
 

 

MEASUREMENTS OF FOUR-WINDPARK HARMONIC EMISSIONS IN 

NORTHERN SWEDEN 

 

Abstract – This paper presents measurements of harmonic current emissions up till few 

kHz from four different wind parks in northern Sweden, all equipped with modern 

power-electronics converters. Measurements have been performed with 10-minute time 

resolution between one and several weeks. The measurement results are presented in 

different ways, including a method to show the variations in the harmonic emissions 

with time. The results show that there exists different dominating harmonics in different 

wind turbines and that the magnitudes of the individual frequency components vary 

strongly with time. Each turbine however shows a broadband component with 

superimposed narrowband components. 

Keywords: Wind Farms, Power Distribution, Wind Power Generation, Power Quality, 

Electromagnetic Compatibility, Power System Harmonics, Harmonic Distortion. 

I. Introduction 

The modern wind turbines are increasingly often equipped with power-electronic converters, 

either as a full-power converter or as part of a double-fed induction machine [1]. The new 

technology making use of power-electronic converters offers various advantages, for example 

energy efficiency and flexibility in the power conversion. However the presence of these 

power-electronic converters explains the interest in the harmonic emission from individual 

wind turbines and from wind parks [2][3]. 

     Power-electronic converters with wind turbines are commonly six-pulse power-electronic 

converters. Such converters classically emit their main harmonics at the orders 6n ± 1, which 

are called “characteristic harmonics” [3]. All other emission is referred to as “non-

characteristic harmonics”. The characteristic harmonics by far dominate in the emissions from 

non-controlled power-electronic converters, i.e. those using diodes or thyristors being 

switched at 50 Hz. 

     The emission from wind turbines differs from the emission from more classical sources 

like industrial installations or residential areas. Measurements of the harmonic emission by 

wind-power installations have been presented before, but in those studies the way of 

presenting the results was based on existing methods, which in turn were developed for the 

emission from the mentioned more classical sources [4][5][6][7][8]. 
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     The study that has resulted in this paper aims among others at developing appropriate 

methods for presenting the emission from wind turbines. The impact of the emission on the 

power system is an important criterion that should always be kept in mind when studying 

harmonics from wind-power installations. 

     This paper presents the emissions from four wind turbines in northern Sweden, based on 

measurements during few weeks of the current distortion in the frequency range up to a few 

kHz. 

     Analysis based on the characteristic harmonics and non-characteristic harmonics were also 

performed to study the harmonic emissions in the four types of wind turbine. 

     Section II introduces the details of measurement method and the harmonic assessment 

method that has been used in the analysis. Section III presents the measurement results by 

different ways. The conclusion of the work is presented in Section IV. 

II. Measurement Procedure 

Measurements of the harmonic emission were performed with four types of modern wind 

turbines all located in the north of Sweden. The Dranetz Power Xplorer PX5 power-quality 

monitor was used together with the normal voltage and current transformers. At the voltage 

levels involved here, these instrument transformers are of sufficient accuracy for harmonic 

measurements up to a few kHz [9]. 

     The measurements were obtained using the same setting in terms of the current and the 

harmonics/interharmonics in the PX5, except the current transformer ratios. The measuring 

points were on the secondary side (medium-voltage grid side) of the transformers next to the 

wind turbines. All the current waveforms on the three phases were recorded by 10 continuous 

fundamental frequency periods (or a 200-ms duration) every 10 minutes. The total 

measurement period lasted between a few days and more than three weeks, per location. 

     Harmonic subgroups and interharmonic subgroups were calculated for each of the three 

phases every 10 minutes using the standard method according to IEC 61000-4-7 [10]. Next to 

that a 200-ms waveform of the current was obtained for each of the three phases once every 

10 minutes. 

     Parameters of the four measured turbines are listed as in Table I, where the nominal 

current and voltage refer to the measurement point (medium-voltage grid side of the turbine 

transformer): 
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I. INTRODUCTION

M ODERN windturbines are often equipped with power-

electronic converters, either as a full-power converter or

as part of a double-fed induction machines [1]. The presence

of these power-electronic converters explains the interest in

the harmonic emission from individual windturbines and from

windparks.

The emission from wind turbines differs from the emission

from more classical sources like industrial installations or

residential areas. Measurements of the harmonic emission by

wind-power installations have been presented before, but in

those studies the way of presenting the results was based

on existing methods, which in turn were developed for the

emission from the mentioned more classical sources [2] [3]

[4] [5] [6].

The study that has resulted in this paper aims among others

at developing appropriate methods for presenting the emission

from wind turbines. The impact of the emission on the power

system is an important criterion that should always be kept in

mind when studying harmonics from wind-power installations.

This paper presents the emissions from four windturbines in

northern Sweden, based on measurements during several days

of the current distortion in the frequency range up to 2 kHz.

Analysis based on the characteristic harmonics and non-

characteristic harmonics were also performed to study the

harmonic emissions in the four types of windturbine.
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The variation of the harmonic/spectrum with time is shown

by means of color plots. The different emissions and distri-

butions of the harmonics are easily seen for the long time

observation.

Section II of this paper describes the measurements that

have formed the basis for this analysis presented in this paper;

this section also gives some information about the installations

at which the measurements were presented. The measurement

results are presented in different ways in Section III through

Section VII.

II. MEASUREMENT PROCEDURES

Measurements of the harmonic emission were performed

with four modern wind turbines all located in the north of

Sweden. A Dranetz PX5 power-quality monitor was used

together with the normal voltage and current transformers. At

the voltage levels involved here, these instrument transformers

are of sufficient accuracy for harmonic measurements up to a

few kHz [7].

The measurements were obtained using the same setting

in terms of the current and the harmonics/interharmonics in

the PX5, except the current transformer ratios. The measuring

points were on the secondary side of the transformers next

to the windturbines. All the current waveforms on the three

phases were recorded by 10 fundamental frequency periods

(a 200 ms duration) every 10 minutes. The total measurement

period lasted between a few days and more than three weeks,

per location.

Harmonic groups and interharmonic groups were calculated

for each of the three phases every 10 minutes using the

standard method according to IEC 61000-4-7. Next to that

a 200 ms waveform of the current was obtained for each of

the three phases once every 10 minutes.

Parameters of the four measurement windparks are listed in

Table I, where the nominal current refers to the measurement

point:

TABLE I
DETAILED PARAMETERS OF THE FOUR STUDIED INSTALLATIONS.

Location Turbine type Rated power Nominal Nominal

current voltage

A Nordex N90/2500 2500 kW 66 A 22 kV

B Enercon E40/600 600 kW × 3 104 A 10 kV

C Vestas V90/2000 2000 kW 36 A 32 kV

D Enercon E82 2000 kW 116 A 10 kV

At location B the installation consisted of three smaller

turbines (600 kW each) connected to the 10 kV grid through



     Note that at location B the installation consisted of three smaller turbines (600 kW each) 

connected to the 10-kV grid through one transformer; the measured current is the total current 

on the 10-kV side of that transformer. Also the measurements at the other locations were 

performed on the medium-voltage side of the turbine transformer: 22-kV for location A; 10-

kV for location B; 32-kV for location C; and 10 kV for location D. 

III. Measurement Results 

A. 95% value 

The 95% level is commonly used to quantify the severity of a phenomenon from a series of 

statistical data. In this part, the 95% value of the harmonic and interharmonic subgroups was 

introduced into the study. Here the 95% value is obtained as follows: sort the data series of 

harmonic/interharmonic subgroup (at certain order) as 𝑋1 < 𝑋2 < ⋯ < 𝑋𝑖 < ⋯ 𝑋𝑁, find the 

index of 95% value 𝑖 ≈  95% × 𝑁, then the 95% value is 𝑋𝑖. Find the values of order from 0 

to 40 for each harmonic/interharmonic subgroup. 

 

Figure 1. 95% values of the harmonic and interharmonic subgroups. The three colors (red, green and blue) 

refer to the three phases. (a) Location A (nominal current: 66 A). (b) Location B (nominal current: 104 A). 

(c) Location C (nominal current: 36 A). (d) Location D (nominal current: 116 A). 

     The 95% value of the four locations is shown in Figure 1. Figure 1 (a) presents both the 95% 

value of harmonic subgroups and interharmonic subgroups for location A. Both characteristic 



harmonics and non-characteristic harmonics are visible. Harmonic orders 0.5, 2, 2.5, 5, 12, 

12.5 and 13 exhibit higher magnitudes than the other ones. The 95% spectrum in Figure 1 (a) 

shows a number of similarities with the average spectrum in Figure 2 (a), obtained at the same 

location over the same measurement period. A number of the harmonic components in the 

average spectrum are however not visible in the 95% spectrum. 

     Figure 1 (b) shows the 95% value of the harmonic and interharmonic groups at location B. A 

clear broadband component together with harmonic orders 5, 7, 11, 13 and 17 are apparent in 

the figure. Note that these harmonic orders correspond to the characteristic harmonics of a 

six-pulse converter [3] and [9] as was pointed out for this location in [4]. 

     Figure 1 (c) and Figure 1 (d) present the 95% values at location C and D respectively. 

Similarly, except the broadband component, the harmonics and interharmonics are mainly 

apparent up to the 10th order. The 5.5th and 7.5th harmonics occupy the dominating 

characteristic. Towards harmonic 40th at the upper end of the spectrum, the magnitudes are 

increasing at both locations. 

     Each location is different; but each location also shows the combination of a broadband 

spectrum covering all harmonic and interharmonic subgroups, with individual harmonics 

superimposed on this. It is also worth noting the increase in emission level at the high- 

frequency end of the spectrum, for two of the four locations. The 95-percentile of the 

harmonic and interharmonic groups can be used to compare with requirements on emission 

set by the network operator. 

B. Average spectrum 

In order to have an overall view of the measurements during some days, the term ‘average 

spectrum’ 𝑋𝑎𝑣𝑒𝑟𝑎𝑔𝑒 is introduced into this work, which is also called ‘signal energy’. 

     It is averaged from the 200-ms spectra 𝑋, which are performed from the 200-ms current 

waveform obtained every 10 minutes, during the whole measurement. The formulation is 

expressed as: 

𝑋𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = √
∑ 𝑋𝑖

2𝑁
𝑖=1

𝑁
 

where 𝑋𝑎𝑣𝑒𝑟𝑎𝑔𝑒 and 𝑋𝑖 are a specified frequency spectrum, and 𝑖 is the index of the 200-ms 

waveform during the whole measurement. 

     The spectra up to 2 kHz have been obtaining by applying the Discrete Fourier Transform 

(DFT) to the 200-ms rectangular windows of the current in the three phases. The average 

spectra or ‘signal energy’ of the four locations are shown in Figure 2. At location A the average 

spectrum is obtained from 1587 windows of 200-ms duration each, as seen in Figure 2 (a). 



 

Figure 2. Average spectra of the current. (a) Location A. (b) Location B. (c) Location C. (d) Location D. 

     With the nominal current 65.608 A on the medium-voltage side of the transformer, the 

highest magnitude of the spectra locates at phase B (blue line) with (250 Hz, 0.1541 A), 

which corresponds to 0.23% of the nominal current. The average spectrum further shows a 

peak around 650 Hz and a broadband component that spreads all the way up to 2 kHz. 

     At location B (as in Figure 2 (b)), the measurement was conducted for the total three wind 

turbines on the 10-kV side of the transformer. It was measured during about one month and 

the average spectrum was obtained from 3872 windows of 200-ms duration each.  

     The nominal current referring to the measurement point is 104 A. While the spectra peak 

beside fundamental component locates on the phase C (blue line) at point (550Hz, 0.06216 A), 

which is 0.0598% of the nominal current. Spectrum peaks are distributed for frequencies up to 

1 kHz, with a magnitude around 0.03 A. While no obvious components show up higher than 1 

kHz compared to the previous frequency range. 

     The waveforms together with the harmonic/interharmonic subgroups were measured on the 

32-kV side of the transformer at the individual wind turbine at location C (as in Figure 2 (c)). 

With the measurement conducted during about 8 days there were 1125 fragments of the 200-

ms current waveforms processed for this location. 

     The maximum percentage beside the fundamental component is 0.56% at phase B (green 

line) point (100 Hz, 0.2035 A) with the nominal current 36 A. Apparent spectrum peaks show 

up under 500 Hz with magnitude around 0.1 A. A lower magnitude band distributes on the 



other frequency range. There are lower components above 500 Hz in the shown area. 

     At location D, the measuring point is on the 10-kV side of the transformer of the individual 

wind turbine. The measurement was conducted during about 13 days under the same 

measuring method. There were 1865 waveforms applied in the average spectrum calculating. 

The resulting average spectrum is shown in Figure 2 (d). The trend is similar with that at 

location C. 

     At each location the average spectrum consists of a broadband spectrum with narrowband 

components superimposed. The narrowband components correspond mainly with the 

characteristic harmonics, followed by non-characteristic integer harmonics, followed by 

interharmonics. The ratio between the broadband and the narrowband components is different 

for each location. 

C. Spectrum duration 

In the previous sections, the emission of the turbine was characterized by one spectrum 

representing the whole measurement period. In this section, the variation of the spectrum with 

time is studied. The frequency-duration plot is used as an alternative way of presenting the 

harmonic emission of a wind-power installation. The frequency-duration plot is similar to the 

“long-duration spectrogram” used in [11] to show variations in emission in the frequency 

range above 2 kHz. The frequency-duration plot is a color plot of a two-dimensional function 

with time and frequency as independent variables. 

Note that in this application the harmonics are obtained every 10 minutes, over the frequency 

range up to 2.5 kHz, from the calculated harmonic and interharmonic groups over the 200-ms 

window spectra. 

     The frequency-duration plot for the four locations is shown in Figure 3, where the spectrum 

is obtained from the harmonic and interharmonic groups. The color scale corresponds to the 

10 logarithm of the harmonic or interharmonic groups. 



 

Figure 3. Harmonic variations with time duration. (a) Location A. (b) Location B. (c) Location C. (d) 

Location D. 

     The frequency-duration plot (at location A) shows how the different harmonic components 

vary with time during the 11-day measurement period in Figure 3 (a). The fundamental 

component (the bottom line in the plot) is by far dominating; the variations in the fundamental 

components are close to the variations in active- power production by the wind turbine. 

     Three main blue parts (low harmonic emission) coincide with low active-power production 

by the wind-turbine. However, the characteristic harmonics 5, 7, 11 and 13 remain although at 

a somewhat lower level. It is also visible that, for example, the high levels in harmonic 5 and 

13 occur at about the same time. Also harmonic 2 and 3 are correlated with this as well as the 

fundamental current (and thus the power production). Harmonics 7 and 11 seem to be non-

correlated with this however. 

     The frequency-duration plot for location B is shown in Figure 3 (b). Not only is the 

spectrum different from the one at location A, also the variations of the frequency components 

with time are different. The dominant harmonics are less correlated with each other and with 

the fundamental components at this location. The broadband distortion, beyond the dominant 

harmonics, does disappear with at least one occasion, when also the fundamental component 

is small. 



The frequency-duration plots for locations C and D are shown in Figure 3 (c) and (d). The 

spectrum at location C shows a rather constant second harmonic, as well as a number of 

lower-order harmonics that vary in an irregular pattern. Interesting is also the presence of 

harmonics 23 and 25, as well as the high levels at harmonic 35 and higher. There appears to 

be no obvious correlation between the different harmonics, with the exception of a number of 

periods when most harmonics and the fundamental component are low. 

D. Percentage emission 

The wind turbines are operating on different nominal currents. In order to compare the 

emissions of the four types of turbine, a percentage value (ratio) of the dominating harmonics 

and the nominal current is obtained as in Table II. Note that the percentage values are 

obtained from the highest 95% values of the three-phases that are presented in Section A. 

Table II. Five highest emission levels (maximum of the three phases) of the measured wind-turbines 

(Abbreviations: harmonic - H; interharmonic - IH). 

Location A Location B Location C Location D 

Order Percentage Order Percentage Order Percentage Order Percentage 

IH 0.5 0.662% IH 0.5 0.0975% IH 1.5 0.513% IH 1.5 0.351% 

IH 1.5 0.423% IH 1.5 0.0938% H 2 0.715% H 5 0.563% 

H 2 0.318% H 7 0.0710% H 5 0.446% IH 5.5 0.622% 

H 5 0.397% H 11 0.0876% IH 5.5 0.927% H 6 0.327% 

IH 12.5 0.353% H 17 0.0711% IH 7.5 0.665% IH 7.5 0.501% 

 

     None of the frequency components exceeds 1% of the nominal current. The emission 

levels are relatively low, compared to measurements on domestic installations [12][13][14]. 

     The highest emission at location B is apparently minimum among the four locations. 

Similarly in the four turbines, high emission at the orders 0.5 and 1.5 are apparently high 

around the fundamental components. 

IV. Conclusion 

Measurements have been performed of the harmonic emission in the frequency range up to a 

few kHz at four locations in the North of Sweden. In all cases the measurements were 

performed on medium-voltage side of the turbine transformers, with wind turbines containing 

a power-electronic converter. 

     The current spectra show a combination of narrowband and broadband components. 

Narrowband components appear especially with characteristic harmonics and mainly for low-

order harmonics. The measurements show that the emissions from the turbines are small but 

that the emissions contain a higher level of interharmonics than that is normal with harmonic-

emission loads. 

     The frequency-duration plots are introduced in this paper as a graphical way of presenting 

the changes in the spectrum during a period of several weeks. The plots clearly show that the 

spectrum changes significantly throughout the measurement period. Not only does the 

magnitude of the different component changes with time, also the ratio between the different 



components changes with time. Some variations in harmonic or interharmonic components 

are correlated with the active power production, others are not. 

     Summarizing, it can be concluded that each location is different and that each period of 

time is different. A measurement at one location during a short period of time is thus unlikely 

to be representative for the harmonic emission due to wind-power installations. 

V. Acknowledgement 

The authors would like to thank their colleagues in Electric Power Engineering at Luleå 

University of Technology for their useful discussions before, during and after the 

measurements. 

VI. References 

[1] T. Ackermann, Wind Power in Power systems, Wiley 2005. 

[2] J. Arrillaga, N.R.Watson, Power system harmonics, 2nd Ed., Wiley, 2003. 

[3] M. H.J. Bollen, Irene Y.H. Gu, Signal Processing of Power Quality Disturbances, 

Wiley 2006. Section 2.5. 

[4] M. H.J. Bollen, S. Cundeva, S. K. Rönnberg, M. Wahlberg, atc., A Wind Park 

Emitting Characteristic and Non-Characteristic Harmonics. 

[5] G. Esposito and D. Zaninelli and G. C. Lazaroiu and N. Golovanov, “Impact of 

embedded generation on the voltage quality of distribution networks”, 9th 

International Conference on Electrical Power Quality and Utilisation, October 2007. 

[6] L. Sainz, J.J. Mesas, R. Teodorescu, P. Rodriguez, “Deterministic and Stochastic 

Study of Wind Farm Harmonic Currents”, IEEE Transactions on Energy Conversion, 

Volume: 25, Page(s): 1071 - 1080, 2010. 

[7] H. Emanuel, M. Schellschmidt, S. Wachtel, S. Adloff, “Power quality measurements 

of wind energy converters with full-scale converter according to IEC 61400-21”, 

Electrical Power Quality and Utilisation, 2009. 

[8] S. T. Tentzerakis, S. A. Papathanassiou, D. Foussekis, P. Vionis. “Evaluation of Wind 

Farm Harmonic Current Emissions”, Proc. EWEC, 2007, Milan, Italy. 

[9] J. Arrillaga, N.R. Watson, S. Chen, Power system quality assessment, Wiley 2000. 

Section 5.2. 

[10] CENELEC. IEC 61000-4-7, Electromagnetic compatibility (EMC) - Part 4-7: 

Testing and measurement techniques - General guide on harmonics and 

interharmonics measurements and instrumentation, for power supply systems and 

equipment connected thereto, 2002. IEC 61000-4-7. 

[11] E.O.A. Larsson, M. H.J. Bollen, M. G. Wahlberg, C.M. Lundmark, and S.K. Rönnberg, 

“Measurements of high-frequency (2-150 kHz) distortion in low-voltage networks”, IEEE 

Transactions on Power Delivery, Vol.25, No.3 (July 2010), pp.1749-1757. 

[12] A. Larsson, M. Lundmark, M. Bollen, M. Wahlberg, and S. Rönnberg, 

“Evolution of the harmonic distortion from state-of-the-art computers - 2002 to 2008”. 

In Proceedings of 20th International Conference and Exhibition on Electricity 

Distribution (CIRED) - Part 1, 2009, pages 1–4, June 2009. 



[13] S.K. Rönnberg, M. Wahlberg, and M.H.J. Bollen, “Harmonic emission before 

and after changing to LED and CFL - part II: Field measurements for a hotel”. In 

Proceedings of 2010 14th International Conference on Harmonics and Quality of 

Power (ICHQP), pages 1 –6, Sept. 2010. 

[14] S.K. R¨onnberg, M.H.J. Bollen, and M. Wahlberg, “Harmonic emission before 

and after changing to LED and CFL - part I: Laboratory measurements for a domestic 

customer”. In Proceedings of 14th International Conference on Harmonics and 

Quality of Power (ICHQP), pages 1 –7, Sept. 2010. 

VII. Biographies 

Kai Yang received his M.Sc. degree from Blekinge Institute of Technology, Sweden in 2009 and the 

Licentiate degree from Luleå University of Technology, Sweden in 2012. Now he is a PhD student in the 

Electric Power Engineering Group at Luleå University of Technology, Skellefteå, Sweden. The main research 

interest is in the field of wind power quality, harmonics and distortion. 
 

Math H.J. Bollen (M’93-SM’96-F’05) received the M.Sc. and Ph.D. degrees from Eindhoven University of 

Technology, Eindhoven, The Netherlands, in 1985 and 1989, respectively. Currently, he is professor in electric 

power engineering at Luleå University of Technology, Skellefteå Sweden, senior specialist at STRI AB, 

Gothenburg, Sweden and technical expert at the Energy Markets Inspectorate, Eskilstuna, Sweden. He has 

among others been a lecturer at the University of Manchester Institute of Science and Technology (UMIST), 

Manchester, U.K., and professor in electric power systems at Chalmers University of Technology, Gothenburg, 

Sweden. He has published hundreds of technical papers including a number of fundamental papers on voltage 

dip analysis, two textbooks on power quality, “understanding power quality problems” and “signal processing of 

power quality disturbances”, and two textbooks on the future power system, “integration of distributed 

generation in the power system” and “the smart grid - adapting the power system to new challenges”. 
 

Mats Wahlberg is currently working at Skellefteå Kraft Elnät, Skellefteå, Sweden. He has been with the 

company for about 30 years. He has a long and broad experience obtained from involvement in a wide range of 

tasks. Some examples are calculations of constructions, losses and protection relays. In the last 15 years the main 

focus of his work has been with power quality issues and different kinds of communications. He is also senior 

research engineer at Luleå University of technology, Skellefteå, Sweden. 


