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ABSTRACT 
This paper discusses harmonics in low-voltage networks 
in the context of the increasing amounts of PV connected 
to such networks. A general overview is given of emission 
from PV inverters. Emission at “classical harmonics” is 
lower than for other low-voltage installations but higher 
at “non-classical harmonics”. Preliminary results are 
shown for a measurement campaign mapping the margin 
available before harmonic limits are reached. It is further 
shown that more than a certain fraction of customers with 
PV will reduce the resonant frequency of the low-voltage 
grid. The paper concludes with a discussion on how to 
approach the harmonic issue at low voltage with PV. 

INTRODUCTION 
The term waveform distortion refers to the deviation of the 
voltage and current waveform from an (ideal) sinewave. 
This distortion is always present and comes in three forms: 
harmonics, interharmonics and supraharmonics (2 kHz to 
150 kHz). Waveform distortion in the low-voltage network 
is to a large part due to power-electronic converters 
connected to the grid. The power-electronic inverters that 
are part of photovoltaic installations (PVs) are therefore 
also expected to contribute to the waveform distortion 
[1][2][3]. 
Two different types of impact of PV on waveform 
distortion in the low-voltage network should be 
considered: emission and propagation. 
The harmonic emission from PV is relative small. The 
emission cannot be neglected and it will result in an 
increase of the total emission from domestic customers, 
especially during daytime. Nevertheless, the main 
emission from domestic customers will likely remain the 
evening peak and this peak is not expected to increase 
much due to PV. 
PV inverters are also equipped with so-called “EMI filters” 
that have a capacitive behaviour for harmonic frequencies. 
This capacitance adds to the capacitance that is already 
present in the low-voltage network with a downward shift 
of the resonant frequency as a result. Estimated 
calculations presented in this paper, show that this 
downward shift could result in an amplification of 
harmonic voltages. At the same time, voltage distortion 
above the new resonant frequency is expected to decrease. 
Calculation of the exact input of PV on harmonic distortion 
is straightforward once data on emission, aggregation and 
impedance are available. However, all three are in practice 
unknown and not obvious to predict for future devices. The 
problem is not primarily in the impedance of the actual 

grid, but in the representative impedance of low-voltage 
customers at harmonic frequencies. 
The paper will also show the results of a small 
measurement campaign that estimates the margin available 
for the harmonic voltage to increase before it reaches 
unacceptable levels. The measurement results show a 
significant margin for most harmonics at most locations. 
The frequency range 2 kHz to 150 kHz has recently 
attracted attention because of the increased emission in this 
range. The inverters with PV are such a source with 
emission around 4 kHz and around 16 kHz being very 
common. Predicting the supraharmonic distortion levels in 
the future grid is even more complicated than for 
harmonics: the impedances are even less understood and 
known; emission is strongly impacted by the presence of 
nearby equipment.  
The paper will conclude with some general thoughts on 
how to manage the risks associated with the various 
uncertainties concerning PV and waveform distortion. The 
main conclusion is that it is very important to consider 
waveform distortion, but on a network level and not on an 
installation level. 

INDIVIDUAL INSTALLATIONS 

Classical harmonics 
The harmonics that are highest in the low-voltage network, 
with the network users, are in the majority of cases the 
low-order odd harmonics: 3, 5, 7, 9, etc. The emission of 
most existing equipment is also highest at these “classical 
harmonics”.  
The emission of PV installations is relatively small for 
classical harmonics. The emission cannot be neglected, but 
it is smaller than the emission of the rest of a domestic 
installation during the evening peak. The total emission 
may see an increase during the hours around noon when 
domestic emission is typically small, but the daily 
emission peak will remain in the evening and not show any 
increase [4][5][6][7][8]. For offices, factories and 
commercial buildings, where peak consumption typically 
occurs during working hours, the harmonic emission due 
to PV is more likely to result in an increase in the highest 
emission levels.  
Another development worth mentioning here is that 
emission of classical harmonics is showing a decreasing 
trend, partly driven by harmonic emission limits that are in 
place in many countries, but also in part by developments 
in power electronics [7]. This reduction in emission could 
compensate, partly or completely, the additional emission 
from PV installations.  
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Even harmonics 
Whereas the before-mentioned classical harmonics receive 
a lot of attention, the emission at even harmonic 
frequencies receives almost no attention. High levels of 
even harmonic emission are for example shown for a 1-
MW solar park in Sweden [9] and in measurements done 
by our group for a similar-size park in Spain. The spectrum 
for the latter park is shown in Figure 1. Both odd and even 
harmonics show relatively high values. 
The measurements were performed on LV side of a 
dedicated MV/LV transformer. The absolute value of the 
voltage distortion is relatively high due to the large 
impedance of the transformer, especially at higher 
frequencies. It can however be concluded that the highest 
emission at even harmonic frequencies is similar to the 
highest emission at neighbouring odd harmonic 
frequencies. 

 
Figure 1. Harmonic voltage spectrum at the terminals of a 100-kVA 
inverter part of a 1.5 MW solar park in Spain. The three colours with each 
harmonic order refer to the three phase-to-neutral voltages.  

The presence of even harmonics, and its relation with 
shading, is shown in [10] for a 20-kW inverter. The 
relatively high level of even harmonic emission, especially 
the second harmonic is shown in [11] for a 400-W inverter. 
High levels of even harmonic 18 to 38 with a 100-kW 
installation were shown in [12]. Neither of these studies 
was specifically directed to even harmonics and limited 
insight in the origin of these harmonics has been obtained 
[5]. 

Interharmonics 
A number of research groups actively study interharmonic 
emission in general and hence also from PV installations. 
Emission of interharmonics from PV installations is shown 
among others in [5][13][14][15][16] and there is general 
understanding that interharmonic emission cannot be 
neglected. The emission appears to be different for 
different installations and to have a strong relation to the 
injected power. Several studies indicate that interharmonic 
emission takes place especially during periods of low 
power production, but other mechanisms have also been 
reported in the literature. 

Supraharmonics 
The term supraharmonics is used to refer to waveform 
distortion in the frequency range between 2 kHz and 
150 kHz. Emission in this frequency is getting broad 
attention (see [17] for an overview of the state of the art) 
and emission in this frequency band has been observed 
from a range of equipment in many studies. Although the 
discussion about the severity of emission in this frequency 
range is ongoing, interference due to supraharmonics is 
reported by many published and non-published sources. 
That the voltage distortion in this frequency cannot be 
neglected is shown in [18] by gathering publicly-available 
results from power-quality monitors in the US and in 
Europe. 
Concerning PV installations, the main source of emission 
in the supraharmonic range is due to the switching 
frequency of the inverters. This frequency is typically in 
the range between a few kHz and 20 kHz (see [4] and [7] 
for overviews).  
Predicting the supraharmonic distortion levels in the future 
grid is even more difficult than for harmonics: the 
impedances are even less understood and known; emission 
is strongly impacted by the presence of nearby equipment 
and no method exists yet that is able to predict which levels 
can be expected.  

MULTIPLE INSTALLATIONS 

Basic Aggregation Models 
The aggregation of the emission from multiple sources of 
harmonics is in theory straightforward. Giving the 
emission 𝐼𝐼𝑠𝑠 from 𝑁𝑁 individual sources, the voltage 
distortion 𝑈𝑈𝑘𝑘 at a location 𝑘𝑘 is obtained from the 
summation of the emissions, weighted by the relevant 
element of the transfer-impedance matrix: 

𝑈𝑈𝑘𝑘 = �𝑍𝑍𝑘𝑘𝑠𝑠 ⋅ 𝐼𝐼𝑠𝑠

𝑁𝑁

𝑠𝑠=1

 (1) 

Here it is assumed that the emission can be modelled as a 
current source, with appropriate impedance incorporated 
in the transfer-impedance matrix. Similar expression can 
be obtained when the emission is modelled as a voltage 
source. 

Practical Aggregation Models 
The situation in practice gets much more complicated than 
suggested to (1), for a number of reasons. The main 
reasons are: 
 The emission from individual sources varies strongly 

with time (both in amplitude and phase angle) and 
these time variations are typically different for 
different PV inverters. Variations are partly related to 
variations in solar-power production and partly 
independent of these, i.e. even for a given production 
the emission may still vary with time. The aggregation 
exponents suggested in IEC 61000-3-6 for planning 
purposes are often used to model the different 

Harmonic order
105 15 20 25 30 35 40

Ha
rm

on
ic

 v
ol

ta
ge

 (%
 o

f n
om

in
al

)

0.5

1.0

1.5

2.0



 25th International Conference on Electricity Distribution Madrid, 3-6 June 2019 
 

Paper n° 404 
 

 

CIRED 2019  3/5 

variations and the way they impact the aggregation of 
a high percentile of the magnitude of the harmonic 
current. This is mainly for lack of a better model. 

 To calculate the elements of the transfer-impedance 
matrix, details are needed of the impedance of the 
customer installation at the harmonic frequency of 
interest. Very little information is available on this, 
but it is general assumed that this impedance shows 
variations with time and is different for different 
customers. 

 Even if all the data would be known for existing 
equipment, there is no way in which emission, 
aggregation and impedance can be known for future 
equipment. 

Stochastic approaches 
The use of general stochastic approaches to study power-
quality phenomena is promoted by several researchers and 
some early studies have been performed using stochastic 
methods to cover the different uncertainties, for example 
[8] [18][19][20][21][22][23][24]. Unbalance due to single-
phase-connected equipment is the disturbance type that is 
most often addressed using a stochastic method. The 
approach developed in [20] for unbalance has been 
extended and applied for harmonics due to single-phase 
connected solar power in [8][24]. The following 
conclusions are drawn from that study: 
 Increasing amounts of rooftop solar power will result 

in a shift of the resonant frequency to lower values. 
 The uncertainty in impedance for low-voltage 

installations makes that the source and transfer 
impedance can possess a wide range of frequencies, 
especially in the frequency range above a few hundred 
Hertz. An example of the change in resonant 
frequency is shown in Figure 2. The presence of 
rooftop PV clearly shifts the resonance to lower 
frequency. 

The impact of solar power on the resonant frequency will 
be discussed in more detail in a later section. 

 
Figure 3. Input impedance (at the customer location) and transfer 
impedance (between two customer locations) for an example network 
without (top) and with (bottom) significant amounts of rooftop PV. The 
grey area gives the uncertainty in impedance because the uncertainty in 
impedance of a customer installation [24]. 

AVAILABLE MARGINS 
To be able to estimate the hosting-capacity with respect to 
harmonic distortion, information is needed on existing 
levels of harmonic voltage distortion. This information is 
not always readily available for the low-voltage network 
close to the customer equipment. 
An informal survey has been done aimed at collecting 
harmonic voltage spectra from many locations in different 
countries. The measurements are done at the wall-outlet; 
this is the harmonic distortion to which equipment will be 
exposed. All measurements took place for a period 
between one hour and one day and all took place during 
2017 or 2018. More details and results of the survey are 
presented in [25]. For each location, the highest 10-minute 
values for each harmonic frequency were obtained from 
the data. Results for 92 locations in Sweden are shown in 
3. The measurement locations were distributed as follows: 
 domestic customers, apartments and (semi)detached 

homes: 11 
 hotel rooms, meeting rooms in smaller hotels: 13 
 office rooms, meeting rooms in office buildings, 

meetings rooms in hotels with a large conference 
facility, and universities: 18 

 airports, railway stations, hospital, museum, boat 
terminals: 10 

 restaurants and cafes: 40 

 
Figure 3. Boxplot of the existing levels of harmonics at 92 locations in 
the low-voltage grid in Sweden. Triangels and circles indicate the limits 
according to EN 50160 and IEC 61000-2-2, respectively. 

Most of the measurement locations used to obtain Figure 
2 were in urban areas, but a closer look at the data did not 
show a clear difference in harmonic levels between rural 
and urban locations. The general observation from the 
figure is that there is a significant margin between existing 
levels and the limits. The exception are harmonics 9, 15 
and 21. The limits are already exceeded for some locations 
with harmonics 9 and 15, making that the hosting capacity 
for PV would be zero unless PV inverters would be able to 
reduce the voltage distortion. For harmonic 21, the margin 
is small at some of the locations. The limits in EN 50160 
for harmonics 15 and 21 are currently under review and an 
increase of those limits to 1.0% and 0.75%, respectively, 
has been proposed. 
From the survey, it was found that high levels for the ninth 
harmonic occurred especially in office buildings. Adding 
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the emission from PV installations could result in a further 
increase of voltage distortion as the emission from PV and 
from office equipment will occur over similar parts of the 
day. 

RESONANT FREQUENCIES 
The resonant frequency of a low-voltage grid is mainly 
determined by the inductance of the distribution 
transformer and by the capacitance of the customer 
installations. The inductance of the distribution 
transformer is: 

𝐿𝐿 = 𝜖𝜖𝑡𝑡 ⋅
𝑈𝑈02

𝑆𝑆𝑡𝑡 ⋅ 𝜔𝜔0
 (2) 

Where 𝜖𝜖𝑡𝑡 is the impedance of the distribution transformer 
at a base equal to the transformer rating 𝑆𝑆𝑡𝑡, 𝜔𝜔0 is the 
nominal angular frequency (2𝜋𝜋 ⋅ 50 Hz), and 𝑈𝑈0 the 
nominal voltage (230 V). 
The capacitance of all the customer installations connected 
to the low-voltage grid is: 

𝐶𝐶 = 𝑁𝑁𝑐𝑐 ⋅ 𝐶𝐶0 + 𝑁𝑁𝑃𝑃𝑃𝑃 ⋅ 𝐶𝐶𝑃𝑃𝑃𝑃 (3) 

With 𝑁𝑁𝑐𝑐 the number of customers with average 
capacitance 𝐶𝐶0 per customer; 𝑁𝑁𝑃𝑃𝑃𝑃 the number of PV 
installations with average capacitance 𝐶𝐶𝑃𝑃𝑃𝑃 per installation. 
Combining (2) and (3) gives the following expression for 
the resonant frequency 

𝑓𝑓𝑟𝑟 =
1

2𝜋𝜋�
𝜔𝜔0

𝜖𝜖𝑡𝑡𝑈𝑈02
⋅ �

�𝑆𝑆𝑡𝑡 𝑁𝑁𝑐𝑐� �

𝐶𝐶0
⋅

1

�1 + 𝑁𝑁𝑃𝑃𝑃𝑃
𝑁𝑁𝑐𝑐

⋅ 𝐶𝐶𝑃𝑃𝑃𝑃𝐶𝐶0

 (4) 

The first factor in (4) is a constant for a given nominal 
voltage and frequency and a given per-unit transformer 
impedance. The latter is not varying much for distribution 
transformers.  
The second factor shows what impacts the resonant 
frequency for the case without PV. The ratio 𝑆𝑆𝑡𝑡 𝑁𝑁𝑐𝑐⁄  is the 
transformer rating per customer. The value is highest for 
rural areas where there could be just a few customers per 
transformer. The value is highest for urban areas and 
customers without electric heating. The capacitance per 
customer is likely to be similar for urban and rural 
customers, but as mentioned before very little is known 
about this. 
Expression (4), with 𝑁𝑁𝑃𝑃𝑃𝑃 = 0, and 4.5% transformer 
impedance, can be reformulated as 

𝑓𝑓𝑟𝑟 = �
𝜎𝜎
𝛾𝛾

× 1830 Hz (5) 

 Where 𝜎𝜎 is the transformer rating per customer in kVA 
and 𝛾𝛾 the capacitance per customer in µF. Values of 0.5 to 
10 µF/customer are reported [24]. For a rural network with 
15 kVA transformer rating per customer, the resonant 

frequency is expected in the range between 2 kHz and 10 
kHz. For the other extreme: an urban network with 1 kVA 
transformer rating per customer, the resonant frequency is 
expected in the range between 600 Hz and 2.6 kHz.  
The third factor gives the impact of PV on the resonant 
frequency. Here, 𝑁𝑁𝑃𝑃𝑃𝑃 𝑁𝑁𝑐𝑐⁄  is the fraction of customers with 
PV. The impact of PV on the resonant frequency is small 
as long as: 

𝑁𝑁𝑃𝑃𝑃𝑃
𝑁𝑁𝑐𝑐

≪
𝐶𝐶0
𝐶𝐶𝑃𝑃𝑃𝑃

 (6) 

Expression (4) also shows that the relative impact of PV 
on the resonant frequency is independent of the resonant 
frequency without PV. For the same fraction of customers 
with PV, the percentage reduction in resonant frequency is 
the same for rural as for urban networks. 
The capacitance of PV inverters, as reported in the 
literature, varies between 5 and 20 µF per installation, but 
different sources do give contradictory information on this. 
The ratio on the right-hand side of (6) could thus vary over 
a wide range: between 0.025 and 2. Considering the 
geometric average of 0.22, the resonant frequency reduces 
by 25% when 17% of the customers have a PV installation. 
All the above calculations assume that the values are all 
known; this is rarely the case. Stochastic methods are 
needed to cover the uncertainty and to give values for 
example to assess the risk that the resonant frequency 
reaches a major harmonic frequency. 

DISCUSSION 
The general conclusion from the studies summarized in 
this paper is that waveform distortion should be considered 
and that studies are needed. Nevertheless, that does not 
imply that studies are needed for every PV installation that 
is connected and not even for every LV network. Too 
many uncertainties remain to obtain reasonable results that 
can be interpreted and used for planning of mitigation 
measures. 
The emission per installation is of such level that strict 
emission limits do not appear to be needed at this stage. 
Such could result in higher costs and other unintended 
consequences like increased complexity and lower 
reliability of the inverters.  
An alternative, and more recommended, approach is to 
monitor the harmonic distortion in a range of low-voltage 
networks and to keep track of the developments. Simple 
rules of thumb like presented in this paper can be used as 
a guidance with this monitoring. 
Next to the continuous and wide-scale monitoring, general 
studies, mainly of a stochastic nature, are needed to 
address the risks of high harmonic voltage and current 
distortion in different low-voltage networks. Studies are 
also needed to obtain more information on the impedance 
of customer installations and PV installations for harmonic 
and interharmonic frequencies. 
During the monitoring, special emphasis should be put on 
even harmonics and interharmonics in low-voltage 
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networks with PV installations. 
For supraharmonics, the situation is even more uncertain. 
Expressions like (4) do not exist at those frequencies and 
even the presence of neighbouring devices can have a big 
impact on emission and propagation of supraharmonics. 

CONCLUSIONS 
Waveform distortion (harmonics, interharmonics, and 
supraharmonics) should be considered and studies are 
needed when connecting large amounts of PV to the low-
voltage network. 
There is no need to place strict requirements on harmonic 
emission from small PV installations or to do studies on 
their impact on the waveform distortion with every new 
installations. 
Instead, general studies and monitoring of harmonics are 
needed and a sufficient widespread knowledge should be 
guaranteed on causes, propagation and mitigation against 
waveform distortion. This holds for the “classical 
harmonics” (3, 5, 7, etc.), for even harmonics, for 
interharmonics and for supraharmonics. 
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