capacity. An inductive load will be assumed, as usual case, and then reactive
power demanded QL is always positive. The algorithm also starts on the farthest bus seen from the
MV/LV transformer.

The reactive power available for compensation, Qmax,j, is determined from the inverter nominal
power, Sinv,j, and the active power supplied into each phase of the bus, i.e.,:

Qmax,j =
√

S2
inv, j − (Pcp, α, j + Pcp, β, j + Pcp, γ, j)

2. (11)

Similarly as it was done in the previous algorithm, the phase with the lowest absolute value is
designated by α, its value is QL,α,j = min

(
QL, f ,j

)
, the following is designated by β, its value is QL,β,j

and the phase with the highest value is designated by γ, its value is QL,γ,j. Then, the first and second
total three-phase reactive power to be compensated at the bus j are calculated as follows:

Qcp1,j = (QL,β,j −QL,α,j) + (QL,γ,j −QL,α,j). (12)

Qcp2,j = QL,γ,j −QL,β,j. (13)

The next step is to verify if the system is able to compensate for the three phases, that is, if the
three-phase reactive power available for compensation at bus j, Qmax,j, is greater than or equal to the
total reactive power to compensate, i.e., if it is Qmax,j ≥ Qcp1,j. In that case, the difference between these
two powers is calculated dif = Qmax,j – Qcp1,j. If besides that, dif ≥ QL,α ,j + QL,β,j + QL,γ,j holds true,
then the system is able to produce the reactive power that the load demands and the compensation
power for each phase α, β, γ at the bus j, are obtained as:

Qcp, α, j = QL, α, j (14)

Qcp, β, j = QL, β, j (15)

Qcp, γ, j = QL, γ, j (16)

If the condition dif ≥ QL,α ,j + QL,β,j + QL,γ,j is not satisfied, the system cannot cancel out the
reactive power of all load phases, but it can balance them according to:

Qcp, α, j = di f /3. (17)

Qcp, β, j = QL, β, j −QL, α, j + di f /3. (18)

Qcp, γ, j = QL, γ, j −QL, α, j + di f /3. (19)

If Qmax,j < Qcp1,j, the system cannot balance all three phases, then it is verified if it is possible
to balance the two phases with the highest power, β and γ. To achieve this, it is verified if Qmax,n >
Qcp2,n. If so, the difference between these two power values is calculated dif = Qmax,j – Qcp1,j. Then, the
compensation powers for each phase, at the bus j, are obtained in the following way:

Qcp, α, j = 0. (20)

Qcp, β, j = di f /2. (21)

Qcp, γ, j = QL, γ, j −QL, β, j + di f /2. (22)



Energies 2019, 12, 972 8 of 16

Finally, if Qmax,j < Qcp2,j, there is not enough reactive power to compensate phases β and γ, then
the total available reactive power is used for phase γ. Therefore, the compensation power for each
phase will be:

Qcp,α,j = 0 Qcp,β,j = 0 Qcp,γ,j = Qmax,j (23)

The process is repeated from the transformer to the farthest bus. Figure 4 shows the flowchart of
the algorithm.
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4. Simulation Results and Analysis

4.1. Test Network

For the analysis of the impact of decentralized photovoltaic systems, a network with 12 buses
connected to a 15/0.4 kV transformer is used, which is represented in Figure 5. In total there are 240
consumers, 105 single-phase and 135 three-phase, associated in 12 groups. Line impedances (resistance
R and reactance X) are given in Table 1.

Table 1. Line impedances for the LV test network.

Line L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11

R (Ω) 0.00074 0.01974 0.02547 0.01589 0.03056 0.00446 0.00213 0.00043 0.05795 0.07513 0.01891
X (Ω) 0.00033 0.00630 0.00813 0.00796 0.00975 0.00142 0.00107 0.00021 0.01780 0.02397 0.00581
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Figure 5. LV test network.

A level of consumption (ranging from 3000 to 10,000 kWh/year) and contracted three-phase
power normalized in Portugal (10.35, 13.8, 17.25 and 20.7 kVA) were randomly assigned. Load profiles
for each consumer were obtained from estimated annual profiles for 15 min intervals, available at
ERSE [34]. In addition, in the case of single-phase consumers, a phase of the network was also
randomly assigned. The buses have a mixture of single- and three-phase connections; therefore the
load is inherently unbalanced.

Through the PVGIS simulator [35], data on solar radiation were obtained. For this it was necessary
to indicate the location of the network, the PV panels slope and their azimuth. For the present case,
it was considered that all consumers had panels with 30◦ slope and 0◦ azimuth and that they were
located in Lamego, Portugal, coordinates 41◦05′00”N 7◦52′00”O. The PV modules used are the same
for all consumers and have a performance ratio of 19.7% and an area of 11.72 m2 for each group of
modules that make 1 kW. The number of panels was established so that the annual energy produced
had a value close to but less than the value of the annual energy consumption. Figure 6 presents, for
one of the prosumers, the load profile and the PV generation profile for every hour, in the days with
highest and lowest radiation along a year.
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Figure 6. Load profile and PV generation for a prosumer example, for the days along a year with: (a)
highest total radiation and (b) lowest total radiation.

4.2. Simulated Case Studies

The network analysis considers four distinct case studies that correspond to the following
scenarios:

• Scenario 0: No PV production;
• Scenario 1: PV production, no imbalance compensation and no reactive power compensation;
• Scenario 2: PV production, imbalance compensation and no reactive power compensation;
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• Scenario 3: PV production, imbalance and reactive power compensation.

The simulations were carried out for each scenario during a whole year, although the presented
results, as representative samples, correspond to the days of total highest and lowest radiation along
a year. In the first case, the production peak occurs at 12:00 h and in the second case at 11:00 h,
so these will be the moments to evaluate. These two hours are denominated Peak-H and Peak-L
hours, respectively.

The results were obtained through the implementation of the developed algorithms, previously
presented, in the MATLAB R2017a environment. The power flow calculations were carried out by
means of a software specifically developed for this task, based on the Backward-Forward Sweep
(BFS) model, which is based on the power sum method but modified in order to consider the neutral
conductor [3,35].

Two radial branches (from Figure 5) are considered to show the simulation results adequately:
branch B1 constituted by lines L1, L2, L4 and L5, comprising buses 1, 2, 3, 5 and 6; and branch B2
constituted by lines L1, L6, L8, L10 and L11, comprising buses 1, 2, 7, 11 and 12. Figures 7, 9, 11 and 13
show the phase-to-neutral voltages at each bus; and Figures 8, 10, 12 and 14 show the line losses per
phase. In all the cases, these variables are displayed for Peak-H and Peak-L hours.

4.3. Scenario 0. No Photovoltaic Production

The first scenario serves as a baseline scenario. As expected in Figure 7, it is possible to verify that
the voltage value tends to decrease towards the downstream buses. On the day of lowest radiation,
there is a greater voltage drop since consumption is higher (winter). It is also possible to verify through
the voltage profiles of the various phases, the voltage imbalance in the network due to the unbalanced
loads. It should be noted that at any point in the network, the voltage drop is less than 0.1 p.u.
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As can be seen in Figure 8, it is also possible to verify that the losses in the day of lower radiation
are higher, which is justified by the fact that consumption is higher on that day (winter) along with no
power generation.
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4.4. Scenario 1: PV Production, No Imbalance Compensation and No Reactive Power Compensation

This scenario represents a common situation in a network where there is a high number of
consumers injecting active power when there is an excess of production in relation to consumption.
The power injection is done in an equal way, that is, the inverter equitably distributes the power to be
injected into the phases.

As can be seen in Figure 9a, since production is greater than consumption, voltages generally
increase at the buses that are furthest from the MV/LV transformation. It is also possible to verify that
the power injection does not improve the phase balance. The day of highest radiation is the worst case,
with an overvoltage exceeding 0.1 p.u in bus 12 in phase c. On the other hand, on the day of the lowest
radiation, the voltage levels improve, approaching 1 p.u. This happens because the power generated
almost equals the power consumption (see Figure 6b as an example of a prosumer).
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As in the day of highest radiation the power generated by the PV systems is much higher than
the consumption, the power flow increased, and consequently the losses (Figure 10a) significantly
increased. On the other hand, on the day with the lowest radiation, the losses decreased reaching very
low values (Figure 10b). As mentioned, this is due to the fact that the produced power is close to the
consumed power, thus reducing the power flow in the network.
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4.5. Scenario 2: PV Production, Imbalance Compensation and No Reactive Power Compensation

With respect to scenario 1 (Figure 9), it is possible to observe in Figure 11 that voltage imbalance is
reduced on both days and that phase voltages are nearly equal. It is also possible to verify a reduction
of the over-voltages, namely, from 0.11 p.u to 0.07 p.u., in the phase c of bus 12, for the day with the
highest radiation.
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Analyzing Figure 12 and comparing it with the results obtained for the previous scenario
(Figure 10), it can be seen that, in general, the phase balance led to a reduction in losses, although there
have been small increases in certain phases. This is due to the increase in power injection in those
phases in order to compensate for the imbalance.
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4.6. Scenario 3: PV Production, Imbalance and Reactive Power Compensation

Comparing Figure 13 with the respective profiles for Scenario 2 (Figure 11), it is observed that
they are very similar, so it can be confirmed that the reactive power compensation has little impact on
the voltage profiles (this is due to the high R/X ratio, a typical situation in LV networks). However,
Figure 14 shows that the reactive power compensation led to a reduction in line losses.
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4.7. Comparative Analysis

In order to evaluate the impact on the LV network of the different approaches, Table 2 shows,
for the days of highest and lowest total radiation, the total active power losses (Ploss) and the active
power delivered from the MV/LV transformer, at bus 1 (Pinj,1). This last value was obtained from the
difference between the total power consumption (loads and losses) and the total PV power generation.

Table 2. Total power and energy losses and power injected from bus 1.

Scenario Number
Highest Radiation Day Lowest Radiation Day

Ploss (kW) Pinj,1 (kW) Ploss (kW) Pinj,1 (kW)

Scenario 0
(Baseline) 8.50138 304.20365 10.96334 353.68494

Scenario 1 17.23334 −471.07305 1.24492 −15.10588
Scenario 2 15.23509 −473.0713 1.08481 −15.26599
Scenario 3 14.56905 −473.73734 0.41763 −15.93317



Energies 2019, 12, 972 14 of 16

From the results obtained, it is possible to verify that, on the day of highest radiation, when there
are no auxiliary services (Scenario 1), the injection of the PV generated power leads to a large increase
(about 100%) in losses with respect to the baseline scenario. However, the auxiliary services provided
by the PV inverters allows the reduction of the total network losses. In fact, compared to Scenario 1,
total losses decrease about 11.6% in Scenario 2 and 15.5% in Scenario 3.

On the other hand, on the day of lowest radiation, and for the case where there is no PV production,
the losses are higher comparing to the day of highest radiation, since the consumption is higher. With
the injection of the power produced by the PV systems in the network, the losses decrease about 88%.
When ancillary services are considered, and compared to Scenario 1, losses decrease about 12.9% in
Scenario 2 and 66.5% in Scenario 3.

Finally, it should be noted that the negative values of the bus 1 injected power means that power
is being supplied to the MV distribution network, due to the fact that production is higher than
consumption. Although this implies more available power, those networks were not designed to
have reverse power flows, what could cause problems in the protection systems, which must be
evaluated [36,37].

5. Conclusions

This work address the use and management of ancillary services provided by PV systems in a
three-phase, unbalanced LV network. These networks are generally affected by several factors such
as imbalances and voltage profiles that do not comply with legislation. Taking into account the high
increase of the PV systems in this type of networks, it has been verified that these problems have
tendency to worsen. In fact, contrary to what happened till now, in this new context, it appears
overvoltages, especially in summer, when there is more solar radiation.

To deal with these problems, that have been little addressed so far, novel improved control
strategies for the electronic converters have been proposed. Thus, the strategies try to compensate the
load imbalances, to alleviate the overvoltages caused by the injection of active power from the PV
panels and to minimize the reactive power flow in the network.

It has been presented a case study of a LV network with 240 consumers (105 single-phase and 135
three-phase) distributed in twelve buses. Through the obtained results, it is verified that, by injecting
active and reactive power into the network in a proper way, it is possible to compensate the load
imbalance, improving the voltage profiles and reducing line losses.

The results have shown that the proposed control strategy for the PV inverters is feasible, can
be implemented locally and allows to improve the voltage regulation in four-wire LV distribution
networks with high penetration rates of PV production systems in self-consumption regime. The
practical application of the proposed strategy will allow to increase the supply capacity of these
networks while increasing their capacity to integrate a greater production of renewable energy.

The development of this work has led to some new research questions. The following represent
some topics which the authors continue working in: (i) include simulation cases considering energy
storage systems (battery chargers for electric vehicles); (ii) include load matching; (iii) simulate using
real data obtained from smart meters and validate results from real measurements; (iv) use alternative
algorithms, such as genetic algorithms.
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