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Abstract This paper discusses a number of ways in which

wind power installations can impact the harmonic levels in the

power system. Wind turbines are an additional source of

harmonic emission, especially when it concerns ‘‘non-char-

acteristic harmonics.’’ Parallel resonances can amplify the

emission from individual turbines. A mathematical model is

developed to quantify this amplification. Series resonances

can result in high currents, driven by the background voltage

distortion in the transmission grid, flowing into the wind park.

Weakening of the transmission grid will increase lower order

harmonics but reduce higher order harmonics.

Keywords Power quality, Power system harmonics,
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1 Introduction

The increasing demand for sustainable energy is one of the

driving forces behind the increasing use of wind power by

means of wind turbines in electric power systems. The overall

impact of wind power on the grid is discussed among others in

[1] and [2]. Modern wind turbines commonly employ vari-

able-speed generator technology associated with a power-

electronic converter as part of the grid connection. A drawback

of the use of power electronics is the emission of harmonic

currents. Consequently, a systematic study on the emission

from wind power installations is needed, which holds for

individual wind turbines as well for complete installations.

Wind power installations impact the harmonic levels

through their emission. In addition, they impact the reso-

nance frequencies of the grid due to the presence of large

amounts of capacitance in forms of underground cables and

capacitor banks. These resonances cause an amplification

of the emission from individual turbines into the public

grid and a flow of harmonic currents from the public grid

into the wind park. Different resonances and the way in

which they impact the harmonic currents at the interface

between a wind park and the grid are discussed as well.

The replacement of conventional power stations by wind

power installations has an indirect impact on harmonic

levels. Wind power installations contribute less to the

short-circuit capacity of the transmission system than

conventional power stations. As a result, the transmission

system becomes weaker, thus resulting in an increase in

harmonic voltage levels.

2 Emission from individual turbines

The emission from individual wind turbines has been

studied [3–17]. Generally, it can be concluded that the

emission from individual turbines is relatively small. Some

authors point to a relatively high emission at higher har-

monic orders and for other frequencies where the distortion

levels are traditionally lower.

2.1 Power-electronic converters

Most of the modern wind turbines installed in the grid

contain a power-electronic converter which can either be

part of a full-power converter or a doubly-fed induction

generator (DFIG). Measurements of the emission from

such two turbines, both of 2 MW nominal power, are

shown in Figs. 1 and 2 [9]. Other measurements in [9]

show that the differences between the two spectra are not
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due to general differences between full-power converters

and DFIG. The currents were in both cases measured on the

grid-side of the turbine transformer (i.e., at the connection

point from the turbine to the medium-voltage collection

grid), during a period of several weeks. The harmonic and

interharmonics (IHs) subgroups (as defined in IEC

61000-4-7) were obtained over each 10-min interval, and

95 % value for each subgroup is shown in Figs. 1 and 2.

The spectrum of the Nordex N90 turbine shows a

broadband character with a narrowband emission around

harmonic 13 and for the fifth harmonic. Besides, at lower

frequencies (up to harmonic 2), the emission is relatively

high. This is probably due to strong variations in active

power flow (fundamental current) but not caused by the

power electronics.

The spectrum of the Vestas V90 does not show the

broadband component over the whole frequency range.

Instead, it shows some components at lower frequencies

and an increase in emission toward zero frequency and the

upper limit of the frequency band shown. The former is

probably due to fast changes in the production and the

latter caused by the switching frequency.

For the interpretation of the severity of the emission, the

nominal currents should be known, which are 66 A for the

Nordex N90 turbine and 36 A for the Vestas V90 turbine.

The vertical scale corresponds to 0.7 % of nominal current

in Fig. 1 and to 1.1 % in Fig. 2. The relative levels of the 5

dominating harmonic (H) and IHs subgroups are shown in

Table 1. The only common component with most other

sources of harmonic distortion is the fifth harmonic. The

emission levels are lower even for the dominating com-

ponents, when comparing with the emission from an

induction machine, as shown in Table 2.

An alternative look on the emission from the two wind

turbines is shown in Fig. 3. In this case, the basic mea-

surements, obtained every 10 min during several weeks,

were 200 ms windows of data, at 12.8 kHz sampling rate.

The spectrum was obtained by taking a DFT over the 200 ms

window. The average of the magnitude spectra over this

whole period is shown in Fig. 3. The frequency scale is split

Fig. 1 95 % values of the harmonic and interharmonics subgroups in

the current from a Nordex N90 turbine, measured at 22 kV

Fig. 2 95 % values of the harmonic and interharmonics subgroups in

the current from a Vestas V90 turbine, measured at 32 kV

Table 1 Highest harmonic or interharmonics subgroups in the

emission from two modern wind turbines

Nordex N90 Vestas V90

Order Percentage Order Percentage

IH 0.5 0.66 IH 1.5 0.51

IH 1.5 0.42 H 2 0.72

H 2 0.32 H 5 0.45

H 5 0.49 IH 5.5 0.93

IH 12.5 0.35 IH 7.5 0.67

Table 2 Typical distortion from a wound-rotor induction machine

Frequency

(Hz)

Current (% of

fundamental)

Cause

20 3.0 Pole unbalance

40 2.4 Rotor-phase unbalance

50 100 Fundamental

80 2.3 Pole unbalance

220 2.9 Fifth and seventh harmonics

320 3.0 Fifth and seventh harmonics

490 0.3 Eleventh and thirteenth

harmonics

590 0.4 Eleventh and thirteenth

harmonics

Harmonic aspects of wind power integration 15

123



in two parts: up to 1 kHz and from 1 to 3 kHz. The differ-

ence in vertical scale among the 4 plots should be noticed

before making a comparison of the emission levels.

There are a number of narrowband components in the

low-frequency part of the frequency scale, mainly at the

harmonic frequencies (2, 3, 4, and 5) and also at IH fre-

quencies. The broadband component throughout the fre-

quency band for turbine I and the increase toward low

frequencies for both turbines are visible.

The Nordex N90 turbine shows an emission peak around

650 Hz and the Vestas V90 turbine around 2,300 Hz. The

switching frequency of the power electronics in the con-

verter is the most likely explanation.

The broadband emission for the Nordex N90 turbine is

also visible and up to 3 kHz.

2.2 Induction machines

Electrical machines, directly connected to the grid, are

normally not a source of harmonic distortion. When com-

paring to the heavy distorted currents from computer

televisions, etc., the current waveform from an electrical

machine is close to sinusoidal. Still, the emission cannot be

neglected in all cases. A typical emission spectrum of an

induction machine in [18] is reproduced in Table 2. Cur-

rents up to several percent of the fundamental, at lower IHs

frequencies, can be expected from induction machines.

These levels are higher than the emission from modern

turbines with power electronics converter.

2.3 Power transformers

The low levels of emission from individual turbines

show that the contribution made by power transformers to

the emission can no longer be neglected.

The harmonic emission due to the magnetizing current is

below 1 % of the rated current of the transformer [19].

However, at high levels of the rms voltage, the resulting

saturation of the transformer core will cause much higher

emission levels. Based on Fig. 3.3 in [18], the magnetizing

harmonics are estimated for 110 % and 120 % of nominal

voltage as shown in Table 3.

The values are relatively low, even for 120 % of the

nominal voltage, but they are bigger than the emission

from the wind turbines at these frequencies. Furthermore,

the magnetizing harmonics are limited to the lower order

odd harmonics.

3 Emission from wind parks

When studying the harmonic emission of a wind farm,

two separate issues should be considered: the harmonic

Fig. 3 Average spectrum from Nordex N90 turbine (Type I) and Vestas V90 (Type II)
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emissions from individual wind turbines and the propaga-

tion from the individual wind turbines through the collection

grid to the public grid. The harmonic emission from an

individual wind turbine is discussed in the previous section.

The impact of the wind farm on the propagation has not been

studied, but harmonic resonances have been widely studied

[1, 3, 20–23]. The parallel resonance has the main impact on

the emission of the farm, thus the emission into the grid is

several times higher than that of the individual turbines.

3.1 Overall transfer function

The role of the wind farm layout in this amplification

has been studied in [4] and [24]. A mathematical model has

been developed to quantify the propagation from all the

turbines to the public grid. The model is based on the

transfer function known from system and control theory.

The individual transfer function is a complex function of

frequency that relates the (complex) current injected by the

wind park into the public grid with the (complex) current

injected by one individual turbine into the collection grid. As

different turbines have different locations in the collection

grid, their individual transfer functions are different.

A single function describing the collection grid as a

whole is obtained by making a number of assumptions.

(1) The collection grid is a linear time-invariant system;

(2) The emissions from all turbines are, at all times and

for all frequencies, identical in magnitude and random

in phase angle;

(3) The presence of emission from other turbines does not

impact the emission from a turbine.

Under these assumptions, an ‘‘overall transfer function’’

has been defined. It is a real function of frequency, and

gives the ratio between the (magnitude of the) emission

from the wind park into the public grid and the (magnitude

of the) emission from one turbine into the collection grid.

The amplitude of the overall transfer function Hg(x) is

obtained from the amplitude of the individual transfer

functions Htg(x) by using the following expression:

HgðxÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

N

t¼1

H2
tgðxÞ

v

u

u

t :

3.2 Three-turbine park

Individual transfer functions and overall transfer func-

tion for a three-turbine wind park are presented in Fig. 4.

The upper plots show the three individual transfer func-

tions versus frequency. The maximum of the individual

transfer function (due to parallel resonance) occurs

between 5 and 10 kHz. The contribution of one turbine to

the total emission of the wind park, at the resonance fre-

quency, is about 40 times the emission from the turbine

into the collection grid. When high emission from indi-

vidual turbines occurs between 5 and 10 kHz (for instance

due to the switching frequency), high emission into the

public grid can occur.

The lower plots, presenting overall transfer functions,

show that the maxima are between 5 and 10 kHz. Since the

maxima in the individual transfer functions occur at dif-

ferent frequencies, the maximum of the overall transfer

function is also about 40. No additional amplification

occurs due to the combined emission from the individual

turbines. The emission into the public grid is at most 45

times the emission from one turbine, or 15 times the

emission from the three turbines.

Additional resonance frequencies occur around 50 and

150 kHz. The amplification is low at those frequencies. A

general conclusion from the studies is that the overall

transfer function becomes negligible at frequencies above

the first resonance frequency.

The calculations have been repeated for low increase of

resistance with frequency (low damping) and for different

sizes of capacitor bank presenting in the collection grid. The

results are summarized in Table 4. The increase of the cable

and the transformer resistance with the frequency greatly

influences the maximum overall transfer. Besides, once a

capacitor bank is present, it dominates the transfer function.

3.3 Ten- and hundred-turbine parks

The results of a 10-turbine and a 100-turbine wind park

are summarized in Tables 5 and 6. Larger parks contain

more cables and more capacitance even without a capacitor

bank. The result is a lower resonance frequency for the

case without a capacitor bank.

3.4 Calculation of the total emission

The total emission from the wind park is obtained by

multiplying the overall transfer function, as defined in Sect.

3.1, with the emission from an individual turbine, some

examples are shown in Sect. 2.1.

As an illustrative example, a 200 MW park consists of

100 turbines with 2 MW rated power each. No capacitor

Table 3 Magnetizing harmonics of a transformer, as a percentage of

the rated current, for two values of the terminal voltage

Harm 3 Harm 5 Harm 7

110 % Unom 1.5 1.1 0.7

120 % Unom 5.3 3.7 2.1
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bank is present in the collection grid; therefore, the first

row of Table 6 should be used. Assuming that the emission

from one turbine, at the resonance frequency of 1,850 Hz,

is 0.5 % of the rated current of the turbine.

For low damping (a worst-case situation), the amplifi-

cation at the resonance frequency is 371 times, thus the

emission from the park into the public grid equals (371

times 0.5 %) about 190 % of the rated current of one tur-

bine or 1.9 % of the rated current of the park.

4 Harmonic resonances

A harmonic resonance occurs when the impedance of a

circuit containing capacitors and inductors has a maximum or

a minimum. Such resonances can amplify harmonic currents

and voltages in the grid, and they should be seriously con-

sidered when high harmonic levels are to be prevented.

Two different types of harmonic resonances should be

distinguished: parallel resonances and series resonances

[18, 23, 25]. For a parallel resonance, the impedance of the

circuit is high. A moderate harmonic current from a source

of harmonic distortion can result in a high harmonic volt-

age. A parallel resonance at the same time can result in an

amplification of the harmonic current, thus the current

elsewhere in the grid could be higher than that close to the

source of the distortion.

For a series resonance, the impedance of the circuit is low.

In that case, a moderate harmonic voltage distortion can

result in a high harmonic current. A series resonance can also

result in an amplification of the harmonic voltage.

To explain the impacts of these two types of resonance on

the emission from a wind park, a distinction should be made

between the primary emission and the secondary emission

[26]. These terms describe the interaction between different

sources (fluorescent lamps) of high-frequency emission in a

low-voltage installation. The primary emission is the current at

the equipment terminals due to the power-electronic switching

in the device, and the secondary emission is the current due to

power-electronic switching in neighboring devices.

The concept can easily be extended to individual wind

turbines and wind parks at lower frequencies. At the con-

nection point between the wind park and the public grid,

the two types of emission are defined as follows.

Fig. 4 Individual transfer functions (top) and overall transfer function (bottom) for a three-turbine wind park; 0–200 kHz (left) and 0–15 kHz

(right)
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(1) The primary emission is the part of the current at the

point of connection between the wind park and the

public grid caused by the harmonic emission of the

individual turbine;

(2) The secondary emission is the part of the current

caused by sources of emission outside of the park.

The primary emission of the wind park is impacted by

the emission from individual turbines and the overall

transfer function. Parallel resonances can amplify the pri-

mary emission. High levels of primary emission into the

public grid can be expected at parallel resonances that

occur at frequencies for which the emission from individ-

ual turbines is non-negligible.

The emission from individual turbines with power-

electronic converters can be non-negligible for any fre-

quency (harmonic and IH) up to a few kHz. Any parallel

resonance frequency up to a few kHz can thus be a cause

for concern. In addition, no significant transfer occurs

above the first resonance frequency (the one shown in

Table 4 through Table 6), which means that for all but the

smallest parks, primary emission above 1 or 2 kHz is not a

concern.

The secondary emission is the one driven by the back-

ground voltage distortion in the public grid. Due to series

resonances, the background voltage can cause high currents

flowing into the collection grid and high voltage distortion

in the collection grid. High levels of secondary emission

can be expected when a series resonance takes place at a

frequency where the background voltage distortion is non-

negligible. This is in practice only at the characteristic

harmonics (5, 7, 11, 13, 17, 19, etc.).

The current measured at the point of connection of a

wind park to the public grid is a combination of the primary

emission and the secondary emission. When the emission is

unexpectedly high, both series and parallel resonances

should be considered.

5 Replacement of conventional production

The replacement of large conventional power stations

connected to the transmission grid by wind parks makes the

transmission grid weaker. At the power system frequency,

weakening of the grid implies an increase of the source

impedance, which is not the case at harmonic frequencies

illustrated in Fig. 5. The source impedance has been cal-

culated for a 132 kV network with a 30 Mvar capacitor

bank connected and damping provided by 100 MW resis-

tive load. Two values of the fault level have been assumed:

1,000 MVA (as the weak grid in Fig. 5) and 3,000 MVA

(as the strong grid in Fig. 5). The reduction in fault level

results in a shift in resonance frequency to a lower value

(from harmonic 10 to harmonic 6). For low frequencies, the

source impedance increases and the same amount of

emission will result in higher voltage distortion. While for

high frequencies, the source impedance gets smaller thus

results in lower voltage distortion. This assumes that the

emission remains the same.

The situation is not as severe as it may look. Because of

the variation in consumption through the year, the number

of generators connected to the transmission shows a vari-

ation even without the presence of wind power. Also out-

ages due to failure or maintenance result in variation in the

number of generators connected to the transmission grid.

The local reduction in fault level also results in an increase

in harmonic voltage distortion at lower frequencies.

A high penetration of wind power could result in oper-

ational states where the voltage distortion close to large

industrial installations becomes too high during a too high

part of the year. There are a number of ways to address this.

Table 5 Dominant resonance frequency and maximum of the overall

transfer function for a 10-turbine wind park

Capacitor

bank

Resonance frequency

(Hz)

Maximum overall transfer

High

damping

Low

damping

None 1,850 33.6 55.6

2.5 Mvar 750 50.6 82.3

5 Mvar 550 51.3 81.0

Table 4 Dominant resonance frequency and maximum of the overall

transfer function for a 3-turbine wind park

Capacitor

bank

Resonance frequency

(Hz)

Maximum overall transfer

High

damping

Low

damping

None 6,050 15.6 39.6

500 kvar 980 26.5 47.5

1,000 kvar 690 26.6 44.8

Table 6 Dominant resonance frequency and maximum of the overall

transfer function for a 100-turbine wind park

Capacitor

bank

Resonance frequency

(Hz)

Maximum overall transfer

High

damping

Low

damping

None 1,560 204 371

25 Mvar 710 236 388

50 Mvar 530 234 363
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(1) Higher levels of harmonic voltage distortion may be

accepted during certain parts of the year. Its impact on the

end-customer is likely to be limited because only a part of

the voltage distortion originates from higher voltage

levels. Capacitor banks at transmission level may,

however, age faster. The overall higher voltage distortion

could result in increasing aging for motor loads.

(2) Existing capacitor banks could be equipped with

harmonic filters or additional harmonic filters, which

brings additional costs for the transmission system

operator.

(3) Emission limits for industrial installations remain to

be set in terms of voltage distortion as is common

practice for several network operators. This would

result in additional costs for industrial installations.

6 Conclusions

Wind power installations impact the harmonic current

and voltage distortion in the grid in several ways.

(1) Individual turbines are an additional source of

harmonic emission. Measurements on turbines and

comparison with other sources show that the emission

of the characteristic harmonics is small. However, the

emission of IHs and other non-characteristic harmon-

ics is relatively high.

(2) Due to the capacitance in the collection grid, ampli-

fication of the emission from individual turbines

occurs. It is quantified by a mathematical model

developed in this paper. After applying the model to a

number of turbines, a large amplification occurs

around the first parallel resonance frequency between

a few hundred Hz and a few kHz depending on the

size of the park and the presence of any capacitor

banks. Above the first resonance frequency, the

emission from the park becomes negligible.

(3) Series resonances result in high harmonic currents

flowing into the wind park, driven by the background

voltage distortion in the transmission grid.

The replacement of conventional power stations with

wind power results in a reduction of the short-circuit

capacity of the transmission grid. The consequences are: a

reduction of harmonic resonance frequencies, an increase

of the voltage distortion below the resonance frequency,

and a decrease of the voltage distortion above the reso-

nance frequency.
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