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Abstract— Various sources of harmonic problems in large
wind power plants (WPPs) and optimized harmonic mitigation
methods are presented in this paper. The harmonic problems
such as sources of harmonic emission and amplification as well
as harmonic stability are identified. Also modern preventive
and remedial harmonic mitigation methods in terms of passive
and active filtering are described. It is shown that WPP
components such as long HVAC cables and park transformers
can introduce significant low-frequency resonances which can
affect wind turbine control system operation and overall WPP
stability as well as amplification of harmonic distortion. It is
underlined that there is a potential in terms of active filtering
in modern grid-side converters in e.g. wind turbines,
STATCOMs or HVDC stations utilized in modern large
WPPs. It is also emphasized that the grid-side converter
controller
should
be
characterized
by
sufficient
harmonic/noise rejection and adjusted depending on WPPs to
which it is connected.

seen previously. On the other hand, the application of
advanced and fast control in grid-connected power
converters introduces a possibility of controlling some of the
higher frequency components, other than the fundamental
frequency component [3]. Appropriate use of power
electronics can help to improve the power quality.
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The large amount of capacitance provided by the
medium voltage cable network in conjunction with the
transformer inductance and the converter filters might also
be a potential source of harmonic resonance phenomena.

I.

INTRODUCTION

Fig. 1. SWT-3.6-120 installed at Avedøre Holme.

In the beginning, the WPPs used directly connected wind
turbines based on induction generator. These are referred as
type I or type II and limited to the size of a few hundred
kW [1]. Modern wind turbines have grown bigger in size to
up to 6-8 MW units, and they have to fulfil stringent grid
code requirements. Such wind turbines are connected to the
grid using power electronic converters of around 30% rating
in the case of doubly fed induction generator based wind
turbines (type III) or the fully rated converter based wind
turbines (type IV). Type IV Wind turbines with full-scale
back-to-back converters are more and more used in large
offshore WPPs (see Fig. 1) [2]. Since the unit size is limited
to a few MW range, typically a few hundred wind turbines
are connected together using an array of medium voltage
cable network constituting collector grid.

The wind turbines are nowadays mainly connected
together into a collector system through a widespread
network of medium voltage (MV) sub-sea cables. The
voltage is then stepped up and the WPP is connected to the
power grid through long high voltage (HV) cables which
constitute the HVAC or HVDC transmission system. Such
configuration is still being challenging to the industry from
harmonic
generation,
propagation
and
stability
perspective [4].

On one hand, the power electronic equipment for the
grid connection of the wind turbines in modern power
system is a source of additional harmonics components not

Therefore it is of great importance to investigate how a
certain wind turbine or a group of wind turbines can interact
with various WPP structures including the MV cable

Harmonics has always been of special concern in power
system studies. In the past the power system comprised
mainly of passive components with relatively linear
operating range and synchronous generators. Harmonic
analysis of such systems is the state-of-the art right now.

Fig. 2 Harmonic problems in wind power plants.

network, park transformer, HVAC export cable, and the
shunt components like capacitor banks, shunt reactors, SVC,
etc. [5].
II.

HARMONIC PROBLEMS IN WIND POWER PLANTS

The presence of harmonics inside the wind power is a
nuisance as it leads to higher current and voltage levels in
the system. Consequently, the system loss is higher system,
and there is higher component stress. Moreover, if there is
series or parallel resonance points in the WPP, the
resonating harmonics may get amplified and then that can be
destructive. The resonance can be series or parallel type as
shown in Fig. 2. Besides, there are other issues with
harmonic interference and power quality.
Identification of the presence of harmonics in the system
and potential resonance conditions are very critical for the
design of a WPP. Measurement of harmonic content is an
important element of the WPP and wind turbine evaluation
process. Measurement of field data is also required to
validate the theoretical analysis and numerical simulations.
The measurement equipment should be carefully adjusted in
order to record harmonics of interest with acceptable
accuracy and precision.
The harmonic measurements should be carried out
during continuous wind turbine normal operation, i.e. fault
free operation complying with the description in the wind
turbine manual excluding wind turbine start-up and
shutdown as described in IEC 61400-21.
Since different operational modes are characterized by
different frequency response of the converter thereby
affecting the harmonic emission, the operational modes
should be considered, and any change in the mode should be
noted during the measurement process.

It is also recommended to perform measurements when
the wind turbines are not operational such that the harmonic
background spectrum can be evaluated. The wind turbine
during background measurements should neither inject nor
absorb any harmonic current during this process.
A. Design uncertainties
Harmonic mitigation by design is affected by several
uncertainties in different factors during the design of a WPP.
Some of them are listed below:
− Lack of accurate models provided by the
manufacturers.
− Component tolerances in the WPP model.
− Wind
turbine
harmonic
emission
model
uncertainties.
− Phase angle between harmonics from different wind
turbines and possible harmonic cancellation.
− Different operating modes of the wind turbines (e.g.
power production levels, wake effects, voltage
control, etc.).
− Lack of reliable information from TSOs and DSOs
for the external network model.
− Changes in the wind turbine converter controller
affecting harmonic emission.
− Linear model of WPP components (e.g.
transformers, converters, cables, etc.).
− Linear harmonic load flow calculation method
excluding possible frequency coupling.
Fig. 3 shows the variation of the 5th harmonic component
vs. percentage loading of the wind turbine. It is shown as a
box plot with median, 25 and 75 percentiles. It can be seen
that there is significant amount of variation in the harmonic
content [6]. Such model uncertainties should be taken into
consideration during the WPP design phase.

Both passive and active filtering could be used for
harmonic mitigation. It is recognised that passive filtering is
the state-of-the-art technology. However, it requires
extensive knowledge of the system during the WPP design
phase. In many cases information about the system is
uncertain and over-sizing of passive filters may take place to
cover uncertainties and risks.
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Due to the fact that more and more power electronic
equipment (e.g. wind turbines with grid connected
converter, STATCOMs, HVDC, etc.) is being utilised in
WPPs, active filtering appears to be an interesting solution.
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Fig. 3. Wind turbine harmonic model with uncertainties.

III.

HARMONIC MITIGATION METHODS

There are various techniques for dealing with the
harmonic problem in large WPPs depending upon the nature
and source of the problem.
Large offshore WPPs are characterised by complex
structures including wide application of power electronic
devices in wind turbines, FACTS devices and/or HVDC
transmission. Moreover, there is a large amount of passive
components such as filters, cable arrays, transformers,
transmission cables, and shunt compensation equipment.
Consequently, there are many potential sources of harmonic
problems, and simultaneously many ways of dealing with
them [7].
Primarily there are two methods of harmonic mitigation
in a WPP: (i) avoiding harmonic resonance by design and
(ii) design and use of filters [8]. A good design involves
system layout, component selection and controller tuning
with the aim of avoiding potential resonance conditions in
the WPP.

Active filtering can be implemented at the converter
control level, thereby avoiding or reducing the need for
installing expensive passive filters. Moreover, active filter
controllers could be tuned and retuned, sometimes
adaptively, to overcome the uncertainties faced during the
WPP design phase [9].
A comparison between passive and active filters
including major factors is presented in Table 1. It can be
easily seen that there is a potential in active filtering and the
technology is improving.
Considering the different attributes, probably hybrid
solutions involving both the passive and the active filters at
various locations, as shown in Fig. 4, would be the most
beneficial for effective harmonic mitigation scheme. In
order to optimise the WPP design from harmonic emission
and stability perspective some more studies and research is
required [10]. The hybrid solutions would comprise of:
(1) Passive filtering at the wind turbine level:
− trap filters designed for carrier group harmonics
filtering,
− high-pass filters for high frequency content,
− detuned C-type filters with limited bandwidth, etc.

Fig. 4. Harmonic mitigation methods in large wind power plants.

Table 1 Comparison between active and passive filtering.

Indices

Passive filters

Active filters

Technology

Known

Improving

Reliability

High

Medium

Medium

Good

Engineering time

Large

Medium

Power electronics

No

Yes

Large

Small

EMI

No

Yes

Control circuit

No

Yes

Voltage regulation

No

Yes

Dynamic response

Slow

Fast

Cost

Low

High

Effectiveness

Energy storage

High reliability due to simplicity in the build,
Effective if designed correctly.

−
−

Cons
− Significant size especially for lower frequencies (for
large WPPs the tuned frequencies are getting
lower),
Single-tuned

Double-tuned

C-type
High-pass

High-pass

Fig. 5 Passive harmonic filters.

(3) Active filtering in groups of wind turbines:
− carrier signals de-synchronization,
− phase shifter transformer groups, etc.
(4) Passive filtering at the WPP level: (4b) onshore or (4a)
offshore:
− detuned C-type filters,
− double-tuned filter, etc.
(5) Active filtering at the WPP level:
− shunt connected FACTS devices,
− HVDC link, etc.
A. Passive filtering
Three-phase harmonic filters utilized in the WPPs
nowadays are shunt elements. They are intended to decrease
the voltage distortions at the point of interest. From the grid
code requirements point of view, a WPP voltage distortion
is evaluated at the point of common coupling (PCC).
Nonlinear elements such as the power electronic
converters generate harmonic currents or harmonic voltages
inside the WPP as well as in the external network [11]. The
resultant harmonic current flows throughout system
impedance. Passive harmonic filters reduce distortion by
providing low impedance to the harmonic currents.
Typical shunt harmonic filters are presented in Fig. 5.
Such filtering depending on the harmonic emission source
can be installed either in the wind turbine circuit or
somewhere at the WPP level (e.g. onshore substation,
offshore substation, etc.).
Pros
− Known state-of-the-art technology,
− Relatively cheap solution,
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(2) Active filtering at the wind turbine level:
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Fig. 6. Exemplary impedance characteristic of a C-type filter tuned for the
5th harmonic.
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Additional losses,
Can cause some over-voltages during switching
operations (e.g. energization),
Tuned only for specific frequencies (i.e. limited
bandwidth),
Affected by uncertainties during the WPP design
phase,
Cannot be easily re-tuned in the case of changing
grid conditions during the operation of the WPP,
Uncertainties in terms of sizing due to lack of
information from wind turbine manufacturers and
TSOs during the design phase,
Size limitations during design due to e.g. limited
space at offshore substation,
Long lead-time because of custom-made reactors.

An exemplary frequency dependent characteristic of a Ctype filter tuned for the 5th harmonics is shown in Fig. 6. The
C-type high-pass filter is a variation of the high-pass filter,
where the inductance L is replaced with a series LC circuit
tuned at the fundamental frequency. At fundamental
frequency, the resistance is, therefore, bypassed by the
resonant LC circuit and there are negligible losses. Rather, it
offers some shunt capacitive impedance. Due to its highpass nature, it is often used in large offshore WPPs [12].
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Fig. 8 Operation of selective harmonic compensation of a converter
connected to the distorted grid.

There are many various ways of improving the power
quality in terms of active filtering. Sometimes the control
can be focused on voltage quality improvement and in some
cases focused harmonic current reduction [12]. Fig. 7 shows
an exemplary selective harmonic current compensation
control strategy using a proportional-resonant controller
tuned at the harmonic frequency. The controller is focused
on the elimination of the harmonic current at the point of
measurement. In Fig. 8 one can see that when the grid
voltage vg(t) is distorted the converter also needs to distort
the voltage at its terminals vc(t) in order to reduce harmonic
current flow ig(t) [3], [7]. In Fig. 9 can be seen how the 5th
harmonic current is improved while the harmonic
compensating controller is activated.
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− Almost unlimited control potential (e.g. selective
harmonic compensation, wide band high-pass active
filtering, etc.),
− Network impedance changes during operation could
be addressed,
− Control method can be tuned for each of WPPs
independently taking into consideration grid code
issues as well as WPP structure,
− Negligible losses for series connected active filters
such as wind turbines,
− Reduces risk due to uncertainties related with lack
of information from manufacturers (e.g. models)
and TSOS (e.g. harmonic background, models, etc.).
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Connecting all possible active filtering methods together
with state-of-the-art passive filtering methods an optimised
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The converter might be controlled adaptively or
otherwise to suppress the selected critical harmonic
components. From this perspective there is no need to
interfere with the WPP design but it entails to providing
additional control features. Such issues could be specified
on a contractual level and required to be provided as an addon together with the product.
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All active filtering solutions employ power electronic
converters for the absorption or suppression of harmonics.
Nowadays large WPPs are already equipped with a number
of grid connected converters either as a part of the wind
turbines or as some sort of FACTS devices. In that case, the
implementation of active filtering technique would only
mean the retuning of the converter controller in order to
meet with controlled harmonic levels.

There might be some limitations in terms of limited
bandwidth. In such a case, a hybrid solution might be
preferable.
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Fig. 9 Selective harmonic compensation focused on the 5th harmonics
improving the quality of current.
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Fig. 7 Exemplary harmonic current compensation implemented in a gridconnected converter.

IV.

SUMMARY AND CONCLUSIONS

As the size of WPPs are increasing, the harmonic
problems inside the WPP as well as with the grid interface
are becoming more and more significant. Therefore, there is
a need to identify the harmonic resonance issues and devise
appropriate strategy to avoid them by design or through the
use of active and passive filters [13].
Potentially, optimised solutions can be achieved by the
application of active filtering in various grid-connected

converters (e.g. wind turbines, STATCOMS, etc.) connected
together with passive filtering in different locations of
WPPs. Such a hybrid filtering solution introduces significant
potential in reducing the cost of energy not only by derisking the grid code issues with regards to harmonic
stability and compliance; but also by improving the
operational efficiency of the WPPs.
Thus, the application of the adaptive advanced control
strategies according to locally specified grid-code
requirements brings completely new possibilities and
flexibility to the large WPP development process.
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