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Abstract 
This thesis work has focused on conducted emission (up to 150 kHz) from common low-
voltage appliances. The emphasis has been on equipment that contributes to a sustainable 
energy system: photovoltaic (PV) installations and energy-saving lamps (LED lamps).  The 
frequency components present in the grid in addition to the fundamental 50 Hz component 
can be divided into harmonics (up to 2 kHz in a 50 Hz system) and supraharmonics (2 kHz 
to 150 kHz). These frequency components are partly the effect of normal operation of 
equipment due to power-electronic converters and the switching technique used. Power 
line communication, PLC, is an important source of frequency components in the range 9 
to 95 kHz. Even though from an equipment viewpoint there is no difference between a 
signal used for communication and a signal that is a residue from a switching circuit, PLC 
is a useful signal for operation of the grid and for communication with electricity meters. 
The amplitude of the communication signal is in in almost all cases higher than the 
emission from any other equipment connected to the grid.

Understanding the different types of interaction between PLC and end-user equipment has 
been a major part of this work. Five types of interaction have been identified; some 
negative for PLC, some negative for end-user equipment. An important conclusion from 
this part of the work is that loss of communication with PLC, as is often reported with 
remote reading of electricity meters, is not due to emission by end-user equipment but due 
to the EMC filter of the end-user equipment providing a low-impedance path. The 
understandings acquired from the work with PLC have been applied to other types of 
emission as well. Supraharmonics from individual devices, above about 10 kHz, flow 
mainly to neighboring devices, not into the grid. This behavior was found by laboratory 
experiments and confirmed by other studies as well. A circuit-theory model has been 
developed that explains this behavior. The EMC filters are shown to be the main cause of 
this behavior. Other configurations of those filters may result in a larger flow of emission 
towards the grid.

One type of appliance that has been introduced recently is the LED lamp. LED lamps come 
in different designs with different emission spectra. A possible distinction is between 
lamps with high levels of low-order harmonics (up to a few 100 Hz) and those with high 
levels of supraharmonics. Restricting the emission in the lower frequency range, through 
standardization, could result in higher distortion levels at higher frequencies. Replacement 
of incandescent lamps by CLF and LED lamps is not expected to result in a noticeable 
increase in harmonic voltage and current levels in the grid. This has been shown through 
several laboratory experiments and field experiments.

Emission from PV inverters is low at low-order harmonics, this have been shown by a 
number of measurements both on single phase connected installations, so called rooftop 
installations and larger, three phase connected installations (20 kW). In addition to 
emission in the low frequency range, PV inverters emit at their switching frequency, e.g. 
around 16 kHz. The emission at this frequency is shown to vary by a factor of 5 or more, 
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depending on the presence of neighboring equipment. This was shown by measurements
and has been explained by a circuit-theory model.

This thesis work has resulted in further understanding on the emission from PV panels and 
energy-saving lamps and on the propagation of conducted emission from common 
household appliances. This work is an important contribution to the research on distortion 
of voltage and current in the frequency range 2 to 150 kHz.
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1 Introduction 
With a growing interest in moving towards a more sustainable society there is also a need 
for a sustainable energy system. This includes an increasing amount of power generation 
from renewable sources like wind and sun, a further shift to electricity as an energy carrier, 
but also a reduction in electric power consumption for existing applications. Roof-top 
installed photovoltaic (PV), electric vehicles and LED-lamps are all examples of 
equipment that are believed to be a necessary part of a sustainable energy system.   

1.1 Motivation of the work 
There are many obvious advantages with the use of energy saving lamps and with 
converting solar radiation to electricity. However, the effects on the power system need to 
be studied so that any adverse effect does not hinder the introduction of such products. 
Different impacts of solar power and other types of distributed generation are studied in 
many publications, as well as methods to solve any negative impacts; see [1-7] for an 
overview.

The impact of new equipment on the power quality has been underexposed in the recent 
literature. Knowledge on waveform distortion related to low voltage equipment and 
especially emission in the frequency range between 2 kHz and 150 kHz is lacking.

From a power quality viewpoint waveform distortion is one issue associated with devices 
equipped with an electronic interface to the grid (like LEDs and PV installations). The 
majority of new devices are equipped with such an interface, so that there is a concern for 
increased waveform distortion due to their large-scale introduction. It is important to study 
the impact of this on the voltage and current distortion in the grid. The concern has mainly 
been for lower-order odd harmonics, the frequency components that are currently 
dominating in the grid. However also emission limits for higher frequencies are being 
discussed in different standardization groups. 

When new products are introduced on the market in the European Union they have to 
comply with the CE-marking, meaning that the manufacturer confirms that the product is 
safe and complies with relevant standards. There is a lack of standardised tests and a lack 
of knowledge on emission, immunity, and compatibility in the frequency range 2 to 150 
kHz. In those cases that standard tests exist, the equipment is tested one at a time and in a 
controlled environment that can differ a lot from the environment that equipment meets 
when connected in an actual installation. Also the propagation of distortion in this 
frequency range is ill understood. When setting new standards for low voltage equipment it 
is essential that they are based on realistic conditions. For that reason it is important to do 
measurements not only in completely controlled environments but also in situ.  



Introduction

2

1.2 Scope 
The work presented in this thesis is limited to low voltage networks and equipment. Three 
main areas will be discussed with regard to this; harmonic emission up to 2 kHz, 
supraharmonic emission between 2 kHz and 150 kHz and power line communication
between 9 and 95 kHz. Harmonic emission based on measurements on individual devices 
and installations both in the laboratory and in the field has been analyzed. Focus has been 
on the introduction of LED lamps and roof-top installed photovoltaic. Supraharmonic 
emission has been studied, again focusing on the aforementioned devices. As a part of the 
supraharmonic range the behavior of power line communication used for automated meter 
reading in the frequency range 9 kHz to 95 kHz has been studied. Results obtained from 
numerous experiments in the laboratory as well measurements in the field have been the 
basis for the thesis.

A simplified model has been developed for common low-voltage equipment. Using this 
model, it has been possible to reproduce the measurement results on propagation of 
supraharmonic emission.

1.3 Contributions 
Focus in this work has been on conducted emission in the low voltage network. Through 
measurements both in a controlled environment and in real installation have several aspects 
of emission from low voltage equipment have been identified.  A model has been made 
that supports those findings. The thesis covers three main areas: Harmonic emission up to 
2 kHz, supraharmonics between 2 kHz and 150 kHz and power line communication 
between 9 kHz and 95 kHz. Moreover a division between individual loads and an 
installation of mixed loads have been made.

1.3.1 Harmonics 
Lamps using light emitting diodes (LED lamps) come in different designs with different 
emission spectra. Most LED lamps on the market in Sweden have a very similar spectrum 
to compact fluorescent lamps (CFLs). Smaller lamps (below 2 W) often have a capacitive 
character. Controlled experiments in the laboratory indicate an increase of harmonic 
emission from mixed load containing LED lamps together with common household
equipment. However aggregation effects make that increase small. The amplitude of the 
fundamental current is small for these devices. Thus even a highly distorted waveform 
does not inject much harmonic emission in absolute value. Field measurements (hotel and 
12 houses) show different behaviour for different harmonics, phases and locations. It is 
therefore important to consider the emission from an installation as a whole rather than 
from individual devices. This should be done based not only from assumption on levels 
found through simulations. Measurements in real installations in the grid are needed to 
quantify the impact of any new equipment on the harmonic emission. The only general 
conclusion is that replacement of incandescent lamps by CLF and LED lamps is not 
expected to result in a large increase in harmonic voltage and current levels in the grid. 
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This also holds for the harmonic impact from PV installations. Field measurements shows 
that levels of current harmonics injected into the grid vary but are below the limits set by 
relevant standard in most cases. 

1.3.2 Supraharmonics 
The thesis shows that emission in the frequency range 2 to 150 kHz mainly flows between 
end-user equipment and only a small part of the emission will flow towards the grid. To
quantify the current at the interface of equipment it is necessary to make a distinction 
between primary emission and secondary emission. Primary emission is generated in the 
equipment and secondary emission is generated elsewhere and flows towards the 
equipment. Secondary emission can become substantial for supraharmonic frequencies due 
to low impedance seen from the grid side. It is shown in this thesis that secondary emission 
of supraharmonics in most cases cannot be neglected. The strong impact from secondary 
emission in many cases makes it important to not only consider individual devices but also 
mixed load situations. The same distinction between primary and secondary emission can 
be made for a complete installation.

Connected end-user equipment has been found to have a strong influence on the 
propagation of supraharmonic currents. This holds for power line communication as well 
as for emission from non-communicating equipment. Also the level of primary emission
from end-user equipment is shown to be dependent on the presence of neighboring 
equipment.

A simplified model of appliances has been introduced: a current source in parallel with a 
capacitor. It is shown that this model is able to reproduce the observations from the 
measurements on propagation of supraharmonics and interaction between equipment in the 
supraharmonic range. The simulations show that the aggregation effects are strongly 
related to the configuration of the EMC filter.

Moreover it has been shown that high levels of supraharmonic currents can have an 
adverse effect on the life time of electrolytic capacitors.

1.3.3 Power-line communication 
One of the main contributions of the thesis is an understanding of the different ways in 
which common low-voltage equipment can impact power line communication and vice 
versa. The topology used in an appliance and especially the capacitor on the grid side of 
the interface between the grid and the equipment has a dominating impact on the 
propagation of supraharmonic currents. This will influence the spread of emission between 
equipment and towards the grid as well as the propagation of a communication signal. The 
presence of a low-impedance path for power-line communication signals is shown to be a 
bigger concern than high primary emission at the communication frequency. 

1.4 Outline of the thesis 
The first chapter gives an overview of the low voltage equipment that is the focus of the 
thesis. The following chapter describes the harmonic distortion mathematically and also a 
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definition of terms used within the thesis is given. In chapter four and five, measurement 
results within the frequency range up to 2 kHz (chapter 4) and frequencies between 2 kHz 
and 150 kHz (chapter 5) are discussed. A model explaining the propagation of emission in 
the frequency range 2 kHz to 150 kHz is described in chapter six. Chapter seven gives an 
overview of possible interactions between power line communication and connected 
devices. Consequences of high levels of emission in the range between 2 kHz and 150 kHz 
are discussed in chapter eight. A summary of the conclusions is found in chapter nine and 
some words on future work in chapter ten.

1.5 Appended papers 

Paper I
Harmonic emission before and after changing to LED and CFL – Part I: Laboratory 
measurements for a domestic customer, in Harmonics and Quality of Power (ICHQP), 
2010 IEEE 14th International Conference On, 2010

Paper II
Harmonic emission before and after changing to LED and CFL – Part II: Field 
measurements for a hotel, in Harmonics and Quality of Power (ICHQP), 2010 IEEE 14th 
International Conference On, 2010

Paper III
Harmonic emission before and after changing to LED lamps – Field measurements for an 
urban area, in Harmonics and Quality of Power (ICHQP), 2012 IEEE 15th International 
Conference On, 2012

Paper IV
Total conducted emission from a customer in the frequency range 2 to 150 kHz with 
different types of lighting, in Proceedings of CIRED 21st International Conference on 
Electricity Distribution, Frankfurt, Germany, 2011

Paper V
A simple model for interaction between equipment at a frequency of some tens of kHz, in
Proceedings of CIRED 21st International Conference on Electricity Distribution, 
Frankfurt, Germany, 2011

Paper VI
Interaction between Narrowband power-line communication and end-user equipment, in
IEEE Transactions on Power Delivery, vol. 26, pp. 2034-2039, 2011.

Paper VII
Primary and secondary emission of a PV inverter in the frequency range 2 to 150 kHz
Submitted to International Journal of Electrical Power & Energy Systems

Paper VIII
Emission from small scale PV-installations on the low voltage grid
Submitted to The International Conference on Renewable Energies and Power Quality 
(ICREPQ'14), Cordoba, Spain
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2  Grid interface for low-voltage equipment 
Over the last decades there has been a change in the types of devices connected at the low 
voltage network.  Strive to reduce the use of electrical power has led to more energy 
efficient appliances. The most obvious example is the change from incandescent lamps to 
compact fluorescent lamps (CFLs) or light emitting diode (LEDs) lamps. The incandescent 
lamp acts like a resistor and the current drawn has the same waveform as the voltage 
feeding the lamp. Therefore, when the voltage is sinusoidal, the current is also sinusoidal.

The basic topology of a modern energy saving lamp is described in [8] and shown in 
Figure 1. As interface to the grid there is a diode rectifier bridge with a smoothing 
capacitor and behind that there are a filter and switching transistors. The use of switching 
transistors allows for a small and energy efficient device but they will also introduce 
residues from the switching frequency (typically some tens of kHz) into the grid [9-11].
The filter to improve electromagnetic compatibility (EMC filter) reduces these residues but 
it is not able to remove them completely under all circumstances.

Figure 1 Block diagram of a CFL.

The diode rectifier will result in high distortion of the current waveform for lower 
frequencies, with the spectrum being dominated by low-order odd harmonics [12-16].

A more recent shift in the grid interface for low-voltage equipment has been towards active 
converters. Using an active converter makes it possible to reduce harmonic emission at 
lower frequencies. This has led to a reduction of the emission at low-order odd harmonics 
for modern equipment. Measurements performed on large groups of computers over a 10-
year period clearly show this trend [17]. Also most fluorescent lamps above 25-Watt of 
power are equipped with so-called “active power factor correction” which strongly limits 
their emission of low-order odd harmonics. A detailed study of the emission from such 
lamps is presented in [12]. Many appliances like TVs and computers also use other types
of power factor correction which can lead to different harmonic spectra [18].

In order to cope with the EMC requirement many modern appliances are equipped with a 
filter as an interface to the grid. Contrary to the configuration for CFLs shown in Figure 1, 
the EMC filter for appliances with active converter is placed on the grid side of the diode 
rectifier. A typical EMC filter for a single phase device like a computer is shown in Figure 
2. An EMC filter is designed to reduce emission between 150 kHz and 30 MHz, this is 
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where emission limits are most strict. Limiting emission of equipment in this frequency 
range is a complicated practical process (see for example [19-21]) where the EMC filter is 
more like a last stage. However, for the studies described in this thesis, the EMC filter is 
the only part that has an impact.

The basic configuration of the EMC filter, as used in low-voltage equipment, is shown in 
Figure 2. The capacitor labeled CX is connected between phase and neutral on the grid side 
and is used to suppress differential mode noise. The CX capacitor will also decrease the 
impedance at supraharmonic frequencies as long as the filter is connected to the grid.

Figure 2 Typical EMC filter for a single phase load.

In addition to new appliances that are energy efficient there is also a growing interest 
among end-users to produce electricity with the use of smaller generators connected at 
distribution level. Roof-top installed photovoltaic is connected at the end-users premises 
and close to other connected equipment like electric vehicles and LED-lamps. The 
interaction between these different devices is important to investigate. It can result in 
unwanted situations with high levels of harmonics and even in tripping of equipment [22].
The use of a CX capacitor can further result in resonances that result in amplification of 
certain frequency components. This will be further discussed in chapter five.

2.1  Photovoltaic 
The use of solar panels is becoming more popular in Sweden but as of 2013 they are still 
not installed in large quantities. Scandinavia is not the most favorable place for solar power 
in Europe with insolation values around 1000 kWh/m2/year for a panel titled southwards at 
the optimal angle; compared to the south of Spain where one can find insolation values
above 1900 kWh/m2/year [2, 23]. This yield is achieved with a fixed photovoltaic panel at 
optimal inclination. It is however shown in [24] that even in the northern part of 
Scandinavia there can be substantial amounts of production from photovoltaic installations.

The impact from PV-plants on the power grid differs from that of other types of production 
typically found in Scandinavia. The variation in production happens on a much shorter 
time-scale for a PV-plant than for a hydro power plant. Several parameters impact the 
amount of power produced by a PV-installation at any given moment in time. Some 
parameters are predictable, like the location of the sun in the sky. Other parameters can be 
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predicted on a shorter time-scale, like, to a certain level, the amount of cloud coverage and 
the ambient temperature. 

The total irradiation that reaches the PV-module, and thereby making it produce power, 
consists of a number of contributions: direct irradiation, diffuse irradiation and reflected 
irradiation. The direct irradiation is the most intense radiation and directly hit the panels. 
The diffuse irradiation is radiation that is scattered as it hits clouds or other particles like 
smog. Some of the irradiation is reflected by the ground and one of the best reflectors is 
snow. Even though the direct irradiation can be somewhat predicted, one cloud passing the 
module can result in a rapid drop to zero for the direct irradiation and as a consequence 
also a big drop in production [2, 25]. Passing clouds can result in drops in power 
production within 2 to 20 seconds [26], but panels placed on neighboring houses will see a 
certain shift in this production drop that will smoothen the transition [26]. In [27] it is 
shown that for solar power plants connected to a distribution network covering a 10 km2 

area, the possible drop in capacity due to passing clouds is as high as 20 % within a few 
minutes. This will result in fast voltage variations that the system has to cope with. 

It is shown in paper VIII that the low order harmonic emission increases to a certain degree 
with a drop to low production.  A drop in power production due to passing clouds will be 
associated with an increase in harmonic levels in the distribution network [28].

The use of a two-axis tracking system is favorable in the northern part of Scandinavia as 
the sun-irradiation angle varies more than for instance in the southern part of Europe. As a 
consequence the yield from a system with two-axis tracking is substantially higher than 
from a fixed system of the same size. A study done in South Africa showed that two-axis 
tracking gives 25 to 40% more electrical energy than a fixed panel at the optimal angle
[29].

In [24] a project involving a 20 kW installation with 2-axis tracking is described in more 
detail. In Figure 3 the yield from two comparable systems is shown, an installation with 2-
axis tracking in the northern part of Sweden and a fixed installation in Greece. Even if the 
direct irradiation is lower in Scandinavia compared to Greece there are some other factors 
that contribute to rise the production levels in Scandinavia; the lower temperatures improve 
the efficiency of the cells and when using a proper tracking system the sunlight can be used 
during more hours, and moreover the reflections from the snow can be utilized. Except 
during the darkest time of the year (November through February) PV is a suitable 
complement for power production also in the northern parts of Scandinavia.
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Figure 3 Yield from two systems of equal size, one in Piteå Sweden (red) with two-axis tracking 
and one fixed system in Greece (blue). Data for Greece taken from solaredge.com.

The photovoltaic cell (PV cell) transforms sunlight to electric energy by converting the 
photonic energy to voltage across a junction similar to that of a classical p-n junction diode 
[3]. To connect the PV cell or array of cells to the grid, a DC/AC inverter is needed. 

The photovoltaic cells in the current market have an efficiency of approximate 13% which 
means that 7.7 m2 with PV cells will produce 1 kW power with maximum irradiation 
rectangular to the panel [30]. The maximum irradiation is assumed to be 1000 W/m2,
which is the direct irradiation with a clear sky when the sun is not too low in relation to the
horizon.

There are many power quality parameters to consider when connecting solar power to the 
grid.  In [2, 31, 32] several examples are given. Especially variations in voltage magnitude 
are studied in detail [33-36]. What impacts the harmonic emission into the grid is the 
inverter that is needed to connect the solar panels to the grid. The inverter converts the 
output dc current from the panels to ac current synchronized with the mains frequency. 
There are different topology solutions for the inverter, each with pros and cons [37]. Most 
inverters operate at unity power factor at high production and the harmonic emission as a 
percent of the fundamental current is low. In addition to the conducted emission at 
harmonic frequencies the inverter also injects current components at frequencies above 2 
kHz. This will be further discussed in chapter five.

2.2 LED Lamps 
With the phasing out of incandescent lamps the LED lamps became a popular substitute as 
a light source in our homes. The LED lamps in today’s market use a variety of topologies 
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that each impact the emission levels in its own way. In [11] different categories of 
topology were grouped into four different types as shown in section 4.2.1.

A large number of LED lamps found on the Swedish market were tested and the 
measurement results were the basis for the grouping. Contrary to CFLs, there is a wide 
variety in spectrum between individual lamps. This will result in cancellation between 
individual LED lamps, which will be advantageous for the grid. CFLs all have a very 
similar spectrum [38] with very little cancellation as a result.

Even though the LED lamps have been on the market for a number of years there are still 
developments ongoing and the diversity of technical solutions is greater than for example 
for the CFL. In the future, when the technology becomes more mature, the grid interfaces 
may become more similar with less cancellation between individual lamps as a result.

The absolute amplitude of the emission from a single LED lamp is low in most cases. 
However LED lamps are believed to be installed in large quantities and the total impact 
from an installation has to be considered. The low energy consumption of individual lamps 
is also likely to result in them being used during larger part of the time and even in more 
lamps being installed. This might further result in higher harmonic levels.

2.3 Smart meters, power line communication  
One essential part of the smart grid concept is the use of smart meters; meters that use 
electronic methods to determine the power consumption (contrary to the mechanical 
method used in Ferraris meters); and that are typically equipped with communication 
facilities to transmit the meter readings to the network operator or power company.

In Europe there is an ongoing rollout of smart meters and a large number of these meters 
will use power line communication (9 to 95 kHz) to transmit the meter readings. Power 
line communication will be used only for the distance between the power meter and a
receiver located near the distribution transformer. From here other types of communication 
(radio or via dedicated communication wires) will take over. 

The communication signals will also be visible in the voltage at the terminals of end-user 
equipment. From the equipment viewpoint there is no difference between a signal used for 
communication and a signal that is originates from another connected devices. However,
there are dissimilarities between PLC and emission from other devices; PLC is a useful 
signal that is intentionally injected into the grid and the amplitudes of the communication 
signal are in many cases higher than the emission from any other equipment that can be 
measured [39], therefore immunity levels have to be based on the magnitude of the PLC 
signals. In addition to immunity issues for end-user equipment connected the grid, the 
presence of costumer equipment should also not hinder the communication to succeed [40, 
41]. The frequencies used as well as the duration and instants when the signals are present 
are somewhat known as it can be controlled by the network operator that uses the wires as 
the communication media. 
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In Sweden, the change from manual meter reading at irregular intervals, to automatic 
remote meter reading at predefined instants was completed in July 2009 when it became 
mandatory for the utilities to bill according to the actual consumption once a month. In 
October 2012 all Swedish customers were given the right to hourly metering if they would 
require that for a price construction offer by the electricity retailer.  

The challenges to PLC are shown in a simplified way in Figure 4.  In addition to damping 
in the wires, the communication signal has to cope with other signals present at the grid 
which are in fact originated by connected equipment. The most detrimental interference to 
the communication is the shunting of the signal that occurs when a connected device offer 
a low impedance path at the communication frequency. 

Figure 4 Model of the communication channel (tx=transmitter; rx=receiver).

The permissible signal level for communication in this frequency range is defined in 
European standard EN 50065 [42]. In Figure 5 these allowable signal levels are shown as 
well as levels defined in EN 50160 [43] where it is stated that the three second average of 
the signal shall not exceed the values shown in Figure 5 during 99 % of a 24 hour period.

Cyclo-stationary
signals

Narrow band signals

rxtx Damping in wires +

+ Broad band signals

Shunting by 
connected end-user 
equipment
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Figure 5 Levels specified in EN 50065 and EN 50160 recalculated to root mean square values.
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3 Harmonic distortion 
The voltage and current waveforms in the power system are never exactly a sinusoidal 
waveform. The deviation from the sinusoidal waveform is referred to as “distortion”, 
“waveform distortion”, “harmonic distortion” or simply “harmonics”. Pure mathematically 
the term “harmonic” is used as a frequency component for a period signal that is an integer 
multiple of the fundamental frequency; where the fundamental frequency as one divided by 
the period of the signal. However in power systems, the term harmonic is used for 
frequency components that are a multiple integer of the power-system frequency (50 or 60 
Hz). The term is sometimes even used to refer to any non-power-system-frequency 
component. In this thesis, the power-system terminology will be used, although the 
mathematical formulation will be introduced first in Section 3.1 below.

The term emission refers to unwanted signals produced by devices connected to the power 
grid. The term “harmonic emission” refers to non-power-system-frequency components 
produced by such devices. In this thesis the common power-quality convention will be 
used in a way that only stationary phenomena are considered under the term harmonics. 
From a mathematical viewpoint, any change in magnitude or waveform of a signal will 
also create non-power-system-frequency components. This is in fact a serious issue in the 
analysis of power-quality measurements (see e.g, [13]). But such non-stationary 
phenomena (also known as “events”) will not be considered in this thesis.

In this chapter, the mathematic formulation of harmonics will be briefly described, 
followed by the formulation as used in power systems. Next the decomposition of a signal 
into its frequency components will be illustrated by means of a measured waveform. 
Finally, a number of definitions, used in the remained of the thesis, will be introduced.

3.1 The mathematical formulation 
A pure sine wave consists of one single frequency component, and in an ideal power 
system the only frequency component present would be the 50/60 Hz component used to 
transfer electrical energy at low losses. That is however never the case. There are different 
methods to analyze a waveform to extract information on which frequency components it 
consists of. One of the most straightforward methods is the Fourier transform and its 
equivalent for periodic signals: the Fourier series. The Fourier transform has many
mathematical applications, but in practical applications only the Fourier series is used. The 
Fourier transform requires an infinitely long measurement period. The Fourier series can 
be used as a tool to describe any periodic signal (for instance the voltage in the power 
system) as a combination of stationary sine waves at different frequencies. This allows for 
a transformation of a continuous, periodic signal from the time domain into the frequency 
domain. 
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The Fourier series in complex form is described in [44, 45] as( ) =                      [3.1]

Where = 2 , with f the fundamental frequency. When the signal is periodical with a 
period , the fundamental frequency is: = . The Fourier theorem says that any periodic 
signal can be written as the sum of an infinite number of sine waves; these sine waves are 
referred to as “harmonics”. The component for = 1 is referred to as the “fundamental 
component”. The complex coefficients are, for a real signal ( ), given as follows:

= 12 ( ),      > 0==
The complex coefficients are obtained from the time-domain signal by means of the 
following expressions: = ( )                       [3.2]= ( )                 [3.3]

3.2 The power-system formulation 
In power systems the terminology used is somewhat different. At first, the term 
“fundamental frequency” is used to refer to the power-system frequency (50 Hz in 
Sweden), even if the signal is not periodic with a period of 20 ms.

Also the voltage magnitudes are given as RMS, not as peak values as in the mathematical 
formulation. Instead of angular speed , the frequency is used.

The mathematical expressions introduced in Section 3.1 are valid only for continuous 
signals (analogue signals in electrical-engineering terminology).

For analyses of a sampled signal the Discrete Fourier Transform, DFT is used as defined in 
equation [3.4].( ) = ( )              = 0,1,2, … . , 1 [3.4]

There are no longer an infinite number of frequency components; instead there is a highest 
frequency, the so-called “Nyquist frequency” which is half the sampling frequency. As the 
actual voltage or current is an analog signal, it may contain frequencies above the Nyquist 
frequency. These will show up as “false” frequencies below the Nyquist frequency after 
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applying a DFT; a phenomenon known as aliasing. To prevent this, an “anti-aliasing filter” 
should be used whenever there is a risk of aliasing impacting the results.

Using the DFT, the spectrum for a sampled signal with N samples can be transformed to N 
discrete frequencies in the range [ , ], where is the Nyquist frequency. The results 
for negative frequencies hold the same information as the positive frequency components 
and do not need to be considered. For the majority of the data analyzed within this thesis 
the DFT has been used. The measurements have in most cases a window of 200 ms (10 
cycles of the fundamental frequency of 50 Hz) which gives a frequency resolution of 5 Hz,
and a sample frequency of 10 MS/s has been selected.

There are other methods than the DFT used to extract frequency information from a signal, 
wavelets being one of the more common ones [13, 45].

3.3 Measurement example 
A time domain measurement of the current drawn by a TV is shown in Figure 6. It is clear 
from the waveform that this signal contains frequency components other than the 
fundamental, 50 Hz. The time-domain representation does not give information on which 
frequency components are present. To obtain information on this the DFT can be used. The 
DFT was applied to the measurement shown in Figure 6 and the frequency domain 
representation is shown in Figure 7.
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Figure 6 Time domain representation of the current drawn by a TV.

Figure 7 Frequency domain representation of the current drawn by a TV. Frequency range 0 Hz to 
2 kHz upper, frequency range 2 kHz to 9 kHz middle and frequency range 9 kHz to 150 kHz 
bottom. Note the difference in the vertical scales.
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When transforming a signal from the time domain to the frequency domain more 
information on the signal is gained. The signal in this example consists of several 
components in addition to the 50 Hz component in the lower frequency range; the third 
harmonic at 150 Hz has the highest amplitude, being about 40% of the fundamental 
component. Also in the higher frequency range several components are found. The 
component at 67 kHz has the highest amplitude in this range. The amplitude of this 
component is approximately 1.7 % of the fundamental current amplitude. There is also a 
broadband component between 4 kHz and 5 kHz which likely corresponds to the 
oscillations visible at the instance the TV starts to draw current, shown in Figure 6.

However, many signals found on the low voltage network vary over time with regard to 
frequency, duration and amplitude even with a relatively short timescale as it is 200 ms. To 
cope with the limitations of both the time and frequency domain the spectrogram was used
in [12] as a useful tool to analyze signals existing on the low voltage grid. The spectrogram 
has been used before (an early application is shown in [46]) but its use for analysis of 
waveform distortion is relatively new. It was used in a 1989 publication to study time-
varying harmonics from a variable speed drive at a time scale of seconds in [47]. However 
that study still applied the Fourier transform over a period of several seconds, while 
afterwards adding the spectra in a graphical way (an approach also used in [16] to illustrate 
the variation of emission from an installation over time). The first application of a 
spectrogram to study sub-cycle variations in voltage and current distortion was presented 
in 2006 [48].

The use of the spectrogram can be described as a combined time and frequency domain 
analysis. The idea behind the spectrogram is that a sampled signal can be divided into 
smaller windows (with some overlap) and then on every window a DFT is applied. The 
outcome of the DFT is then combined to create an image of the changes in the spectrum 
over time as shown in Figure 8. This method is also referred to as the Short Time Fourier 
Transform, STFT.
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Figure 8 Combined time and frequency domain representation of the current drawn by a TV.

There is a lot of information in the combined time and frequency domain representation. 
What appears as a broadband component in the frequency domain (for instance between 37 
kHz and 42 kHz in Figure 7) turns out to be a narrowband component at different 
frequencies with very short duration. This type of signal is typically emitted by end user 
equipment with active power factor correction (APFC) [12].

3.4 Definitions of emission 
A large portion of the appliances making their way into our homes today causes conductive 
emission, to some extent both at the lower frequency range (50 Hz to 2 kHz) and the higher 
frequency range (2 kHz to 150 kHz). Harmonics are defined in standard SS-EN 61000-4-
7/A1 [49] as integer multiples of the fundamental frequency according to:

, = , [3.5]

There are many sources of harmonics; in [45] a broad overview is given. Focus within this 
thesis is on harmonics that are load-generated. Current harmonics together with the grid-
impedance create voltage harmonics. Several standards mention harmonics and those that
mainly apply to low voltage grids and end-user equipment used in residential or 
commercial installations are; EN 50160 [43] and IEC 61000-3-2 [50]. In EN 50160 limits 
to voltage harmonics are defined. For equipment that draws a current less than 16 A 
European standard 61000-3-2 applies, which is the case for almost all devices used in
commercial or residential installations. In the aforementioned standard there are also limits 
to the total current harmonic distortion defined by

=     [3.6]
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According to equation [3.6] the total harmonic distortion should be related to the 
fundamental component. In many practical cases this is not appropriate, for instance 
regarding the current total harmonic distortion originating from PV installations. The 
variation in current at fundamental frequency will result in somewhat misleading levels of 
distortion. In this case it is more suitable to relate the harmonic distortion to the rated 
current or to present it in absolute value of the magnitude.

Non-integer multiples of the system frequency are called interharmonics.  Analyses of 
interharmonics are beyond the scope of this thesis.

The presence of low levels of harmonics is mostly harmless. However, harmonics need to 
be monitored as the levels can increase for instance due to resonances and then have an 
adverse effect on the power system and the equipment connected to it. Among the adverse
effects are ageing of insulation of electrical plant components and overheating in electrical 
machines supplied by a non-sinusoidal voltage [45].

The conductive emission in the frequency range between 2 and 150 kHz often originates 
from the switching technique used in energy saving equipment. Frequency components 
within this range are not defined in the same way as harmonics and are also not as strictly 
limited by standards (in fact some work on new standards is ongoing). For electrical 
lighting and similar equipment CISPR 15 [42] applies and limits are set for conducted and 
radiated emission at frequencies from 9 kHz up to 400 GHz. There is by definition and 
origin a strong link between the system frequency and harmonics up to order 40 (2 kHz in 
a 50 Hz system). The same relation does not exist for components in range between 2 and 
150 kHz. Terms as High Frequency Harmonics, Low Frequency EMC or Supraharmonics 
are used for signals found within this frequency range. The term supraharmonics was first 
introduced at the 2013 IEEE PES General Meeting [51]. Within this thesis supraharmonics 
will be used. Mathematically, signals in the range between 2 and 150 kHz can be described 
in the same way as harmonic order 2 to 40. In that sense a frequency component at 25 kHz 
will be harmonic number 500 in the same way as a frequency component at 250 Hz is 
labeled the 5th harmonic. The emission in this range is often residues from the switching 
used in various appliances and it could hence be viewed as having a fundamental 
frequency (i.e the switching frequency) not equal to the system frequency. Integer 
multiples of the switching frequency are in a sense harmonics but with a stronger 
connection to the switching frequency than to the system frequency.  For that reason it is 
more suitable to use a different term, like supraharmonic, than harmonic order related to 
the fundamental system frequency when describing frequency components within the 
range 2 to 150 kHz.
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Within the supraharmonic range it is also important to distinguish between primary 
emission and secondary emission. The distinction between primary and secondary 
emission is made as: 

Primary emission is the part of the current that is driven by the internal emission of 
the device itself
Secondary emission is the part of the current that is driven by the internal emission 
from other devices or that originates elsewhere in the grid.

Measurements and simulations show that the contribution of secondary emission can be a 
significant part of the total emission measured at the terminal of one device. This is 
illustrated in Figure 9 were a measurement of the current at the terminal of a CFL is 
shown. On the left hand side is the primary emission shown when the lamp is connected 
alone and on the right hand side is the secondary emission emitted by an induction cooker
and absorbed by that same CFL. The different colors in the figure corresponds to different 
settings of the cooker and as seen in Figure 9 the secondary emission is completely 
dominating, the primary emission component with highest amplitude is 1.4 % of the 
amplitude of the highest secondary emission component.

Figure 9 Primary emission measured at the terminal of a CFL (left hand side). Secondary emission 
emitted by an induction cooker and absorbed by that same CFL (right hand side).
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4 Harmonics 
This chapter addresses emission in the frequency range up to 2 kHz. Results from various 
measurements of total harmonic emission and individual harmonic frequencies will be 
shown. This includes harmonic emission from both energy efficient equipment and from 
PV-installations as well as from installations with mixed load. The distinction between 
individual appliance and mixed load has been made in the following way:

Individual appliance, only one type of appliance connected to the low-voltage 
network and the measurement has been made at the terminal of the appliance. 
Mixed load, various appliances of different types connected inside the same 
installation. The measurement has been made either at the terminal of one 
appliance or at the interface between the installation and the grid.

4.1 Measurement setup 
Most of the measurements for individual appliances and part of the measurements for 
mixed load have been performed in the Pehr Högström laboratory at Luleå University of 
Technology in Skellefteå. The laboratory setup is a close to real-world representation with 
realistic cable length and realistic short circuit impedances. The laboratory is fed through a 
dedicated cable from a public distribution transformer of 800 kVA rated power. The only 
difference with the real-world situation is that the switching on and off of appliances can 
be controlled freely. This makes it possible to study one appliance or group of appliances
at a time. Measurement technique, analysis tools and instruments used are explained in 
detail by Larsson in [12]. A full scale electrical model of a house has been built and this 
setting has been used for the laboratory measurements.

At no instant have standardized measurements with the use of a line impedance 
stabilization network (LISN) been performed.  The reason for using a LISN is to make 
emission tests reproducible; no part of the current harmonics measured is due to back-
ground voltage distortion, and finally, the impedance is always known. The use of a LISN 
does not always gives exactly the same result as a measurement on site but it is important 
that measurements done with a LISN gives a realistic result. For harmonic measurements 
this holds but for higher frequencies this might not always be the case as explained in 
chapter five.

In the measurements performed in the Pehr Högström laboratory, the impact of 
background voltage cannot be ruled out. 
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4.2 Individual appliances 

4.2.1 LED 
As mentioned earlier LED lamps show a large diversity of topology. Samples of lamps 
from several manufacturers and with different light output were measured and analyzed 
with regard to emission. Different categories of topology for LED lamps were grouped into 
four different types based on their emission.

Type I: Lamps with high levels of emission in the frequency range up to 2 kHz 
(harmonic emission).
Type II: Lamps taking a mainly capacitive fundamental current (at 50 Hz).
Type III: Lamps with moderate levels of emission in the frequency range up to 2 
kHz.
Type IV: Lamps with high levels of emission in the frequency range above 2 kHz 
(supraharmonics). 

One of the more common types is Type I; which is in fact the type that has the highest 
level of emission in the harmonic frequency range. The current waveform is similar to that 
found at most CFLs [52]. An example of Type I LED is shown in Figure 10. Examples for 
the other types are discussed in section 5.1.1. Current waveforms of LED lamps are also 
shown in [53, 54].

Figure 10 Example of type I, lamps with high levels of emission in the frequency range up to 2 kHz 
(harmonic emission).

In [55] the voltage versus current plot is used as a tool to distinguish between linear load 
and non-linear loads. A pure resistance would appear as a straight line and a reactive load 
as a ring. A non-linear load would be neither, as seen in Figure 11. The current drawn by a 
LED lamp from type I is non-sinusoidal and the individual harmonic with the highest 
amplitude associated with this type of lamp is the 3rd harmonic, which is about 60% of the 
fundamental current. The spectrum further consists of other odd harmonics as seen in right 
hand of Figure 10.
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Figure 11 Voltage versus current for a LED lamp of type I

Although the waveform distortion is high in percent of fundamental current, the 
fundamental current is low, so that the total harmonic current (in Ampere) might still be 
limited. To further study this, a number of experiments of so-called “mixed load” have 
been conducted in the laboratory and in the field. These experiments are presented in 
papers I, II and III. 

The aim of the work presented in papers I, II and III was to investigate the impact from 
modern energy saving lamps (when used together with other common low-voltage 
equipment) on the emission levels in the low voltage network. As part of the studies made 
in [56], the emission from groups of lamps was monitored. In Figure 12 the current 
harmonic spectra for a group of 12 lamps used within these experiments is shown. The
group of lamps were changed throughout the experiment from first including only 
incandescent lamps (labelled Past), then a combination of incandescent lamps and CFL 
(labelled Present), a combination of CFLs and LED lamps (labelled Future) and finally 
only LED lamps (labelled Far Future). Only odd harmonics were studied. The LED lamps 
used in this experiment were of type I as defined previous in this section.
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Figure 12 Harmonic current spectrum (odd order below order 50) from four different groups of 12 
lamps.

The level of harmonic emission associated with the use of incandescent lamps is low when 
expressed in Ampere. The contribution to harmonic emission from incandescent lamps is 
small but not completely zero for two reasons.

when supplied with a distorted voltage the current drawn by an incandescent lamp 
is also distorted in the same way. 
The temperature of the filament changes during the 50-Hz cycle and therewith its 
impedance. This change in impedance makes that the current is not fully sinusoidal 
even when the lamp is supplied with a sinusoidal voltage.

The harmonic emission for the group of incandescent lamps is at least a factor of five 
smaller than for the other configurations, for any of the odd harmonics studied.

During the measurements, for the low order odd harmonic (3, 5, 7 and 9) the highest values 
are found for the lamp constellation consisting of CFLs and LEDs. For the higher order 
odd harmonics (especially 13, 19 and 21) the presence of LED lamps used in this
experiment increases the amplitude of emission.

4.2.2 PV 
The harmonic emission from a PV-installation comes from the inverter used to transform 
the DC output from the PV-panels to AC at main frequency.  In paper VIII it is shown that 
the magnitude of emission originating from a PV-inverter varies for different levels of 
power produced. A number of single phase and three phase inverters have been measured. 
Measurements show that the harmonic emission from a PV-installation is low in most 
cases. At high levels of injected current the waveform is close to that of a resistive load as 
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described in [55]. The voltage versus current plot is shown in Figure 13 for 92 % of rated 
power.

Figure 13Voltage- current plot of a PV-inverter at high level of injected power.

The emission is zero during periods of zero production, most likely because the inverter is 
switched off. A conclusion from the measurements is that the emission spectrum up to 2 
kHz is different for the different installations. Multiple installations, from different 
manufacturers, connected to the same grid will thus likely have less impact than a single 
large installation.

Different installations and different frequencies for the same installation show different 
relations between emission and active-power production. Examples of that are shown in 
Figure 14 and Figure 15 where the harmonic current amplitude is shown in reference to the 
production level at four different locations. The 1 s average values of both production and 
harmonic current over one sunny day period were used to obtain the figures. Some 
harmonics at some locations are strongly correlated with the produced power, whereas 
others appear to be independent of the produced power. 

In paper VIII the emission from these installations is compared with IEC 61000-2-12 [57],
a standard that sets limits on the emission from large low-voltage equipment. The emission 
limits in that standard depend on the fault level in relation to the size of the appliance. For 
the comparison the strictest limits (for the weakest grid defined in the standard) have been 
used. The emission from the installations is shown to be below the strictest limits set by 
IEC 61000-2-12, with the exception of the 11th harmonic for one installation shown in 
Figure 15 [Paper VIII].
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Figure 14 Magnitude of the 3rd harmonic current at four different locations during different 
production levels.

Figure 15 Eleventh harmonic current at one location in Sweden for different production levels. The 
horizontal line corresponds to the limit set by IEC 61000-3-12.
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The emissions at individual harmonics are low, below 5 % of rated current. The emission 
from one installation might be small, but the joined emission from many installations in a 
domestic area needs to be examined.

4.3 Mixed load-situation 
In this section harmonic emission from a mixed load will be discussed on the basis of 
paper I to paper III. The aim of the work done in those papers was to investigate potential 
consequences for the grid due to the introduction of energy saving lamps in large 
quantities. Energy saving lamps will likely be connected in large numbers both in 
residential and commercial areas but it is not likely that they will be the only load that will 
be present. Especially in residential areas energy saving lamps will be connected at the 
same time as refrigerators, computers and many other types of appliances found in a 
residence. When multiple of harmonic emitting appliances are connected in close 
proximity to each other, aggregation effects have to be considered [58]. It is therefore 
important to monitor the total emission from an installation. In paper I (laboratory 
measurements for a domestic customer), II (field measurement for a hotel) and paper III
(field measurements for an urban area) the harmonic emission from installations containing 
a mixed load is investigated.  The aim of the work was to investigate the impact from 
modern energy saving lamps on the emission levels in the low voltage network. This work 
was continued in [56].
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4.3.1 Laboratory setup 
In [56], based on the experiment shown in paper I, two states are defined; one called 
“likely state” in which a TV, a computer and a number of lamps (32 lamps) are connected 
and one state called “high consumption state” in which a microwave oven and an induction 
stove are added. In Figure 16 the harmonic spectra for the two states are shown. There is 
still an increase in harmonic amplitude when energy saving lamps are introduced but the 
contribution from other equipment is somewhat dominating. For harmonic 5 there is even a 
decrease when the incandescent lamps are replaced with CFLs (Past compered to Present
in Figure 16). 

Figure 16 Harmonic current spectrum from likely and high consumption states, for different 
constellation of lamps. Note the difference in vertical scale.
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4.3.2 Hotel measurements 
In paper II field measurements from a medium size hotel (76 rooms) are presented. 
Measurements were performed before, during and after all incandescent lamps were 
replaced by energy saving lamps. A total of 563 lamps were replaced and this led to a
maximum possible reduction in power of 18 kW. 

A rough estimation, assuming that each lamp would have a spectrum as in Figure 12 (for 
12 lamps, combination of CFLs and LEDs), without any aggregation effects between the 
lamps, the maximum possible increase in harmonic emission would be according to Figure 
17 assuming that the lamps are equally spread over the three phases.

Figure 17 Harmonic current spectrum (odd order below order 50) scaled from a group of 12 lamps 
with the combination of LED and CFLs to fit the number of lamps in one phase at the hotel.

In Figure 18, Figure 19 and Figure 20 the 10-minute average of the total current harmonic 
distortion in all three phases, for different levels of active power; before, during and after 
the replacement of the lamps is shown. The measurement is taken for a time period of five 
weeks; two weeks before, one week during the replacement and two weeks after. The 
reduction in active power is clearly seen but no increase in current THD could be observed, 
on the contrary it appears to be a small reduction in current THD with the introduction of 
energy saving lamps.
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Figure 18 Total current harmonic distortion in phase L1 for different levels of active power, before, 
during and after the replacement of the lamps at the hotel.

Figure 19 Total current harmonic distortion in phase L2 for different levels of active power, before, 
during and after the replacement of the lamps at the hotel.

Figure 20 Total current harmonic distortion in phase L3 for different levels of active power, before, 
during and after the replacement of the lamps at the hotel.

The 10 minute average of the amplitude of individual current harmonics in one phase for 
different levels of active power is shown in Figure 21 and Figure 22 for the hotel 
measurements. Comparing the levels of the 5th harmonic for equal levels of active power in 
Figure 21 a slight increase is shown when the incandescent lamps are replaced by LEDs 
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and CFLs, moreover the plot shows a greater spread among the harmonic current values.
The same pattern is visible for the other two phases (not shown here).

Figure 21 10 minute average of the amplitude of harmonic five for different levels of active power.

The 10 minutes average of the 7th harmonic in all three phases is shown in Figure 22,
Figure 23 and Figure 24. The behaviour of the 7th harmonic is the opposite to that of the 5th

in phase L1. After the replacement of the lamps the amplitude drops slightly and the values 
become more grouped and somewhat all remain between 0.5 A and 2.5 A. In phase L3 the 
drop in amplitude is even bigger whereas in phase L2 there is no obvious change. 
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Figure 22 10 minute average of the amplitude of harmonic seven for different levels of active 
power in phase L1.

Figure 23 10 minute average of the amplitude of harmonic seven for different levels of active 
power in phase L2.
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Figure 24 10 minute average of the amplitude of harmonic seven for different levels of active 
power in phase L3.

Shown in Figure 12 [56], the level of the high order harmonics might increase with the 
introduction of LED lamps. An increase in amplitude for these harmonics is expected even 
in a mixed-load situation since the majority of lamps in the hotel were replaced with LEDs 
(447 LED and 116 CFL). In Figure 25 the 10 minutes average of the amplitude of the 17th

harmonic is shown for before and after the replacement of the lamps at the hotel. The 
amplitude decreases and the variation become smaller.
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Figure 25 10 minute average of the amplitude of harmonic 17 for different levels of active power.
Blue dots correspond to phase L1, green to phase L2 and red to phase L3.

Next to the low-order harmonics the LED also showed high emission at harmonic 19, 21 
and 23 (Fig 10 and Fig12). Therefore these have been studied in some more detail. In 
Figure 26 10 minutes average of the amplitude of the 19th harmonic is shown for before 
and after the replacement of the lamps. In all three phases there are a decrease in 
amplitude. 
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Figure 26 10 minute average of the amplitude of harmonic 19 for different levels of active power.
Blue dots correspond to phase L1, green to phase L2 and red to phase L3.

The 10 minutes average of the 21st harmonic at different levels of active power is shown in 
Figure 27 where different colours correspond to the three phases.  
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Figure 27 10 minute average of the amplitude of harmonic 21 for different levels of active power.
Blue dots correspond to phase L1, green to phase L2 and red to phase L3.

There is an increase in all phases, the 95 % value of the amplitude during the before period 
and the after period reveals a 10 % increase in phase L1 and L2 and a 6 % increase in 
phase L3.

For the 23rd harmonic there is a slight increase in two phases but a decrease in the third 
phase as seen in Figure 28.
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Figure 28 10 minute average of the amplitude of harmonic 23 for different levels of active power.
Blue dots correspond to phase L1, green to phase L2 and red to phase L3.

According to Figure 17 the maximum possible level for the individual harmonics presented 
in Figure 21 to Figure 27 would be:

2.70 A for harmonic 5
1.50 A for harmonic 7
-0.06 A for harmonic 17
-0.04 A for harmonic 19
0.15 A for harmonic 21
0.28 A for harmonic 23

The 95 % value during the period before and after the replacement of the lamps for the 
presented harmonics is shown in Table 1. The worst case has been calculated under the 
assumption that there are no aggregation effects, all lamps are turned on and equally spread 
over the three phases.
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Table 1 95 % value of individual harmonics, before, after and a calculated worst case

Harmonic 
order

Before After Worst case

L1 L2 L3 L1 L2 L3 L1 L2 L3

5 2.68 2.40 3.08 4.18 3.27 2.34 5.38 5.10 5.78

7 3.26 2.11 3.25 2.45 2.14 1.94 4.76 3.61 4.75

17 1.17 1.25 1.05 0.85 0.75 0.86 1.11 1.19 0.99

19 1.28 1.25 1.02 0.99 1.05 0.79 1.26 1.21 1.01

21 0.64 0.46 0.27 0.74 0.51 0.29 0.79 0.61 0.42

23 0.40 0.45 0.42 0.53 0.49 0.40 0.68 0.73 0.69

The calculated results reveal an increase in amplitude of individual harmonics but as the 
measurements shows this is not always the case. Some harmonic amplitudes decreases 
while others will show increase that is a less than would be expected based on the emission 
from individual lamps. Harmonic 23 that showed a significant increase in the laboratory 
measurement even decreases in one phase (L3 from 0.42 A to 0.40 A).  

4.3.3 Domestic houses in urban area 
In paper III field measurements from an urban area are described. Similar to paper I and II
the incandescent lamps were replaced by energy saving lamps and the harmonic emission 
were monitored before, during and after the replacement. In Figure 29 and Figure 30 the 10 
minute average of the current harmonic distortion in ampere is shown for different levels 
of active power at two residences taking part in the experiment. The impact on the active 
power consumption is not clearly visible as it was at the hotel. The reason might be that the 
measurements took place during the fall in the northern part of Sweden and the impact 
from the heating system used in the residences appears. With regard of current harmonic 
distortion it is difficult to draw any conclusions from the measurements. No clear trend is 
visible.
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Figure 29 Total current harmonic distortion for different levels of active power, before, during and 
after the replacement of the lamps at residence T40.

Figure 30 Total current harmonic distortion for different levels of active power, before, during and 
after the replacement of the lamps at residence T44.
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5 Supraharmonics 
The interest in voltage and current distortion in the frequency range 2 – 150 kHz 
(supraharmonics) is big, especially in standard-setting organizations. The amount of 
research results and on-going results in this frequency range is limited, but growing. The 
electric power engineering group at Luleå University of Technology has published a 
number of papers on the subject, [10-12, 40, 48, 59-61] among others. However, more 
recently the subject has received the attention from other research groups as well [62-64].

5.1 Individual appliances 
In the supraharmonic range (2 to 150 kHz) it becomes important to make the distinction
between primary and secondary emission as defined in section 3.4. From the viewpoint of 
an individual appliance one can be classified as an emission issue (primary emission) and 
the other as an immunity issue (secondary emission).Measurements and the model 
developed in paper V show that often both will be present at the same time. To test 
individual appliances with the use of a LISN might not be as suitable in the supraharmonic 
range. In paper VI it was shown that when a non-linear load was exposed to secondary 
emission at any frequency it produced integer multiples of that frequency with an 
amplitude that was higher than that of the primary emission. It was also shown that some 
devices (for instance a CFL or LED lamps) have an impact of the supraharmonic 
impedance that varies on a timescale shorter than 20 ms. It was shown in paper VII that 
the connection and disconnection of neighboring devices could affect the magnitude of the 
primary emission. Neither of these phenomena would be possible to test in a distortion free 
environment with static impedance as when using an LISN.

5.1.1 LED lamps  
As described in section 2.2 different typologies are used for LED lamps. Type II to IV as 
defined in [11] will have the biggest impact in the supraharmonic range. The residue from 
the switching in LED lamp type I will also appear in the supraharmonic spectra but with 
amplitude below that is associated with types III and IV. Example for type II to IV are 
shown in Figure 31 to Figure 37. The different types are not only sources of primary 
emission; depending on the type they also differently affect the impedance level at 
supraharmonic frequencies. For type II the secondary emission can dominate the spectrum 
due to the capacitor at the interface to the grid. As seen on the right hand side in Figure 31
to Figure 37 where the combined time and frequency domain is shown; the current 
emission in the supraharmonic frequency range varies during the 20 ms that the voltage 
takes to complete a cycle. The emission is present at times when the lamps draw current at
fundamental frequency, for type II this means that the supraharmonic emission is close to 
zero for levels of ± 30 % of peak value of the voltage feeding the lamp as seen in Figure 31
and Figure 32.
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Figure 31 Example of Type II, lamps taking a mainly capacitive fundamental current (at 50 Hz).

Figure 32 Current plotted against voltage as measured at the terminal of LED lamp type II.

The supraharmonic spectra for LED type II are shown in Figure 33. The levels of 
supraharmonic components are lower than those measured for type III and IV.  Due to the 
capacitive character of the lamp the measured levels of emission are believed to consist
mainly of secondary emission. The component just over 120 kHz originates from the 
measuring system.
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Figure 33 Supraharmonic spectra for type II LED lamp, note the different vertical scale compered 
to Figure 36 and Figure 39.

The current drawn by an example of type III LED lamp is shown in Figure 34 in the time 
domain (upper) and combined time and frequency domain (lower). The strongest
supraharmonic emission component is visible slightly above 120 kHz.  This indicates that 
the topology of this lamp is based on a method called “passive valley fill”, a technique that 
is sometimes used to improve the power factor and limit the emission in the harmonic 
range [65].
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Figure 34 Example of Type III, lamps with moderate levels of emission in the frequency range up 
to 2 kHz.

This type III lamp draws current almost during the entire 50 Hz cycle as seen in Figure 35,
for levels between ± 5 V is the current zero.

Figure 35 Current plotted against voltage as measured at the terminal of LED lamp type III.

The current supraharmonic spectra for a type III LED lamp is shown in Figure 36. The 
component visible in the spectrogram as a narrowband component with variable frequency
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slightly above 120 kHz appears as a broadband component in the frequency domain 
representation. Important to mention here is that harmonics of this component will appear 
in the frequency range used for radio communication.

Figure 36 Supraharmonic spectra for type III LED lamp, note the different vertical scale compared 
to Figure 33 and Figure 39.

An example of type IV is shown in Figure 37 to Figure 39. The highest amplitude of one 
individual supraharmonic component is not that much higher compared to the highest one 
shown in Figure 36 for a LED lamp of type III. However, the supraharmonic emission 
from this lamp covers basically the entire frequency range above 40 kHz. As seen in Figure 
38 this emission takes place at the peak voltage (levels over ± 150 V). Lamps of this type 
can be found on the market even if this particular lamp do not comply with limits set by 
[50] due to the high amplitude of harmonic seven [11].
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Figure 37 Example of Type IV, lamps with high levels of emission in the frequency range above 2 
kHz (supraharmonics).

Figure 38 Current plotted against voltage as measured at the terminal of LED lamp type IV.
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Figure 39 Supraharmonic spectra for type IV LED lamp, note the different vertical scale compared 
to Figure 33 and Figure 36.

5.1.2 PV 
All measured installations show a peak in emission around a few kHz; one around 3 kHz; 
three around 4 kHz and one at 16 kHz. This is likely due to the switching of the inverter 
taking place at this frequency [62]. In Figure 40 the combined time and frequency domain 
representation of the current injected by a 2.5 kW PV installation during three days is 
shown. The supraharmonic component at 16 kHz is clearly visible during instants when the 
PV installation is producing power. At instants with zero production (during the night) this 
component disappears. 
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Figure 40 Time/frequency domain representation of the current taken by the PV-inverter during 
three days without other equipment connected. The red and yellow fields correspond with the times 
the PV installation is producing energy i.e. during the day.

In paper VIII the current supraharmonic emission from other installations is presented. 

For large numbers of inverters, the level of distortion at this frequency requires further 
study. Aggregation effects and the spread of emission in this frequency range need to be 
urgently studied in detail.

5.2 Mixed load 
As discussed in section 5.1, the supraharmonic emission measured at the terminal of an 
appliance is a combination of primary and secondary emission. A number of experiments 
have been conducted in order to study the interactions between different devices connected 
inside the same installation. A distinction has been made between emission from the 
installation as a whole (impacting the grid) and emission propagating inside the installation 
(impacting individual devices). The importance of making that distinction is illustrated in 
Figure 41 and Figure 42. In Figure 41 the current spectra measured at three individual 
CFLs are shown (upper right, lower left and lower right) together with a measurement of 
the combined current taken by all three lamps (upper left) [66]. The switching frequency of 
the lamps lies in the range between 40 kHz and 50 kHz. As more lamps are added the 
absolute amplitude in Ampere of the supraharmonics between 40 kHz and 50 kHz at the 
delivery point drops. At the same time the amplitude of the supraharmonic current 
measured at each individual lamp increases. This shows that propagation of supraharmonic
current is significantly different compared to propagation of harmonic currents. The same
result as shown in Figure 41 was found in [12] during an experiment involving 48 
fluorescent lamps equipped with high frequency ballast. It was shown that the amplitude of 



Supraharmonics

53

the residues from the switching circuit between 50 kHz and 90 kHz decreased at the point 
of common coupling as more lamps were added to the installation. The current drawn by 
the lamps also produced an oscillation of a few kHz around the zero crossing of the 
voltage. This frequency component increased in amplitude as more lamps were added.

Figure 41 Supraharmonic current measured at three individual CFLs is shown (upper right, lower 
left and lower right) and the combined current taken by all three lamps (upper left).

In Figure 42 the emission from a total installation of multiple devices (left) and the 
emission from a part of that installation (right) is shown. This experiment is explained in 
more detail in paper IV. During the experiment a number of common household equipment 
was connected and disconnected and the supraharmonic emission was monitored at the 
interface of the whole installation and at the terminal of different devices or group of 
devices. The difference between the upper spectrograms (called far future) and the lower 
spectrograms (called future) is the lamps used. In “far future” the lamps are LED type I 
and in “future” a combination of CFLs and LEDs. Comparing the emission from the 
installation (left hand side in Figure 42) between the two scenarios, the same pattern (i. e 
the same frequency components appear at the same instances) is visible but the amplitude 
is higher in “future”. Comparing the supraharmonic emission measured at the terminal of 
the group of lamps the difference is bigger between the two scenarios. Certain components 
appear in the “future” scenario; those components are not visible in the “far future”
scenario. Some of those are likely originated from the CFLs (for instance the component at 
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45 kHz) but it is also clear that the combination of CFLs and LED absorbs more secondary 
emission than the group of LEDs.

Figure 42 Spectrogram 2-150 kHz for the total load current for scenario Far Future (upper left) and 
Future (lower left) and for the current drawn by 12 lamps for scenario Far Future (upper right) and 
Future (lower right).

In Figure 43 the combined time and frequency domain (left hand side) is shown for the 
supraharmonic current measured at the terminal of a laptop. This experiment is explained 
in detail in paper VII. On the right hand side in Figure 43 an image showing at what 
instances various appliances are connected to the same phase as the laptop. As seen in 
Figure 43 no frequency component is visible throughout the duration of the experiment 
indicating that the primary supraharmonic emission originating from the laptop is very 
low. The secondary emission dominates the spectra with a 16 kHz component originating 
from the inverter being the strongest one. The amplitude of the 16 kHz component 
measured at the laptop varies as other appliances are connected and disconnected but it is 
always present when the inverter is operating. The reason for the changing amplitude is 
somewhat due to the changes in primary emission amplitude from the inverter but mainly 
due to the fact that as other appliances are connected they also “share” the present emission
dependent on their impedance.
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Figure 43 The image on the left is the spectrogram of the current taken by a laptop for 45 
measurements while neighbouring equipment is connected and disconnected.  The image on the 
right shows at what time each appliance was connected. The horizontal axis indicates different 
appliances and the vertical axis the number of corresponding measurement in the spectrogram.  
Red fields indicates time when equipment was connected and operating; green when equipment 
was connected but in stand-by mode and finally blue indicates times when equipment was 
disconnected.

In a mixed load situation there will be supraharmonic signals present at numerous 
frequencies since different devices switch at different frequencies. In paper VI [40] it was
shown that a power line communication signal together with a CFL caused harmonics of a
12.5 kHz signal used for communication throughout the entire frequency range up to 150 
kHz. This will be the case regardless if the source of the emission is another device or a 
PLC signal.

In this section it was shown that the emission in the supraharmonic range tends to stay 
inside an installation and mainly flow between connected devices.

The emission at the terminal of a device might be higher than from the total installation. In 
a mixed load situation with devices of various sizes and power ratings it is especially 
important to consider the emission levels at the terminal of the devices.
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6   Models for supraharmonic emission and propagation 
In paper V a model of the interaction between devices of similar size and type connected 
on the low-voltage grid is presented. The distinction between primary and secondary 
emission is made as: 

Primary emission is the part of the current that is driven by the internal emission of 
the device itself
Secondary emission is the part of the current that originates outside of the device

The devices are modeled as current sources behind capacitances and the grid is represented 
by a pure resistance. Measurements have shown that the latter is an acceptable 
representation. The interaction between the devices and the grid in terms of current flowing 
in between them consists of both primary and secondary emission. In paper V [60] it is 
shown that even if the primary emission at higher frequencies from one device is constant, 
the emission from the installation as a whole becomes inversely proportional to the square-
root of the number of devices.

6.1 Resonances involving supraharmonics 
In paper VII possible resonance between a PV-inverter and the EMC-filter of a LCD TV 
are discussed. The primary emission in the frequency range between 2 and 150 kHz from 
the inverter can be modelled as a current source connected behind a capacitor. This model 
is discussed in detail in [60]. The wire connecting the inverter to the grid is modelled as an 
inductor.

Figure 44 PV-inverter connected to grid

The grid impedance hence depends on the resistance connected in parallel with and 
according to Figure 44 where represent the wave impedance and series connection 
and represent the low frequency part of the impedance.= //( + )                   [6.1]
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=                     [6.2]

Including the wire connecting the inverter to the grid, the total external impedance seen by 
the inverter becomes: = + [6.3]

The primary emission, injected to the grid will in this case be:

= [6.4]

When connecting a second device in parallel as would be the case in an installation with an 
inverter connected to the same phase as for instance a TV, the schematic in Figure 44 will 
be extended with an additional wire in the form of an inductance and the new device, again 
modelled as a capacitor as shown in Figure 45. As the aim is to simulate the primary 
emission from the device on the left hand side in Figure 45 the second device is not 
modelled as a current source.

Figure 45 PV and TV connected to the grid.

The grid impedance will remain the same as in equation [6.2] and the external impedance 
seen by the inverter becomes.

= + ( )( ) [6.5]

The emission for the circuit in Figure 45 can be described with the transfer function:

= [6.6]
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The primary emission, I1 injected to the grid will hence be:

=                   [6.7]

The resulting transfer impedance in ohm will be according to equation [6.8]:

=           [6.8]

The transfer function and the transfer impedance according to equation [6.6] and equation 
[6.8] are shown in Figure 46 for different lengths of wires. The length of the wire was 
chosen based on realistic length in a medium size residence in Sweden.

Figure 46 Transfer function and transfer impedance of the case with two devises connected to the 
same phase through different wire length.

It is shown that it is feasible that two devices connected at an electrically close distance can 
form a resonance in between them at a supraharmonic frequency often used for switching 
by PV-inverters. The length of the wire and thereby the size of the inductance will shift the 
resonance point.
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7 PLC 
Based on a large number of measurements performed in the laboratory as well as in the 
field, five different types of interactions between connected loads and PLC have been 
defined in Paper VI.

Table 2 Five different types of interactions

Disturbance Interference
I Voltage or current distortion due to end-

user equipment at frequencies used for 
communication

The communication signal drowns in 
the disturbance and the 
communication does not succeed.

II The end-user equipment creates a low-
impedance path at the communication 
frequency. 

Only a small amount of the 
communication signal arrives at the 
received and the communication does 
not succeed.

III The communication signal results in 
large currents through the end-user 
equipment.

Reduction in life-length and incorrect 
operation of the equipment.

IV Non-linear end-user equipment exposed 
to the communication signal results in 
currents at other frequencies.

Any possible adverse impact due to 
the new frequency components, 
including interference with 
communication.

V Distortion of the voltage waveform due 
to the communication signal.

Incorrect operation of the end-user 
equipment.

The amplitude of signals used for communication purposes often exceed those signals 
emitted by end user devices. An example is given in Figure 47 where the voltage and 
current at the terminal of a LCD TV in stand-by mode is shown. In the middle figure the 
TV is connected without any other devices nearby and the impact from the capacitor is 
clearly visible as the current is shifted 90° with respect to the voltage. In the right hand 
figure a heat pump is connected close to the TV and the bursts of supraharmonic emission 
seen adjacent to the voltage zero-crossings corresponds to the primary emission from the 
heat pump, which becomes secondary emission for the TV. In the figure on the left there is 
communication between the power meter connected at the delivery point of the test site 
and the concentrator connected close to the distribution transformer. The frequency used 
for the communication in this case is 12.5 kHz. The amplitude of the part of the 
communication that is absorbed by the TV is several times higher than the primary 
emission (in form of residues from the switching circuit inside the TV) emitted by the TV 
when operating. There are two concerns related to this; the capacitor in the EMC filter is 
most likely not designed to cope with this supraharmonic frequency current and it might be 
adversely affected, moreover the communication might fail as a large portion of the signal 
is shunted by the device. 
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Figure 47 A LCD TV in stand-by mode exposed to PLC (left) and to emission from a heat pump 
(right). The waveform in the middle is the voltage and current drawn by the TV without and 
neighbouring equipment.
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8 Consequences 
Secondary emission, either from neighbouring equipment or from power communication 
signals, being absorbed by a device due to low impedance of the capacitor at the interface 
to the grid could adversely affect the devices.

One of the components that are believed to be affected in terms of overheating is the 
electrolyte capacitor. Electrolyte capacitors are used as smoothing capacitors in filtered 
power supplies and as coupling capacitors. A simple model for the electrolyte capacitor 
consists of an inductance and a resistance in series with a capacitor and a resistor in 
parallel, as shown in Figure 48. The model consists of an inductor representing the 
inductance in the wires and electrodes called the equivalent series inductance (ESL), a 
series resistor representing the resistance in the wires, the electrodes and the losses in the 
dielectric; this part is referred to as the equivalent series resistance (ESR) and a parallel 
resistor representing the insulation resistance in the dielectric. The main cause of shortened 
lifetime for an electrolyte capacitor is heat, both ambient temperature and internal heating 
caused by harmonics and supraharmonics.

Figure 48 model of an electrolytic capacitor.

The part in the model in Figure 48 that can be affected by emission from nearby connected 
appliances as well as power line communication is ESR as this represents the heating due 
to excessive ripple currents. The ESR will be the sum of the ohmic resistance of the foil, 
wires and electrodes ( ), frequency dependent resistance of the dielectric layer 
( ) and the temperature dependent resistance of the electrolyte solution and spacer 
paper ( ).

= + +               [8.1]

( ) =                        [8.2]

RparallellESREESL

C
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is the dissipation factor of the dielectric layer, f is the frequency and C the 

part of ESR will not be further discussed.

A harmonic or supraharmonic current through the capacitor will cause a rise in 
temperature both at the surface of the capacitor and at its core [67]. The heat generated by 
electric losses can be calculated by:  

= [8.3]

A measurement of the current through an electrolyte capacitor used as a smoothing 
capacitor after the diode rectifier in a CFL is shown in Figure 49 and Figure 50.

Figure 49 Spectrum 0-2 kHz of the harmonic current measured at the DC side of the diode rectifier. 
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Figure 50 Spectrum 9-95 kHz of the supraharmonic current in the CFL when connected alone 
(upper) and when exposed to communication (lower). Measured taken at the DC side of the diode 
rectifier.

The capacitor is likely dimensioned to withstand the 100 Hz (twice the fundamental 
frequency) component and its multiples and the residues from the switching between 40 
kHz and 45 kHz (shown in Figure 50, upper). In addition to these components there is also 
a current at the communication frequency and its harmonics as seen in Figure 50 (lower).
The amplitude of the communication signal is in parity with the fourth harmonic, 400 Hz 
of the harmonic current. Currents of any frequency will contribute to the self-heating of the 
capacitor according to 

= ( ) + ( ) + + ( ) [8.4]

Where IR is the RMS value of the rated harmonic current, If1…Ifn is the RMS value of 
currents at frequencies f1 to fn; Ff1… Ffn is the correction factor for current at frequencies f1

to fn and is defined in eq [8.5]. 
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= ( )( )                        [8.5]

Where f0 is the reference frequency of the nominal ripple current. This correction factor 
can often be found in data sheets for selected frequencies. For the measured capacitor in 
Figure 49 and Figure 50 the frequency correction factor for harmonic current is given in 
Table 3 [68]. As can be concluded from equation [8.4] and equation [8.5], currents at lower 
frequencies are more damaging for the capacitor but these currents are also easier to 
predict. 

Table 3 Frequency correction factor for current at different frequenies.

Frequency 120 Hz 1 kHz 10 kHz 100 kHz

Correction
factor

0.5 0.8 0.9 1.0

Assuming 1mA current at every frequency specified in Table 3
power generated will be according to Table 4.

Table 4 Power generated at different frequencies

Frequency 120 Hz 1 kHz 10 kHz 100 kHz

Power 
generated

4μW 1.56μW 1.23μW 1.0μW

As shown in Table 4, a current at 120 Hz generates four times the power as the same 
current at 100 kHz, assuming identical ESR at the reference frequency, for this specific 
capacitor. It should be noted however that the total heating of the capacitor is due to the 
sum of the contributions over all frequency components. Thus, even though the component 
at twice the fundamental frequency will typically give the biggest contribution of any 
individual frequency component, the contribution of all other frequency components might 
still be significantly higher.

The component at 12.5 kHz in Figure 50 is the communication signal; the harmonics of 
that signal are also visible at 25 kHz, 37.5 kHz, etc. The broadband frequency components 
above 40 kHz and 80 kHz are the emission from the switching element in the CFL. For the 
measured capacitor the harmonic current is specified at 90 mA, 105°C, 120Hz [68]. Using 
the measured values and the values specified in the datasheet it is shown that the total 
current increases with 80% when the CFL is exposed to this communication signal. If we 
compare the power generated by 100 Hz component to the power generated by the 
communication signal at 12.5 kHz we see that the communication signal with an amplitude 
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of 15mA and correction factor of 0.9 generates 6.4μW and the 100 Hz current with 
amplitude of 49mA, correction factor 0.5, generate 17μW. A communication device can 
potentially generate high frequency currents at relatively high amplitude; an example was
shown in Figure 47 where over 2 Ampere 12.5 kHz was measured at the terminal of a LCD 
TV.  This increase could cause internal heating of the capacitor but the communication 
signal is not continuously present. Many communication systems are configured to pull 
data during the night when the noise level is believed to be lower but many appliances 
have their EMC-filter (and CX capacitor) connected as long as the appliance is plugged 
into the outlet i.e. also when they are in stand-by mode.

In technical specification on Power electronics systems and equipment – Operation 
conditions and characteristics of active infeed converter applications [69] it is stated that
there is a risk for overheating the dc link capacitor if the amount of harmonic currents is 
not taken into account. Overheating of an electrolyte capacitor will reduce the life 
expectancy of the component and as the capacitor reaches the end of the lifetime the ESR 
will start to increase and as a consequence also the output ripple voltage [19]. This could 
lead to complete failure of the capacitor and possible damage to other components.
Important to mention here is also the fact that the function of a device will not be affected 
if the EMC-filter fails. The owner of the device is not likely to notice the failure of the 
filter and will therefore not disconnect the device. The result will simply be that the 
emission at unwanted frequencies increases. 
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9 Conclusion 

9.1 Harmonics 
There has been a concern that the introduction of modern energy saving lamps will result 
in high levels of emission for the low order odd harmonics. Measurements done in a 
controlled environment indicate that there will be an increase, but a limited one. However, 
measurements done in the field show that this increase is small and in some cases there is 
even a decrease in amplitude of certain harmonics. The impact from other types of 
equipment is dominating. For harmonic emission it has been found that it is important to 
consider the emission from the installation as a whole rather than from individual devices. 
This should be done based not only from assumption on levels found through simulations. 
Measurements in real installations in the grid are needed to quantify the impact of any new 
equipment on the harmonic emission.

9.2 Supraharmonics 
Supraharmonic is a term referring to frequency components in the range 2 kHz to 150 kHz.
Within the supraharmonic range the distinction between primary emission (originating 
within the appliance) and secondary emission (originating outside of the appliance) has 
been found useful. It is concluded both by a model that was developed and by 
measurements that the secondary emission exceeds the amplitude of the primary emission 
in many cases. This could potentially be a concern especially when a small device like a 
LED lamp is connected close to a large device like a heat pump. With supraharmonic 
studies it is thus essential to include both primary and secondary emission.

It is shown (by measurements and by simulations) that it is feasible that two devices 
connected at an electrically close distance (up to some tens of meters) can form a 
resonance in between them at a supraharmonic frequency. Frequencies in this range are 
often used for power electronic switching and the supraharmonic current in form of 
residues from this switching will be amplified in case of a resonance. A consequence is 
that the primary emission might strongly depend on the presence of neighbouring 
equipment.

This dependence of the primary emission on neighbouring equipment and the regular 
dominance of secondary emission, have an important consequence for standard emission 
tests. Any tests performed against a standardized source impedance (line impedance 
stabilization network or LISN) will have limited or no value to predict supraharmonic 
emission in a real installation. 

Another important conclusion is that when a non-linear load are exposed to secondary 
emission at any frequency it produced integer multiples of that frequency thus emitting 
new frequency components into the system.
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It is shown that the emission in the supraharmonic range tends to stay inside an installation 
and mainly flow between connected devices. The filter used in many devices to limit the 
radio interference or the smoothing capacitor connected after a diode rectifier bridge is 
responsible for the low impedance at supraharmonic frequencies. This capacitor is also 
responsible for the above-mentioned resonances. The effect of high levels of 
supraharmonic currents on capacitors need to be studied further.

It has been shown that the emission at the terminal of a device might be higher than from 
the installation. In a mixed load situation with devices of various sizes and power ratings it 
is especially important to consider the emission levels at the terminal of the devices. 

A measurement at the interface between an installation and the grid will thus not be useful 
when determining the levels of supraharmonic emission inside the installation. 

This thesis presents measurements on individual devices and for mixed-load situations. 
Measurements on individual devices have been limited to LED lamps and PV installations 
and conclusions are hence only valid for those. The conclusions from mixed load situations 
are more generally, especially for propagation and interaction in the supraharmonic range.

9.3 Power line communication 
Part of the same frequency range as defined by the term supraharmonic is used by power 
companies for power line communication. However, power line communication has to be 
considered as a separate part of supraharmonics for several reasons. The amplitude is 
higher compared to what is associated with non-communicating devices. The instance 
when the communication signals are present can be controlled to a much higher degree 
than emission from non-communication devices. Signals used for communication purposes 
contain data and need to propagate through the grid with limited distortion and damping. 
The interaction between power line communication and end-user equipment has been 
classified into five different types: 

Type I.

High voltage or current levels at the communication frequency due to emission by end-user 
equipment. This can result in loss of the communication signal or in transmission errors.

Type II.

The end-user equipment creates a low-impedance path at the communication frequency. 
The result is that only a small part of the communication signal arrives at the location of 
the receiver.

Type III.

The voltage signal used for communication results in large currents through the end-user 
equipment. This can result in overheating of components or other interference with the
functioning of the equipment.
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Type IV.

Non-linear end-user equipment exposed to a voltage at the communication frequency 
results in currents at other frequencies, typically harmonics of the communication 
frequency.

Type V.

The distortion of the voltage waveform due to the communication signal results directly in
mal-operation of end-user equipment.
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10 Future work 
There still remains a lack of knowledge to understand origin and spread of supraharmonics. 
Such knowledge is needed to avoid future interference, but also to avoid the setting of 
unnecessary strict requirements on end-user equipment or on network operators. Models 
for equipment and low-voltage networks in this frequency range have to be further 
developed. Such models can be used to study the propagation of signals. 

Propagation between nearby devices
Propagation to other low-voltage customers on the same low-voltage cable
Propagation to other low-voltage customers on the same distribution transformer 
but on another low-voltage cable
Propagation from LV to MV through the distribution transformer
Propagation from MV to LV through the distribution transformer

The results from earlier work indicate that supraharmonics do not propagate beyond nearby 
devices. It was however also shown that resonances are likely to occur. An important part 
that remains to be studied is the possibility that certain resonance situations could result in 
spread of these signals to other customers or even to the medium-voltage networks.

More detailed models of devices could also be used to reproduce the occurrence of 
oscillations around the zero crossing that were discussed in [12] and the way in which their 
magnitude increases with increasing numbers of devices. Such models will likely have to 
include details of the power electronic converters and the control algorithms used. Also 
here there is a potential risk for resonances. The need for setting up of power-quality 
surveys covering the frequency range 2 to 150 kHz is of importance for the on-going 
research on supraharmonics. There is also a need for reproducible and realistic tests for 
supraharmonic emission.

The effect of high levels of supraharmonic currents on capacitors need to be studied 
further.  

In the harmonic range there is still somewhat of a gap between simulations and field 
measurements. Modeling efforts are needed to be able to predict the impact from new 
equipment on the harmonic voltage and current.
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Abstract-- This paper presents an investigation after the 

impact on a number of power-quality parameters due to the 
change from incandescent lamps to energy saving lamps like 
CFL and LED. The measurements were conducted in a full-scale 
laboratory model with ordinary household equipment 
connected, thus simulating an ordinary domestic customer. 
Incandescent lamps have been replaced in stages by CFL and 
LED lamps. The CFL's and LED lamps will contribute to an 
increase in current distortion but the amplitude of the 
harmonics is quite low so the change of lighting will only have a 
minor effect on the total current harmonic distortion. It is also 
shown that the (total) power factor is not a good indicator to 
compare the impact of different loads on the system.

Index Terms--Electromagnetic compatibility; power quality; 
power distribution; conducted disturbances; harmonics; non-
incandescent lighting. 

I.  INTRODUCTION

ITH the interest to reduce electrical energy 
consumption there is an upcoming shift from the 

traditional incandescent lamps to more energy efficient types 
of lighting. The most common replacements for incandescent 
lamps are compact fluorescent lamps (CFL). The next stage 
will be the replacement by lamps based on light-emitting 
diodes (LED’s). This ongoing replacement has raised a 
concern of a possible adverse effect on the power grid as we 
replace a resistive load with an electronic one. The main 
concerns include harmonic distortion, losses in the grid, and 
displacement power factor (cos ). [1]. The harmonic 
distortion due to individual lamps is studied among others in 
[2][3]. The impact on the voltage distortion of a massive 
replacement of incandescent lamps by CFL is studied in [4]. 
A limited increase in emission per building is predicted in [2], 
whereas [4] predicts a large increase in voltage distortion. The 
latter is however based on simulations, where the cancellation 
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of the harmonics between different types of loads is only 
partly included. 

The study presented in this paper is completely based on 
measurements and a complete set of domestic equipment is 
included. A set of measurements have been performed in 
order to determine how a shift in lamps would affect a 
number of power quality parameters. The measurements have 
been conducted on a typical household base load consisting of 
a mix of lamps, TV, computers, heating and kitchen 
equipment. The measurements have been performed in the 
laboratory so as to have complete control over the load. A 
typical consumption pattern has been defined however so as 
to make the measurements both realistic and reproducible. In 
the initial stage the installation contains only incandescent 
lamps; in the final stage all incandescent lamps are replaced 
with LED lamps.  

This paper will focus on harmonic distortion up to 9 kHz 
as well as the affect a shift in lamps will have on the power 
factor and the peak current and on losses in the distribution 
grid. Details of the laboratory set-up and the experiments 
performed are given in Section II and in Appendix A, the 
results from the experiments in Section III, and conclusions in 
Section IV. 

II.  LABORATORY SETUP

A full scale model of a house was built in the laboratory at 
Luleå University of Technology. The building has realistic 
cable length and cable areas for an urban residential home in 
Sweden [8].  

A number of different scenarios were tested; four of them 
all give equal light output in Lumen: “past”, “present60”, 
“future” and “far future”. 

In the scenario named “past” all lights were 
incandescent.  
In the scenario named “present60” half of the lights have 
been switched to CFL’s.  
For the scenario “future” all the remaining incandescent 
lights were replaced with 7-W LED lights and all the 
CFL’s were left as they were.  
For the “far future” scenario all lights were 7 W LED 
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lights.  
All CFL and LED lamps were typical lamps, with a power 

factor of 0.6. Normal household equipment was connected in 
the house in addition to the lamps. The normal household 
equipment was kept the same for the five scenarios: the only 
difference was the lighting. The load was changed in three-
minute intervals with a total pattern of 108 minutes, 54 
minutes with a heat-pump and 54 minutes mirroring the same 
pattern without the pump. The pattern was designed so that 
both high load (morning and afternoon) and low load (night) 
was simulated. The aim of the pattern was not to reproduce a 
typical day, but to include a range of combinations of load 
types. The voltage and current were measured at the delivery 
point, covering the complete load. The equipment and the 
switching pattern used during the measurements are shown in 
Appendix A with this paper. 

The current taken by the complete load was measured 
using two different instruments: a Dranetz PX5 power-quality 
monitor was used to obtain one-minute values for all of the 
typical power-quality parameters; a Hioki Memory Hicorder 
8855 was used to obtain a 250-ms high-frequency snapshot of 
the waveform every minute. A sampling frequency of 10MS/s 
has been used. In this paper, unless otherwise noticed, the 
Dranetz measurements are presented. 

III.  RESULTS FROM THE LABORATORY MEASUREMENTS

A.  Active Power, Current and Losses  
The active power, which includes all frequencies up to 2 

kHz, was measured averaged over every 1 min interval. The 
active power versus time during the 108-minute consumption 
pattern is shown in Fig. 1. The active power shows an overall 
decrease from scenario “past” through scenario “far future” as 
the incandescent lamps are replaced with energy saving 
lamps. The reduction in active-power consumption is 
obviously the main reason for the replacement, and this is 
confirmed by the measurements. Because the pattern does not 
represent any typical pattern, no conclusions can be drawn 
from these measurements about the absolute reduction in 
energy consumption. 

Fig. 1.  Active power versus time for the different scenarios. 

The rms value of the current versus time is shown in Fig. 

2. The behavior of the rms current is very similar to the 
behavior of the active power in the previous figure.  

Fig. 2.  RMS current versus time for the different scenarios. 

The peak current is reduced by 25% from “past” to “far-
future”. This is clearly an advantage for the distribution 
network as it reduces the risk of overload as well as the risk of 
undervoltages. The losses in the grid are proportional to the 
square of the rms current. As the rms current reduces 
throughout the 108-minute pattern, the total losses will also 
decrease due to the replacement. Again, this decrease cannot 
be quantified by these measurements because no typical load 
pattern has been used. 

B.  Reactive Power at Fundamental Frequency 
For the reactive power only the fundamental frequency, 

50 Hz, has been considered, because reactive-power 
definitions including non-50-Hz components are difficult to 
interpret. As shown in Fig. 3 the reactive power is capacitive 
throughout most of the measurement period, for all scenarios. 
The reactive power trend is towards more capacitive from 
“past” to “far future”.  

Fig. 3.  Reactive power versus time for the different scenarios. 

Injection of reactive power into the grid by the load is 
positive for the distribution network. It compensates for 
reactive-power consumption by motor load and for reactive-
power losses in the grid. The additional increase in voltage 
magnitude by the reactive power (at most 0.7 kvar capacitive) 
is more than compensated by the voltage drop due to the 
active power (up to 5 kW) and the risk of overvoltage is low. 
Generation of reactive power together with consumption of 
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active power will actually result in a better voltage regulation 
in the low-voltage network.  

C.  Harmonics 
The one-minute average of the 200-ms harmonic and 

interharmonic subgroups was recorded during 108 minutes. 
The third, fifth and seventh harmonic versus time are shown 
in Fig. 4, Fig. 5, and Fig. 6, respectively. With all three 
harmonics does the overall pattern not change despite the 
replacement of all incandescent lights first by compact 
fluorescent lamps and next by LED lights. For all three 
harmonics are the values significantly higher during the first 
half of the measurement than during the second half. This is 
most likely due to the presence of the heat pump during the 
first half. The replacement of the incandescent lights does 
result in some increase in the harmonic distortion, especially 
for the “future” scenario. The increase is however of limited 
size and smaller than for example the impact of the 
microwave. 

Fig. 4.  Third harmonic current versus time for the different scenarios. 

Fig. 5.  Fifth harmonic current versus time for the different scenarios. 

Fig. 6.  Seventh harmonic current versus time for the different scenarios. 

D.  Changes in harmonic spectrum 
The harmonic spectrum has been calculated from the 

individual harmonics versus time. A comparison of the 99% 
spectra for “past” and “far future” is made in Fig. 7. The 
lower limit of the vertical axis is slightly above the resolution 
of the measurements. The even harmonics (lower row of 
points) do not show any significant increase; whereas also 
most of the odd harmonics (upper row if points) show only 
minor changes. Significant increase is only visible for 
harmonics 9, 13, 19, 21, 23 and 25. The squares in the figure 
are the limits that would be placed on the domestic customer 
in case it would be treated as a device, with a rated current of 
25 A, under IEC 61000-3-12. The most strict limits, for a 
short-circuit ratio of 33, have been used. The harmonic 
emission increases for some of the frequencies due to the 
replacement, but for all relevant frequencies is the emission 
even in the “far future” scenario more than a factor of two 
below the limits according to IEC 61000-3-12. 

Fig. 7.  99% harmonic spectra for the "past" and "far future" scenarios. 

The 99% spectra of the interharmonics are compared in 
Fig. 8. There is no significant difference in the interharmonic 
spectra for the two scenarios. 
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Fig. 8.  99% interharmonic spectra for the "past" and "far future" scenarios. 

E.  Fault-Level Requirements 
The 99-% harmonic currents from the “past” and “far future” 
scenarios (see previous section), have been used to estimate 
the fault-level requirements placed on the distribution 
network operator by this customer. It has been assumed that 
the source impedance increases linearly with frequency. The 
95% voltage-distortion limits for customers connected to a 
public low-voltage network, according to EN 50160, have 
been used. Knowing the current emission Ih and the 
maximum-permissible voltage distortion uh,max , the 
minimum-required fault level can be calculated, using Ohm’s 
law. As shown in [5] the minimum required short-circuit ratio 
(ratio between the fault current and the rated current Inom) is 
obtained from 

Where h is the harmonic order. The minimum-required 
short-circuit ratio, for a rated current of 25 A is shown in Fig. 
9 for the “past” and “far future” scenarios. 

Fig. 9.  Minimum-required short-circuit ratio per customer to keep the 
voltage distortion below the EN 50160 limits. 

The higher the minimum-required short-circuit ratio, the 
higher the risk that the voltage-distortion limits will be 
exceeded. The values set by the harmonic emission, and 
shown in Fig. 9 should be compared with other requirements 
set on the short-circuit level. A study done by a network 
operator [6] resulted in a minimum short-circuit ratio of about 

30 to prevent excessive steps in voltage due to load switching. 
The highest values from our measurement are obtained for the 
triplen harmonics 3, 9, 15 and 21. The voltage-characteristics 
have traditionally been rather low for these harmonics. Also 
are the zero-sequence impedances, which are of importance 
for triplen harmonics, 20 to 50% lower than the positive-
sequence impedance that matter for other harmonics. It should 
further be noted that the model used for the source 
impedance, linear increase with frequency, probably gives an 
overestimation of the required fault level for higher 
harmonics. 

Assuming the model to be correct, the system strength 
would be set by the 21st harmonic and the additional strength 
needed due to the introduction of LED and CFL would be 
low. The latter conclusion is valid for most locations even if 
the model used does not hold in all details, as discussed 
before. 

F.  Total Harmonic Distortion 
The total harmonic distortion (THD) of a voltage or 

current waveform is defined as the ratio between the root sum 
square over all harmonic components and the fundamental 
component. The THD is typically expressed in percent. 

The total harmonic distortion of the current versus time is 
shown in Fig. 10 for the five scenarios. The waveform 
distortion, in terms of THD, shows a significant increase 
especially for “future” and “far future”; with distortion over 
50% during part of the measurement period. The total 
harmonic distortion is however only a measure of the non-
sinusoidal character of the waveform; it is not a good measure 
for the grid impact of a load. 

Fig. 10.  THD of the current (in percent) versus time for the five different 
scenarios. 

Comparing Fig. 10 with Fig. 2 shows that high values of 
the THD occur for low rms current. What matters for the 
power system is not the THD in percent but the THD 
expressed in Ampere. The latter is the root sum square over 
all harmonic components, which can also be calculated as the 
product of the THD in percent and the fundamental current. 
The THD in Ampere is shown in Fig. 11. The highest values 
for the harmonic emission of the installation occur during the 
first half of the measurement period, when the heat pump is 
operating.  
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Fig. 11.  THD of the current (in Ampere) versus time for the five different 
scenarios. 

The harmonic emission does show some increase with the 
highest values being reached for “future”. The increasing 
trend is also visible in Fig. 12, where the maximum and 95-
percentile values are shown. The 95-percentile of the 
harmonic emission increases from 2 A in “past” to 2.8 A in 
“future”. In “far future” the emission decreases again 
somewhat to 2.5 A.  

Fig. 12. 95% and 100% values of the current THD (in Ampere) for the four 
different scenarios. 

G.  Total Interharmonic Distortion 
The total interharmonic distortion (TID) is normally 

defined as the ratio between the root sum square over all 
interharmonic components and the fundamental component. 
But as the impact of interharmonic distortion is determined by 
the TID in Ampere, it is this value that is shown in Fig. 13 as 
a function of time. The TID is high twice during the 
measurement period, in both cases corresponding to the 
presence of the microwave. The different scenarios show a 
somewhat different pattern, but the peak values are rather 
independent of the scenario. This was also concluded from 
the comparison of the interharmonic spectra in Fig. 8. 

Fig. 13.  TID (Total Interharmonic Distortion) of the current (in Ampere) 
versus time for the different scenarios. 

H.  Power Factor 
The power factor (total power factor) is a parameter used 

to quantify the deviation of the current waveform from an 
ideal sine wave in phase with the voltage waveform. It is the 
ratio between active power and apparent power, where the 
latter is the product of current rms and voltage rms. The 
power factor is a popular measure to quantify both waveform 
distortion and phase shift between voltage and current in one 
parameter. The power factor as a function of time is shown in 
Fig. 14. 

Fig. 14.  Total Power Factor versus time for the different scenarios 

Very low values of the power factor occur during the 
beginning and the end of the measurement period. This is 
when no equipment at all is in operation and the only active-
power consumption is formed by the stand-by losses of the 
equipment. The stand-by current is mainly capacitive, hence 
the low power factor. A power factor slightly above 0.6 is 
obtained towards the end of the “far future” scenario; this is 
when the load only consists of identical LED. In the future 
scenario, the load consists during this part of the pattern, of a 
mixture of LED and CFL. Even though both have a power 
factor of 0.6, the power factor of the combination is over 0.8. 
As we will see in a companion paper, in which a field 
measurement for a hotel is presented, a situation in which 
only identical lamps are contained in the load, does not occur 
in reality. 

The power factor is compared with the rms current in Fig. 
15 for the “past” and “far future” scenarios. We see that even 
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in “far future” the power factor remains above 0.9 for 
consumption above 1.5 kW. 

Fig. 15.  Total power factor versus active power, for two of the scenarios. 

Low values of the power factor may be due to high levels 
of harmonic currents, due to a large phase-angle difference 
between voltage and current waveforms, or due to low 
currents. As these three phenomena impact the power system 
in completely different ways, the power factor is not a good 
measure to compare different loads. The reactive power in 
VAr and the harmonic distortion in Ampere are more 
appropriate indicators. 

The displacement power factor (cos φ) is defined as the 
cosine of the angle between the fundamental components of 
voltage and current. The average values of (total) power 
factor and displacement power factor are compared for the 
five scenarios in Fig. 16. The average displacement power 
factor is actually lowest for the “present60” scenario and 
increases in “future” and “far future”. Note the difference 
between total power factor and displacement power factor, 
which is due to the waveform distortion. 

Fig. 16.  Power factor and displacement power factor for the five scenarios. 

I.  Current distortion in the frequency range 2 to 9 kHz 
Measurements were also performed of the emission of the 

installation in the frequency range above 2 kHz. The 
waveform of the current was captured once a minute over a 
200-ms window. A sampling frequency of 10MS/s has been 
used. Some of the results are shown here. A detailed analysis 
of those results will be presented in a future publication. 

To quantify the emission in the frequency range 2 to 9 
kHz, the root sum square over all components in this 
frequency range has been determined for every captured 
waveform. The results are shown in Fig. 17 for four of the 
five scenarios, where “present” corresponds to “present60”. 

Fig. 17.  The root sum square of all frequency components between 2 and 9 
kHz for four scenarios. 

Like in the frequency range below 2 kHz we see a modest 
increase in distortion. The highest values occur when the 
kitchen equipment (induction cooker and dishwasher) is 
operating. The shift from incandescent lamps to CFL and 
diode lamps does result in some increase in current distortion, 
but no significant increase. This increase may be due to an 
increase in the actual emission or in an increase of the current 
absorbed by the equipment due to voltage distortion in this 
frequency range. In the latter case, the presence of CFL and 
LED does actually reduce the voltage distortion. 

A remarkable observation is that during the first half of the 
measurement period (when the heat pump is on) the distortion 
is highest for “far future”, where for the second half (when 
the heat pump is off) it is highest for “future”. This points to 
complex interaction between different devices, something that 
has been observed during other measurements as well [8][9]. 

IV.  CONCLUSIONS

The power factor is not an appropriate indicator to 
compare different loads. To compare the impact of different 
loads on the power system, a set of parameters should be 
used. The combination, reactive power (in var); harmonic 
currents (in Ampere) and rms current (in Ampere) is a much 
better alternative. 

The measurements show that the replacement of 
incandescent lamps by LED and CFL gives a reduction in 
active power consumption, a reduction in peak current, and a 
reduction in distribution-system losses. All have a positive 
impact on energy consumption and on the power-system. 

The measurements also show that the replacements results 
in an increase of the amount of reactive power produced by 
the load. This has an overall positive impact on the grid, but 
the impact is too small for it to be any real value. 

It is shown that the replacement of incandescent lamps by 
LED and CFL results in an increase of the harmonic current 
emission. The increase is however rather small and the 
emission of the test house, despite its high amount of lighting, 
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is still more than a factor of two below the limits set in IEC 
61000-3-12. It is shown in the paper that the presence of other 
equipment, like a heat pump or a dish washer, impacts the 
harmonic distortion much more than the replacement.

A comparison is also made of the additional requirements 
placed on the system strength by the replacement. These 
additional requirements are small and do not require any 
additional network-planning effort. 

Overall the impact on the grid of replacing incandescent 
lamps by LED’s and CFL’s, will mainly be a reduction in 
peak current and reduction in losses. The increase in 
harmonic distortion will be small and no reason for concern. 
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VI.  APPENDIX: EQUIPMENT AND SWITCHING PATTERN USED

The pattern used to represent the variations in 
consumptions, is shown in Table I, where each column 
represents a three-minute period and each row a part of the 
load that was switched separately. The time stamps in the 
upper row indicate the end of the period. Details of the loads 
are given in Table II and below: 

• D: computer and television; 
• E: Microwave; 
• F: Dishwasher; 
• G: Induction stove; 
• H: Heat pump 
• I: Refrigerator 

With the exception of the computer and the television, all 
loads used a certain operating cycle that could not be 
controlled. The power consumption and harmonic emission 
from this equipment may therefore not be identical between 
different scenarios. 

All LED’s were 7 W and all CFL’s were 11 W, unless 
otherwise indicated in the table. 

TABLE I 
LOAD SWITCHING PATTERN USED DURING THE EXPERIMENTS. 

 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66 69 72 75 78 81 84 87 90 93 96 99 102 105 108
A      
B               
C                             
D                   
E                                   
F                   
G                   
H                    
I 

TABLE II 
DETAILS OF THE LIGHTING LOAD USED FOR THE FOUR SCENARIOS

 “past” “present60” “future” “far-future” 
Load A 12 60-W incandescent 4 halogen + 4 60-W 

incandescent + 4 CFL
6 LED + 6 CFL 12 LED 

Load B 18 60-W incandescent 6 halogen + 6 60-W 
incandescent + 6 CFL 

9 LED + 9 CFL 18 LED 

Load C 2 dimmable 60 W incandescent 2 dimmable 20-W CFL 2 dimmable 20-W CFL 2 dimmable LED 
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Harmonic Emission before and after 
Changing to LED and CFL –  

Part II: Field Measurements for a Hotel  

Sarah K. Rönnberg Student member, IEEE, Mats Wahlberg and Math H.J. Bollen, Fellow, IEEE

Abstract—This paper shows the results of measurements 
performed with a medium-sized hotel in the North of Sweden. 
The harmonic emission and other parameters were measured 
before, during and after a replacement of all incandescent lamps 
with energy saving lamps, both compact fluorescent lamps 
(CFL’s) and light emitting diodes (LED’s). it was not possible to 
see any major difference in harmonic spectrum before and after 
the replacement. The reduction in power factor that was 
observed was completely due to the reduction in active power. 

Index Terms—Power quality, lighting, harmonic distortion. 

I. INTRODUCTION

HE change from incandescent lamps to energy saving 
lamps, both compact fluorescent lamps (CFL’s) and light 

emitting diodes (LED’s), results in a reduction of energy 
consumption and is therefore encouraged in a number of 
ways. Energy saving lamps however has a distorted current 
waveform. This has resulted in concerns, expressed among 
others by network operators that the replacement of 
incandescent lamps by energy saving lamps will result in an 
increase of the harmonic voltage and current distortion in the 
grid. This concern has been the reason for starting a set of 
measurements to quantify the impact of the replacement on 
the harmonic distortion. Controlled measurements of the 
emission due to a domestic customer were performed on a 
full-scale electric model of a house. The results of those 
measurements are presented in a companion paper [1].

In this paper we present the results of measurements 
performed on a medium-sized (76 rooms) hotel in the North of 
Sweden. During the start of the measurements, the majority of 
lighting used in the hotel consisted of incandescent lamps. All 
incandescent lamps were replaced by energy saving lamps 
both CFL and LED with a typical power-factor of 0.5 – 0.6. 
Measurements were performed before, during and after the 
replacement. A Dranetz Power Visa monitor was used to 
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obtain the harmonic distortion and several other parameters 
over each 10-minute interval. 

The measurement results are presented in the forthcoming 
sections, where the time axis includes about two weeks before 
the replacement, the whole replacement period and two weeks 
after the replacement.  

Before the change, the lighting in the hotel consisted of 
447 incandescent 40-W lamps with E27 fitting and 116 
incandescent 40-W lamps with E14 fittings. The E27 lamps 
have been replaced by 7-W LED lamps and the E14 lamps by 
8-W CFLs. A total of about 30 lamps were replaced in the 
common areas of the hotels; the others were replaced in the 
guest rooms. In total this would give a reduction in active 
power up to 18 kW. 

TABLE I
NUMBER OF ROOM OCCUPIED PER NIGHT FOR THE HOTEL, DURING THE THREE 

MEASUREMENT SERIES.
Before During After

26-mar 61 13-apr 33 04-maj 59
27-mar 57 14-apr 47 05-maj 52
28-mar 16 15-apr 72 06-maj 49
29-mar 17 16-apr 61 07-maj 37
30-mar 20 17-apr 56 08-maj 69
31-mar 13 18-apr 4 09-maj 15
01-apr 8 19-apr 22 10-maj 39
02-apr 6 20-apr 36 11-maj 40
03-apr 8 21-apr 30 12-maj 21
04-apr 5 22-apr 31 13-maj 23
05-apr 14 23-apr 43 14-maj 39
06-apr 35 24-apr 58 15-maj 26
07-apr 40 25-apr 11 16-maj 15
08-apr 28 26-apr 47 17-maj 35
09-apr 22 27-apr 63 18-maj 39

28-apr 29 19-maj 45
29-apr 26

Tot 350 tot 669 tot 603
Mean 23 Mean 39 Mean 37

The majority of the lamps in the hotel rooms were replaced 
during the period 13 – 16 April 2010; the lamps in the 
common areas were replaced on 19 April; the lamps with E14 
fittings were replaced on 3 May. Three measurement series 
have been conducted: before the replacement (26 March – 9 
April), during the replacement (13 – 29 April) and after the 
replacement (4 – 19 May). The energy consumption and the 
emission are expected to be dependent on the room occupancy 
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of the hotel, which is shown in Table I. The average 
occupancy is higher during and after the replacement, mainly 
due to the Easter holidays early April. 

II. ENERGY CONSUMPTION AND LOSSES

The total active power consumption of the hotel is shown in 
Fig. 1. The daily variations are clearly visible, as well as a 
clear downward trend. The high active power in the beginning 
of the first measurement series corresponds to occupancy 
around 60 rooms. Similarly high occupancy occurred during 
the third measurement series but with much lower active-
power consumption. The replacement has clearly resulted in a 
reduction of the active-power consumption of the hotel. 

Fig. 1.  Total active power consumption during the measurement period. 
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Fig. 2.  Relation between daily energy consumption (in arbitrary units) and the 
number of rooms occupied, before and after the replacement. 

A comparison has been made between the consumption of 
the hotel during March through May 2009 and the same 
period 2010. The daily consumption has been obtained from 
the hourly metering data and has been normalized by the 
average daily consumption during those three months in 2009. 
The results are shown in Fig. 3. Both years show a downward 
trend during the three-month period, most likely a seasonal 
effect related to the rise in temperature and the increase in day 
light. 

Before the replacement (left of the rectangle in the figure), 
the 2010 values were systematically higher than the 2009 
values. After the replacement (right of the rectangle) the 2010 
values are equal or somewhat lower than the 2009 values. The 

replacement of the incandescent lamps by CFL’s and LED’s is 
the most likely explanation for this. 
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Fig. 3.  Daily energy consumption for the hotel in 2009 and 2010; the 
rectangle indicates the period during which the lamps were replaced. 

The rms current of the hotel during the whole measurement 
period is shown in Fig. 4, where the same trend is visible as 
for the active power. The reduction is most likely a 
combination of seasonal effects and the replacement. 

Fig. 4.  RMS current during the measurement period for one phase. 

III. REACTIVE POWER

The reactive power at fundamental frequency of the hotel is 
shown in Fig. 5 during the measurement period.  

The hotel load is shown to consume reactive power during 
the whole measurement period. The values of the “after” 
period are somewhat higher than the values of the “before” 
period. As the CFL’s and LED’s are known to produce 
reactive power (as was also shown during the measurements 
for the domestic customer [1]) this increase cannot be due to 
the lamps. 

The relation between active and reactive power of the hotel 
is shown in Fig. 6. The points are shifted in horizontal 
direction due to the reduction in active power consumption. 
The average and spread in reactive power is not much 
impacted by the replacement. 
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Fig. 5.  Reactive power at fundamental frequency during the measurement 
period. 
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Fig. 6.  Active power and fundamental reactive power before (red squares) and 
after (blue dots) the replacement. 

The reduction in active power, with about constant reactive 
power, results in a decrease in displacement power factor. In 
the period before the replacement 90% of the values are 
between 0.86 and 0.99 (5% below and 5% above this range). 
The corresponding interval for the period after the 
replacement is between 0.82 and 0.97. But as was shown 
before, this is not due to an increase in reactive power, but due 
to a reduction in active power. The range obtained by 90% of 
the values is compared in Table II for the reactive power and 
the displacement power factor. The reactive power shows a 
small decrease in phase A, remains the same in phase B, and 
shows a small increase in phase C. The displacement power 
factor decreases in all three phases due to the reduction in 
active power. This confirms an important conclusion from the 
first part of this study [1]: that the power factor is not a good 
indicator to compare different loads. 

TABLE II
5 TO 95% RANGE OF DISPLACEMENT POWER FACTOR AND REACTIVE POWER 

BEFORE AND AFTER THE DISPLACEMENT
Before After 

DPF A 0.87-0.96 0.82-0.94 
DPF B 0.93-0.98 0.90-0.97 
DPF C 0.95-0.99 0.88-0.97 
React power A 8.0-10.0 kvar 7.5-9.6 kvar 
React power B 4.4-6.7 kvar 4.6-6.6 kvar 
React power C 3.1-6.7 kvar 3.6-7.4 kvar 

The rather large amount of reactive power also makes that 

the reduction in rms current is not as much as the reduction in 
active power. However, as shown before, also the rms current 
shows a decrease during the measurement period. 

IV. HARMONIC DISTORTION

The harmonic waveform distortion has been recorded 
almost continuously before, during and after the replacement. 
The 10-minute averages for the third harmonic subgroup of 
the current in the three phases are shown in Fig. 7 as a 
function of time for the whole measurement period. The third 
harmonic current is not constant during the measurement 
period, but no differences can be observed before and after the 
replacement. The fifth and the seventh harmonics currents, as 
a function of time, are shown in Fig. 8 and Fig. 9. The fifth 
harmonic shows an increase in two of the phases, but a 
decrease in the other phase. 

Fig. 7.  Third harmonic during the whole measurement period. 

Fig. 8.  Fifth harmonic during the whole measurement period. 
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Fig. 9.  Seventh harmonic during the whole measurement period. 

To quantify the impact of a load on the power system, the 
95% value of the harmonic currents is a commonly-used 
value. The 95% values of the third, fifth and seventh harmonic 
for each phase before and after the replacement are shown in 
Fig. 10. It shows an increase in third harmonic in two of the 
phases and a decrease in the third phase. The changes in third 
harmonic are minor however: -3%; +5% and +2%. We 
conclude that there is no observable difference in the third 
harmonic current due to the replacement. 

The fifth harmonic current shows an increase in two of the 
phases, with the increase being about 40% in phase A. The 
third phase does show a decrease in harmonic current 
however. As we will see later the increase is biggest in the 
95% value, the increase in 99% value is only 15%. It should 
also be noted that the maximum rms current is over 150 A; the 
fifth harmonic current after replacement is thus still less than 
3% of the rated current. 

The seventh harmonic goes down in two phases and 
remains about the same in the third phase. 
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Fig. 10.  95% values of the third, fifth and seventh harmonic before and after 
the replacement. 

V. HARMONIC SPECTRUM

The harmonic spectra have been obtained before as well as 
after the replacement. The 99% spectra over two measurement 
periods are compared in Fig. 11 through Fig. 14. The “before” 
spectra have been taken over the period 26 March through 9 
April; the “after” spectra have been taken over the period 5 
May through 18 May. The spectra are compared for the three 
phases individually, as well as for the highest of the three 

phases. The spectra before and after the replacement are not 
identical; but the differences are small. Some harmonics show 
an increase, others show a decrease, 
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Fig. 11.  99% harmonic spectrum for the current in phase A, before and after 
the replacement. 
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Fig. 12.  99% harmonic spectrum for the current in phase B, before and after 
the replacement. 
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Fig. 13.  99% harmonic spectrum for the current in phase C, before and after 
the replacement. 

The harmonic emission of this hotel is compared with the 
emission limits for equipment with rated power between 16 
and 75 A, according to IEC 61000-3-12. The table for 
unbalanced equipment has been used, for a short-circuit ratio 
of 33. This results in the strictest limits. A rated power equal 
to 150 A has been assumed. Although the size of this load is 
strictly speaking outside the range for this standard, the 
relative limits have still been applied so as to get an 
impression of the severity of the emission. 
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Fig. 14.  Maximum of the 99% harmonic current spectra in the three phases, 
before and after the replacement; comparison with the IEC 61000-3-12 limits. 
Note the logarithmic vertical scale. 

The comparison in the above figure shows that the current 
emission is below the limit for all harmonics covered by the 
standard. Harmonic 13 is closest to the limit, but the value of 
this one is not impacted by the replacement. 

VI. TOTAL HARMONIC AND INTERHARMONIC DISTORTION

The total harmonic distortion (in Ampere) is shown in Fig.
15 for one of the phases during the whole measurement 
period. The trend is downward and there is certainly no 
increase in THD observable. The 95% values of the THD of 
the current in each of the phases are shown in Fig. 16.

Fig. 15.  THD in Ampere during the whole measurement period for one phase. 

Fig. 16. The 95% value of the current THD in Ampere, for the three phases. 

The THD goes down in one phase and stays about the same 

in the third phase. This could be due to many causes, but we 
can conclude in any case that the replacement does not result 
in any observable increase in THD. 

In order to get a fair value of the impact of the lights on the 
total harmonic distortion, two 24-hour periods were selected 
where the number of room reservations was similar. One 
period with only a few rooms occupied was selected; and one 
where the hotel had more guests. As seen in Fig. 17 after the 
lamps were changed the number of guests in the hotel doesn't 
seem to have a strong impact on the current THD, the value is 
the same in phase three and the increase in phase one and two 
are 1% and 5% respectively. Before the lighting is changed, 
the THD value increases in all phases when the number of 
rooms occupied goes from 15 to 59. 

Fig. 17.  The 95% value of the current THD, in Ampere, for two 24 hour 
periods, for the three phases. 

The total interharmonic distortion as a function of time is 
shown in Fig. 18. There is no difference visible before and 
after the replacement. The 95% value of the interharmonic 
distortion (TID) for two weeks before and the two weeks after 
the replacement were calculated and are compared in Fig. 19.
There is an increase in TID for all three phases, but the 
increase in phase two and three is minor. 

The interharmonic distortion in phase A after the 
replacement is about twice the value before the replacement. 
We saw during the laboratory measurements for a domestic 
customer that the replacement did not result in any increase in 
interharmonic distortion. The increase in interharmonic might 
therefore be due to something else than the replacement. It 
should also be noted that the TID is less than 0.5% of the 
maximum rms current. 
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Fig. 18.  Total interharmonic distortion in Ampere during the whole 
measurement period. 

Fig. 19.  The 95% value of the total interharmonic distortion before and after 
the replacement. 

VII. POWER FACTOR

Although the power factor is not a suitable index to compare 
different loads or different loading situations, the index is 
often used in discussions about the replacement of 
incandescent lamps by energy saving lamps with a typical 
power factor of 0.5 – 0.6. The total power factor is shown in 
Fig. 21 as a function of time.  

Fig. 20.  The 95% value of the power factor before, during and after the 
replacement. 

The power factor shows a decrease throughout the 
measurement period. This is however almost exclusively due 
to the reduction in displacement power factor, which in turn is 

due to the reduction in active power. The total power factor is, 
throughout the measurement period, 99% or more of the 
displacement power factor. The waveform distortion thus 
causes 1% or less of the non-unity power factor, despite all 
unity-power factor lamps having been replaced non lamps 
with 0.6 power factor. 
The 95% values of the total power factor, before during and 
after the replacement are summarized in Fig. 20.

Fig. 21.  Total power factor during the whole measurement period. 

VIII. CONCLUSIONS

The results presented in this paper confirm the conclusion 
from the laboratory measurements for a domestic customer, 
that the power factor is not a good index to compare different 
loads. The reduction in total power factor is shown to be 
almost exclusively due to the reduction in active power. The 
reactive power consumption is not noticeably different before 
and after the replacement. The contribution of the current 
distortion to the total power factor is less than 1%. 

The reduction in active power and rms current before and 
after the replacement is due to a combination of seasonal 
effects and the energy saving by the CFL’s and LED’s. 
Comparing the daily energy consumption for 2009 and 2010 
shows a visible reduction in energy consumption. 

The changes in harmonic spectrum before and after the 
replacement are small, show increases as well as decreases 
and no impact is visible of the replacement of incandescent 
lamps by energy savings lamps with a power factor of 0.5 to 
0.6..

Contrary to the laboratory measurements for the domestic 
customer, other changes in consumption take place next to the 
replacement of the lamps: seasonal variations in temperature 
and amount of day light; as well as a variation in the number 
of rooms occupied. It has not been possible to completely 
remove the influence of this, so that the impact of the 
replacement could not be quantified. An important conclusion 
from this study is however that the impact is in any case small 
and smaller than the impact of other variations in 
consumption. 
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Abstract—The paper presents measurements performed in an 
urban area in the north of Sweden with two individual houses 
and on LV side of the distribution transformer supplying these 
two and ten more houses. Measurements of harmonic and 
interharmonic groups were performed before and after replacing 
all existing (mainly incandescent) lamps in all 12 houses with 
LED lamps. The total power of all lamps was reduced from 
approximately 2300 W to approximately 450 W, per house. All 
new lamps were low-power-factor lamps. The paper shows the 
variations of the most important harmonics with time and 
relevant spectra before and after the replacement. The emission 
during the evening hours is studied in specific detail. Despite the 
low power factor of the individual lamps, no change in emission 
due to the lamps has been observed, neither for any of the two
individual houses nor the distribution transformer supplying all 
12 houses

Index Terms—Power quality, lighting, harmonic distortion.

I.  INTRODUCTION

HE change from incandescent lamps to energy saving 
lamps, both compact fluorescent lamps (CFL’s) and light 

emitting diodes (LED’s), results in a reduction of energy 
consumption and is therefore encouraged in a number of ways. 
Energy saving lamps however has a distorted current 
waveform. This has resulted in concerns, expressed among 
others by network operators that the replacement of 
incandescent lamps by energy saving lamps will result in an 
increase of the harmonic voltage and current distortion in the 
grid. This concern has been the reason for starting a set of 
measurements to quantify the impact of the replacement on the 
harmonic distortion. Controlled measurements of the emission 
due to a domestic customer were performed on a full-scale 
electric model of a house. The results of those measurements 
are presented in [1]. The results of measurements performed 
on a medium-sized (76 rooms) hotel in the North of Sweden 
were presented [2]. During the start of the measurements, the 
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majority of lighting used in the hotel consisted of incandescent 
lamps. All incandescent lamps were replaced by energy saving 
lamps both CFL’s and LED lamps. Measurements with a 
domestic customer emulated in the laboratory and with field 
measurements of a hotel show that the replacement of 
incandescent lamps by LED lamps and CFL’s gives a 
reduction in active power consumption (thus a reduction in 
local energy use), a reduction in peak current (i.e. a reduction 
in the loading of the grid), and a reduction in distribution-
system losses (which gives a further reduction in energy use). 
All have a positive impact on energy efficiency and on the 
power-system.

The measurements for the domestic customer also showed
that the replacement results in an increase of the amount of so-
called reactive power produced by the load. This has in most 
cases an overall positive impact on the grid, but the impact is 
too small for it to be of any real value. For the hotel, no 
change in reactive power flow was observed.

For the domestic customer the replacement of incandescent 
lamps by LED and CFL resulted in an increase of the current 
distortion, though less than expected. The presence of other 
equipment, like a heat pump or a dish washer, impacts the 
current distortion much more than the replacement of the 
lamps.

The changes in current distortion for the hotel, before and 
after the replacement, were small, showed increases as well as 
decreases and no obvious impact was visible after the 
replacement of incandescent lamps by energy savings lamps. 
It is important to note that in both experiments so-called “low-
power-factor lamps” were used. These are the ones that have 
the highest impact on the current distortion.

In this paper results from measurements in an urban 
residential area are presented. The measurements are 
described in detail in Section II and the measurement results in 
Section III.

II.  MEASUREMENTS

The measurements presented in this paper, were performed 
in an urban area, part of the municipality of Skellefteå at 65°N
in the North of Sweden.
A total of 12 households, all supplied from the same 
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distribution transformer, have replaced their incandescent 
lamps with lamps of LED type, reducing the installed active 
power with about 1900 W each. The maximum decrease of 
active power due to the replacement of the lamps for the 
twelve houses together would then be 23 kW. Of the 12 
houses, 10 have district heating and the other two have 
electrical heating. Two houses (with district heating) were 
selected and a power quality instrument was connected at the 
delivery point of the two houses and was used to record the 
harmonic distortion and several other parameters over each 
10-minute interval. In addition to these two measurement 
points, a power quality instrument was connected at the 
secondary side of the distribution transformer feeding the 12 
houses capturing cycle by cycle data of both voltage and 
current. See Fig. 1 for the local low-voltage network and the 
measurement locations.

Fig. 1.  Supply to the 12 houses and location of the measurement instruments.

The measurements were performed during the period 2011-
09-12 to 2011-10-13. During this period the number of hours 
of daylight in this part of Sweden decreases from 
approximately 13 hours in mid-September to approximately 
10 hours in mid-October. This fact could somewhat impact the 
measurement as the time of day that the lights normally are 
turned on varies. There were also some variations in 
temperature during the measurement period shown in Fig. 2.
This variation in temperature resulted in a rise in active power 
when the heating is turned on in the two houses with electric 
heating.

Fig. 2. Temperature in Skellefteå during the measurement period (data is 
taken from www.temperature.nu), 2011-09-12 10:00 through 2011-10-12 
10:00.

III.  MEASUREMENT RESULTS

A. Individual lamps
In Fig. 3 the spectrum of a sample of the LED’s used in the 

project is shown. They range from 12 W to 3 W replacing 
incandescent lights from 60 W and down. The spectra have 
been obtained by applying a discrete Fourier transform (DFT) 
to a 200-ms measurement window. In Table I the root sum 
square of all harmonics up to 2 kHz for the lamps shown in 
Fig. 3 is listed.

Fig. 3.  Current spectrum up to 2 kHz of the current drawn by four individual 
LED lamps used in the project. Note the difference in the vertical axis.

TABLE I
RMS CURRENT OF HARMONICS UP TO 2 KHZ FOR FOUR INDIVIDUAL LED

LAMPS USED IN THE EXPERIMENT.
3 W 7 W 12 W 7 W spot
0.24 A 0.38 A 0.41 A 0.31 A

B. Individual houses

In Table II and Table III the change in amplitude for the 
odd harmonics with two individual houses is presented as an 
increase (+) or a decrease (-) for the three phases. In Sweden 
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three phases are used in residential buildings and, according to 
a person familiar with the electrical installations in these 
houses, the lamps are somewhat equally spread over the three 
phases.

In Table I the average and 95 % value for two individual 
residences are presented and in Table II the average value with 
the distribution transformer is presented. As can be seen in the 
two tables, some harmonics show an increase while others 
show a decrease. More often than not, the level of a harmonic 
both increases and decreases seen over the three different 
phases.  An increase in all three phases is only observed for 
the average value of harmonic 5 with T44 and for the average 
value of harmonic 7 with T40.

TABLE II
INCREASE (+) OR DECREASE (-) IN HARMONIC CURRENT MAGNITUDE DUE TO 

REPLACEMENT OF THE LAMPS, WITH THE TWO INDIVIDUAL HOUSES.
T40 T44 T40 T44

Average Average 95% 95%
L1 L2 L3 L1 L2 L3 L1 L2 L3 L1 L2 L3

3 - - - + - - - - - - +
5 + + - + + + + + - - + +
7 + - - + - + + - - + +
9 + + + + + - + + - +

11 + + + - - + + - -
13 + + - - - -
15 + - +
17 + - - + - - +
19 + - + - - +
21 - - - - - +
23 + - - + + - - - +
25 + - + - -
27 + - + -
29 - - +
31 - - - +
33 + - - + -
35 + - + + - +
37 + +
39 +

TABLE III
INCREASE (+) OR DECREASE (-) IN HARMONIC CURRENT MAGNITUDE DUE TO 

REPLACEMENT OF THE LAMPS, FOR THE DISTRIBUTION TRANSFORMER.
twelve houses

Average
Harmonic 
number L1 L2 L3

3 + - -
5 + + -
7 + - -
9 + - -

11 - - -
13 - + -
15 + + -
17 + - -
19 + + -
21 - - -
23 - - -
25 + + -
27 - + -
29 - + -
31 + - -
33 + + -
35 + + -
37 + + -
39 + - -

Phase L1 at location T44 is a special case. Switching 
transients resulted in high harmonic levels in the period before 
the replacement. This is the cause of the reduction in 95%-
value over the whole spectrum.

In Fig. 4 and Fig. 5 the 95% value of the harmonics up to 2 
kHz is presented for the two individual houses. A comparison 
between the first seven days and the last seven days of the 
experiment is made. No clear conclusion of an increase or 
decrease can be made, again some harmonics show an 
increase and others a decrease; note also the difference in 
vertical scales between the three phases and the two locations

Fig. 4.  Change in harmonic spectrum 95% value before and after change at 
location T40. Red star = first 7 days; blue square = last seven days

Fig. 5.  Change in harmonic spectrum 95% value before and after change at 
location T44. Red star = first 7 days; blue square = last seven days

In Fig. 6 and Fig. 7 the interharmonic spectrum is shown 
for the two individual houses. Again, the first and last seven 
days are compared. Only small changes can be observed (Note 
the difference in vertical scale between phases and between 
locations). Two of the phase at location T40 show an increase 
in interharmonic current distortion; but this distortion remains 
the same in the third phase. At location T44, the interharmonic 
current distortion goes down in all three phases especially in 
phase A.
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Fig. 6.  Change in interharmonic spectrum 95% value before and after change 
at location T40. Red star = first 7 days; blue square = last seven days

Fig. 7.  Change in interharmonic spectrum 95% value before and after change 
at location T44. Red star = first 7 days; blue square = last seven days

In Fig. 8 and Fig. 9 the daily variation for harmonic three 
before and after the replacement of the lamps is shown for 
location T40 and T44 respectively. An impact of the lamps on 
the emission would be expected to show up especially in the
evening hours. The load peaks in the morning and evening are 
clearly visible but no conclusion can be drawn regarding the 
amplitude of the harmonics before and after the change. The 
differences in daily variation for harmonic five are shown in 
Fig. 10 and Fig. 11.

Fig. 8.  Third harmonic at location T40, variation with time of day before 
(top) and after (bottom) the replacement.

Fig. 9.  Third harmonic at location T44, variation with time of day before 
(top) and after (bottom) the replacement.
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Fig. 10.  Fifth harmonic at location T40, variation with time of day before 
(top) and after (bottom) the replacement.

Fig. 11.  Fifth harmonic at location T44, variation with time of day before 
(top) and after (bottom) the replacement.

C.  Distribution Transformer
In this section the measurements from the secondary side of 

the MV/LV distribution transformer feeding the twelve houses 
are presented. In Fig. 12 and Fig. 13 the third and fifth 
harmonic during the whole period is shown, respectively. The 
third harmonic shows a daily variation but no noticeable 
increase or decrease as the lamps are replaced. For the fifth
harmonic one can see an increase in phase L1 as the lamps are 
replaced and a small upward drift in phase L3. There is also a 
clear daily variation for this harmonic.

Fig. 12.  Variation in third harmonic current with the distribution transformer 
during the measurement period.

Fig. 13.  Variation in fifth harmonic current with the distribution transformer 
during the measurement period.

Even though the absolute amplitude is what matters for the 
grid the harmonics as percentage of the fundamental is often 
presented. This can be a somewhat unfair way to present the 
impact from small equipment like LED lamps as they often 
have a high percentage of harmonic content but a low absolute 
amplitude.

In Fig. 14 the average of the absolute value between 18:00-
22:00 for the odd harmonics is presented. This time interval 
was selected because the lights are most likely turned on 
during these hours and the impact from the LED lamps is 
expected to be most visible. Harmonic 5 shows a large 
increase in phase one and a small increase in phase three but 
decreases in phase two between 18:00-22:00. Note also the 
large difference in harmonic current between the three phases. 
This holds for all harmonics, before as well as after the 
replacement.
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Fig. 14.  Absolute value of the average harmonic level for odd harmonic 3 to 
13 in the three phases, between 18:00-22:00 seven days before (blue) and 
seven days after (red) the replacement of the lights

In Fig. 15 the values for the higher order odd harmonics 
(15-39) are presented. As concluded in [3] LED lamps can 
have an impact on the level of the higher order harmonic. As 
can be seen in Fig. 14 some of the harmonics in some phases 
show a great change from before to after the shift to LED 
lamps. For instance harmonic no 19 is almost doubled in phase 
one but only shows a minor increase in the other two phases. 
Harmonic no 21 is basically halved in amplitude in phase one 
and two but it remains the same in the third phase. As the 
lights are spread over all three phases it is difficult to draw the 
conclusion that the LED lamps are responsible for the 
changes. If the LED lamps are responsible for the changes, no 
clear pattern of increase or decrease can be observed.

Fig. 15.  Absolute value of the average harmonic level for odd harmonic 15 to 
39, between 18:00-22:00 seven days before and after the replacement of the 
lights.

IV.  CONCLUSIONS

The results presented in this paper confirm the conclusion 
from the laboratory measurements for a domestic customer 
and the measurements from the hotel. The changes in 
harmonic spectrum before and after the replacement are small, 
show increases as well as decreases due to the replacement of 
incandescent lamps by low-power-factor energy savings 
lamps. These studies shows that even though one single LED 

lamp, measured against a “clean” grid, emits high levels of 
harmonics with respect to the fundamental, the harmonic level 
on the grid did not noticeably increase when a large number of 
LED lamps were introduced. Contrary to the laboratory 
measurements for the domestic customer, other changes in 
consumption take place next to the replacement of the lamps: 
for example due to seasonal variations in temperature and 
amount of day light. It has not been possible to remove the 
influence of this, so that the impact of the replacement could 
not be quantified. An important conclusion from this and the 
previous study is however that the impact from the LED lamps
is in any case small and smaller than the impact of other 
variations in consumption.
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ABSTRACT 
Harmonic studies in almost all cases are limited to the 
frequency range up to 2 or 2.5 kHz. In the frequency range 
above 2 kHz, almost no standards exist and measurements 
are rare. This paper presents measurements of the emission 
from a total installation in the frequency range 2 to 150 
kHz. A physical model (electrically full-scale) of a domestic 
customer was built in the laboratory. Field measurements 
were performed on a medium-sized hotel. The impact of 
different types of lighting is shown to be small. 

INTRODUCTION 
In the frequency range between 2 and 150 kHz, almost no 
standards exist and therefore measurements are rare. As part 
of our group’s on-going effort to increase the knowledge on 
voltage and current distortion in this frequency range, 
measurements were performed of the emission of a 
domestic customer. These measurements were parts of a 
series of experiments to study the impact on the harmonic 
emission of the replacement of incandescent lamps by 
electronic lighting [1].  

A detached house was reproduced as a full-scale electrical 
model in the laboratory using real domestic equipment. A 
108-minute switching pattern was defined representing the 
different types of equipment that are in use with a domestic 
customer during the course of a day. The voltage and 
current waveforms were captured over a 200-ms window 
with a sampling frequency of 10 MHz every minute during 
the 108-minute experiment. The experiment has been 
repeated for four different lighting loads, next to the normal 
equipment present in a house. 

In the scenario named “past” all lights were 
incandescent.  
In the scenario named “present” half of the lights have 
been switched to CFL’s.  
For the scenario “future” all the remaining incandescent 
lights were replaced with 7-W LED lights and all the 
CFL’s were left as they were.  
For the “far future” scenario all lights were 7-W LED 
lights. 

A second experiment was made at a medium-sized hotel in 
Sweden [1]. All incandescent lamps at the hotel were 
replaced by LED and CFL lamps. Measurements were done 

before, during and after the change. The voltage and current 
waveform was captured for 200 ms with a sampling 
frequency of 10 MHz once every 10min during a 24 hour 
period resulting in 144 snapshots for every stage. The 
measurements were done at the point-of delivery for the 
hotel. 

All lamps used in the experiments were low-power-factor 
lamps, with a power factor around 0.6. 

MEASUREMENTS FOR A DOMESTIC 
COSTUMER

2 – 9 kHz
To quantify the emission in the frequency range 2 to 9 kHz, 
the root sum square over all components in this frequency 
range has been determined for every captured waveform. 
The results for 2-9 kHz are shown in Figure 1 for the four 
scenarios: 

Figure 1 the root sum square of all components in the 
current between 2 and 9 kHz for the four scenarios 

In this frequency range we see a modest increase in 
distortion (minutes 20 through 45 and 60 through 90 the 
highest values occur when the kitchen equipment (induction 
cooker and dishwasher) are operating. The shift from 
incandescent lamps to CFL and LED lamps does result in 
some increase in current distortion, but no significant 
increase. This increase may be due to an increase in the 
actual emission or in an increase of the current absorbed by 
the equipment due to distortion of the background voltage 



in this frequency range. In the latter case, the presence of 
CFL and LED does actually reduce the voltage distortion. 

A remarkable observation is that during the first half of the 
measurement period (when the heat pump is on) the 
distortion is highest for “far future”, where for the second 
half (when the heat pump is off) it is highest for “future”. 
This confirms the complex interaction between equipment 
in this higher frequency range. 

9-95 kHz
The spectrum of the high frequency distortion for the 
current measured at the delivery point was calculated for the 
108 waveforms. The 95% value for each of the frequencies 
is displayed in Figure 2. The mean components are visible 
at the lower end of the spectrum up to about 15 kHz. These 
components show a minor decrease when replacing the 
incandescent lamps. There are also some components 
visible between 20 and 30 kHz and around 50 kHz and 
around 55 kHz. The component around 50 kHz doubles 
from “Past” to “Far Future” but is barely visible in the 
scenario “Future”. 

Figure 2 95% value of the current 9-95 kHz for the four 
different scenarios 

The overall highest values are found in the “past” scenario 
but the highest value for a single frequency is found at 50 
kHz in the “far future” scenario. The four scenarios are 
quite similar, which would suggest that the impact on the 
grid from the lamps is small. A possible explanation for the 
reduction in emission for the customer is the increased 
amount of capacitance with modern lamps. This would 
result in the high-frequency emission flowing between 
neighbouring devices instead of into the grid.  

The flat part of the spectrum above about 35 kHz 
corresponds to the quantization noise. The higher level of 
quantization noise for the scenario “Past” is due to the 
higher scale needed for the measurements, as the currents 
are higher in this scenario with only incandescent lamps. 
This also explains at least in part the higher values for the 

“Past” scenario. 

Above 95 kHz the level of emission is dominated by the 
quantization noise, for all four scenarios.  

Emission from a group of lamps
The current drawn by one group of 12 individual lamps was 
measured separately for the four different scenarios and the 
result is shown in Figure 3. This current was measured at 
the same time as the total current discussed before. For two 
of the scenarios “Past” (all incandescent) and “Far Future” 
(all LED) the level of high frequency current measured at 
the terminal of the group of lamps is nearly constant during 
the 108-minute measurement. 

The level for the scenario ”Past”, where the load consists of 
only incandescent lamps, is almost exclusively due to 
quantization noise. As was shown in Figure 2, the 
quantization noise in the “Past” scenario is about twice the 
level for the other scenarios. The reference level (i.e. the 
quantization noise) in Figure 3 is thus about half the level 
for the “Past” scenario, i.e. about 0.25 A. 

For the scenarios “Present” (combination of incandescent 
and CFL) and “Future” (combination of CFL and LED) the 
total high frequency current distortion between 2-150 kHz 
shows large steps. The largest steps correspond with the 
switching on and off of the computer and the television. The 
minor drop between 45 and 50 minutes correspond with the 
period when two 20-W dimmable CFL’s are switched off.  

For the “Far-Future” scenario (only LED) the level remains 
constant, like for the “Past” scenario, but at a higher level. It 
appears to the interaction between the CFL’s and the other 
equipment that causes these currents. 

Figure 3 the root sum square for all frequency 
components between 2 and 150 kHz for a group of 12 
lamps for the four different scenarios 

The high-frequency part of the total current flowing from 



the installation into the grid is shown in Figure 4. During 
certain periods the replacement results in a reduction in 
emission, whereas the emission increases during other 
periods. There appears to be no correlation between the 
variations in total emission (Figure 4) and the emission from 
the 12 lamps (Figure 3).   

Figure 4 the root sum square for all frequency 
components between 2 and 150 kHz for the total load 
for the four different scenarios 

To get a better view of which loads and which frequencies 
are responsible for the variations in the distortion pattern in 
Figure 3 and Figure 4 a spectrogram is used. A spectrogram 
of the total load current and the current drawn by the group 
of  12 lamps for the two scenarios “future” and “far future”  
is shown in Figure 5. For the total load current the two 
scenarios are similar, the levels for “future” are somewhat 
higher but the patterns are the same.  

For the current drawn by the group of 12 lamps the 
difference is visible as in Figure 3. The components at 45 
kHz and 90 kHz shown in the “future” scenario most likely 
originate from the lamps themselves as they are visible 
throughout the measurement period, the dark blue areas in 
the top and the bottom of the spectrogram for the 12 lamps 
corresponds to the time where the lamps were turned off. As 
these components are not visible in the “Far Future” 
scenario they are most likely emitted by the CFL’s.

For the “far future” no single frequency component is 
visible for the whole duration when the lamps are turned on 
indicating that the LED lamps do not emit high frequency 
currents to the same extent as CFL’s. The TV and computer 
seem to emit both a broadband spectrum around 10 kHz and 
a narrowband component at 55 kHz. This narrowband 
component is visible in the “far future” scenario as well but 
with lower amplitude. The two 20-W dimmable CFL’s emit 
a disturbance throughout the frequency range, most visible 
in the spectrogram of the current drawn by the twelve lamps 
in the “future” scenario, due to the sharp edge caused by the 

dimmer. This spectrum from the dimmable CFL’s is more 
visible when the heat pump is off, as are the emission 
around 50 kHz originating most likely from the induction 
cooker. The heat pump, when connected, seems to be 
shunting some of the high frequency currents emitted by the 
other loads and when disconnected some of those currents 
reach the lamps instead. 

Figure 5 Spectrogram 2-150 kHz for the total load 
current for scenario Far Future (upper left) and Future 
(lower left) and for the current drawn by 12 lamps for 
scenario Far Future (upper right) and Future (lower 
right) 

MEASUREMENTS FOR A HOTEL
A second experiment was made at a medium-sized hotel in 
Sweden [1].  

The 95% value of the high frequency current for one of the 
phases before and after the shift is presented in Figure 6 and 
Figure 7 

Figure 6 95% value of the current in the frequency 
range 2 to 9 kHz before (red curve) and after (black 
curve) the change from incandescent lamps to energy 
efficient lamps 



Figure 7 95% value of the current in the frequency 
range 9 to 70 kHz before (red curve) and after (black 
curve) the change from incandescent lamps to energy 
efficient lamps 

The overall level of the emission has slightly increased for 
the entire frequency range but the narrow band component 
at 23 kHz is no longer visible after the replacement of the 
lamps. The most likely explanation is that the load emitting 
this specific frequency component is turned off during the 
time the second round of measurements were made. 

Above 70 kHz the level of emission is less than the 
quantization noise both before and after the replacement of 
the lamps. 

POWERLINE COMMUNICATION 
In Sweden and in many other countries the power lines are 
used for remote reading of the power meters, so called 
Automatic Meter Reading (AMR). The frequencies used in 
Europe for AMR via the power grid are 9-95 kHz, with 
some exceptions. This is the same frequency range often 
used for the switching of the active power electronics in 
energy saving equipment. One concern has therefore been 
that a large number of CFL’s of LED lamps could have an 
adverse impact on power-line communication [2] 

The results presented in this paper support the theory 
presented in [3] that the emission from end-user equipment 
will not be the main challenge for the communication. End-
user equipment forming a low impedance path for 
frequencies between 9-95 kHz could be a far more severe 
problem. 

CONCLUSIONS  
Modern energy saving lighting can emit high frequency 
currents, CFL’s more so than LED’s but the high frequency 
currents emitted by modern energy saving equipment seems 
to flow between equipment to a higher degree than towards 

the grid. Both a slight increase and a slight decrease in the 
overall emission level have been observed with different 
lamps.  

In the frequency range 2 to 150 kHz equipment can both 
emit and shunt high frequency currents making the 
interaction between loads quite complex. Individual 
frequency components propagating to the grid with high 
enough amplitude to disturb for instance automatic meter 
reading have not been found during this project.  

The measurements done in this project as well as in [3] 
support the theory that modern energy saving equipment 
like CFL’s and LCD TV’s lowers the impedance for higher 
frequencies and in that sense decreases the high frequency 
distortion on the grid. High frequency currents shunted by 
small end-user equipment could pose a threat to the function 
of that equipment.  For this reason future immunity levels 
should be based on permitted levels for power line 
communication. 

Overall the conclusion from this study is that the 
replacement of incandescent lamps by low-power-factor 
CFL’s or LED lamps does not result in potential high 
emission levels in the frequency range above 2 kHz. It is not 
possible to draw any conclusions from this study about the 
impact of high-power-factor lamps. 
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ABSTRACT 
This paper presents a simple model to explain the spread 
of high-frequency current between different devices and 
into the grid. The model is also used to show the 
aggregation between devices. The model is used to 
predict the amplitude modulation of the voltage and 
current ripple due to the small frequency differences 
between devices.  The results from the model confirm 
earlier measurement results. 

INTRODUCTION 
Active power-factor-correction (APFC) is used with end-
user equipment to limit the amount of harmonic distortion 
in the current. APFC is used with many electronic 
ballasts for fluorescent lamps. But also other equipment 
makes increasingly use of APFC as well [1]. The power-
electronic switching used to achieve this leads to a 
current ripple with a frequency of typically some tens of 
kHz. An EMC filter, of CL or CLC form, is used to limit 
the amount of ripple injected into the grid. 

With large numbers of devices connected at the same 
location, for example a lighting installation or a computer 
centre, the interaction between such devices becomes of 
interest. With increasing numbers of devices not only the 
total emission increases, but also the number of EMC 
filters connected to the grid. The situation is further 
complicated because of small differences in switching 
frequency even when devices are of the same 
manufacturer and type. 

THE DEVICE MODEL 
A typical configuration of a device equipped with APFC 
is shown in Figure 1. The four diodes and the capacitor 
C3 are the same as for a passive rectifier. The APFC 
circuit maintains the current through L2 such that the 
current at the grid interface follows the voltage 
waveform. The result is that the device behaves like a 
resistive load for the fundamental and lower-order 
harmonic frequencies. 
The switching frequency used in the APFC circuit is 
visible in the grid current as well. To limit the high-
frequency emission the device is equipped with an EMC 

filter (L1 and C1). 

Figure 1.  Electronic circuit at the grid connection for a 
device with active power-factor correction. 

For the purpose of this paper, a simplified model of the 
device has been used. This model is shown in Figure 2. 
The device is modelled as an “internal emission” IL1
behind a capacitor C1. This is a combination of the 
current-source model often used for lower frequencies 
and a capacitor representing the way in which the grid 
impedance and voltage impact the emission. 

The grid is modelled through a resistance R, as the 
resistance is dominating in low-voltage networks, 
especially close to the equipment. For higher frequency, 
R would be equal to the wave impedance. 

Figure 2.  Simplified model of one device connected to 
the grid 

PRIMARY AND SECONDARY EMISSION 

One single device
The model for one single device connected to the grid is 
shown in Figure 2; Iem is the current flowing at the 
interface between the device and the grid, normally 
referred to as the emission of the device: 

                                                 (1)
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where . The voltage generated by the emitted 
device current IL1 is obtained from Ohm’s law: 

                                                             (2) 

From (1) it follows that the actual emission of the device 
depends on the impedance R of the grid and on the size of 
the capacitor on the grid-side of the filter. 

Two devices
With two similar devices connected to the grid together, 
the situation becomes somewhat more complicated. 
Using the device model from Figure 2 gives the circuit in 
Figure 3. It is assumed that the two devices have the same 
capacitor C on grid-side of the EMC filter. All other 
inductance and capacitance in the grid is neglected here. 

Figure 3.  Simplified model for two devices connected to 
the grid. 

The current flowing between device 1 (on the left) and 
the grid now consists of two components: 

The “primary emission”: the part of the current 
driven by the internal emission of the device 
itself. 
The “secondary emission”: the part of the 
current driven by the internal emission from the 
other device. 

The (total) emission of device 1 is the sum of these two 
components: 

                              (3)

The current flowing into the grid is the sum of the 
emission from device 1 and the emission from device 2: 

                                   (4)

The voltage is equal to the grid current times the grid 
impedance R. 

In practice the internal emission of the two devices will 
be slightly different (in amplitude and in frequency), even 
if the devices are of the same type, for example two 
fluorescent lamps with high-frequency ballast. Assume 
that both devices have an internal emission of the same 
amplitude IL, but of slightly different frequency. Over a 
small frequency band, covering both frequencies, the 
amplitude of the total emission can be obtained from 
Parseval’s theorem as the root sum square of the two 

components: 

                                  (5)

For low frequencies, , the interface current is equal 
to the internal emission; for high frequencies, the 
interface current is about 70% of the internal emission. 
The impact of the switching frequency or the capacitor 
size, on the interface current is small. The presence of a 
second device increases the emission of the first device 

In the same way the amplitude of the total current (from 
the two devices) flowing into the grid is found from: 

                                             (6)

The current at the interface of each individual device 
shows only limited frequency dependence whereas the 
current flowing into the grid decreases inversely 
proportional to the switching frequency. 

Multiple devices
The calculations can be repeated for increasing numbers 
of devices. For N devices, with internal emission ILi and 
capacitance C, connected to a grid with impedance R, the 
emission of one device is: 

                 (7) 

The amplitude of the current at the interface of an 
individual device is: 

                                           (8) 

The total emission from one device is almost equal to the 
internal emission and independent of the number of 
devices, the switching frequency, the capacitor size and 
the grid impedance. 

The total current flowing into the grid is obtained from 
the following expression: 

                                           (9) 

The amplitude of this current is: 

                                                 (10) 

Whereas the emission from one device is constant, the 
emission of the total installation is, for higher 
frequencies, inversely proportional to the square-root of 
the number of devices. For low frequency the emission of 
the total installation is proportional to the square-root of 
the number of devices.  

BEHAVIOUR IN TIME DOMAIN 
The expressions shown in the previous section all hold in 
frequency domain. In time domain we assume that the 
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internal emission is a sinusoidal waveform. For one 
device both the current and the voltage are, under that 
assumption, also a single-frequency sine wave.  

Two devices
For two devices, with slightly different frequencies of the 
internal emission, voltage and current consist of two sine 
waves with slightly different frequencies. 

The emission by one device is given by the following 
expression: 

                                      (11) 

Due to the two slightly different frequencies, the result 
will be an amplitude-modulated sine wave. The 
maximum amplitude of this sine wave is: 

                                           (12) 

And the minimum is: 

                                            (13) 

In the same wave it can be shown that the current flowing 
into the grid is an amplitude-modulated sinewave with 
minimum zero and maximum 

                                           (14) 

Multiple devices
With multiple devices, the voltage and current amplitude 
are modulated with a multitude of modulation 
frequencies. In the same way as before, the maximum 
and minimum amplitudes can be calculated. The 
maximum current from one device is: 

                    (15) 

The minimum amplitude goes to zero for increasing 
numbers of devices.  

The maximum current into the grid is equal to: 

                                        (16) 

NUMERICAL EXAMPLE 
To illustrate the interaction between different devices, 
consider the following numerical example: 

R=50 Ω
C=220 nF 
ω=2π x 40 kHz 

Using the expressions in the previous sections, we find 
that for one device the emission is equal to 0.34xIL (with 
IL the internal emission). Connecting a second device 

close to the first device increases the emission for each 
device to 0.72xIL, but the total current from the 
installation into the grid reduces to 0.25 xIL. The emission 
per device increases but the total emission of the 
installation becomes less. 

In time domain the currents are amplitude modulated. 
The current from one device varies between 0.03xIL and 
1.02xIL. The current from both devices together varies 
between zero and 0.36xIL. Although the current into the 
grid is less for two devices than for one device in the 
frequency domain, its highest amplitude in time domain 
has slightly increased. 

For multiple devices the currents have been calculated as 
a function of the number of devices. The results are 
shown in Figure 4 for the current from one device and in 
Figure 5 for the total current. 

Figure 4.  Emission by one device as a function of the 
total number of devices in the installation; top-to-bottom: 
highest amplitude in time domain; value in frequency 
domain; lowest amplitude in time domain. 

Figure 5.  Emission by a complete installation as a 
function of the number of devices in the installation; 
highest amplitude in time domain (top); value in 
frequency domain (bottom). 

The emission by one device is shown in Figure 4. The 
black (solid) curve indicates the emission in frequency 
domain. This increases with the number of devices and 
reached a value equal to the internal emission for a large 
number of devices. In time domain the amplitude varies 
between a minimum value (decreasing to a small value 
with increasing number of devices) and a maximum value 
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(increasing towards twice the internal emission). 

The emission from the total installation, shown in Figure 
5, behaves completely differently. In frequency domain it 
decreases with the number of devices. For 10 devices, the 
total emission is only one third of the emission from one 
single device connected to the grid. Note that the total 
emission of the installation decreases, the “total emission 
per device” decreases even faster. 

In time domain the highest amplitude of the emission 
from the total installation remains more or less the same 
at a value slightly above the emission from one single 
device connected to the grid. 

MEASUREMENT 
Measurements were performed in the laboratory of Luleå 
University of Technology on installations consisting on 
multiple fluorescent lamps with high-frequency ballasts. 
These ballasts are equipped with active power-factor 
correction using a switching frequency around 45 kHz. 
Measurements for an installation with two lamps are 
shown in Figure 6.  

Figure 6.  Measured voltages and currents from an 
installation consisting of two fluorescent lamps. Top to 
bottom: voltage at the connection to the grid; current 
from the total installation into the grid; current at the 
interface of lamp 1; current at the interface of lamp 2. 

The observed behaviour corresponds well with the results 
predicted from the simple model presented in this paper. 
The voltage amplitude varies between a maximum value 
and zero; the current amplitude varies between a 
maximum and a minimum value; the maximum 
amplitude of the voltage occurs close in time to the 
minimum amplitude in current. The latter follows from 
the expressions for  and  in (11). 

The general behaviour shown in Figure 4 and Figure 5 
corresponds with the results from measurements at 
installations with multiple devices [2,3]. The model 

calculations show that the observed behaviour can be 
explained from the increase of the amount of capacitance 
with increasing number of devices. 

CONCLUSIONS 
A simple model is presented to estimate the emission 
from an installation with multiple devices equipped with 
active power-factor correction. It is shown that the 
secondary emission (current flowing at the interface 
between a device and the grid due to a disturbance source 
elsewhere) cannot be neglected. It is further shown that 
the emission from one devices increases when more 
devices are connected to an installation, whereas at the 
same time the total emission from the installation 
becomes less. 

In time domain the current amplitudes are be modulated 
due to slight differences in switching frequency between 
individual devices. The highest current amplitude for 
each device will increase with the number of devices. The 
highest amplitude of the total current from the installation 
remains about the same. 

It is also concluded from the calculations that all currents 
(in frequency as well as in time domain) increase towards 
a maximum value that is not exceeded even for very large 
installations. For example the current at the interface of a 
device never exceeds twice the internal emission. 

A next step is a quantitative comparison between this 
simple model and measurements, to determine the 
accuracy of this model.  
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Abstract—This paper discusses some of the electromagnetic 

compatibility issues concerning the use of power-lines for 
communication. Based on a series of measurements done both in 
a laboratory environment and in the field, five different types of 
interactions between communication and end-user equipment are 
distinguished. Measurement examples are shown for several of 
these types. It is concluded that the creation of a low-impedance 
path by end-user equipment is the main cause of interference.   
 

Index Terms—power-line communication, electric power 
distribution, power quality, electromagnetic compatibility. 

I.  INTRODUCTION 
The research on voltage and current distortion has mainly 

been constrained to the frequency range up to 1 or 2 kHz. 
Through the years a large amount of knowledge has been 
gathered here. However the amount of research covering 
higher frequencies is still very limited. One of the reasons for 
this lack of interest is the apparent absence of well 
documented cases of interference that can be clearly attributed 
to this frequency range. 

Another reason, and probably a more fundamental one, is 
the lack of appropriate measurement equipment for higher 
frequencies. A research project addressing the frequency 
range 2 – 150 kHz was started at Luleå University of 
Technology in 2004. 

The work has among others resulted in a method for 
presenting cyclo-stationary distortion, (reoccurring 
oscillations) [1] [3], measurements of the emission by 
common end-user equipment in the frequency range above 2 
kHz [2][4][5] ,and a proposal for planning levels in the 
frequency range 2 – 9 kHz [6].  

In Sweden, the change from manual meter reading at 
irregular intervals, to automatic remote meter reading at 
predefined instants was completed in July 2009. Several 
methods for communication between the meter and the 
network operator are in use; with power-line communication, 
typically in the frequency band 9 to 95 kHz, being used in 
about half of the meters. This has drawn new attention to the 
frequency range as there have been some reports that 
communication between the power meter and the concentrator 
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could not be established due to the behavior of connected 
loads. Variable-frequency drives have often been targeted as a 
source of high amplitude conducted emission in the frequency 
range of interest but relative low-power loads as compact 
fluorescent lamps (CFL) have also been found to cause 
disturbances in the communication channel due to their low 
impedance seen from the grid-side. 

This paper will give a systematic overview of the different 
types of interactions that appear when power-line 
communication in the frequency band 9-95 kHz is used in a 
low-voltage network. A brief description of power-line 
communication is given in Section II. The various interactions 
are introduced in Section III, both from end-user equipment to 
communication and from communication to end-user 
equipment. Examples of the different types of interactions, 
from field and laboratory measurements are given in Section 
IV and conclusions are presented in Section V. 

II.  POWER LINE COMMUNICATION 
 
According to European standards the frequency range used 

by network operators for power-line communication is 9-95 
kHz [11]. Standard EN 50065 states that the voltage level of 
the narrowband (bandwidth less than 5 kHz) communication 
signal must not exceed 134dBμV at 9 kHz, then decreasing 
with frequency and ending with a limit of 120dBμV at 95 
kHz. In order to successfully establish communication 
between the power meter and the concentrator the signal to 
noise ratio should be large enough for the receiver to correctly 
interpret the data. With the right kind of modulation and 
coding a receiver can detect a useful signal even in a rather 
noisy environment. There are many different modulation 
techniques but only a few that are suitable for sending data 
over a shared medium like the power grid. The modulation 
type has to be resilient to a noise level and attenuation level 
that are always present but differ in magnitudes both over time 
and frequency. Commonly used techniques are based on 
different types of phase-modulation, which are relative 
insensitive to high noise levels. One of the simplest phase-
modulation techniques is the binary shift keying where 180° 
shift in phase represents the binary "1" and 0° shift in phase 
represents the binary "0". To make the communication 
resilient to impulsive noise, as the repetitive noise from for 
example a dimmer, different kinds of error correction coding 
are used. [13].  

To further improve the performance of the communication, 
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repeaters are often used. A repeater directly increases the 
signal-noise ratio, thus making it easier for the receiver to 
extract the information from the noisy signal. It should be 
noted that the use of repeaters is limited; certain types of 
interference cannot be mitigated by using repeaters.  

III.  INTERACTIONS 
The adverse interaction between power-line 

communication and end-user equipment can result in 
deterioration of the performance of the communication or in 
reduction of life length or mal-operation of the end-user 
equipment. The following five types of interaction can be 
distinguished: 

I.  High voltage or current levels at the communication 
frequency due to emission by end-user equipment. 
This can result in loss of the communication 
signal or in transmission errors. 

II.  The end-user equipment creates a low-impedance path 
at the communication frequency. The result is that 
only a small part of the communication signal 
arrives at the location of the receiver. 

III.  The voltage signal used for communication results in 
large currents through the end-user equipment. 
This can result in overheating of components or 
other interference with the functioning of the 
equipment. 

IV.  Non-linear end-user equipment exposed to a voltage 
at the communication frequency results in currents 
at other frequencies, typically harmonics of the 
communication frequency. 

V.  The distortion of the voltage waveform due to the 
communication signal results directly in mal-
operation of end-user equipment. 

Interactions of type I and II are adverse impact of 
equipment on the communication. With interactions of type III 
and V it is the communication that adversely impacts the 
equipment. For Type IV there is no direct adverse impact, but 
the additional disturbances may have an adverse impact by 
themselves. The different types of interaction will be 
discussed in more detail in the forthcoming sections. 

As is common in electromagnetic compatibility studies, 
also here a distinction is made between the disturbance and 
the interference. A disturbance is defined as any deviation 
from the ideal voltage or current; i.e. any voltage or current 
component, other than the 50 or 60 Hz component, which can 
be measured, is classed as a disturbance. Interference is where 
communication or non-communication equipment is adversely 
impacted by a disturbance. A brief overview of the 
disturbances and possible interference associated with the five 
types of interaction is given in Table I. 

 
 
 

 
 
 
 

TABLE I 
OVERVIEW OF THE INTERACTION BETWEEN COMMUNICATION EQUIPMENT AND 

END-USER EQUIPMENT 
 Disturbance Interference 
I Voltage or current distortion 

due to end-user equipment at 
frequencies used for 
communication 

The communication signal 
drowns in the disturbance and the 
communication does not succeed. 

II The end-user equipment creates 
a low-impedance path at the 
communication frequency.  

Only a small amount of the 
communication signal arrives at 
the received and the 
communication does not succeed. 

III The communication signal 
results in large currents through 
the end-user equipment. 

Reduction in life-length and 
incorrect operation of the 
equipment. 

IV Non-linear end-user equipment 
exposed to the communication 
signal results in currents at 
other frequencies. 

Any possible adverse impact due 
to the new frequency 
components, including 
interference with 
communication.. 

V Distortion of the voltage 
waveform due to the 
communication signal. 

Incorrect operation of the end-
user equipment. 

 

A.  Type I interaction: emission from equipment 
interferes with the communication 

There have not been a lot of investigations of the noise 
level in frequency range between 9 and 95 kHz, but some 
studies have been done [7][8]. In [13] the noise level is 
described as the sum of colored noise, narrowband noise and 
periodical and asynchronous noise. In order to interact with a 
narrowband PLC signal the conducted emission from one or 
many loads would have to coincide with the PLC signal near 
or at the same frequency. A single device can emit a 
narrowband signal in the frequency range of interest as seen in 
Fig. 1; this component is most likely a residue from the 
switching technique used in the end-user device. When 
measuring at the point of common coupling of many loads i.e. 
where the power meter (delivery point of a resident) or the 
concentrator (low-voltage distribution transformer) is 
connected, the aggregated emission from connected loads 
takes the form low amplitude noise spread over the frequency 
range. The majority of the high frequency currents have been 
shown to propagate between individual devices instead of 
between the equipment and the grid [8]. 

Some measurements presented in [9] show that the existing 
voltage distortion levels are much below the permitted levels 
for the communication according to [11]. This indicates that 
communication failure due to emission from end-user 
equipment would be fairly uncommon. Distortion levels in the 
frequency range 9 to 95 kHz do however vary strongly with 
location and with time [10]. Excessive noise levels can thus 
not be ruled out, especially as only a limited amount of 
measurements is available.  

B.  Type II interaction: equipment creating a low-
impedance path for the communication signal 

The signal generated by the transmitter can propagate 
along different paths, where the preferred path is the one to 
the receiver. The propagation of the communication signal in 
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the distribution-network depends on the impedance of the 
different branches that form the network. Every component in 
the network contributes to the total impedance. Some 
components do not change with time such as the distribution 
transformer and the cables and lines connecting the 
secondary-side of the transformer to the delivery-point of the 
consumers. The impact from these components can be 
calculated and taken under consideration when installing a 
communication device. The situation with appliances 
connected by end-user is quite different. In the frequency 
range used for power-line communication, end-user 
equipment has a strong impact on the impedance level at any 
given moment and the impact will vary with time. Customers 
will connect and disconnect appliances so the influence from 
end-user equipment will fluctuate depending on season, day of 
week and time of day. Many loads only impact the impedance 
for a part of the voltage cycle depending on the construction 
of the electronics. This means that the impedance level could 
be different at the voltage zero-crossing and at the voltage 
peak. An example of this will be given in section V  

There have been some investigations of the impedance in 
the frequency range 9-95 kHz. In [12] an investigation of the 
impedance in the low-voltage distribution network is 
conducted. The authors of [12]  focus on the frequency range 
between 5 and 20 kHz.   They found that resonances between 
the inductance in the distribution transformer and the 
capacitance in connected loads can occur in the frequency 
range used for communication. As the number of loads with a 
capacitive element has greatly increased since 1985, when the 
aforementioned paper was written, such resonances are likely 
to have increased in number. Large wind parks are reportedly 
a problem for PLC using lower frequencies of a few hundred 
Hertz. Again it is the capacitance from the cables that gives a 
resonance frequency that can be in this frequency range 
[[18][19][20]]. Measurements performed at Luleå University 
of Technology also indicate that end-user equipment can 
resonate at different frequencies between 9-95 kHz depending 
on the length of the power cord by which they are connected 
to the outlet [21].    

C.  Type III interaction: high currents through 
equipment 

High voltage levels at the terminals of end-user equipment 
due to power-line communication can result in high currents 
through the equipment. These high currents can damage 
components in the equipment. The capacitor on the grid-side 
of the EMC filter is typically most exposed to this. Within 
IEC TC 77A WG1 this subject is under discussion and 
capacitors are viewed by the experts as the first component for 
which the immunity needs to be studied [17] Other possible 
interference could be due to inductive coupling of the high 
currents into the low-power electronics parts of the 
equipment. The occurrence of high currents through the 
equipment is often strongly related to a low-impedance path 
seen by the power-line communication. The transmitter 
increases the injected current when the input impedance is low 
in order to keep the voltage at a steady level. 

According to [15] immunity test levels for interharmonics 
above 100 Hz are covered by the mains signalling levels and 
optionally by the so called Meister curve which allows a 
voltage level of 1.5 % of the fundamental at 3 kHz. These 
levels are significantly higher than the compatibility levels for 
these frequencies. This is to ensure that end-user equipment is 
not being damaged by power-line communication [16]. No 
such immunity limits exist for higher frequencies, unless one 
considers the voltage characteristics for “signalling 
frequencies” according to [11] as a lower bound for the 
immunity limit. 

D.  Type IV interaction: spreading frequencies  
A property of a non-linear system is that an input at one 

frequency can result in an output at another frequency. Most 
common with end-user equipment is the emission of current 
components at harmonics of the voltage signal. This holds for 
the power-system frequency but also for other frequencies. 
Also sum and difference of the frequencies present in the 
voltage can appear in the current. For example the character of 
the rectifier bridge will lead to pulsating currents only when 
the diodes are conducting. This is a non-linear phenomenon 
creating additional frequencies. The modulated high-
frequency current will be half-wave rectified and thus produce 
harmonics of the original high-frequency component. This 
phenomenon can for example result in pollution of the 
protected frequency band over 150 kHz which in turn causes 
interference with radio communication.  

The European standard EN 50065 [11] sets limits to the 
emission by communication equipment at non-communication 
frequencies. The presence of non-linear end-user equipment 
can indirectly result in much higher emission at non-
communication frequencies. 

A shift in frequency at a lower frequency range is 
described in [14] where a communication signal at 182 Hz 
results in currents with diode rectifiers at several frequencies, 
for example 118 Hz, 218 Hz and 282 Hz. The latter frequency 
was close to the resonance frequency due to a capacitor bank 
at medium voltage. The resulting voltage showed the 182 Hz 
due to power-line communication and a 282 Hz due to non-
linear loads and a harmonic resonance.  

E.  Type V interaction 
The voltage distortion introduced by power-line 

communication can adversely impact the operation of end-
user equipment in many different ways. For example, multiple 
zero-crossings due to communication signals can cause 
equipment to malfunction. When a high frequency signal is 
modulated on the fundamental frequency, multiple voltage 
zero-crossings can occur. Equipment that uses the voltage 
zero-crossing to control, for example clocks and light dimmers 
may malfunction.   

The number of reported cases of such malfunction is still 
limited, but with widespread use of power-line 
communication, for example to enable islanding-detection 
with distributed generation [22], this should certainly be 
investigated further. 
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IV.  MEASUREMENTS 
A large number of measurements have been performed both in 
the laboratory and in the field to illustrate and further study 
the different types of interaction introduced in the previous 
sections. Some of those measurements are shown here. All 
measurements have been captured with HIOKI HiCorder 8855 
using a 200 ms window with a sampling frequency of 10 MS/s 
A Pearson current monitor have been used to capture the 
current.   

A.  Type I interaction  
A 200 ms window was recorded of the current drawn by a 42" 
LCD TV and the spectrum was obtained using a discrete 
Fourier transform (DFT) with a rectangular window. Clearly 
visible in Figure 1is a narrowband component at 45 kHz with 
an amplitude of 0.045 A. This component is 5.3% of the 
fundamental 50 Hz current at 0.85 A. Two smaller 
components at 55 kHz and 69 kHz with amplitude of about 
0.005A are also visible. As a comparison the 3: rd harmonic 
(150 Hz) has an amplitude of 0.1 A or 11.8% of the 
fundamental.  

 
Figure 1 Current drawn by a LCD TV 

B.  Type II and Type III interaction 
The theory that end-user equipment can form a low impedance 
path for currents in the frequency band between 9-95 kHz has 
been tested in the laboratory. It has been found that for  
frequencies between 9 and 95 kHz the total impedance seen 
from the communication device depends strongly on the loads 
connected to the grid [8][9]. A full scale electric model of a 
house was built to investigate how end-user equipment 
interacts with each other, with power-line communication and 
with the grid. For one measurement setup a transmitter was 
connected near the distribution transformer and different 
appliances were connected in the house. A receiver was 
connected in a model of a neighboring house and 
communication was established. The propagation and current 
amplitude of the communication signal were measured. It was 
found that different loads had different impact on the 
impedance level of the channel and thereby the propagation of 
the high frequency current. Compact fluorescent lamps (CFL) 
are an example of load that was found to decrease the 
impedance, but only for the part of the cycle that the lamp 
takes current from the supply. This is probably due to the 
small capacitor connected at the DC side of the diode rectifier. 
Only when the diodes are conducting is this capacitor 
connected to the grid.  

An example studied with this setup is a PLC system that 
signals at 43 kHz and uses a master slave technique.  The 
transmitter sends data for 5 ms, waits for 10 ms, sends data 
again, and so on. The transmitter is a voltage source and keeps 
the voltage at a fixed level. When the impedance decreases in 
the channel, the current emitted increases as a consequence, 
see Figure 2 

 

 
Figure 2 Current drawn by a CFL 11 W (top) and by the PLC source (bottom) 
measured at the same time 

 
CFL´s show the same behavior when combined with PLC 

systems using other frequencies. When the lamps draw current 
at 50 Hz (the diodes are conducting) they also draw current at 
higher frequencies. In this example the amplitude of the 12.5-
kHz current is higher than the amplitude of the low-frequency 
component. The latter is only visible in the envelope of the 
half rectified current at 12.5 kHz, see Figure 3.  

 

 
Figure 3 Current drawn by a CFL 11 W. Blue curve when exposed to PLC. 
Green curve is current drawn when no PLC is present. Vertical scale in A. 
 

C.  Type IV interaction 
Common household equipment like CFLs can also be 
responsible for spreading the communication signal over a 
wider frequency range, see Fig. 4. 
The CFL draws a current at 12.5 kHz which is the 
communication frequency, but it also produces harmonics of 
that signal. So in addition to the signal at 12.5 kHz produced 
by the communication device and the switching frequency at 
42 kHz produced by the CFL (barely visible in the 
spectrogram) there are signals found at the multiples of 12.5 
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kHz. Neither the communication device nor the CFL would 
produce these harmonics if connected separately. This shows 
that a non-linear load can, in interaction with a disturbance 
source, pollute the frequency band between 9-95 kHz by 
introducing new frequencies. The emission can also spread to 
higher frequency bands. 
 

 
Figure 4 Time-frequency representation of the current taken by a CFL while a 
PLC is transmitting. The large rectangular in the figure shows the actual 
spectrogram with time-axis horizontal and frequency axis vertical. To the left 
of the spectrogram the conventional spectrum (over the whole 200-ms 
window) is shown. Below and above the spectrogram the time-domain 
representation is reproduced: the original waveform below and the sliding 
window rms above. The scale to the right relates the colours to a logarithmic 
(dB) magnitude scale. 
 

D.  Type II and Type III interaction 
Other examples of loads that were found to have a strong 

shunting capacity were an LCD TV and a microwave oven. 
Both loads are equipped with an EMC filter which is 
connected at the terminals of the load. A schematic of a 
typical EMC filter with a capacitor connected between line 
and neutral on the grid side is shown in Figure 5. 

 
Figure 5 Schematic of a typical EMC filter. 

 
The EMC filter is connected as long as the device is plugged 
in (i.e. the filter is on grid side of any mechanical or electronic 
switch). Some measurements were made to test how the EMC 
filters affect the communication signal. The PLC system 
tested uses Frequency Shift Keying (FSK) at 12.5 kHz for 
communication. Measurements were taken of the voltage and 
the current at the terminal of an LCD TV when in stand-by 
mode and when the TV was on. The 12.5 kHz current 
measured at the terminal of the TV has a peak value over 2 A, 
as seen in Figure 6. The only difference between the two 
curves is the 50 Hz component which is only present when the 

TV is on. 

 
Figure 6 Upper curves, voltage (green) and current (blue) measured at the 
terminal of the TV during communication when the TV is in stand-by. Bottom 
curve voltage (green) and current (blue) measured at the terminal of the TV 
during communication when the TV is on. 
 

This indicates that the component responsible for the low 
impedance is the filter, as it is the only component present in 
both cases. Loads like TVs and microwave ovens have their 
EMC filter connected to the grid even if they aren’t in use. 
The result is that they form a low-impedance path whenever 
they are plugged in, even when not in use. Also worth 
mentioning is that this capacitor on grid-side of the EMC filter 
is exposed to the power-line communication signal whenever 
the device is plugged in, which is most of the time for most 
equipment. 

E.  Type V interaction 
At some locations in the northern parts of Sweden a flicker 

problem due to interaction between a light dimmer and PLC 
was discovered. It was found that the communication device 
produced an oscillation on the voltage waveform that 
sometimes would coincide with the voltage zero-crossing. 
This would be seen by the light dimmer as multiple zero 
crossings and the light would be turned off for one half cycle 
a few times per second, producing a visible light flicker. This 
problem was observed at rural areas with fairly weak grids 
[21].  

V.  CONCLUSION 
Based on the measurements taken in the laboratory as well 

as in the field it is believed that attenuating by shunting is, and 
will be, the most common reason for failed communication. 
Due to the shunting capacity of end-user equipment, there is 
also a possibility that the communication can damage 
equipment connected to the grid. This issue needs more 
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attention. Connected loads will also contribute to low access 
impedance seen by the transmitter in the frequency range 
between 9 and 95 kHz. The voltage limits stated in the 
standard [11] starts with 7 Vpeak at the lowest frequency. For 
a 50-  system this would correspond to a maximum power of 
0.5W emitted at 9 kHz. However, the access impedance at 9 
kHz is more likely much lower. In [6] values as low as 0.2  
are indicated and low access impedance will result in high 
currents being emitted and also the risk of damaging nearby 
connected equipment increases.  

 Conducted emission with high magnitude from end-user 
equipment doesn’t seem to be the main cause for failed 
communication; most systems are resilient to that type of 
interaction. Close to the receiver high noise level can be an 
issue if the attenuation has been severe.  
 

Even though many different types of end-user equipment 
have been measured in order to examine the magnitude of the 
conducted emission in the frequency range 9 – 95 kHz, PLC is 
by far the strongest source of disturbance found and any 
future immunity standards should therefore be based on 
permitted levels for the communication.  
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Abstract— This paper presents an analysis of current emission 
from low-voltage appliances in the frequency range from 2 to 
150 kHz. Both measurements on an installation with a PV 
inverter and simulations covering more general appliances are 
presented. It is shown to be important to distinguish between 
emission driven by a certain device (“primary emission”) and 
emission driven by other devices (“secondary emission”). 
Both simulations and measurements show that it is feasible 
that resonances can form between connected home appliances
within this frequency range. It is also shown that the primary 
emission can be strongly impacted by those resonances. 
Moreover it is shown that high frequency currents flow 
between connected appliances and measurements of high 
frequency distortion should be performed on site, inside the 
installation.  

Index Terms—high frequency emission; home 
appliances; inverter; photovoltaic; power quality;
harmonic resonance; power system harmonics

1. INTRODUCTION
HEN introducing modern energy efficient appliances into 
the low-voltage network new types of power quality 

phenomenon will occur. In addition to the injection of 
harmonic current most modern energy efficient appliances 
also inject high frequency emission into the installation, often 
in the frequency range between 2 and 150 kHz. This is due to 
the active converters that are used to make the device more 
efficient. Another benefit of using an active converter is that 
the harmonic emission is reduced [1-5]. Limits are set to 
harmonic emission for low voltage equipment in [6] but for 
most equipment no limits are set for emission in the range 2 
kHz to 150 kHz. Within this frequency range there are bands 
where power line communication is allowed (9 kHz to 95 kHz 
is often used for automated meter reading in Europe) and there 
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is a risk for interference between communications signals and 
emission from non-communicating devices [2]. Several 
standard setting organizations (Cenelec, IEC and IEEE) are 
working on developing standards for emission limits,
immunity limits and compatibility levels. To set appropriate 
limits and verification methods it is important to gather 
knowledge on the original and spread of the emission. Spread 
of emission in the frequency range 2 kHz to 150 kHz from low 
voltage devices is still ill-understood but it is evident that the 
propagation differs from that of harmonic emission [1, 2, 4, 7, 
8] especially in the way in which different appliances 
influence each other. A measurement at one location (e.g. in a 
laboratory using an LISN) might not be relevant for other 
locations. This paper will especially address the interaction 
between low voltage equipment in the frequency range 2 to 
150 kHz. The results from this work can be used as input to 
standard-setting activities.

In the frequency range 2 kHz to 150 kHz it becomes 
important to distinguish between primary and secondary 
emission, where primary emission originates in the appliance 
and secondary emission originates elsewhere [8]. From the 
viewpoint of an individual appliance primary emission can be 
classified as an emission issue  and secondary emission as an 
immunity issue .Measurements [7] and a model developed in 
[8] show that the two together result in the current at the 
interface between an appliance and the rest of the installation.
The results from the modeling indicate that none of the two 
can in general be neglected. The study in [8] did however not 
consider any resonances, nor were inductances in the 
installation included in the model. 

In Section II of this paper definitions of primary and 
secondary emission are introduced together with a brief 
overview of what the main impact of the two is. In Section III 
there is a theoretic discussion on resonances between home 
appliances in the frequency range 2 to 150 kHz. The basic 
model developed in [8] is further developed here. 
Measurements performed on an installation, including a PV 
inverter, showing primary and secondary emission are 
described in Section IV. These measurements also show the 
results of amplification of primary emission due to resonances.

Primary and secondary emission of a PV 
inverter in the frequency range 2 to 150 kHz.

Sarah K. Rönnberg*, Math H. J. Bollen

Electric Power Engineering, Luleå University of Technology, Sweden
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2. EMISSION

2.1 Primary emission
When analyzing measurements of end-user equipment 

made in a real live power-grid i.e. when not using a Line 
Impedance Stabilizing Network (LISN) it is important to 
distinguish between primary emission and secondary emission 
[8, 9]. Primary emission is defined in this work as the 
emission originating from the equipment under test, EUT. 
Primary emission can be measured at all time when the 
equipment is operating. Using an LISN only primary emission 
is present. The level of primary emission is mainly affected 
by: 

Topology of the EUT
Impedance at the connection point
Resonances

The impedance seen at the connection point of an 
equipment on the low voltage network consist of the 
impedance of transformers and cables, referred to as “the grid” 
and the impedance of the wiring inside a building together 
with other equipment connected there. This could be referred
to as the impedance of the installation. The impedance of the 
grid is dominated by inductance in the frequency range 2 to 
150 kHz and is therefore relatively high compared to the 
impedance of the installation. 

2.2 Secondary emission
Secondary emission is defined as the emission that is 

generated elsewhere and propagates to the EUT due to the low 
impedance level at the terminal of the equipment. The 
secondary emission is not always present and is not seen when 
the current and voltage are measured at the terminal of the 
EUT when connected to a LISN. 

For equipment connected to the low voltage network the 
secondary emission is affected by:

Emission from the neighboring equipment
Impedance at the terminal of the EUT in relation to 
impedance of the grid and of the installation

A device will be subjected to secondary emission if there is 
emission present at a frequency where the device offers a low 
enough impedance to allow a current to flow. In Fig.  1 the 
current measured at the terminal of an 8 W LED lamp is 
shown. The measurement on the left hand side shows the 
primary emission from the LED i. e. when the lamp is the only 
device connected. On the right hand side in the figure the 
current at the terminal of the same lamp is shown when the 
lamp is connected near other home appliances. The secondary 
emission is visible, in this case, as narrowband components at 
42 kHz, 55 kHz, 85 kHz and 100 kHz. Neither of these 
components originates from the LED lamp. 

Fig.  1.  Current measured at terminal of a 8 W LED lamp when connected 
alone (left) and close to a number of other home appliances (right) both in the 
time domain (upper) and the frequency domain (lower)

High levels of secondary emission were shown to arise, in 
[2] due to power-line communication, although the term 
“secondary emission” was not used in that publication.

Primary and secondary emission for an off-shore wind park 
are studied in [10]. In that specific study it is concluded that 
the secondary emission of the park as a whole could easily 
exceed the primary emission.

2.3 Impact of neighboring equipment
In Fig.  2 the principal of primary and secondary emission 

is explained in a schematic way [8]. From the figure it can be 
seen that primary emission propagates from the EUT while 
secondary emission propagates towards the EUT. 

Fig.  2 A simplified model of primary and secondary emission

It was shown in [9] that primary as well as secondary 
emission both depend on the amount of other devices 
connected close to the device under consideration. The 
relation between primary and secondary emission and the 
number of neighboring devices was however not explicitly 
presented in that publication.

3. RESONANCES 

When introducing modern energy efficient appliances into 
our homes the likelihood of resonance phenomena in the 
frequency range between 2 and 150 kHz increases. Modern 
household-equipment is seldom purely resistive, instead they 
can be considered as either inductive or capacitive depending 
on the topology used. They contain electronics and many of 
them are equipped with an EMC-filter of LCL-type or CLC-
type. 
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Not much has been reported in scientific papers about high 
frequency resonances involving low-voltage appliances. For 
resonances in the harmonic frequency range (defined up to 
harmonic number 40 i.e. 2 kHz in a 50 Hz system) there have 
been some studies.  In [11] resonance phenomenon in a micro-
grid with multiple inverters is examined.  In [12] harmonic 
resonances between PV-installations and non-linear loads are
presented. In [13] harmonic emission due to resonances in a 
LV network with PV-installations is discussed and a 
resonance frequency at 1.2 kHz is found.

For a resonance to occur there has to be an inductive 
reactance and a capacitive reactance. The equation for finding 
the resonance frequency is the same for series and parallel 
resonance = 12                           (3.1)

where L is the equivalent inductor value, C is the 
equivalent capacitor value.

At the resonance frequency the only thing left to damp a 
signal is the resistive part of the circuit. Inside an installation 
like a detached house, capacitances will be present in the form 
of appliances and inductances in the form of wires and 
appliances. The resistive elements are present in the wiring 
and in end-user equipment. The latter contribution is reducing 
in number, among others by the replacement of incandescent 
lamps with electronic lighting.

In [14] a series of measurements were conducted to see the 
impact from the wires on the impedance in an installation. It 
was shown that by varying the length of the wires (and as a 
result also the inductance) to an appliance equipped with a 
shunt-capacitor at its terminals the impedance changed 
consequently. The length of the power cord was altered from 0 
to 46 meters and as a result the frequency with minimum 
impedance shifted from 78.6 kHz to 38 kHz. In [15] it was 
shown that a common mode resonance is likely to occur in the 
frequency range 2 to 150 kHz between parallel connected 
EMC-filters.

Based on the theory that the wires in an installation can 
have an effect on the resonance in the higher frequency range 
some calculations and simulations were performed. In all 
cases the appliances are considered as a current source behind 
a capacitor, in the same way as in [8]. The case of a single 
appliance connected to the grid via a wire is shown in Fig.  3
where I0 and C1 are the appliance responsible for the primary 
emission, L1 represents the wire, R1 the wave impedance of the 
grid, R2 and L2 the low frequency resistance and inductance of 
the grid. The impedance of the grid, ZGrid would hence be R1 in 
parallel with R2 and L2 and the external impedance, Zext, seen 
by the appliance consequently a series connection of L1 and 
ZGrid.

Fig.  3 Schematic of a single appliance connected to the grid via a wire

The primary emission at the terminal of the appliance in 
Fig.  3 could be described as the transfer function:

= 11 +                           (3.2)
And the transfer impedance is defined as:

=                           (3.3)
A longer wire would shift the resonance peak to a lower 

frequency and somewhat increase the amplification. Both 
transfer function and transfer impedance show a decrease with 
increasing cable length.

When a second appliance in form of a capacitor C2 is 
connected, through a wire with inductance L3; as shown in 
Fig.  4 an additional resonance frequency will appear.

Fig.  4.  Schematic of two appliances connected to the grid via a wire

ZGrid will remain the same as in the case with one appliance 
connected but the external impedance at the terminals of the 
first appliance is now:

= + ( + 1 )+ + 1                 (3.4)
Equation (2) will still hold for the transfer function using Zext
from (4) and the transfer impedance will be:

= + 1
+ + 1                         (3.5)

The transfer function and transfer impedance according to the 
case shown in Fig.  4 are plotted in Fig.  5.
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Fig.  5. Transfer function (top) and transfer impedance (bottom): second 
appliance connected to grid by cable of length 10 meter (red dashed), 20 meter 
(blue solid) and 40 meter (blue dotted).

The following parameter values have been used:
C1=5 μF

L1=L3=3 μH/m
C2=1.8 μF
R1=50

L2=350 μH
R2=1.2

The values have been chosen based on realistic wire length 
in a detached house and the capacitance values found in some 
of the equipment used in the experiment described in Section 
IV.

As seen in Fig.  5 it is feasible that the connection of a 
second appliance will create a resonance point at a frequency 
between 10 kHz and 20 kHz moreover the simulations show 
that the length of the wire will shift this resonance frequency. 
The figure also shows that depending on the length of the wire 
connecting the second appliance, the primary emission from 
the first appliance can vary by a factor of more than 10. The 
primary emission from an appliance can thus not be
considered as constant, but instead it depends on the properties 
of the grid and of other appliances connected in the 
neighborhood.

4. MEASUREMENTS

In the forthcoming section a number of measurements of 
primary and secondary emission will be presented. The 
primary and secondary emission measured at individual 
equipment and the total emission from the installation 
propagating to the grid will be discussed. The measurements 
have been made using a Hioki HiCorder 8855 with a sampling 
rate of 10MS/s. The currents were captured using a Pearson 
Current monitor model 411. 
The distribution transformer and cables dominate the 
impedance of the power-grid and the grid can be considered as 

having an inductive reactance. The impedance for emission in 
the frequency range from 2 to 150 kHz is hence relatively 
high. As described in [9] the emitted signals in this frequency 
range will to a high extent propagate towards neighboring 
equipment inside the installation if there are any. The reason 
being that modern equipment often is capacitive and therefor 
has low impedance, for higher frequencies, as seen from the 
grid.

4.1 Experimental setup
Measurements have been performed in the Pehr Högström 

laboratory at LTU Skellefteå where a full-scale model of a 
house has been built. In the test-house a number of common 
household appliances have been connected. In addition to that, 
a PV-installation of 2.5 kW has been built on the roof of the 
laboratory and connected via a DC/AC single-phase inverter
to the test-house. During the experiment the household 
equipment has been connected and disconnected while the 
current emission has been recorded. The currents have been 
measured at the inverter as well as at some of the other 
appliances connected in the house. All equipment, including 
the PV system, has been connected to the same phase. Voltage 
and current have also been measured at the delivery point to 
the house covering all equipment connected. Prior to the 
experiment, individual measurements have been made of all 
the equipment used to be able to determine the most likely 
source of the signals found during the experiment. 

4.2 PV Inverter only
The inverter used is a single-phase inverter with a HF-
transformer. It has a rated output of 2.5 kW at 230 V, 50 Hz.  
The inverter has a maximum output current capacity of 14.2 
A. The primary emission in the frequency range between 2 
and 150 kHz originating from the PV-inverter consists most 
likely of the residues from the switching circuit, which is 
constant in frequency. The main component of the primary 
emission can be measured at 16 kHz at all time when the 
inverter is operating and also harmonics of that frequency can 
be seen (32 kHz, 48 kHz etc.) with decreasing amplitude. In 
Fig.  6 a spectrogram of the current measured at the terminal 
of the inverter are shown. No other equipment was connected 
during the measurements. A snapshot of 200 ms (10 cycles of 
the fundamental 50 Hz component) was taken ones every ten 
minutes. No other equipment was connected in the test-house 
during this period. The peak value of the 16 kHz components 
for every one of the 416 snapshots has been calculated. For the
times during production the peak value varies between 25 mA 
and 30 mA. For the instances when the production is idle the 
value is zero. From this it is concluded that the PV inverter is 
the source of the 16 kHz component.
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Fig.  6.  Spectrogram of the current taken by the PV-inverter without other 
equipment connected. The red and yellow fields correspond with the times the 
PV installation is producing energy i.e. during the day. 

4.3 PV inverter and other equipment
Next a number of experiments have been performed with 

other equipment, beyond the PV installation, connected. To 
examine how responsive the inverter is to secondary emission 
a number of end-user devices were connected and 
disconnected to the same phase as the inverter in the test-
house. The following devices were connected in different 

combinations; a laptop, a TV, a stove, a microwave oven and 
three different LED lamps. The pattern of how these 
appliances were connected and disconnected is shown on the 
right hand side in Fig.  7. The current was measured at the 
terminal of the inverter for every alteration made, making it a 
total of 45 snapshots of 200 ms each. In Fig.  7 (left hand side) 
the current spectrogram of those measurements is shown.  The 
primary emission at 16 kHz remains the dominating 
component in the spectrum. Secondary emission is however 
clearly visible at most other frequencies. Worth mentioning 
here is that the fundamental current as well as the amplitude of 
the emission of the neighboring appliances are in most cases 
significantly lower than for the inverter. 

From Fig.  7 some interactions between the inverter and 
other equipment can clearly be seen; for instance during 
measurement 28 to 32 when LED lamp no 3 is connected. The 
lamp is most likely responsible for the high emission from 85 
kHz and onwards. The conclusion that the lamp is the source 
of this emission is also supported by individual measurements 
taken of the lamp [16] where these frequency components can 
be seen. It can also be observed that when the TV is connected 
and operating a signal appears at 55 kHz, it disappears when 
the TV is either in stand-by mode or disconnected so this 55 
kHz signal is likely a residue from the switching circuit in the 
TV. 
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Fig.  7.  The image on the left is the spectrogram of the current taken by the PV-inverter for 45 measurements while neighboring equipment is connected and 
disconnected.  The image on the right shows at what time each appliance was connected. The horizontal axis indicates different appliances and the vertical axis 
number of corresponding measurement in the spectrogram. Red fields indicates time when equipment is connected and operating; orange when equipment was 
connected but in stand-by mode and finally blue indicates times when equipment was disconnected.

4.4 Primary emission and neighboring equipment
The experiments described in the previous section revealed 

that not only the secondary equipment but also the primary 
emission at 16 kHz is impacted by the presence of 
neighboring equipment.

For example, the connection of the TV also affects the 
magnitude of the primary emission from the inverter. During 
the times when the TV is connected (both operating and in 
stand-by mode) the magnitude of the 16 kHz component 
increases as well as the magnitude of the harmonics of that 
component. This indicates that there could be a resonance 
between the inverter and the EMC-filter of the TV, as 
presented in Section III.  When looking at the peak value of 
the 16 kHz components for the 45 snapshots the value varies 
more than for the measurements shown in Fig.  6 where the 
inverter is the only equipment connected. The peak value 
varies between 22 mA and 202 mA. The lowest value 
corresponds to the instant when, in addition to the inverter, the 
laptop is connected as well as the stove and micro are
connected but in stand-by mode. The highest value 
corresponds to the instant when the mac, TV, LED2, micro 
and stove are all connected and operating.  When comparing 
the instances when the TV is not connected to the instances 
when the TV is connected the peak value of the 16 kHz 
component increases with a minimum of 30 mA. This makes 
the value of the component, measured at the terminal of the 
inverter, at least twice as high when the TV is connected 
compered to when it is not as shown in Fig.  8.

Fig.  8.  Upper left, current at the inverter shown in the time domain when the 
TV is not connected. Upper right, current at the inverter shown in the time 
domain when the TV is connected. Lower left, current at the inverter shown 
in the frequency domain when the TV is not connected. Lower right, current 
at the inverter shown in the frequency domain when the TV is connected.

Between 44 kHz and 48 kHz there are signals emerging 
during the time the stove is connected and operating. This 
frequency varying behavior is consistent with how the stove 
operates. Some equipment, like the laptop, doesn’t seem to 
impact the secondary emission at the inverter. No signal 
appears or disappears at the instances the laptop is connected 
or disconnected. 

4.5 Point of connection
The level of the 16 kHz components as measured at the 

point of connection of the test-house remains rather constant 
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except a slight drop during the time the stove is connected and 
operating. The connection of the TV seems to have no impact 
on the amplitude neither in the voltage nor in the current at the 
PCC. The amplitude of the 16 kHz components is lower at the 
PCC than at the terminal of the inverter as can be seen in Fig.  
9 where both the amplitude measured at the PCC and at the 
PV are shown for the 45 consecutive snapshots.

Fig.  9. Peak value of the 16 kHz component for 45 measurements both at the 
point of connection (stars) and at the terminal of the inverter (crosses).

The connection and disconnection of different appliances 
can be seen also at the point of connection in the test-house 
but not as clearly as at the PV. The spectrogram of the current 
at PCC is shown in Fig.  10. The dominating signal is again 
the 16 kHz component visible throughout all the 
measurements but the last one where the inverter is 
disconnected. The emission seen from 85 kHz and up to 150 
kHz (during measurement 28 to 32) that was easily spotted in 
Fig.  7 is not visible at all in this plot. It is concluded that 
these frequency components only propagate between 
appliances, and not into the grid.

Fig.  10 The image on the left is the spectrogram of the current measured at 
the PCC for 45 measurements while neighboring equipment is connected and 
disconnected.  The image on the right shows at what time each appliance was 
connected. The horizontal axis indicates different appliances and the vertical 
axis number of corresponding measurement in the spectrogram. Red fields
indicates time when equipment is connected and operating; orange when 
equipment was connected but in stand-by mode and finally blue indicates 
times when equipment was disconnected.

4.6 Laptop emission
The emission measured at the terminal of a MacBook Air 

laptop shows a different behavior than the inverter, with 
regard to the relationship between primary and secondary
emission. Here the secondary emission dominates the spectra 
with the 16 kHz component originating from the inverter 
being the strongest one. The amplitude of the 16 kHz 
component measured at the laptop varies as other appliances 
are connected and disconnected but it is always present when 
the inverter is operating. The reason for the changing 
amplitude is somewhat due to the changes in primary 
emission amplitude from the inverter but mainly to the fact 
that as other appliances are connected they also “share” the 
present emission dependent on their impedance level as seen 
from the grid. The peak value of the 16 kHz signal for each 
measurement has been calculated both for the measurements 
at the terminal of the inverter and the terminal at the laptop.
The linear correlation between the two is weak, 0.08. When 
the emission from the inverter increases due to the connection 
of the TV mentioned earlier, most of the signal propagates to 
the terminal of the TV and the increase of the 16 kHz signal 
cannot be seen at the terminal of the laptop.

Some of the same patterns as in Fig.  7 can be identified in 
the spectrogram in Fig. 11 but with different relative 
amplitude. For instance the connection of the stove is clearly 
visible with the emission between 44 kHz and 48 kHz. No 
primary emissions from the laptop have been found in this 
frequency range. The reason could simply be that the emission 
is so low in amplitude that the signal drowns in the 
quantization noise from the instrument or that it is located at 
another frequency range. 

Fig.  11 Spectrogram of the current measured at the terminal of a laptop, the 
dark blue parts correspond to the times when the laptop has been 
disconnected.

5. CONCLUSION

To understand the current at the terminals of an electronic 
device, like a PV inverter, a distinction should be made 
between primary and secondary emission. The secondary 
emission for a device is driven by the primary emission from 
neighboring devices. It has been confirmed by measurements 
that the secondary emission depends strongly on the presence 
of neighboring equipment.

It is further shown, by theoretical simulations as well as by 
measurements, that also the primary emission can be strongly 
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influenced by the presence of neighboring equipment.
Both primary and secondary emission should be taken into 

consideration when compatibility levels and immunity levels 
for end-user equipment are discussed. Calculations and 
measurements show that it is feasible that a resonance can 
form between two connected appliances in the frequency 
range discussed. This could lead to amplification of primary 
emission coming from low-voltage appliances.

High levels of currents within the frequency range 2 kHz 
and 150 kHz can lead to shortening of the life time of 
electrolyte capacitors used in filters [9, 17].

It is also shown that measurements for an installation as a 
whole do not give a correct representation of the emission 
levels inside the installation. The emission levels at the 
terminal of an end-user equipment can be substantially higher 
than those found at the delivery point of the installation.

The other way around, emission measurements at 
equipment terminals do not give a good indication of the 
emission from a complete installation into the grid.

Results from emission tests in the laboratory do not give a 
good indication of the emission in practical situations. The 
emission in the field can be several times higher than the test 
results.

The cable inductance is shown to play an important role in 
the occurrence of resonances in the frequency range above 2 
kHz, which in turn has a big influence on primary as well as 
secondary emission. There is no need for a combination of 
CLC and LCL filters to create resonances; instead the 
inductance can be formed by the wires connecting the 
appliances.

At this moment there are no emission limits in this 
frequency range for most appliances. As such limits under 
consideration it is important to consider the possible impact of 
resonances on the primary emission.
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ABSTRACT
The use of solar panels is becoming more popular in 
Sweden. Parts of Scandinavia have many sun hours and 
the cold temperatures are advantageous as they lead to 
higher efficiencies and longer lifetimes of the solar cells. 
In this paper conducted emission levels associated with the 
connection of photovoltaic systems will be discussed. 
Harmonics (up to 2 kHz) and supraharmonics (2 to 150 
kHz) will be discussed. Measurements from three phase 
connected plants (20 kW) and from smaller (up to 2.5 kW) 
single phase connected plants are shown.     
The harmonic emission from PV-plants is reasonably low 
and somewhat constant with regards to the production. 
Some residue from the switching of the inverter can be 
found typical at a few kHz.

Introduction
The PV-inverter injects current on the power grid that is to 
some extent distorted. This could lead to high levels of 
voltage distortions if the grid impedance is high, as could 
especially be the case because of resonances.

The potential consequences of high voltage and current 
distortion are discussed in various textbooks [1-3].
Waveform distortion is however well regulated in most 
countries, through compulsory or voluntary limits.
A specific issue with harmonic emission from production 
units connected to the distribution network is that such 
units typically do not require strengthening of the grid. 
When adding more consumer equipment to the distribution 
grid, this requires bigger transformers and cables or lines, 
with lower source impedance as a result. With the 
connection of distributed generation, the amount of 
equipment connected to the grid can grow, without any 
reduction in source impedance.

Harmonic studies have traditionally been limited to 
frequencies up to about 2 kHz, with the main concern 
being the low-order odd harmonics. More recently, the 
frequency range above 2 kHz has received attention, 
especially in standardization but also in research [4-7]. The 
frequency range 2 to 150 kHz is referred to as 

“supraharmonics” This term was introduced during the
2013 IEEE PES General meeting [8]. Almost no limits 
exist on this frequency range in standards, but this does 
not require that this range can be neglected. To the 
opposite, the lack of standards requires a serious mapping 
of the emission, propagation and other aspects so as to 
form a basis for the standardization work that is ongoing 
in this frequency range.
This paper presents measurements from a number of PV-
installations in Scandinavia with focus on emission up to 
150 kHz.

Measurement Results
Continuous measurements have been performed at 
several different locations with PV installations of 
various sizes. Some of the results are presented in the 
forthcoming sections. 

20 kW installation in Skellefteå, Sweden.
(Referred to as Sweden 1) Three phase 
connection.
20 kW installation in Piteå, Sweden. (Referred 
to as Sweden 2) Three phase connection.
1.5 kW installation in Narvik, Norway. Single 
phase connection. 
2 kW installation in Loue, Finland. Single phase 
connection.
2.5 kW installation in Skellefteå, Sweden. 
Single phase connection, mounted at the roof of 
the Pehr Högström laboratory at Luleå 
University of Technology in Skellefteå



Harmonic Emission
At high production the PV installations are near unity 
power factor and the current harmonic emission expressed 
as percent of fundamental is relatively low. At high 
production the fundamental waveform dominates and the 
emission is relatively low. In Figure 1 the current and 
voltage waveform from a 2 kW installation are shown for 
high and low production. As can be seen in the figure, the 
current waveform is close to sinusoidal, especially at high 
production, even if there are some deviations.

Figure 1 Voltage (green) and current (blue) waveform 
from a 2 kW installation in Finland at low (top) and 
high (bottom) production levels. Note the difference in 
vertical scale.

The total current harmonic emission from the PV-plants 
varies over time, it is always present during production but 
the amplitude is not positively correlated to the amount of 
production as can be seen in Figure 2 where a 
measurement from one phase at one of the 20 kW plants 
during three days is shown. The distortion is given in 
Ampere, not in percent of fundamental or in percent of 
rated. The vertical scale (0.8 A) corresponds to 2.7 % of 
rated current.

At zero production the total harmonic current amplitude is 
also close to zero. At medium and high production the 
variation in amplitude of the total harmonic current is 
small. The highest values are found at low levels of 
production as seen in Figure 2.

Figure 2 Current distortion for different production 
levels

In Figure 3 the harmonic spectrum during full production 
from four different PV installations is shown. The four 
different spectra show some dissimilarity but the 
dominating harmonics found are the same as those 
traditionally associated with non-linear loads at the low 
voltage grid, i.e. the lower order odd harmonics.

Figure 3 Spectra of the max amplitude during full 
production at four different locations

It is shown that the individual harmonic magnitude is not 
directly linked to the production level in the sense that
the highest harmonic amplitude is not found at the 
highest fundamental (50 Hz) amplitude in all cases. 
For the third harmonic current it can be seen in Figure 4
that at the location in Finland the magnitude seems to 
increase with increased power. This is not the case at the 
three other locations where the highest magnitudes occur 
for low production, then decrease and somewhat level out 
for higher production.

Figure 4 Average magnitude of the 3rd harmonic at 
four different locations during different production 
levels

As the production levels for PV fluctuate, the production 
was divided into four levels:

Low, corresponds to production up to 30 % of 
peak production

Low to medium, corresponds to production from 
30 % to 50 % of peak production

Medium to high, corresponds to production from 
50 % to 70 % of peak production

High, corresponds to production up from 70 % 
to 100 % of peak production

The 95% value of the max amplitude for odd harmonics 3 
to 11 is shown in Table 1 to Table 4 for the different 
production levels at four locations.



Table 1 95% value of the harmonic amplitude during 
different levels of production at location Sweden 1
Production 
level
(Sweden 1)

Active 
power 
(W)

H3 
(A)

H5 
(A)

H7 
(A)

H9 
(A)

H11 
(A)

Low 1901 0,956 0,796 0,569 0,703 0,454
Low to 
medium

3328 0,178 0,284 0,308 0,765 0,506

Medium to 
high

4676 0,235 0,381 0,382 0,604 0,448

High 5561 0,297 0,528 0,491 0,598 0,540

Table 2 95% value of the harmonic amplitude during 
different levels of production at location Sweden 2
Production
level
(Sweden 2)

Active 
power
(W)

H3 (A) H5 
(A)

H7 
(A)

H9 
(A)

H11 
(A)

Low 1802 0,580 0,328 0,342 0,109 0,098
Low to 
medium

3269 0,138 0,244 0,426 0,109 0,101

Medium to 
high

4626 0,124 0,251 0,400 0,049 0,077

High 5759 0,131 0,242 0,210 0,035 0,035

Table 3 95% value of the harmonic amplitude during 
different levels of production at location Norway
Production 
level
(Norway)

Active 
power
(W)

H3 
(A)

H5 
(A)

H7 (A) H9 
(A)

H11 
(A)

Low 442 0,225 0,097 0,060 0,077 0,059
Low to 
medium

747 0,167 0,149 0,153 0,095 0,107

Medium to 
high

1044 0,148 0,198 0,114 0,101 0,082

High 1249 0,119 0,202 0,066 0,064 0,118

Table 4 95% value of the harmonic amplitude during 
different levels of production at location Finland
Production 
level 
(Finland)

Active 
power
(W)

H3 
(A)

H5 
(A)

H7 
(A)

H9 
(A)

H11 
(A)

Low 576 0,094 0,059 0,071 0,044 0,094
Low to 
medium

989 0,118 0,077 0,096 0,049 0,122

Medium to 
high

1391 0,146 0,088 0,102 0,062 0,126

High 1715 0,178 0,112 0,126 0,059 0,142

The emission at these frequencies is low, in terms of rated 
current the highest value (for any harmonic or range of 
production) is, for the four production units:

Sweden 1; 3.3 % of rated current (3rd harmonic, 
low production)
Sweden 2; 2 %, of rated current (3rd harmonic, 
low production)
Norway; 3.5 %, of rated current (3rd harmonic, 
low production)
Finland; 2 %, of rated current (3rd harmonic, high
production)

European standard IEC 61000-3-12 sets limit to harmonic 
currents produced by equipment connected to the low 
voltage grid with input current between 16 A and 75 A. 
Measurements from the installation called Sweden 2 have 
been compared to the limits set by the aforementioned 
standard for individual harmonics. The strictest limits have 
been used; short-circuit ratio of 33 and a rated current of 
30 A corresponding to the max current for a 20 kW 

production. Shown in Figure 4 is the individual harmonic 
current H3 to H9. The horizontal line corresponds to the 
limit set by IEC 61000-3-12. As can be seen in Figure 4
the magnitudes for odd harmonics 3 to 9 are well below 
the limits. This holds also for the other locations 
measured.

Figure 5 Individual harmonic current H3 to H9.
Horizontal line corresponds to the limit set by IEC 
61000-3-12

The only individual current harmonic found to exceed the 
limit set in IEC 61000-3-12 during the time frame of the 
measurements is harmonic 11 measured at the city town 
hall in Skellefteå (Sweden 1). The 6-min average of the 
eleventh harmonic was plotted in Figure 6 for the 
timeframe October 2012 until end of April 2013. The low 
levels in the middle of the measurement correspond to 
the wintertime when the PV-plant is not producing any 
electricity due to lack of irradiation and snow covering 
the panels.

Figure 6 6-min average of the 11th harmonic over 
time at Sweden 1. The horizontal line correspond to 
the limit set by IEC 61000-3-12

In Table 5 the correlation between active power and the 
amplitude of the individual odd harmonics 3 to 17 are 
shown. The overall strongest correlation is found for the 
3rd current harmonic at the location in Finland where the 
correlation is as high as 0.97. However, there is no clear 
trend for individual current harmonics, some show 
negative correlation while others positive. Compering the 
same harmonic number for different location it is also 
shown that there is no clear trend; the 3rd harmonic that 
showed strong positive correlation at the location in 
Finland has negative correlation at the other locations.



Table 5 Linear correlation between active power and 
individual current harmonics
Harmonic 
number

Sweden 
1

Sweden 
2

Norway Finland

3 -0,51 -0,75 -0,5 0,97
5 -0,48 0,42 0,48 0,91
7 0,34 -0,57 -0,16 0,74
9 0,36 0,33 -0,58 0,74
11 0,78 -0,22 0,78 -0,34
13 0,7 -0,27 0,77 -0,13
15 0,28 -0,46 0,36 0,47

Supraharmonic Emission
In [9] the terms primary and secondary emission was 
introduced. They are defined as:

Primary emission; the part of the current that is 
driven by the internal emission of the device itself
Secondary emission; the part of the current that is 
driven by the internal emission from other 
devices.

The emission measured at the terminal of the PV-inverters 
are a combination if the two above-mentioned types.
The main contribution to supraharmonic emission from the 
PV-installation is primary emission due to residues from 
the switching in the converter. 
Measurements at the 20 kW plant (Sweden 2) reveals that 
two individual components in the supraharmonic range are 
present in the current, 3.8 kHz and 4.85 kHz. 

An example of secondary emission is at 4.85 kHz. The 
4.85 kHz component has a peak value of 0.12 A, and 
shows low correlation with the PV-production. The high 
emission occurs only when production is low. In this case, 
the high emission at this frequency occurs in the early 
mornings and during the night.

Figure 7 Amplitude of the 4.85 kHz component for 
different magnitudes of the 50 Hz current measured at 
the terminal of the PV-inverter

This component is due to power-line communication 
used by the network operator for automated meter 
reading and appears during instances when data from the 
meters are pulled. This indicates that there are some 
interaction between the inverter and other equipment 
connected nearby [10].
An example of primary emission is visible at 3.8 kHz, 
The 3.8 kHz is most likely a residue from the switching 
since it is always present during production and reaches 
zero for times with no production. The amplitude of the 
3.8 kHz component does not increase with increasing 
production as can be seen in Figure 5 but remains 
somewhat constant with a peak amplitude around 0.14 A 
during times of production.

Figure 8 Amplitude of the 3.8 kHz component for 
different magnitudes of the 50 Hz current measured 
at the terminal of the PV-inverter

The strongest supraharmonic component originating from 
the single phase 2.5 kW installation is at 16 kHz. This is 
another example of primary emission. When the solar 
panel is not producing any power, there is no 16-kHz 
component present in the installation. In Figure 7 this 
component is shown for different magnitudes of current
when the inverter is connected as the only device inside 
an installation. The amplitude of the 16 kHz component 
show very little variation during production but drops to 
a value close to zero during times with no production. 

Figure 9 magnitude of the 16 kHz component shown 
for different magnitudes of RMS current measured at 
the terminal of the PV-inverter.

As part of an experiment after secondary and primary 
emission a PV inverter was connected inside an 
installation with other common domestic equipment. The 
current was measured at the terminals of the inverter 
while other equipment was connected and disconnected 
to the same phase. In Figure 8 the result is shown as a
spectrogram (upper left side) and frequency domain 
spectrum (lower left side). The spectrogram (upper right 



side) and spectrum (lower right side) from a measurement 
of the same inverter connected as the only device inside an 
installation is shown as a comparison. The current at 
fundamental frequency is about the same for the two 
measurements, 9.15 A and 9.29 A.

Figure 10 spectrogram (upper left side) and DFT 
spectra (lower left side) when other equipment is 
connected close to the inverter and the spectrogram 
(upper right side) and DFT spectra (lower right side) 
when the inverter is the only equipment inside the 
installation.

When the inverter is connected as the only device inside an 
installation (right hand side in Figure 8) the main 
frequency component visible is the 16 kHz component. On 
the left hand side in Figure 8 it can be seen that other 
supraharmonic components appear, for instance at 45 kHz. 
This component is not produced by the inverter but by one 
of the devices connected nearby. Two things can be 
concluded from Figure 8;

the emission at the switching frequency of 16 kHz 
can increase or decrease in magnitude when other 
equipment is connected or disconnected 
Frequency components originating from other 
devices are visible at the terminal of the inverter
in the form of secondary emission.

Conclusions

Measurements show that the harmonic emission from a 
PV-installation at low-order odd harmonics is low. The 
emission is zero or close to zero during periods of zero 
production, most likely because the inverter is switched 
off.
Another conclusion from the measurements is that the 
emission spectrum up to 2 kHz is different for the different 
installations. Multiple installations, from different 
manufacturers, connected to the same grid will thus likely 
have less impact than a single large installation.

Different installations and different frequencies for the 
same installation show different relations between 
emission and active-power production. Some harmonics, at 
some locations are strongly correlated with the produced 
power, whereas others are independent of the produced 
power. 

At higher frequencies (2-150 kHz, supraharmonics) there 
are no standard limits to compare with, so it is difficult to 
class emission in this frequency range at small or low. It 
is shown that PV installations emit components in this 
frequency range.
PV installations are also shown to absorb supraharmonics 
present on the grid and originating from other sources 
like power-line communication signals and emission 
from other sources.

The emission from one installation might be small, but 
the joined emission from many installations in a domestic 
area may potentially be a concern. Amplification of 
emission due to resonances is another reason for concern. 
All this calls for further studies. 
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