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a  b  s  t  r  a  c  t

This paper  presents  harmonic  measurements  from  three  individual  wind  turbines  (2  and  2.5  MW  size).
Both  harmonics  and  interharmonics  have  been  evaluated,  especially  with  reference  to variations  in
the  active-power  production.  The  overall  spectra  reveal  that  emission  components  may  occur  at any
frequency  and not  only  at odd harmonics.  Interharmonics  and  even  harmonics  emitted  from  wind  tur-
bines  are  relatively  high.  Individual  frequency  components  depend  on the power  production  in different
ways:  characteristic  harmonics  are  independent  of  power;  interharmonics  show  a strong  correlation  with
power; other  harmonic  and  interharmonic  components  present  various  patterns.  It  is  concluded  that  the
power  production  is  not  the only  factor  determining  the current  emission  of  a wind  energy  conversion
system.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Modern wind turbines are commonly equipped with power
electronics, either with reduced-capacity power converters or full-
capacity power converters. Doubly-fed induction wind generators
equipped with reduced-capacity power converters are referred to
as type-3, and the wind turbines with full-capacity power convert-
ers as type-4 [1,2].

The use of power electronics produces waveform distortions
[3–7]. A waveform conversion from AC to DC, and then from DC
to AC is utilized in the schema of a power converter. The switch-
ing of converter involves waveform distortions in the output power
[4,8].

The potential consequences of high voltage and current dis-
tortion are discussed in various textbooks [9–11]. Waveform
distortion is however well regulated in most countries, through
compulsory or voluntary limits. The main concern for wind park
owners and network operators is to keep distortion levels below
those limits.

There are various power conversion schemes part of wind
energy conversion systems [5,8]. The output waveforms with dis-
tortions are determined by the switching schemes. To smooth the

∗ Corresponding author. Tel.: +46 736158980.
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generated harmonics, harmonic filters are used in the wind energy
conversion system [6,8]. The output distortions are thus dependent
on the detailed configuration of the wind turbines.

The standard IEC 61400-21 [12] recommends measurement and
assessment of power quality characteristic of grid-connected wind
turbines with the measurement method specified in IEC 61000-4-7
[13]. IEC 61400-21 recommends that values of the individual cur-
rent components (harmonics, interharmonics and higher frequency
components) and total harmonic current distortion are measured
within the active power bins 0, 10, 20, . . .,  100% of wind turbine
rated power. The highest value for each power bin is reported. From
a standardization viewpoint there are reasons for selecting one sin-
gle value, the maximum value in this case. However, to quantify
the turbine emission, this is only of use when there are limited
variations of the emission within one power bin.

A study based on IEC 61400-21 has been performed on five wind
turbines [14]. The current total harmonic distortion is found inde-
pendent on the output power. Also the fifth harmonic is shown to
be independent of the active power for the five wind turbines. The
interharmonics and other harmonics have not been presented in
reference [14].

A number of 600 kW squirrel-cage induction generator wind
turbines have been tested according to IEC 61400-21 and
IEC 61000-4-7 on the medium voltage level [15]. The paper presents
an exponentially decreasing of current THD (in percent of funda-
mental current) with power output; the low order harmonics 3, 5
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and 7 (the dominant ones in THD) are presented without obvious
trend with power output.

The aim of this paper is to verify the findings from earlier papers
about the relation between active power production and harmonic
emission and to extend the study to other harmonics and interhar-
monics. For this, detailed measurements have been performed on
three modern wind turbines, with rating 2 or 2.5 MW.  Especially
the significant levels of interharmonics present in wind power
installations, which is much different from conventional installa-
tions, has been studied. The risk of the interharmonics and high
order harmonics exceeding the limit has been also studied in this
paper.

Section 2 describes the measurement setup used to obtain the
emission data from the three turbines. Section 3 presents the anal-
ysis of wind turbine spectra, whereas Section 4 studies the relation
between the emission and the active-power production. And the
paper is concluded in Section 5.

2. Measurement procedure

2.1. Measured objects

Three wind turbines, from different manufacturers and different
wind parks, have been measured. All three are 3-blade rotor with
horizontal axis, and upwind pitch turbine.

Turbine I: This is a type-3 wind turbine with a rated power
2.5 MW.  It is equipped with a six-pole doubly-fed asynchronous
generator (DFIG). A partial rated converter is installed, and designed
as a DC voltage link converter with IGBT technology. The rotor
outputs a pulse-width modulated (PWM)  voltage, while the stator
outputs 3 × 660 V/50 Hz voltage. The wind turbine is connected to
the collection grid through one medium-voltage (MV) transformer,
which is housed in a separate transformer station beside the tur-
bine foundation. There are totally 14 such wind turbines within the
wind park.

Turbine II: The second wind turbine is also a DFIG type (type-3),
whereas the rated power is 2 MW.  The turbine contains a four-pole
doubly-fed asynchronous generator with wound rotor, and a partial
rated converter. The output voltage is 690 V, and connected to the
collection grid through a medium voltage transformer (installed
inside the nacelle). There are 5 such turbines in the park.

Turbine III: The third wind turbine is type-4, with full-power
converter. The rated power is 2 MW.  The turbine is designed based
on a gearless drive with synchronous generator. Power is fed into
the grid via a full rated converter, a grid side filter and a turbine
transformer to the medium voltage level. The inverters are self
commutated and pulse the installed IGBTs with variable switching
frequency [16].

2.2. Measurement setup

Measurements of the above three wind turbines have been per-
formed at the MV  side of the turbine transformers (Fig. 1). Both
voltage and current have been monitored and recorded using a
standard power quality monitor Dranetz-BMI Power Xplorer PX5.
Details at the measuring point are listed in Table 1.

Fig. 1. Power quality monitor position of an individual wind turbine measurement
within a wind park.

2.3. Measurement parameters

The three-phase voltage and current waveforms were recorded
by the monitor through the conventional voltage and current trans-
formers at medium voltage, with a sufficient accuracy for the
frequency range up to few kHz [17,18].

The waveform was  continuously acquired with a sampling fre-
quency of 256 times the power-system frequency (approximately
12.8 kHz) by the power quality monitor. The Discrete Fourier
Transform has been applied using a rectangular window of 10
cycles, which results in a 5 Hz frequency resolution. According to
IEC 61000-4-7 [13], the harmonic and interharmonic groups and
subgroups are obtained.

Harmonic subgroups Gsg,n and interharmonic subgroups Gisg,n at
order n are grouped as (for a 50 Hz system):

Gsg,n
2 =

1∑
i=−1

Ck+1
2 (1)

Gisg,n
2 =

8∑
i=2

Ck+i
2 (2)

where the harmonic subgroup Gsg,n is derived from the 3 Discrete
Fourier Transform (DFT) components Ck−1, . . .,  Ck+1 and the inter-
harmonic subgroup Gisg,n is from the 7 DFT components Ck+2, . . .,
Ck+8, due to the 5 Hz resolution spectrum of 10 cycles of sampled
waveforms.

The harmonic and interharmonic subgroups, over each 10-cycle
window, are next aggregated into 10-min values. The 10-min value
is the RMS  over all 10-cycle values within those 10 min. Details are
found in the standard, IEC 61000-4-30.

The grouping and aggregation according to the standard meth-
ods take place in the monitor. The user has only access to the
grouped and aggregated 10-min values. To allow more detailed
analysis, a 10-cycle snapshot of the voltage waveform, with a sam-
ple frequency of 12.8 kHz, is obtained every 10 min. The analysis
presented in this paper is partly based on the aggregated harmonic
and interharmonic subgroups and partly on the 200-ms snapshots.

2.4. Measurement accuracy

The average spectra, especially for Turbine I, show a broadband
spectrum as in Fig. 3 (will be shown later). This spectrum originally
raised the suspicion of being due to quantization noise. The spectra

Table 1
Measured objectives details (measure point current and voltage in nominal).

Turbine no. Generator type Turbine type Measure point Measure duration

Current Voltage

Turbine I Asynchronous double-fed Type-3 66 A 22 kV 11 days
Turbine  II Asynchronous double-fed Type-3 36 A 32 kV 8 days
Turbine III SYNC-RT Type-4 116 A 10 kV 13 days
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Fig. 2. Spectra of Turbine I at zero, 25% and rated production.

shown in Fig. 3 have been obtained from the average of a number
of spectra obtained from the measurements.

The situation becomes different when looking at individual
spectra. A number of such individual spectra for low, medium and
high power production are plotted for Turbine I in Fig. 2. The spec-
tra are derived from 200 ms  current waveforms by Discrete Fourier
Transform (DFT) at roughly idle, 25% of rated and rated power pro-
duction.

The top plot in Fig. 2 presents a spectrum with only a few appar-
ent harmonics at certain narrowbands. The emission is much lower
than that of Fig. 3 (will be shown). As the level of quantization noise
would be rather independent of the active-power production, it is
concluded that the broadband spectrum in Fig. 3 is not due to quan-
tization noise. This conclusion is also confirmed and shown in Fig. 5
(will be shown later), where the blue areas represent low emission,
much lower than the level of the broadband. This is the same with
the other two turbines.

3. Wind turbine emission

3.1. Emission level

From the 200-ms windows, spectra with 5-Hz frequency resolu-
tion have been obtained. All those spectra, over the measurement
period of 8–13 days, have been used to calculate an average spec-
trum. The average spectra for the three turbines are shown in Fig. 3.
Note that this spectrum is obtained from the 10-cycle snapshots
and not from the 10-min grouped values.

The three turbines present a spectrum that is a combina-
tion of a broadband spectrum and a number of narrowbands.
The narrowbands are mainly centred around integer harmonics,
100 Hz, 150 Hz, 200 Hz and 250 Hz. Turbine I (upper sub-figure in
Fig. 3) presents a narrowband component centred at 650 Hz and a
broadband component covering neighbouring frequencies. Except
the narrowband emission at interger harmonics (e.g. 150 Hz and
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Fig. 3. The average spectra (5 Hz increment) of the three individual wind turbines during a measurement period between 8 and 13 days.
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Fig. 4. Upper figure: harmonic level (from harmonic subgroups) as a percentage of the IEEE 519 limits; lower figure: interharmonic level (from interharmonic subgroups) as
a  percentage of the nearest even harmonic limits of IEEE 519.

200 Hz), Turbine II (middle sub-figure in Fig. 3)) emits obvious
narrowband components at 285 Hz and 385 Hz, and a broadband
spectrum up to about 400 Hz and between 2000 and 2700 Hz.
The spectrum of Turbine III (bottom sub-figure) presents two
broadband components around 280 Hz and 380 Hz, next to the nar-
rowband components at harmonics 5 and 7.

Turbine I presents a broadband component around the fun-
damental frequency. The side-band components decay with
frequency. The centred 5th harmonic (250 Hz) and broadband
around 13th harmonic are apparent. The random and irregular
emission between 1 kHz and 2.5 kHz is of interest. The phenomenon
is strongly dependent on the configuration of a harmonic filter
installed on the turbine side of the turbine transformer.

Turbine II is also DFIG type. The emission is mainly present
below 500 Hz (harmonic 10) and the broadband around 2.3 kHz.
The components at 285 Hz and 385 Hz (close to interharmonic
orders 5.5 and 7.5) dominate in the emission. Similarly, Turbine
III presents the same dominating emission around the two inter-
harmonic orders. The two dominating components make a large
difference from the neighbouring orders.

3.2. Comparison with limits

Current emission from the three wind turbines has been com-
pared with the emission limits recommended by IEEE standard 519,
which are location independent. The limit for each harmonic order
is set in this standard as a percentage of the maximum current.
The comparison with IEEE Std.519 is shown in Fig. 4. The vertical
scale for both figures is in percent of the IEEE-519 limit for each har-
monic or interharmonic. A value above 100% means that the turbine
would not comply with the standard. IEEE Std.519 does not set any
limits for interharmonics; for the comparison it was  assumed that
the interharmonic limits are the same as those for the nearest even
harmonic.

The harmonic level is shown as a ratio between the measured
harmonic level (harmonic subgroup as a percentage of rated cur-
rent) and the current harmonic limit for voltage levels through
69 kV as in Fig. 4 (upper figure). The interharmonic level is the
ratio between the measured interharmonic level (as a percentage
of rated current) and the limits for the nearest even harmonic in
IEEE Std.519.

The figure shows that both harmonic and interharmonic lev-
els reach high values at higher orders. It indicates a relatively high
emission at high orders at wind turbines, especially the even har-
monics. Some even harmonics (order 36, 38 and 40) exceed the
limit (100%).

Compared to the harmonic level, interharmonic level shows no
obvious difference between neighbouring orders. Also some of the
lower-order interharmonics are close to the limit. Higher order
interharmonics exceed the limits. The sudden increase at order 24,
for both harmonics and interharmonics, is due to lower emission
limits for order 24 and higher.

Different from emission of other installations, even harmonics
and interharmonics from wind turbines are high compared to the
emission limits, especially for higher orders.

3.3. Primary and secondary emission

The influence of the background voltage distortion on the cur-
rent distortion is often discussed informally, but no qualitative
results for wind turbines are available from the literature. The
standard IEC 61400-21 states that the measurements should be
done when the background voltage distortion is low, without fur-
ther quantifying this. A study for a large off-shore wind park [19]
showed that, at the point of connection with the 150-kV grid, the
harmonic currents due to background voltage distortion may be
several orders of magnitude larger than the currents due to the
emission from the turbines.

The impact of background voltage on the current distortion is
not limited to wind-power installations. Similar phenomena have
been studied for lighting installations at frequencies of some tens
of kHz [20]. In that study a distinction was made between “primary
emission” and “secondary emission”, which proved very useful
when quantifying the interaction between devices.

The primary emission is the distortion generated within the
installation itself; while the secondary emission is the distortion
generated from somewhere else. What counts as “installation”
depends on the location of the point of evaluation. When consid-
ering one single turbine, the primary emission is the one due to
the turbine itself. The measured emission at a certain turbine is a
combination of primary and secondary emission.
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Fig. 5. Turbine I: harmonic (H 2–H 41) and interharmonic (IH 2.5–IH 41.5) subgroups as a function of active power. (For interpretation of the references to colour in the text,
the  reader is referred to the web  version of the article.)

For the turbines studied in this paper, the correlation coefficient
has been calculated between the harmonic voltage and harmonic
current at a certain harmonic order. Results show that most har-
monic orders present a low correlation coefficient with a value
around 0.2. Thus the impact of secondary emission is small in this
case. Further study on the issue is needed in the future.

4. Distortion versus active power

The previous section presents the average emission levels of
the three turbines over a longer period. During the measure-
ment period, of the order of one week, the wind speed varied
a lot in all cases. Unlike the other types of conventional gener-
ators, wind turbines show large variations in power production.
Variations in power production are associated with variations
in the rotation speed on the generator side of converters. The
emission is expected to show variations with active power pro-
duction, among others because of the link between rotational
speed and active power production. The relations between the
active power production and the current emission have been
studied in more details, for the different frequency compo-
nents.

4.1. Spectrogram as a function of active power

In this section a study on the emission as a function of active-
power is presented. The harmonic and interharmonic subgroups of
the three wind turbines, obtained from the 200-ms windows, are
shown in Fig. 5 (Turbine I), Fig. 6 (Turbine II) and Fig. 7 (Turbine III)
as a function of the produced power. The upper figure presents the
current emission (in ampere) in logarithm (base 10) with colour.
The colour scale indicates the magnitude of the harmonic and inter-
harmonic subgroups with red the highest and dark blue the lowest
magnitude. The horizontal axis has been obtained by sorting the
spectra by the active power, with highest production towards the
right. The sorted production values are shown in the bottom curve.
The idle states (where the wind turbine is standing still and the
converter disconnected, but where a small negative power flows

through the turbine transformer due to losses and auxiliary sup-
ply) have been removed from the figure. Note that the active-power
scale is not linear.

As in Fig. 5, characteristic harmonics (H 5 and H 13) remain
apparent over the whole range of active power production. The
low order harmonics, obviously for harmonic 5, become stronger
with the increasing production. The interesting observation is that
the emission around harmonic 13 gets stronger at the higher power
production, and that the strongest emission shifts to a higher order.
The obvious changes occur above 0.5 per unit active-power produc-
tion (or around data order 850). Another significant observation
is that around 0.26 per unit active-power the emission shows a
minimum.

For Turbine II (Fig. 6) lower order harmonics increase in
magnitude and the maximum emission shifts to higher orders
(interharmonics) from around 0.25 per unit active-power produc-
tion. The emission from harmonic order 10–30 remains present
until around 0.5 pu power production. Above around 0.7 pu power
blue colour regions between harmonic orders H 15–H 25 and
H 30–H 40 present low emission. Another observation is that emis-
sion at harmonic orders above H 35 increases at 0.2–0.4 pu power
production.

The type-4 turbine shows another emission pattern, as shown
in Fig. 7. The main similarity with the previous two turbines is
that low order harmonics, especially interharmonics (e.g. inter-
harmonics 5.5 and 7.5) next to the characteristic harmonics (e.g.
harmonics 5 and 7), increase with an increasing power production.
The broadband emission from H 35 to H 40 is stronger around rated
production. The emission of these orders is relatively low from 0.2
to 0.5 pu active power.

From the above figures, it is concluded that characteristic har-
monics are present for any power production; but certain lower
order emission increases with production. The increase is mainly in
the neighbouring interharmonics of characteristic harmonics. The
interharmonic magnitudes exceed those of the characteristic har-
monics for certain values of active-power production. Higher order
emission presents a number of patterns, which are different for
different turbines.
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Fig. 6. Turbine II: harmonic (H 2–H 41) and interharmonic (IH 2.5–IH 41.5) subgroups as a function of active power. (For interpretation of the references to colour in the text,
the  reader is referred to the web version of the article.)

Fig. 7. Turbine III: harmonic (H 2–H 41) and interharmonic (IH 2.5–IH 41.5) sub-
groups as a function of active power. (For interpretation of the references to colour
in  the text, the reader is referred to the web version of the article.)

4.2. THD and TID as a function of active power

The total harmonic distortions of the three turbines, as a func-
tion of active power production, are presented as in Fig. 8. The
current THDs were recorded in absolute ampere in Dranetz instru-
ment. The paper [14] presents a constant THC (total harmonic
current in percent with the rated wind turbine current), with the
increasing active power production. Whereas the paper [15] points
out an exponentially decreasing trend (total harmonic distortion as
a percentage of fundamental current component) with respect to
active power production in a wind farm, and an unapparent trend of
that in percent of wind farm rated current. Ref. [15] however shows
results for fixed-speed machines, where the mechanism behind the
emission is different than for the turbines discussed in this paper.

The total harmonic distortion (THD) versus active power is pre-
sented in Fig. 8. The horizontal axis represents the active power
in per unit. The total harmonic distortion (THD) (vertical axis) is
measured in absolute ampere.

The three wind turbines show a somewhat different relation
between emission and the active power production. Turbine I
shows an increase, Turbine II a mild decrease and Turbine III

remains about the same. Each turbine is different; the measure-
ments together with earlier measurements presented in [14,15]
indicate that there is no clear trend for the relation between THD
(in ampere) and active-power production. Both Turbine I and Tur-
bine II present a narrow range (by absolute value) of the emission
for a certain active power production, if compared to that of Turbine
III.

The current total interharmonic distortions (TIDs) are shown in
Fig. 9 as a function of active-power production.

All three turbines show a clear increase of TID with active power
production. The three trends are a combination of almost linear line
with fluctuations at certain active power ranges. There is a drop at
0.26 pu for Turbine I (which is also visible for the THD in Fig. 8, and
multiple lines below 0.15 pu for Turbine II and a drop from 0.15 to
0.3 pu for Turbine III.

The TID for a given value of active power production shows less
variations than for the THD. There is a strong correlation between
the emission and the active power production. The higher active
power production, the higher the TID is.

4.3. Turbine II: individual subgroups as a function of active power

Next to THD and TID, also the individual harmonic and inter-
harmonic subgroups have been plotted as a function of the
active-power production. Some of the results are presented in this
and the next section. It is not possible to show all harmonic and
interharmonic subgroups, so that certain typical subgroup orders
have been chosen to be presented here.

Individual harmonic and interharmonic subgroups show differ-
ent relations to the active power production. Five subgroup orders
have been chosen for Turbine II: 3rd, 5th, 6th, 32nd and 36th; and
are shown in Fig. 10. The harmonic subgroups versus active power
[pu] are presented on the left, and the interharmonic subgroups are
on the right.

The figure shows immediately that there is a wide range in
behaviour. There is no general trend for all or most subgroups. In
Turbine II, certain harmonic subgroups are not correlated with the
active power, especially the lower-order characteristic harmonics,
H 5, H 7, H 11 and H 13 (similar pattern as H 5 in the figure). The sub-
groups are within a wide magnitude range as a function of power,
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Fig. 8. Total harmonic distortions (THDs) as a function of active power in phase A.

and without an obvious trend with the increasing active power.
Other harmonic orders present a narrow magnitude variation as a
function of power, e.g. H 4, H 6 and H 8 (which all show a similar pat-
tern as H 6 in the figure). The higher-order emission decreases with
the increasing power production, e.g. H 35. Note that the emission
level for higher-order components is low compared to the emission
for lower-order components.

Interharmonic subgroups present a stronger dependence on the
active power than the harmonic subgroups. There are several pat-
terns from the observation: a slightly low emission around 0.3 pu
active power (e.g. IH 2 and IH 3); apparent linear and increasing
trend associated with several parallel trends below 0.4 pu (inter-
harmonics next to characteristic harmonics as IH 5, IH 7, etc.);
emission with two apparent linear trends associated with emission
between the two linear lines as a function of power (e.g. IH 4, IH 6,
etc.); and some other irregular patterns such as IH 32 and IH 36.

Although the individual subgroups present different patterns
as a function of the active-power production as well as the differ-
ent emission levels in different power production, there are some
similarities between certain orders. Triplen and characteristic har-
monics present a low dependence on the active power, whereas

other orders, especially interharmonics, present a strong depend-
ence on the active power.

4.4. Individual subgroups of Turbines I and Turbine III

The individual subgroups as a function of active power produc-
tion are presented for the other two wind turbines in Fig. 11. The five
chosen individual harmonic orders of each wind turbine present the
representative curves for each turbine.

Fig. 11(a) presents typical harmonic and interharmonic sub-
groups for Turbine I: harmonic and interharmonic orders 3, 7, 12,
16 and 19. The emission at each active power production shows less
spread for interharmonic subgroups than for harmonic subgroups.
Harmonic subgroup 7, which is similar to orders 5 and 11, shows a
large spread for a given active power production. The curve does not
show a strong relation between the emission and the active power.
There exists an emission drop at around 0.26 pu active power on
the increasing trend till 0.8 pu active power, then followed by a
decreasing emission.

The results for Turbine III are presented in Fig. 11 (b), with spec-
ified orders 3, 4, 6, 7 and 22. Same as the other two turbines, the
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Fig. 9. Total interharmonic distortion (TID) as a function of active power.
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Fig. 10. Turbine II: individual harmonic (H) and interharmonic (IH) subgroups as a function of active power.

low order harmonic subgroups (example as harmonics 3 and 4 pre-
sented in the figure) spread in a larger range if compare to the higher
orders from the same turbine.

The three turbines present different trends of subgroups, either
for the different orders of one turbine or trends between turbines.
Individual subgroups of the two turbines present different patterns.
Some general patterns can however be observed: the emission for
characteristic harmonics is independent on active power; interhar-
monics (especially neighbouring interharmonics of characteristic
harmonic orders) are more dependent on the active power. The
spread from the average trend is large for harmonics but small for
interharmonics.

4.5. Quantification study on 5th harmonic and interharmonic

The standard IEC 61400-21 recommends that the current emis-
sion is presented with the power bins: 0, 10, 20, . . .,  100% of active
power, where 0, 10, 20, . . .,  100% are the bin midpoints. Examples of
patterns for emission versus power production were shown earlier
as a scatter plot in Figs. 10 and 11.

The emission for each harmonic and interharmonic subgroup
has been quantified per active-power but by its 5th percentile value,
mean value and 95th percentile value. These values, as a function of
active power production, are shown in Fig. 12. From the total 1126

measures, there are 190, 113, 112, 109, 77, 65, 68, 41, 63, 34 and
254 measures from power bin 0% till power bin 100%.

The 5th percentile, mean and 95th percentile values of harmonic
subgroup 5 are about the same for the different power bins. The
plot also shows a large difference between the 5th and 95th per-
centiles. It is thus not possible to a give a representative value for
the emission within a power bin.

All three values are increasing for interharmonic subgroup 5.
Here the observation is a relatively large spread up to 30% and
a small spread for higher power. The relatively large difference
between the 5th percentile and 95th percentile below the 40%
power bin, is also visible in Fig. 10.

This study of this typical pattern shows independence between
the harmonic subgroup 5 and the active power, and the strong
dependence between the interharmonic subgroup 5 and the active
power. It also shows that the spread of the emission values within
one power bin is large for the harmonic subgroup but small for the
interharmonic subgroup.

4.6. Quantification of variation per power bin

The level of variation in emission within the same power bin
was shown to be different for different turbines and harmon-
ics in the previous section. It was also shown that the individual
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Fig. 11. Individual harmonic (H) and interharmonic (IH) subgroups as a function of active power in phase A. (a) Turbine I and (b) Turbine III.

subgroups show different trends for emission versus active power.
The relation between an individual subgroup and the active-power
production is thus different for different subgroups and also for
different turbines.

Within a power bin, a larger spread of the emission indicates
more independence between the emission and the active power. To
quantify the variation of an individual harmonic or interharmonic
subgroup within the power bins, the term ‘variation index’ K(h) at
harmonic order h is introduced:

K(h) = (1/11)
∑11

n=1(H95(n) − H5(n))

(1/11)
∑11

n=1H95(n)
(3)

where H95(n) and H5(n) are the 95th percentage and 5th percentage
values at power bin n; n counts from 1 to 11 and corresponds to 0,
10%, . . .,  100% centre points for the active power bins.

A variation index equal to zero occurs when the 5th and 95th
percentiles are equal to each other for all 11 power bins. The vari-
ation index is equal to unity when all 5 percentile values are equal
to zero. In that case the relative variation is very big. The lower
the variation index, the more the emission only depends on the
active-power production.

Fig. 13 presents the variation index for the three turbines, sep-
arately for harmonic and interharmonic subgroups.

With Turbines I and III the variation index is much lower for
interharmonics than for harmonics up to order 15 (Fig. 13). For
higher order the variation index is slightly lower for interhar-
monics, but the difference is small. For Turbine III the latter is
the case also for lower order, as shown in Table 2. Higher order
interharmonics for Turbine II show a high variation index, close to
unity. For Turbine I and Turbine III the variation index decreases
with increasing harmonic order. For Turbine II, large variation
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according to requirement in IEC 61400-21.
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Table 2
Average variation index over 10 orders, for the three turbines.

H 2–10 IH 2–10 H 11–20 IH 11–20 H 21–30 IH 21–30 H 31–41 IH 31–41

T I 0.4439 0.1714 0.3071 0.2800 0.2352 0.2118 0.2782 0.2172
T  II 0.4423 0.4417 0.5751 0.4263 0.5516 0.4155 0.8298 0.7991
T  III 0.4918 0.2930 0.2839 0.2223 0.1821 0.1460 0.2622 0.2333

index is observed above order 15, for harmonics as well as for
interharmonics.

5. Conclusion

The three turbines show different spectra, but some general
observations can be made. The spectrum is for all three turbines a
combination of narrowband and broadband components. The con-
sequence of this is that next to integer harmonics, the spectra have
large interharmonic contents. The levels of characteristic harmon-
ics are relatively low, where the emission limits in IEEE Std.519
have been used as a reference. Interharmonics and even harmonics
are relatively high, especially for higher orders. The rule that emis-
sion is dominated by odd non-triplen harmonics does not hold for
wind turbines.

Contrary to earlier publications, the measurements showed dif-
ferent relations between THD and active-power production for
different turbines. The variation of THD with active power is rel-
atively small. The relation between total interharmonic distortion
(TID) and active-power production is similar for the three tur-
bines; an increase in TID with increasing active-power production.
Individual harmonic and interharmonic subgroups show different
relations between emission and active-power production. Char-
acteristic harmonics are shown to be independent on the active
power. They show large variations even for small variations in
active power. Whereas the neighbouring interharmonics present
a strong dependency on the active power. A general observation
is that the dominant interharmonics increase with active power
production, whereas the dominant harmonics remain more con-
stant. TID and individual harmonics have not been studied in other
publications.

The spectrogram sorted by active-power production has shown
to be a suitable graphical method for illustrating the changes in

emission spectrum with active power production. For the three tur-
bines studied in this paper, this type of spectrogram showed that
the character of the spectrum changes with active-power produc-
tion, especially where it concerns interharmonics.

The emission of a wind turbine is not only determined by the
active power production. For a given amount of active power pro-
duction, there is a range in measured values of the emission. This
range is small for part of the harmonic and interharmonic sub-
groups and large for others. There is no obvious pattern observable
in this and the range is different for different frequency components
and for different turbines.

To know the emission from a wind turbine, it is thus not suffi-
cient to know the active-power production. This also means that
the reporting method according to IEC 61400-21 has its limits. This
method only reports the maximum emission for each power bin,
not the spread of the emission. For some applications this may  be
sufficient, but for research purposes, to understand the emission or
for serious planning efforts more information is needed.

Further work needed includes a study of multiple trends of
emission as a function of active-power at certain orders (e.g. inter-
harmonic 5 together with interharmonic 7) and a study of the
shift towards higher orders for increasing active-power production.
Further work is also needed towards a method for distinguishing
between emission driven by the power electronics in the turbine
and emission driven by the background voltage distortion. An eval-
uation of the impact of even and interharmonics on the grid is
needed, including a possible reevaluation of limits for these fre-
quency components.
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