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Abstract—This paper presents the latest results of several 
research activities in the field of low voltage network 
optimization in regard to unsymmetrical power infeed from 
distributed generators. A method for balancing networks with a 
high number of single-phase generators is proposed. By 
applying the method, the voltage unbalance can be reduced, the 
available voltage band can be better utilized and the hosting 
capacity for distributed energy resources extended. 

Index Terms—Distributed power generation, Power quality, 
Smart grids, Power system measurement, Solar power 
generation 

I. INTRODUCTION: VOLTAGE UNBALANCE IN  
LV NETWORKS 

Although a significant part of installed photovoltaic 
capacity is connected in low voltage (LV) networks (e.g. 
about 70 % of more than 29 GWp in Germany by mid-2012 
[1]), the actual impact of these installations on the network is 
still not well known. Especially, unsymmetrical generation 
(e.g. small photovoltaic (PV) generators) lead to voltage 
unbalance. Voltage unbalance is not only a concern as such 
(e.g. degradation of the performance of three-phase machines 
due to torque pulsations, overheating due to the negative 
sequence) but also a concern for complying with the voltage 
limits as stated in the standard EN 50160 [2]. Indeed, the 
unsymmetrical infeed leads to a disproportionate increase of 
the voltage in one phase which might exceed the limit. 
Besides the voltage effects which are in the focus of this 
paper, unsymmetrical infeed causes an increased loading of 
the neutral conductor and an increase of losses. In this paper, 
the focus is laid on reducing the unsymmetrical infeed in order 
to improve voltage profiles in LV networks since voltage rise 
is widely considered to be one of the most severe limitations 
of the hosting capacity of distribution networks [4]. 

Currently, distribution network planning and voltage band 
management are necessarily conservative due to the lack of 
detailed information [5] (e.g. simultaneity factor, connection 
phase of single-phase generators). One common assumption is 
to consider that single-phase generators are connected to the 

same phase due to the lack of information (worst-case). 
Without a profound knowledge of the actual network 
situation, these assumptions can however not be relieved. Any 
improvement in this field shall enable to better use the existing 
infrastructure. 

II. UNDERSTANDING THE IMPACT OF UNSYMMETRICAL 

POWER INFEED 

The effect of unsymmetrical power infeed in LV networks 
has been investigated in [2] on the basis of simulations. The 
effect of neutral point displacement was shown on the basis of 
simulations with real network, load and generation data. While 
the voltage unbalance factor as defined in [3] was not 
exceeded in the considered case, a very high difference 
between the phase voltages at the end of the longest feeder 
was observed (about 10 %). Figure 1 shows as example the 
voltage profile on a real network with 47 PV installations 
(network from the demonstration project presented in [6]). 
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Figure 1 Exemplary voltage diagram for an unsymmetrical distribution of 
47 PV installations (42 single-phase)on the considered LV network 

Following the approach used in current connection rules 
for distributed energy resources (DER) the effect of the power 
infeed has been considered separately (loads are out of service 



in Figure 1). This figure shows that the unsymmetrical power 
infeed causes a voltage rise as expected, but also a voltage 
drop due to the neutral point displacement. In the considered 
case the highest voltage is reached on phase L3 of a feeder, 
which is not the longest in the network due to the distribution 
of the installations. Depending on the grounding conditions, 
the voltage rise caused by a single-phase generator is about six 
times greater than the voltage rise caused by a three-phase 
generator of the same power due to the additional voltage rise 
in the neutral conductor (factor 2). This means that the hosting 
capacity related to the voltage limitation is significantly 
affected by unsymmetrical power infeed in LV networks. 

In order to solve the overvoltage problems that might 
occur in LV networks with high PV penetration, various 
concepts have been considered in several research and 
demonstration projects [4][7][8]. Among the different 
concepts, the use of a Q(U) characteristic (reactive power 
consumption as a function of the voltage at the inverters’ 
terminal as specified in [9]) seems to be also suitable under 
unbalanced conditions: if the voltage is higher in one phase, 
inverters connected to this phase will consume more reactive 
power to reduce the voltage according to the Q(U) 
characteristic): by controlling phase voltages, single-phase 
inverters contribute de facto to unbalance mitigation. 
However, the single-phase reactive power consumption causes 
a neutral point displacement which affects the other two phase 
voltages. In some particular cases, this might lead to an 
additional increase or to an additional decrease of the voltage 
on another phase [2]. Figure 2 illustrates this phenomenon for 
a simple case: it shows the voltage diagram (voltage as a 
function of the distance on the feeder) for an imaginary feeder. 
The first inverter (closest to the transformer station) is 
connected to phase L1 and the second to phase L2; both 
operate in voltage control mode (Q(U)). 
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Figure 2 Voltage profile along a feeder with two PV generators with 
reactive power-based voltage control (first on L1 and second on L2) 

This figure shows that the voltage on phase L1 increases 
between node 1 and node 2 despite the absence of active 
power infeed on phase L1. This side-effect is due to the 
voltage change on the neutral conductor resulting from the 
reactive power flow by the second inverter. On the other hand, 
the voltage on the third phase (L3) is further decreased. This 
simple example shows control schemes taking into account a 
possible voltage unbalance (e.g. Q(U) control for each single-

phase inverter) are able to reduce the maximal voltage. 
However the actual benefit might be reduced due to the fact 
that the voltage on another phase which might be heavily 
loaded might be further decreased. 

In [10] a concept has been introduced to compensate the 
voltage unbalance with three-phase PV inverters. For this, the 
deviation between each phase voltage and the positive 
sequence voltage is used as input to a controller. The output of 
the controller modifies the inverter operation point by 
increasing the active current in phases in which the voltage is 
smaller than the positive sequence voltage.  

Having explained the challenges associated to voltage 
control under unbalanced conditions, the focus of the paper is 
laid on preventive measures to avoid higher levels of 
unsymmetry due to single-phase generators. 

III. SMART METERS FOR SMART NETWORK PLANNING 

Besides the metering-related functions smart meters can 
offer a broad variety of additional features for network 
planning and operation such as interruption detection and 
remote intervention, assistance for maintenance scheduling, 
regional load balancing, remote control and power quality 
monitoring. As previously mentioned, the network hosting 
capacity for distributed energy resources (DER) is often 
limited by the voltage rise caused on the distribution lines. 
Since the major part of the normative voltage band (EN 50160 
[2]) in the LV is foreseen for the voltage drop at maximum 
load, only a small part is available for the voltage rise caused 
by DER.  

In order to avoid using conservative assumptions for the 
network planning, information is needed. In this chapter, some 
solutions providing valuable information during the network 
planning process are presented. 

A. The Power Snap-Shot Analysis: a planning tool for smart 
grids 

With the deployment of smart meters, new possibilities are 
offered in terms of monitoring. In [11] and [12], a novel 
method for capturing synchronous network measurements 
(voltages, active and reactive power per phase) has been 
introduced (Power Snap-Shot Analysis - PSSA). Snapshots are 
triggered by the highest or lowest value of the configured 
criteria (voltage, current, unbalance, etc.). For the selected 
trigger timestamps the measured 1 second-values of active, 
reactive powers, voltages for each phase and load are 
requested from the meters and sent to the analysis 
environment at a central server (PSS Host). 

With the proposed concept, it is possible to gather 
thousands of snapshots helping in characterizing the 
considered LV network, quantifying the available network 
capacities, validating the network models in a simulation 
environment [13] or determining critical nodes for LV control 
concepts [14]. 

B. Using smart meters for determining the connection phase 

Currently, in case of problems such as the repeated 
disconnection of small PV generators due to the trip of the 
overvoltage protection, distribution network operators (DNO) 



may try to connect the generator on another phase. As 
previously explained a precise knowledge of the phase 
assignment would be very valuable for DNOs. Devices 
allowing the determination of the phasing are basically 
available [15]. They usually provide the phasing in relation to 
a reference phase thanks to a GPS-based time measurement. 
Since their use is time-consuming and the number of single-
phase PV generators can be very large in particular LV 
feeders, they can only be used to special purpose and are not 
suitable for determining the phase assignment on an area-wide 
basis. 

An important prerequisite of the PSSA is the knowledge of 
the phase assignment [11]. For this, a concept has been 
developed and implemented into the AMIS meters [11]. The 
principle of this concept is schematically explained on Figure 
3. 

 
Figure 3 Principle of the phase assignment 

In this concept a master meter is used as reference for all 
the other meters. In combination with the data concentrator, 
which is used in the smart meter infrastructure to gather and 
pre-process the meter measurements, the phase of all meters in 
the LV network can be determined in respect to the master 
meter. 

This function is also used by the so-called Express Grid 
Data Access (EGDA) which has newly been developed in the 
project DG DemoNet – Smart LV Grid [6] and allows 
collecting on demand voltages, currents, active and reactive 
power from all the meters in a LV feeder with a high sampling 
rate. With this function it is possible to get a full picture of the 
voltage profile and level of unbalance. This concept will be 
used to provide measurements to a controller, which can 
operate the on-load-tap-changer of a distribution transformer, 
or to send set-points to PV inverters [6]. 

In a first step, a probabilistic method which allows 
estimating the expectable voltage rise caused by a set of 
unsymmetrical generators will be introduced and illustrated 
with a real example. In a second step, the pareto principle will 
be applied to the optimization of an existing LV network with 
a high share of single-phase PV generators in order to 
decrease the voltage rise. 

IV. PROBABILISTIC VS. DETERMINISTIC QUANTIFICATION 

OF THE EXPECTABLE VOLTAGE RISE 

In this chapter, a real LV network with 47 PV generators 
(mostly single-phase) distributed over 11 feeders is used [6]. 
Since the phase assignment of these installations is unknown, 
a monte-carlo simulation is used to compute the voltage rise 
caused by all these installations. Indeed it is not possible to 
consider all the possible phase combinations (347=2.61021 
combinations). To compute the voltage rise, only the impact 
of the PV generation has been considered (generators and 
loads are considered separately in accordance with the current 
planning practices [9]). Current planning rules allow a voltage 
rise (increase of the voltage due to the power generation) of 
3 % in LV networks [9]. In order to compute the voltage rise, 
unbalanced power flow computations have been used together 
with a detailed network model with explicit neutral modeling 
and grounding. Details about the modeling can be found in 
[2]. The result of this computation is shown on Figure 4. 
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Figure 4 Cumulative probability distribution (cdf) of the voltage rise 
On this figure the cumulative distribution of the maximal 

voltage rise caused by all the PV generators is shown. Using a 
95 % percentile criterion would for example result in a voltage 
rise of about 7 %. However, the question of which percentile 
(or which confidence level) to use as a planning criterion in 
this determination of the maximal voltage rise is not straight 
forward to answer. While standards in the power quality area 
[2], [16] mainly uses a 95 % percentile, the nature of the 
problem is slightly different here. Even if large voltage rise 
values (in this example up to 9 %) due to the disadvantageous 
distribution of the infeed over the three phases are rather 
improbable, the effects would be recurrent (under low loading 
and nice weather conditions). 

When having the information about the phase assignment 
for each PV installation the DNO can determine the exact 
voltage rise caused by all the PV installations. By doing this, 
the available voltage band can be better used without 
jeopardizing the voltage quality (voltage level and unbalance). 



V. A NEW BALANCING CONCEPT FOR NETWORK WITH 

UNSYMMETRICAL POWER INFEED 

The concept proposed for balancing the PV generation is 
explained in the first sub-chapter, and application examples 
are provided in the following two ones. 

A. Pareto-efficient optimisation of LV feeders with monte-
carlo power flow calculations 

When considering an existing LV network or feeder with a 
high PV penetration in which overvoltage problems are feared 
of even observed, the main question is how to improve the 
situation (balance the PV power over the phases). Of course, 
the larger the number of installations for which the phase 
assignment can be changed, the better the situation can be 
improved. Since changing the phase assignment of PV 
installations supposes some significant manpower efforts (e.g. 
coordination between DNO personal, customers and PV 
installer), the number of phase assignment changes should be 
limited. In this context, applying the concept of pareto-
efficiency is interesting. According to this principle (also 
known as the 80–20 rule), roughly 80 % of the results can be 
achieved with 20 % of the efforts (numbers of course depend 
on the nature of the problem).  

Optimizing the distribution of the unsymmetrical infeed is 
rather complex due to the non-linearity and coupling of the 
system (phases influence each other due to the voltage 
drop/rise on the neutral conductor). For this reason, a monte-
carlo approach is proposed (see Figure 5). Starting from the 
status quo, the phase assignment is determined in a first step 
and the voltage rise is determined by an unbalanced power 
flow computation. Depending on the obtained voltage rise 
(compared to the worst and best case of Figure 4), the decision 
to balance the considered feeder or network can be taken. 

In a second step, a large number of computations are 
performed by randomly changing the phase assignment of an 
increasing number of generators randomly selected. For each 
number of allowed change of the phase assignment (e.g. 
NG=1:5), the best combination (smallest voltage rise) is stored. 
At the end of the process, a sorted list of improvements with 
increasing complexity is obtained (pareto curve). On the basis 
of this list, a decision can be taken. 

This procedure can be implemented at network level 
(including all the feeders below a distribution transformer 
station) or at feeder level. Since the effect of unsymmetrical 
power flows on the distribution transformer is expected to be 
low, this analysis can be applied in priority to the most critical 
feeders (long feeders with a high number of single-phase 
generators). 

The proposed concept can in addition be extended with 
PSSA data. In such a case, the combined effect of loads and 
generators can be properly considered. By performing the 
combined analysis of relevant Power Snap-Shots, the optimum 
can be approached by ensuring that the voltage band is 
decreased for all the PSS. For this, the concept of voltage 
range (difference between the maximum and the minimum 
voltage over the feeder or network) can be used. By analyzing 
the PSSA data, the times at which the highest voltage range 
occurs can be identified and considered in the computation. 

For this, the load and the generation data of these timestamps 
are gathered for the whole network and fed into the simulation 
environment thanks to a dedicated tool [13]. Next, for each 
timestamp an unbalanced power flow computation is executed 
in the frame of a monte-carlo analysis to identify phase 
connection changes to decrease the voltage range and relieve 
part of the voltage band. The algorithm used to determine the 
optimum is shortly summarized below (details to improve the 
performance and to handle complex networks with two and 
three-phase generators are not shown): 

NPSS number of Power Snap-Shot (e.g. 100) 
NG number of generators for which the phase 

connection might be changed (e.g. 5) 
NMC number of MonteCarlo trials (e.g. 1000) 
for k = 1: NPSS 

u(k)] = getVoltageBand() 
end 
for i = 1:NG 

for j = 1: NMC 

[Gi] = RandomGenSelect(NG) 
[i] = RandomPhaseSelect([Gi]) 
for k = 1: NPSS 

setGenPhase(Gi,i) 
u_actual(k)] = getVoltageBand() 

end 
if [u_actual] < [u] 

u] = [u_actual] 
save Gi 
save i 

end 
end 

end 

Network information
- network data
- PV data (power, location) 

Phase determination &
voltage rise computation
(status quo)

Pareto-efficient optimisation 
(monte-carlo power flow 
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Optimised phase distribution 
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Figure 5 Flow chart of the pareto-efficient balancing 

Alternatively, the phase assignment can be changed in 
connection cabinets instead of changing the phase of 
connection of the generator at the point of connection (usually 



the meter cabinet). This has the advantage that the changes can 
be done without accessing the house installation, and that 
unsymmetrical power flows caused by the non-uniform 
distribution of loads can also be balanced. By doing this not 
only the highest but also the lowest voltage in the network 
must be considered as previously explained. 

B. Case study: balancing concept to reduce the voltage rise 
caused by single-phase PV generators 

The results of these computations for the considered 
network are shown on Figure 6. As previously explained only 
the PV generation has been considered in order to compute the 
voltage rise. This figure shows that by changing the phase 
assignment in one installation only (on the basis of a set of 
500 trials), a reduction of the voltage rise of more than 1 % 
can be achieved. By changing the phase assignment in three 
installations, a reduction of the voltage rise of 2 % can be 
achieved. Figure 7 shows the pareto curve corresponding to 
this minimization, where it can be clearly seen that the major 
improvement are already reached with few changes of the 
connection phase. 
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Figure 6 Pareto-efficient minimisation of the voltage rise (to five changes) 
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Figure 7 Pareto curve (minimisation of the voltage rise for up to five 
changes) 

C. Case study: balancing concept to optimise the voltage 
profile of a LV network with Power Snap-Shots data 

In the previous case study, the loads were not considered. 
However, when considering a LV network or feeder, the most 
challenging situation corresponds to situations with high 
voltage range (difference between maximal and minimal 
voltage). In this case study measured time series (1 minute 
average active and reactive power per phase1) for 18 
characteristic days were used (combinations of: winter / 
summer – Monday / Friday / Sunday – cloudy / variable / 
sunny) for the same network as previously used (chapter IV). 
On the basis of the measured profiles the most challenging 
timestamps (highest voltage range) have been identified 
(Power Snap-Shots) and the proposed concept has been used 
(see previous chapter). Figure 8 shows the initial voltage 
profile for a selected Power Snap-Shot and for a particular 
feeder with high voltage range. 
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Figure 8 Initial voltage profile for the PSS with the highest voltage range 

Figure 9 shows the voltage profile after a suggested 
change of phase assignment for only one installation (change 
from phase L1 to phase L3). 
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Figure 9 Optimized voltage profile for the PSS with the highest voltage 
range 

                                                           
1 data generated in the research project “ADRES-CONCEPT” 
funded by the Austrian Climate and Energy Fund and 
performed under the program “Energie der Zukunft” 



A comparison of the voltage profile with the initial profile 
shows that the voltage range can be reduced by about 2%. In 
this case the maximal voltage was decreased and the minimal 
voltage was increased. However, the proposed modification of 
the phase connection could result in a higher voltage range for 
other Power Snap-Shots. Therefore the simulation of the 18 
days was repeated after the change of the phase connection at 
the proposed installation and the results were analyzed. 

The effects of the phase assignment change during the year 
were estimated by weighting the voltage range of the 18 
simulated days to reflect daily and seasonal effects. Figure 10 
shows the boxplots the voltage range before and after the 
optimization (with the 0 %, 2.5 %, 50 %, 97.5 % and 100 % 
percentiles). The comparison between the highest voltages 
range in the initial case and the optimized case shows a 
reduction of almost 1 % (less than the 2 % obtained previously 
for the mentioned reason). The 97.5 percentile was decreased 
by more than 0.6 %.  
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Figure 10 Voltage range before and after phase change 

VI. CONCLUSION 

By having a better knowledge of the actual network status, 
low voltage networks can be significantly better used by 
relieving some of the conservative assumptions. With the 
area-wide rollout of smart meters which can be seen as 
distributed measurement devices, new tools can be developed 
for the planning and operation of smart grids. In this paper, a 
novel concept for optimizing the distribution of photovoltaic 
generation has been introduced. This smart meter use case 
allows enhancing the hosting capacity of existing network. 
The proposed concept uses monte-carlo trials and the pareto 
principle to propose a reduced set of changes of the 
connection phase at selected generators. This method allows 
identifying the most effective changes while limiting the 
necessary efforts. The phase information which is necessary 
for the optimization is provided by smart meters. In addition, 
the use of Power Snap-Shots allows considering the loads in 
the optimization by ensuring that the voltage profiles are 
improved under various conditions. Instead of performing the 
phase change directly in house installations the change might 
be done in connection cabinets. This solution is particularly 
relevant for countries with widespread single-phase 
connection for normal households (e.g. France, Spain, Italy) 

and is in practice easier to implement since all the changes are 
done at the network side. Besides the benefits in terms of 
voltage band usage, a decrease of the losses can be expected 
from balancing the network. 
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