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Sammanfattning 

Denna rapport är en avrapportering av projektet ”Övertonsdistortion från energisnål 
utrustning och produktion i lågspänningsnät” som utfördes i elkraftgruppen vid Luleå tekniska 
universitet. Projektet har ledd till ökade kunskaper om vågformsdistorsion i 
lågspänningsnätet. De följande konkreta resultaten kan nämnas: 

 Skillnaden mellan övertoner (< 2kHz) och supratoner (2-150 kHz) och 
nödvändigheten att behandla dem som två olika forskningsområden är en viktig 
slutsats.  

 Emission i övertonsområdet kontra emission i supratonsområdet skiljer sig avseende 
ursprung, utbredning, varaktighet och samverkan mellan apparater.  

 Ökningen av övertonsdistorsion på lågspänningsnätet på grund av CFLs och LED-
lampor är mindre än befarat. Resultat från mätningar visar ingen eller en liten ökning 
och i vissa fall en minskning av övertonsnivåer .  

 Ingen stor ökning av övertonsemission på grund av solceller förväntas.  
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Summary 

The project” Harmonic distortion from energy-efficient equipment and production in the low-
voltage network” was conducted by the power engineering group at Luleå University of 
Technology. The project has resulted in increased knowledge on waveform distortion in the 
low-voltage network. The following concrete results can be mentioned: 

 The difference between harmonics (<2 kHz) and supraharmonics (2-150 kHz) and the 
necessity to treat them as two different research fields is an important finding.  

 Emission in the harmonic frequency range versus emission in the supraharmonic 
frequency range differs regarding origin, propagation, duration and interaction 
between devices.  

 The increase in harmonic distortion on the low voltage grid due to CFLs and LEDs is 
smaller than feared. Field measurements show no or a minor increase and in some 
cases a decrease of harmonic levels. 

 No large increase in harmonic emission due to photovoltaic is expected.    
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Introduction 

1.1 Harmonics and supraharmonics 

Voltage and current waveform distortion have long been part of the power quality field and an 
impressive amount of research has been done and is still ongoing on this. The work done in 
this field has resulted in numerous standards, practical experience and scientific publications. 
The work done by J. Arrillaga in [1] is still the fundamental textbook for everybody working 
on power-system harmonics. However, during the last decades the type of loads present in our 
grids have changed from resistive and inductive to more and more capacitive and electronic 
based. The most illustrative example of this is the replacement of the traditional incandescent 
lamp by compact fluorescent lamps (CFL) and light emitting diode lamps (LED). As this 
change has caused a fear that high levels of harmonics will be injected into the grid there is a 
need for further studies as well as long term monitoring of power quality indices.  

Waveform distortion in the frequency ranges above the harmonic range, so called 
supraharmonics (2 – 150 kHz), has long been ignored by the research community. Among 
others, one cause for this is the difficulty to measure conducted emission in the frequency 
range between 2 and 150 kHz. This was to some extent resolved by Larsson in [2]. The 
supraharmonic area is presently under high interest for mainly two reasons; there is a lack of 
standards (emission, immunity and compatibility) and frequencies within this range are used 
for automated meter reading (9 to 95 kHz).    

The published research on supraharmonic emission can be summarized in the following list 
where it is seen that the work done by the Electric Power Engineering group at Luleå 
University of Technology is clearly dominating: 

 The emission from equipment in this frequency range contains a number of 
components. The dominating ones are emission due to the active switching of power-
electronic converter; and short-duration oscillations that occur around the zero-
crossing of the current waveform. [2-10]  

 The highest levels of voltages and currents in this frequency range are associated with 
power-line communication. [4, 11, 12] 

 The emission due to the active switching decreases in magnitude with increasing 
numbers of devices. These frequencies mainly flow between individual devices, not 
into the grid. Simplified models are able to explain this behavior qualitatively. [2, 4, 
12-15] 

 Resonances can result in local increases of emission at the switching frequency. The 
seriousness of this remains unclear. [4, 7] 

 The oscillations around the zero crossing increase in amplitude with increasing 
number of devices. A clear understanding of this phenomenon is still lacking. [3]  

 

1.2 Luleå University of Technology 

Luleå University of Technology is in strong progress with world leading expertise in several 
areas of research. The research is conducted in close collaboration with companies such as 
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Bosch, Ericsson, Scania, LKAB, SKF and leading international universities. Luleå University 
has a turnover of EUR 1.6 billion per year.  As of 2014 the University have 1700 employees 
and 19 000 students. 

1.3 Results from an earlier project 

The main result from an earlier project (New low-voltage equipment and disturbances in the 
frequency range between 2 and 150 kHz, ended in 2010) was the distinction of different types 
of interaction between common household devices and power line communication [12]. The 
five different types are summarized in Table 1 

Table 1 

 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. 
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2 Harmonics 

In the field of Power Quality the term harmonics is used to describe frequencies other than the 
fundamental 50/60 Hz component. Harmonics are defined as components with a frequency 
that is an integer multiple of the fundamental frequency and are defined in standards up to the 
40th harmonic. Research on harmonics and phenomenon related to harmonics has been 
ongoing for many years and several text books been written on the subject, [1, 16-18] among 
others.  

The following terminology and borders will be used within this report:  

 Harmonics, integer multiples of the fundamental system frequency (100 Hz to 2 kHz) 
 Interharmonics, non-integer multiples of the fundamental system frequency (50 Hz to 

2 kHz). Not covered in this report 
 Subharmonics, frequency components below the fundamental system frequency (DC 

to 50 Hz). Not covered in this report  
 Supraharmonics, frequency components between 2 and 150 kHz 

2.1 Measurements 

Several measurements have been carried out during the project. Focus has been the 
introduction of modern energy efficient lamps and the introduction of power generation in the 
low voltage network. In addition to that, experiments involving both common household 
equipment and equipment believed to be part of the future network have been conducted.  

2.1.1 Introduction of modern energy saving lamps in existing installations 
The replacement of incandescent lamps by compact florescent lamps (CFL) and light emitting 
diodes (LED) has caused a concern that high levels of harmonics will be injected into the low 
voltage grids. Measurements have been performed on installations with lamps as well as on 
installations with a mixed load of lamps and common household equipment. These 
measurements have been done both under controlled conditions in the Pehr Högström 
Laboratory at Luleå University of Technology, Skellefteå and under real conditions in the 
field. The main focus during the measurements has been LED lamps as they are believed to 
take a big part of the future market and are somewhat less researched. Contrary to CFLs, there 
is a wide variety in harmonic 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 [19] with very little cancellation as a result. In [20] different 
categories of topology for LED lamps were grouped into four different types: 
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 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).  

A large number of LED lamps found on the Swedish market were tested and the measurement 
results were the basis for the grouping. The majority of lamps used for the measurements on 
site during the project are of type I and type II. Lamps of type IV were not used at all.  

2.1.1.1 Laboratory measurements 
A full scale model of a detached house has been built in the laboratory at Luleå University of 
Technology in Skellefteå. The house has realistic cable length and wiring similar to what is 
common in urban areas in Sweden. The model gives the opportunity to measure the impact 
from common household equipment under controlled yet realistic conditions.  

Several experiments have been carried out in the laboratory to see the impact on the grid from 
different type of lamps. Four groups of lamps were defined; one including only incandescent 
lamps (labeled Past), a combination of incandescent lamps and CFL (labeled Present), a 
combination of CFLs and LED lamps (labeled Future) and finally only LED lamps (labeled 
Far Future). In Figure 1 the current harmonic spectra for each group of 12 lamps is shown. 
The highest amplitude for the low order harmonics (3, 5, 7, 9) are found for the group 
consisting of CFLs and LEDs. For the higher order harmonics the LED lamps seem to impact 
more and the highest amplitudes are often found for the group consisting of only LEDs. 

 
Figure 1 Harmonic current spectrum (odd order below order 50) from four different groups of 12 lamps.  
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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. It is an undisputed fact 
that a CFL or a LED lamp fed by a sinusoidal voltage source emits higher levels of harmonics 
compared to an incandescent lamp. However, what is important is to understand how a 
particular device contributes to the emission from the complete installation. Contributions 
from other connected equipment need to be taken into consideration as well as both amplitude 
and phase angle of individual harmonics [21-24].  

 

2.1.1.2 Measurement at a hotel 
In [25] field measurements from a medium size hotel (76 rooms) are presented. All lamps at 
the hotel were replaced by LED lamps and CFLs. Measurements were performed before, 
during and after all incandescent lamps were changed. A total of 563 lamps were replaced and 
this led to a maximum possible reduction in power of 18 kW. A power quality monitor was 
installed at the delivery point to the hotel. 

In Figure 2 the 10-minute average of the total harmonic distortion (THD) for the current 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.  

 
Figure 2 Total current harmonic distortion for different levels of active power, before, during and after the replacement of 

the lamps at the hotel. The different colors correspond to the three phases. 

The 10 minute average of the amplitude of individual current harmonics in one phase for 
different levels of active power is shown in Figure 3 and Figure 4 for the hotel measurements. 
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Comparing the levels of the 5th harmonic for equal levels of active power shown in Figure 3, a 
slight increase is visible when the incandescent lamps are replaced by LEDs 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 3 10 minute average of the amplitude of harmonic five for different levels of active power. 

The 10 minutes average of the 7th harmonic in phase L1 is shown in Figure 4. The behaviour 
of the 7th harmonic differs to that of the 5th. 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 [4].  
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Figure 4 10 minute average of the amplitude of harmonic seven for different levels of active power in phase L1. 

Shown in [26], 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 identical LEDs (447 LED 
and 116 CFL). In Figure 5 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.      

 
Figure 5 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. 
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The 95 % value during the period before and after the replacement of the lamps for the 
presented harmonics is shown in Table 2. The worst case has been calculated from 
measurements on individual lamps and under the assumption that there are no aggregation 
effects, all lamps are turned on and equally spread over the three phases. 

Table 2 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 indicate that there will be an increase in amplitude of individual 
harmonics but as the measurements show this is not always the case. Some harmonic 
amplitudes decrease while others will show increase that is less than would be expected based 
on the emission from individual lamps.  

2.1.1.3 Measurements at a residential area 
In a residential area located in Skellefteå, 12 households were chosen and all incandescent 
lamps were replaced with LED lamps. Similar to the measurements at the hotel, the voltage 
and current were monitored before, during and after the change. Power quality monitors were 
installed at three individual houses as well as at the transformer feeding the 12 houses. A 
residential area is believed to show larger diversity of devices compared to a hotel or an office 
complex and the effect of harmonic emitting lamps will hence be smaller. During the project 
all households were given identical lamps and that are not likely to be the case in a real 
situation.   

In Figure 6 and Figure 7 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 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 6 Total current harmonic distortion for different levels of active power, before, during and after the replacement of 

the lamps at residence T40. 

 
Figure 7 Total current harmonic distortion for different levels of active power, before, during and after the replacement of 

the lamps at residence T44. 

 

2.1.2  Photovoltaic 
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. Long term measurements have been 
performed at several locations with photovoltaic (PV) installations of various sizes:  
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 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 
 6.1 MW installation in Cordoba, Spain. 100 kW connected to a transformer is 

measured. 
 20 kW installation in Ludvika, Sweden. Three phase connection. 

 

More details of the results are published in [4, 27-29]. At high production the PV installations 
are near unity power factor and the current harmonic emission expressed as percent of 
fundamental is low.  

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 8 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 power. The vertical scale (0.8 A) corresponds to 2.7 % of rated current 
which is well below the limits. 

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 8.  

 
Figure 8 Current distortion for different production levels at one installation 

 

Measurements show that the levels of harmonic emission injected to the grid differs between 
every installation. 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.  
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For the third harmonic current it can be seen in Figure 9 that at the location in Finland the 
magnitude increases 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 9 Average magnitude of the 3rd harmonic at four different locations during different production levels 

Some parameters can effect the harmonic emission; the voltage distortion caused by the 
generated current distortion can attenuate the net harmonic currents from an installation and 
variations in harmonic phase angles from emission originating from other connected 
equipment can also decrease the harmonic distortion from the installation as a whole. 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. 

2.1.3 Other equipment 
Measurements on an electrical vehicle (EV) have been performed. The EV that was used was 
a Renault Kangoo and the single phase charger was used. The single phase charger requires a 
16 A fuse and takes a current around 10 A while charging. The current drawn by the charger 
is close to sinusoidal as seen in Figure 10 and the highest harmonic found is the third 
harmonic with an amplitude of approximately 3% of the fundamental current. 
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Figure 10 Current (blue curve) and voltage (green curve) measured at the terminal of the EV charger 

Another common household device is the microwave. In Figure 11 the waveform of the 
current drawn by a microwave when in the highest power setting is shown. The waveform is 
more distorted than the waveform associated with the EV and the highest harmonic is again 
the third harmonic with 22 % of the fundamental current. Also the second harmonic is present 
in the current drawn by the microwave oven with an amplitude of 0.4 A or 6.7 % of 
fundamental.   

 
Figure 11 Current (blue curve) and voltage (green curve) measured at the terminal of a microwave oven 

The harmonic emission from an induction cooker varies depending on setting. The induction 
cooker has 11 different settings, 1-9 with increasing power, P for high power with short 
duration and H for low power used to keep food warm. Every mode draws a distorted current 
as seen in Figure 12 but the waveform becomes somewhat more sinusoidal as the power 
increases and the high power mode uses an active power factor correction circuit to keep the 
current waveform less distorted and the emission within the limits. 
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Figure 12 Current drawn by an induction cooker for different power settings 

In Figure 13 and Figure 14 the low order harmonic spectrum of the aforementioned devices; 
induction cooker, microwave oven and the electrical vehicle is shown in absolute value 
(Figure 13) and as percentage of the fundamental 50 Hz current (Figure 14).  

 
Figure 13 Harmonic spectrum for the induction cooker, microwave oven and the electrical vehicle in Ampere 
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Figure 14 Harmonic spectrum for the induction cooker, microwave oven and the electrical vehicle in percentage of 
fundamental 

For the three devices, the microwave oven injects the highest values of low order harmonics. 
The third harmonic emitted by the microwave oven is 4.6 times higher than the third 
harmonic emitted by the EV and 3.4 times the amplitude of the same harmonic emitted by the 
group of 6 CFLs and 6 LEDs shown in Figure 1. Important to mention is that this is only valid 
for these specific devices, a larger number of devices have to be measured for the results to be 
statistically significant. However, these are all devices found on the Swedish market. 

2.2 Aggregation studies 

In [22] three different approaches to estimate the change in emission due to adding a new 
device (in this case non-incandescent lamps) are compared: referred to as the ‘IEC approach’, 
‘simulation approach’ and ‘measurement approach’. Under the ‘IEC approach’ the magnitude 
spectrum of the combined load is obtained by adding the magnitude spectra from individual 
appliances according to the aggregation rules in IEC 61000-3-6 [30]. The “simulation 
approach” obtains the harmonic spectrum by adding the waveforms from each device. Finally, 
the “measurement approach” is the result given by the experiment itself in which the new 
device is added to the existing load, after which the total current is measured. It is shown that 
applying the equation given in IEC 61000-3-6 [30] gives an overestimation for most 
harmonics (for higher harmonics the absolute error may be small, but the result from the IEC 
approach is often twice as high as the result from the experimental approach). The simulation 
approach is shown to be close to the measurement, especially up to order 17th. The simulation 
approach gives a better estimation that the IEC approach, which means that phase-angles must 
be considered in addition to harmonic magnitudes, otherwise, an overestimation will result.  

The presentation of the harmonic current in the complex plane provides a suitable way for a 
graphical analysis of the summation effects for the individual harmonics. The magnitude of 
the complex harmonic current is the magnitude as obtained from the DFT (discrete Fourier 
transform) over the waveform current; the argument is the phase angle. In Figure 15 the 
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complex low order harmonic currents for a number of devices used in the aggregation study is 
shown. 

 

 
Figure 15 Complex harmonic current from all the studied devices. Note the difference in vertical scale between the individual 
plots. 

During the study the devices shown in Figure 15 were added one after the other and the 
current were monitored after each new connection. In Figure 16 the 3rd current harmonic has 
been plotted after each connection (until all the loads are connected) in all the scenarios 
(scenarios described in section 2.1.1.1 and [31]). Different colors have been used in order to 
show the connection of different devices: 

 magenta: light 1;  
 red: light 1 + computer/TV,  
 green: light 1 + computer/TV + light 3;  
 yellow: light 1 + computer/TV + light 3 + light 2;  
 black: light 1 + computer/TV + light 3 + light 2 + stove;  
 blue: light 1 + computer/TV + light 3 + light 2 + stove + microwave.  

 

Several aspects should be highlighted. For example, that the emission for light 1 in the past 
scenario, with only incandescent lamps, is small but not zero because the voltage waveform is 
slightly distorted. Looking at absolute value of the current, on one hand, the present and 
future scenarios show an increase in emission due to the increasing amounts of CFLs and 
LED lamps; on the other, the far future scenario has less emission because the fundamental 
current from LED lamps is lesser than from CFLs. 
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Figure 16 Complex current for the 3rd harmonic. 

If now we look at the phase angle for light 1 (magenta), there are some differences between 
the three scenarios (present, future and far future), but not enough for a significant 
cancellation. In fact, the emission is rather constant, which means that there will not be much 
cancellation between different consumers either. The more devices are connected, the higher 
the destabilization in emission, as a result there will be some cancellation between different 
customers. 

The change in phase angle following the connection of different kind of devices can be 
studied in Figure 16. The change from light 1 (magenta) to adding computer/TV (red) has the 
same inner vector (165 degrees), and it is the result of adding the phase angle from this device 
(around 160º). There is a small increase in imaginary part of the current for future scenario 
with respect to other scenarios. There is no change after adding light 3 (from red to green); 
after adding light 2 (from green to yellow) the change is 270 degrees. This last inner vector 
depends on the light to be connected. In future and far future scenarios the vector is larger 
than in present. This is due to both CFLs and LED lamps. In far future scenario the direction 
of the inner vector is exactly 270 degrees, but in future, due to CFL, this angle is less than 270 
degrees. Moreover, the yellow points represent what we can call a likely scenario in a 
Swedish residential area (all the lights and computer/TV on), and the shape of the cloud is 
spread more when CFLs are involved. Then, the connection of the stove (from yellow to 
black) has almost no impact because the amplitude of the emission from the stove is small. 
Finally, the connection of the microwave (from black to blue) has also the same inner vector. 
The only difference is that it is more spread in the far future scenario. The results from this 
aggregation study are further discussed in [22]. 

Regarding photovoltaic it can be shown that the harmonic emission from different inverters 
has different levels of harmonic both in amplitude and phase angle. As a result there are likely 
to be aggregation effects in a low voltage grid with several installations. In a related project at 
the Electrical Power Engineering group at Luleå University of Technology, a method has 
been developed to estimate the emission from a wind farm containing several turbines. The 
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method is described in [32] and could also in future projects be applied to photovoltaic 
installations.  

2.3 Expectation of future levels  

No serious increase of harmonic distortion in the low voltage network due to energy saving 
lamps or photovoltaic generation is expected. Results indicate that for some harmonics the 
levels are expected to decrease. Cancellation due to different phase angels is believed to be 
one reason.  

2.4 Need for new requirements and standards 

A small increase of harmonic emission could be observed for the introduction of CFLs and 
LEDs under controlled conditions in the laboratory. No such clear increase was observed in 
field measurements. The conclusion is that for this type of small lamps there is no need for 
stricter limits on harmonic emission. Stricter limits on harmonics could lead to bigger and 
more expensive lamps and as a consequence a resistance from the public to use the lamps.  

Measurements show that new equipment and new technology introduce new type of harmonic 
emission. Further studies are needed to investigate emission for higher order harmonics, even 
harmonics and interharmonics in order to set relevant emission, immunity, and compatibility 
levels for those. Relevant limits could in this case mean that higher levels are allowed. The 
compatibility levels are meant to be an optimal level obtained by weighting costs for 
increased immunity against costs for limited emission. The reality in power systems is 
however that the compatibility levels are based on existing levels with the reasoning that 
maintaining those levels is the best way of ensuring that no unexpected compatibility issues 
will appear. Many new types of production sources and consumption equipment have 
appeared since the measurements on which the compatibility levels were based. It can thus be 
expected that the emission pattern has changed.  
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3 Supraharmonics 

Research on waveform distortion in the frequency range 2 to 150 kHz has been performed at 
Luleå University of Technology since 2004 and has resulted in several scientific publications 
and three doctoral theses [3, 4, and 7]. In the last year the term supraharmonics has been 
introduced to describe the frequency range. The term supraharmonics was introduced at the 
2013 IEEE PES General Meeting [2], was first used in [4] and is now somewhat adopted by 
most researchers on harmonics. Supraharmonics is considered as a new research field and the 
interest from research groups globally is big.  

There is by definition and origin a strong link between the system frequency and harmonics 
up to order 40. The same relation does not exist for components in range between 2 and 150 
kHz. Mathematically, components in the range between 2 and 150 kHz can be described in 
the same way as harmonics in the 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. However, 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.   

To use the term harmonic together with a prefix is already common practice in the field of 
Power Quality. Interharmonics describes frequency components that fall in between the 
harmonics, i.e non-integer multiple of the fundamental frequency. The term subharmonics are 
used for frequency components below the fundamental frequency. Adding the prefix supra 
(meaning above) when describing components in the frequency range 2 – 150 kHz seems 
appropriate and coherent with existing terminology within the field of Power Quality.    

The choice of 2 kHz as a border between (inter)harmonics and supraharmonics is rather 
arbitrary. So is the choice of 150 kHz as an upper limit. A classification based on phenomena, 
characteristics of the emission, difference in propagation, etc. would be preferable. However 
our knowledge of the disturbances in this frequency range is at the moment still too limited to 
make such a phenomena-based classification. One of the outcomes of future research on this 
field should be exactly such a classification. 

Distortion in the supraharmonic frequency range differs from distortion in the more known 
harmonic range in several ways. In Table 3 an overview is given of the main differences. 

Table 3 Overview of the main differences between harmonics and supraharmonics 

 Harmonics Supraharmonics 

Range Up to 40th harmonic 2 to 150 kHz 

Origin Multiples of the fundamental 
component, injected by non-
linear loads. 

Residues from switching 
circuits.  

Power line communication. 

Propagation Towards the grid. Stays inside installation. 
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Limits 61000-3-2 (-12)  

61000-2-2  

EN 50160 

IEEE std519 

CISPR 15 (lights) 

EN 50065 (signaling) 

61000-2-2 (up to 9 kHz) 

 

Models Exist Non-existing 

Measurement equipment Power Quality meters 
(classified) 

Not defined 

Measurement techniques Defined in standards (61000-
4-7) 

Not defined 

Indices Defined Not defined 

 

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. Primary and 
secondary emission will further be discussed in Section 3.2. 

3.1 Measurements  

Measurements have been performed on supraharmonic emission from common household 
devices. Individual devices and complete installations have been measured in order to 
investigate how devices interact and how combination of different devices affects the 
emission from and inside an installation.  

3.1.1 Individual LED lamps 
As mentioned in Section 2.1.1; LED lamps found on the market show a large diversity of 
topology. Samples of lamps from several manufacturers and with different light output have 
been measured and analyzed with regard to their impact on the supraharmonic frequency 
range.  

Type II to IV as defined in [20] will have the biggest impact in the supraharmonic range (see 
also Section 2.1.1). The residue from the switching in LED lamp of type I will also appear in 
the supraharmonic spectra but with amplitude below that is associated with types III and IV. 
Examples of type II and III are shown in Figure 17 to Figure 22, LED lamps of type IV will 
not be further discussed here. 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. The current emission as well as the impact on impedance 
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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 17 and 
Figure 18.  

 
Figure 17 Example of Type II, lamps taking a mainly capacitive fundamental current (at 50 Hz). 

 
Figure 18 Current plotted against voltage as measured at the terminal of LED lamp type II.  



Rönnberg et al. Harmonic Distortion August 2014 
 

26 
 

The supraharmonic spectra for LED type II are shown in Figure 19. 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 narrowband component just over 120 kHz originates from 
the measuring system. 

 
Figure 19 Supraharmonic spectra for type II LED lamp, note the different vertical scale compared to Figure 22. 

The current drawn by a type III LED lamp is shown in Figure 20 in the time domain (upper) 
and combined time and frequency domain (lower). The strongest supraharmonic emission 
component is visible slightly above 120 kHz.   
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Figure 20 Example of Type III, lamps with moderate levels of emission in the frequency range up to 2 kHz. 

This type III lamp draws current during just about the entire 50 Hz cycle as seen in Figure 21, 
only for levels between ± 5 V is the current zero.  

 
Figure 21 Current plotted against voltage as measured at the terminal of LED lamp type III. 

The current supraharmonic spectra for a type III LED lamp are shown in Figure 22. The 
component visible in the spectrogram as a narrowband component with variable frequency 
slightly above 120 kHz appears as a broadband component in the frequency domain. 
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Important to mention here is that harmonics of this component (240 kHz, 360 kHz and so on) 
will appear in the frequency range above 150 kHz, used for radio communication.   

 
Figure 22 Supraharmonic spectra for type III LED lamp, note the different vertical scale compared to Figure 19. 

 

3.1.2 Individual PV-inverters 
Several photovoltaic (PV) installations have been monitored for duration of more than one 
year. Unlike the LED lamps, the PV inverters have not been tested in a controlled laboratory 
environment but on site where the emission could be affected by properties specific to the 
location. In Figure 23 the injected residues from the switching circuit from a 20 kW 
installation are shown. The frequency is in the lower range of supraharmonics, 3.6 kHz and 
this frequency component is the primary emission emitted by the inverter. As seen in Figure 
23 there are some variations in the amplitude of the emission but the absolute value of the 3.6 
kHz current remains somewhat stable as long as the inverter is operating. The peak value of 
the 3.6 kHz current is about 0.16 A which is higher than the supraharmonic emission from 
LED lamps but still only 0.8 % of the peak value of the 50 Hz current from the inverter.      
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Figure 23 Variation of the amplitude of the switching frequency of a 20 kW installation, for different production levels. 

Measurements from the above mentioned installation also show that frequency components 
produced elsewhere in the grid will propagate towards the terminal of the inverter. In Figure 
24 an example of this secondary emission is shown. This component at 4.85 kHz is an 
injected signal used for communication between the power meters in the area and the 
concentrator located in the substation. This communication mostly takes place during the 
night which is seen in Figure 24 as the highest amplitudes and they are found during times of 
no production. The presence of this signal shows that there is some interaction between the 
PV inverter and other connected devices and that the impedance in the lower supraharmonic 
range at the terminal of the inverter as seen from the grid is low.  

 

Figure 24 Variation of the amplitude of the secondary emission at a 20 kW installation, for different production levels. 
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In the Pehr Högström laboratory at Luleå University of Technology in Skellefteå a PV 
installation of 2.5 kW was made. The inverter was installed in the model house described in 
Section 2.1.1.1 and in [31] allowing for controlled experiments. Measurements were 
performed when the inverter was the sole device in the house for different production levels 
as well as when the inverter was part of an installation with other common household devices. 
In the supraharmonic range the PV inverter injects primary emission at 16 kHz originating 
from the switching circuit. In Figure 25 the spectrogram of the current during three days 
measured at the terminal of the inverter is shown. The component at 16 kHz is clearly seen 
during times of production and the component disappears during the night when the inverter 
is not operating. Harmonics of the switching frequency are also visible. 

  

Figure 25 Spectrogram of the current during three days measured at the terminal of the inverter 

The absolute amplitude of the 16 kHz component remains somewhat constant for different 
levels of production as seen in Figure 26 when the inverter is the only device present. 

 

Figure 26 Amplitude of the 16 kHz component emitted by the inverter for different levels of production 

Experiments have been performed to see the interaction between the inverter and other 
common household equipment within the supraharmonic range. Several combinations of 
devices have been made and the current has been monitored at the terminal of the devices as 
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well as at the point of common coupling (PCC). In this case the PCC is located at the delivery 
point to the house where the power meter would be installed. All devices used in the 
experiment have first been measured alone in order to get sort of a fingerprint of the primary 
emission associated with each device. By monitoring the current at every terminal one can 
achieve a good estimation of the propagation of the supraharmonic currents injected. In 
Figure 27 the current measured at the terminal of the PV inverter is shown as a spectrogram 
(left hand side) over a total of 45 measurements with different combinations of devices. On 
the right hand side in Figure 27 it is shown what device was connected for each measurement.  

 

Figure 27 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. 

The primary emission at 16 kHz emitted by the inverter is visible at all time the inverter is 
operating (all measurements but the last one) but it is also seen that, at the terminal of the 
inverter, the amplitude is not constant. It varies in amplitude depending on what is connected 
nearby. The connection of the TV has the strongest impact on the amplitude of the primary 
emission from the PV inverter. It is also clear from the spectrogram that the inverter is subject 
to secondary emission. As different devices are connected, a number of supraharmonic 
components appear at the terminal of the inverter.   

As mentioned earlier, the PV inverter installed in the Pehr Högström laboratory emits a 
component at 16 kHz. This component was shown to vary in amplitude at the terminal of the 
inverter as different devices are connected and disconnected. However, the level of the 16 
kHz component as measured at the point of connection of the test-house remains rather 
constant except a slight drop during the time when 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 component is lower at the PCC than at 
the terminal of the inverter as can be seen in Figure 28 where both the amplitude measured at 
the PCC and at the PV are shown for the 45 consecutive snapshots. This shows that the 
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supraharmonic emission not only propagates towards the grid (i. e reaching the PCC) but to a 
higher degree remains inside the installation propagating towards neighboring devices. This 
phenomenon is discussed further in Section 3.2. 

 
Figure 28 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). 

   

3.2 Modelling 

When analyzing measurements of end-user equipment made in a real live power-grid, i.e. 
when not doing a standardized test using a Line Impedance Stabilizing Network (LISN), it is 
important to distinguish between primary emission and secondary emission [12, 13]. Primary 
emission is defined as the emission originating from the device. Primary emission can be 
measured when the equipment is operating. The level of primary emission is mainly affected 
by:  

 
 Topology of the device 
 Impedance at the connection point 
 Resonances 

 

The impedance seen at the connection point of a device on the low voltage network consists 
of the impedance of transformers and cables, which could be referred to as the impedance of 
“the grid” and the impedance of the wiring inside a building together with other equipment 
connected. The latter 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 
high compared to the impedance of the installation. 
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Secondary emission is defined as the emission that is generated elsewhere and propagates to 
the device due to the low input impedance at the terminal of the device. The secondary 
emission is not always present. For a device connected to the low voltage network the 
secondary emission is affected by: 

 

 Primary 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 from neighboring 
equipment at a frequency where the device offers a low enough impedance to allow a current 
to flow. The definition of primary and secondary emission is explained in a schematic way by 
the simplified model shown in Figure 29.  

 
Figure 29 A simplified model of primary and secondary emission 

The model shown in Figure 29 was used as a base to investigate the likelihood of a resonance 
occurring in the supraharmonic range. For a resonance to occur there has to be an inductive 
reactance and a capacitive reactance. 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, among others by the replacement of incandescent lamps with CFLs 
and LEDs.  

A model of two devices connected in an installation is exemplified in Figure 30 where I0 and 
C1 represent the device 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 device consequently a series connection of L1 and ZGrid. 
The second appliance is represented by capacitor C2 that is connected, through a wire with an 
inductance L3. With additional devices connected there will be additional resonances forming, 
and the location of these resonances will vary with changing length of the wire connecting 
them as seen in Figure 31. The influence of the length of the wire will make the prediction of 
a resonance very difficult because the resonance frequency could change depending on in 
which outlets the devices are connected.  
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Figure 30 Schematic of two appliances connected to the grid via a wire 

 

 
Figure 31 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). 

 

3.3 Spread of supraharmonics 

Supraharmonics propagate significantly different from harmonics. Supraharmonics tend to 
stay within an installation and thereby the effect on nearby connected devices could be high. 
The supraharmonic emission can be effected by the presence of resonances. Resonances in the 
supraharmonic frequency range could form between the capacitance in devices and the 
inductance in wires or devices. A resonance is difficult to predict and hence also the spread of 
supraharmonics within the installation.     

3.4 Expectation of future levels 

3.4.1 The grid 
The highest levels of supraharmonics found in the low voltage grid are the signals used for 
communication purposes (power line communication, PLC). The permitted levels for 
signaling are given in EN 50065 and range from 134 dBµV at 9 kHz to 120 dBµV at 95 kHz. 
This corresponds to a peak value of the voltage starting at 7 V and dropping to 1.4 V as the 
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frequency increases. There is however no limits set to the current injected and as the 
impedance drops due to connected devices the supraharmonic currents can reach a few 
Ampere. The expectations are that with the exception of power line communication there will 
be moderate levels of supraharmonics in the grid. Supraharmonics generated inside an 
installation have limited propagation and only a small portion of them will reach the grid.  

3.4.2 The installation    
As for the grid, the highest levels found in an installation are due to power line 
communication. As there still are more or less no limits set to emission in the frequency range 
2 to 150 kHz high levels could be expected. The primary emission from household devices 
has shown to be impacted by resonances and this could be a contributing factor to potentially 
harmful levels of supraharmonic currents inside an installation.  

  

3.5 Need for new requirements and standards 

There is a serious interest from the international standard-setting community in knowledge 
about voltage and current distortion in the frequency range 2 to 150 kHz.  

The importance of standards covering the frequency band above 2 kHz is among others 
mentioned in a CENELEC report published in 2010 [33] and in the recently published 
application guide for EN 50160 [34]. Work on standardization in this frequency range is also 
taken up in a number of international standard setting organizations, including CENELEC TC 
8X and TC 210 and WG 1, 6, 8 and 9 of IEC SC 77A. It is also part of IEC/TS 62749 
Assessment of power quality – Characteristics of electricity supplied by public networks, 
which is planned for release during 2014. 

The European standard on power-line communication (EN 50065) and its IEC counterpart 
(IEC 61000-3-8) address the frequency range from 9 to 148.5 kHz. Also standards CISPR 14 
and CISPR 15 should be mentioned in this context. The recently issued EN 56061-1 on 
power-line communication apparatus for use in low-voltage networks covers the frequency 
range 1.6065 through 30 MHz, but its scope is intended to cover frequencies down to 9 kHz. 

Within IEEE, the subject has been discussed in IEEE P1250 (Power and Energy Society) and 
is an important part of the scope of TC 7 of the IEEE EMC Society. 

In [35, 36] it is proposed to set the compatibility levels for narrowband signals equal to the 
voltage characteristics in EN 50160. The voltage characteristics for lower frequencies are 
similar to the compatibility levels, so the proposal would simply be an extension of the 
practice at lower frequencies. The immunity limits are proposed to be set 6 dB above the 
compatibility levels. The same approach is proposed for broadband signals; extend the 
CISPR-15 limits to lower frequencies (from 2 kHz) and apply them to all equipment. It is 
further recommended to set a compatibility level about 6 dB above the emission limit and an 
immunity limit another 6 dB above the compatibility level, as shown in Figure 32. 
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Figure 32 Proposed compatibility levels (black solid line) and immunity limits (black dotted line) for broadband signals. 

It is important to mention here that what is described in [35, 36] are only proposals and a 
serious discussion among stakeholders is needed before setting limits.   
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4 Conclusions 

4.1 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. Measurements done in 
the field confirm 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. 

4.2 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 
be a concern for example 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) form a resonance 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 from the first part of the project (see Section 1.3) is that when a 
non-linear load is exposed to secondary emission at any frequency it produced integer 
multiples of that frequency thus emitting new frequency components into the system. 

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.  
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It has been shown that the emission at the terminal of a device might be higher than the total 
emission 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 report 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. 

 

4.3 Main findings and results 

The difference between harmonics and supraharmonics and the necessity to treat them as two 
different research fields is an important finding. The differences regarding origin, 
propagation, the way devices interact, how to measure and present the data, is essential to the 
understanding and future research on supraharmonics.  

The increase in harmonic distortion on the low voltage grid due to CFLs and LEDs are 
smaller than feared. The result from field measurements show no or a minor increase and in 
some cases a decrease of harmonic levels.    

4.4 Recommendations to stakeholders 

No stricter limits to CFLs and LEDs are required for harmonic emission. 

A better understanding of supraharmonics is needed before limits should be set. 

 

4.5 Future research needs 

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 the project indicate that supraharmonics in general do not propagate beyond 
nearby devices. It was however also shown that resonances are likely to occur. An important 
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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 are also needed to reproduce the occurrence of oscillations 
around the zero crossing that were discussed in [3] 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. Setting up power-quality surveys covering the frequency range 2 
to 150 kHz is of importance for the on-going research and understanding on supraharmonics. 
There is also a need for reproducible and realistic tests for supraharmonic emission. 

The effect of high levels of supraharmonic currents on end-user equipment and especially on 
the capacitors used in EMC filters and after the diode rectifier 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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