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Practical Experiences and Mitigation Methods of
Harmonics in Wind Power Plants

Babak Badrzadeh, Senior Member, IEEE, and Manoj Gupta

Abstract—This paper discusses practical experiences and mit-
igation methods of harmonics in wind power plants. Traces ob-
tained from harmonic measurements of actual wind turbines are
presented for the type 3 and type 4 turbines, and the harmonic
performances of these wind turbines are elaborated on. Simula-
tion case studies obtained from the harmonic analysis of various
practical wind power plants are presented. The case studies
presented include both resonance and nonresonance conditions.
Finally, practical harmonic mitigation techniques including har-
monic filtering and harmonic compensation are discussed.

Index Terms—Harmonic emission, harmonic mitigation, har-
monic modeling and simulation, harmonic resonance, harmonic
susceptibility, power system harmonics, wind power plants.

I. INTRODUCTION

THIS PAPER discusses practical experiences and mitiga-
tion methods of harmonics in wind power plants (WPPs).

The modeling methodology for the wind turbine and balance of
plant components and the required analysis techniques for the
WPPs have been discussed in [1].

Harmonics generated by voltage source converter (VSC)-
based wind turbine generators (WTGs) do not remain constant
but vary according to the converter control and the switch-
ing scheme. The harmonic signature of these devices cannot
therefore be predicted by mathematical equations such as the
Fourier analysis. It is therefore necessary to investigate the
harmonic profiles obtained from field measurements thoroughly
such that some commonalities can be drawn for various turbine
types and various operating conditions. Results obtained from
field measurements of harmonic in WPPs have been discussed
in a number of technical literatures [2]–[9]. All these papers,
however, report the aggregate harmonic signature of the WPP.
This will include the combined effect of the WTG and all other
balance of plant components, which does not therefore provide
any insight on the precise harmonic performance of the WTG.

The accompanying paper has proposed the methodology for
conducting power system harmonic studies for WPPs and the
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Fig. 1. Schematic diagram of the system used for harmonic measurements
and corresponding measurement points.

required models for individual components. With this achieved,
it would be essential to conduct a number of power system har-
monic studies using integrated network models compiled from
those individual component models. This allows investigating
the harmonic performance at the plant level and validating the
simulation results against the field measurements. Both nonres-
onance and resonance conditions are discussed, and pertinent
mitigation measures are discussed where necessary.

Harmonics generated by the WTGs are generally insignif-
icant from a harmonic distortion standpoint. They, however,
have the potential to excite an internal or external resonance
points or destabilize the system operation. While passive har-
monic filters can be useful in some certain applications, they
may not necessarily be the most efficient or cost-effective
solution for other applications. Different harmonic mitigation
techniques applied to practical WTGs and WPPs are also
discussed in this paper.

II. PRACTICAL EXPERIENCES OF HARMONIC SIGNATURE

OF WIND TURBINES

For a better appreciation of the points related to the harmonic
signature of type 3 and type 4 WTGs that were discussed in the
accompanying paper, measurements obtained at the HV side
of the turbine transformer for the type 3 and type 4 turbines
are discussed in this section. Measurements were conducted
according to the existing version of the IEC 61400-21 stan-
dard [10]. The schematic diagram of the system used for the
measurements and corresponding measurement point is shown
in Fig. 1. The measurements were carried out on a single wind
turbine. For both type 3 and type 4 turbines under consideration,
the turbine transformer HV side is rated at 10.5 kV, whereas the
transformer low voltage side voltage is 690 and 650 V for
the type 3 and type 4 wind turbines, respectively. For different
cases, wind turbines are connected to different power systems
with different nominal voltages. The grid transformer voltage
levels are not therefore shown in the figure. The short-circuit
apparent power at the HV side of the grid transformer varies
between 75 and 115 MVA for different grid conditions.
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Fig. 2. Most significant integer harmonic currents up to the 50th order for
type 3 and type 4 turbines.

Fig. 3. Most significant high-frequency harmonic currents between 2.1 and
8.9 kHz for type 3 and type 4 turbines.

Fig. 4. Most significant interharmonic currents for type 3 and type 4 turbines.

Figs. 2–7 show the harmonic current spectrum of type 3 and
type 4 turbines for different frequency ranges of interest. A pes-
simistic assumption is taken here where the largest individual
harmonics for different turbine loading conditions are stated in
the same figure. In reality, all the largest individual harmonic
currents cannot occur simultaneously. The total harmonic dis-
tortion measured in practice is therefore generally lower than
that calculated from these figures unless a resonance condition
occurs.

Common traits observed from the inspection of these figures
are as follows.

1) Dominant low order noncharacteristic harmonics as
shown in Fig. 2. For the type 3 turbine, the 5th and 7th
harmonics have the largest magnitude, whereas the 2nd,
11th, and 13th are the largest for the type 4 turbine. These
harmonics are noncharacteristic because they are not gen-
erated by the pulse width modulation (PWM) switching
mechanism but introduced due to the interaction of WTG
with the source power system. The presence of these low

Fig. 5. Harmonic current distortion of a type 4 turbine under two different test
conditions.

Fig. 6. Harmonic current distortion for two type 3 turbines of the same design
but different ratings.

Fig. 7. Variation of the most significant harmonic currents for type 4 turbines
as function of turbine loading.

order harmonics depends on the background harmonics of
the source power system and the application of harmonic
cancellation techniques which will be discussed later in
this paper.

2) High order harmonics associated with the PWM switch-
ing and its multiples. For the type 3 turbine, the most
significant components include the 49th and 51st orders.
The 39th and 41st orders are the largest for the type 4
turbine. Note that these harmonic are dependent on the
converter switching frequency which may vary from one
turbine type to another or even between two different tur-
bines of the same type. No generic or general conclusions
can therefore be made with respect to the largest high-
frequency harmonic current components. It is, however,
understood that the most dominant switching harmonics
are in the range of 2–10 kHz.
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3) Zero-sequence triplen harmonics including the 3rd, 9th,
and 15th could appear due to an asymmetry in the voltage
of the medium voltage (MV) grid. For the type 3 and
type 4 turbines discussed in Figs. 2–4, the zero-sequence
triplen harmonics are within the acceptable range. Sig-
nificantly high level of harmonic currents could occur if
the WTG is connected to a weak and unbalanced source
power system with some level of background triplen har-
monic voltage. Note that this excessive harmonic distor-
tion is not generated by the WTG, but it is the contribution
of the grid which is measured at the WTG terminals. An
example is shown in Fig. 5 for the type 4 turbine. In the
figure system, conditions A and B indicate connection
to a highly unbalanced and a relatively balanced source
power system, respectively. Such high level of low order
harmonic currents can be mitigated by various harmonic
mitigation methods that will be explained later in this
paper. Note that WTGs are generally connected to the
MV grid via a star–delta connected transformer. The
use of delta winding at the high side avoids the transfer
of zero-sequence triplen components at the high side
under balanced operating conditions. The zero-sequence
components can, however, flow in the star winding unless
the neutral point is not connected to the earth.

4) Inspection of Fig. 4 which depicts the dominant interhar-
monic current components reveals that, at certain cases,
the magnitude of interharmonic currents can be larger
than that of the integer harmonic currents. The interhar-
monics shown are arranged in subgroups, each covering
a 50-Hz window from 75 to 375 Hz. For both type 3
and type 4 turbines, the largest interharmonic current is
the 75-Hz subgroup which has a comparable magnitude
to the most significant integer harmonic current compo-
nents as shown in Fig. 2. In VSCs, interharmonic current
components are generally produced when operating the
two converters of a back-to-back system at different fre-
quencies [11] or when connected to an unbalanced system
[12]. In general, VSCs exhibit lower level of interhar-
monic currents compared to the line- or load-commutated
converters due to the presence of an intermediate dc-link
capacitor. Compared to a dc-link inductor, the capacitor
acts as a filter for interharmonic components that tends
to transfer from one converter to another. For a WTG,
the operating frequency of the rotor-side converter is not
generally constant but varies as a function of wind speed.
During wind pattern changes, WTGs can therefore be a
source of interharmonic currents.

5) As demonstrated in Figs. 5 and 6, the harmonic currents
measured at the WTG terminals cannot be assumed con-
stant. Fig. 5 shows the harmonic currents of a type 4
turbine when connected to two different source power
systems, e.g., systems A and B. Fig. 5 shows the harmonic
current injection of two type 3 turbines with similar con-
trol strategy but different ratings when connected to two
different source power systems, e.g., systems C and D.
These figures indicate the need for conducting harmonic
measurements for each particular wind power plant. In
the absence of such measurements, the largest values of

Fig. 8. Variation of the most significant harmonic currents for type 3 turbines
as function of turbine loading.

individual harmonic currents can be taken, but this can
give rise to the unnecessary design of harmonic filters at
some circumstances. As will be demonstrated by practical
case studies in Section III, this does not often give rise
to a problem. This is because, in most cases, the indi-
vidual and total harmonic components of the WPPs are
well within the statutory limits except during resonance
conditions.

6) Figs. 7 and 8 illustrate the variation of harmonic current
distortion as a function of wind turbine loading. No
obvious trend can be deduced from these figures with
respect to the variation of individual harmonics or the
variation of the ratio of two individual components. This
is because the variation of the harmonic currents as a
function of turbine loading is stochastic. Despite this
stochastic behavior, the variation of harmonic currents
with respect to the turbine loading is marginal except for
the 2nd harmonic component for the type 4 wind turbine.
If harmonic measurements are carried out on-site for a
range of turbine loading, the resulting harmonic current
injection can be entered in a harmonic power flow sim-
ulation tool. In the absence of such data, this stochastic
behavior can be neglected with constant harmonic current
injection applied in all cases.

As shown in Figs. 7 and 8, several harmonic orders are
larger when operating a type 3 or type 4 WTG at partial power.
This does not, however, imply that a partial power operation is
considered as more onerous from the grid harmonic distortion
standpoint. This is because the values provided here are in
percentage; a low power production will give rise to a lower
distortion in ampere in many cases compared to the full power
operation.

Another conclusion that can be drawn from these figures is
that, in all cases except for the 2nd harmonic variations for
the type 4 turbines, the harmonic distortion remains practically
constant when operating at 60% loading and above. More
distinct variations can be observed at light load operation.

Inspection of Figs. 2–6 indicates similar harmonic perfor-
mance for type 3 and type 4 wind turbines. This is because both
turbine types use PWM switched back-to-back VSCs with com-
parable switching frequencies. The main differentiator between
the harmonic performance of type 3 and type 4 wind turbines
arises from the way that the electrical generator is connected
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Fig. 9. Harmonic distortion spectrum at PCC bus with MSC in service.

Fig. 10. Harmonic impedance scan at the WPP collector grid and PCC with MSC in service.

to the grid. With type 3 turbines, the electrical machine is not
fully decoupled from the grid. Low order harmonics generated
by the machine such as slip harmonics and slot harmonics
are therefore reflected at the wind turbine terminals. Such
harmonics are not relevant for type 4 wind turbines due to the
full decoupling of the machine side and grid side and the fact
that, with type 4 turbines, the machine slip is zero.

III. CASE STUDIES

This section discusses the harmonic performance of type 3
and type 4 turbines for both resonance and nonresonance con-
ditions. Depending on the location of the installation, either IEC
or IEEE standards are used. Power system studies reported in
this section were carried out with DIgSILENT Power Factory

simulation tool which allows the user to enter the magnitude
and phase angle of the measured harmonic and interharmonic
current components. Both balanced and unbalanced scenarios
can be investigated. Additionally, the phase cancellation of
corresponding harmonic components is accounted for using the
IEC second summation law [13].

A. Nonresonance Conditions

This case study discusses a typical situation which usually
occurs in WPPs where the harmonic distortion at various bus
bars is within the statutory limits without the need for harmonic
filters. This WPP uses type 3 turbines. Fig. 9 shows that the sim-
ulated voltage harmonic distortion reduces at the point of com-
mon coupling (PCC) as more capacitor banks are energized.
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Fig. 11. Harmonic distortion spectrum at the WPP with MSC in service.

Fig. 12. Total harmonic distortion at PCC bus versus WPP power output.

Fig. 13. Variation of the total harmonic voltage distortion as function of the
capacitor size (horizontal axis is time in seconds).

The total harmonic voltage distortion is well below the max-
imum limit for all cases. Distortion at the 46th harmonic is
marginally higher than the IEC limit due to a grid resonance
point around the 43rd harmonic as shown in Fig. 10. This is not,
however, expected to cause any equipment malfunctioning, and
no harmonic mitigation method is necessary in this case for the
following reasons.

1) The long-term thermal effect of harmonics is evaluated
for the sum of all harmonic components. Any potential
thermal impact that can be caused by one harmonic
component exceeding the permissible level will be com-

Fig. 14. Harmonic impedance scan for different operating conditions.

pensated by the fact that all other harmonics and the total
harmonic distortion are well within the statutory limits.

2) The only case where the planning levels of IEC 61400-
3-6 are exceeded is for operation at zero reactive power
which is a very occasional operating point given the
reactive power requirements of the particular wind power
plant.

3) The likelihood of other system components injecting
the 46th harmonic component is very low. System wide
impact of the 46th harmonic is therefore negligible.

In this practical example, the WPP is therefore allowed to
have a higher harmonic allocation for the 46th harmonic so
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Fig. 15. Harmonic penetration results for different operating conditions.

long as it does not cause the network operator to breach its
obligations in terms of harmonic management.

Fig. 11 shows the variation of the harmonic voltage distortion
as a function of the level of the reactive power compensation.
This figure indicates that the calculated harmonic voltage dis-
tortion for the 6th order harmonic marginally exceeds the IEC
limit for higher level of reactive power compensation. These
levels are unlikely to cause any equipment malfunctioning on
the WPP itself and will have negligible effect on the PCC.
They can be readily reduced by tuning the reactive power
compensation capacitors; however, it is not necessary in this
particular case for the following reasons.

1) Although the level of the 6th harmonic exceeds the plan-
ning level of IEC 61400-3-6, it is within the compatibility
level of this standard which is 0.5%.

2) The long-term thermal effect of harmonics is evaluated
for the sum of all harmonic components. Any potential
thermal impact that can be caused by one harmonic
component exceeding the permissible level will be com-
pensated by the fact that all other harmonics and the total
harmonic distortion are well within the statutory limits.

3) The harmonic compliance is assessed at the PCC rather
than the collector grid.

Fig. 12 shows the changes in total harmonic distortion at the
PCC as a function of the WPP’s active power variation. In this
case, the IEC specified limit of 3% is not shown as it lies off the
top edge of the plot. This plot shows that the worst case total
harmonic distortion at the PCC will be around 0.5% which is
significantly lower than the IEC limit.

B. Resonance Caused by Grid Capacitor Bank With
Type 3 Turbine

As discussed earlier, the harmonic signature of VSC-based
wind turbines is generally insignificant. When a harmonic
frequency coincides with one of the network resonance fre-
quencies, a harmonic resonance can occur. This results in the
amplification of the harmonic currents and voltages. A low
harmonic current injection from the WTG can therefore be seen
as a high harmonic voltage distortion at the PCC. Harmonic
currents tend to flow from the harmonic generating sources to
the lowest impedance seen. The lowest impedance is normally
provided by the reactive power compensation capacitors. The

TABLE I
VARIOUS WPP OPERATING MODES CONSIDERED

installation of capacitors will shift the resonance point to lower
frequencies. When coinciding with one of the dominant har-
monics, a parallel resonance can occur. A practical example
of harmonic resonance due to the use of plain mechanically
switched capacitor (MSC) banks at the collector grid of the
WPP with type 3 turbines is discussed here. The trace of the
total harmonic voltage distortion as measured in practice is
shown in Fig. 13. Results obtained from field measurements
during the actual operation of this wind power plant indicate
five distinct operating conditions as given in the following:

1) from 0 to 1000 s: no MSC;
2) from 1000 to 1500 s: one MSC;
3) from 1500 to 2000 s: two MSCs;
4) from 2000 to 2100 s: one MSC;
5) from 2100 to 3000 s: no MSC.

Results obtained from harmonic impedance scan and har-
monic penetration studies are shown in Figs. 14 and 15, respec-
tively. The harmonic impedance scan reveals a high impedance
at around the 11th harmonic when one MSC is installed. As
the 11th harmonic is also generated by the WTGs, the 11th
harmonic and the total harmonic distortion can be as high as
12% as shown in Fig. 15. With two MSCs in service or without
any MSC at all, the peak resonance point lies approximately
around the 8th and the 18th harmonic order, respectively. These
operating points will give rise to an acceptable level of har-
monic distortion as confirmed by Fig. 15. This is because the
WTG does not produce any appreciable level of the 8th and
18th harmonics. The mitigation method applied in practice to
resolve the high total harmonic distortion (THD) problems is
discussed in the next section.
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Fig. 16. Impedance scan at the PCC for the WPP.

Fig. 17. Voltage harmonic distortion at the PCC.

Fig. 18. Voltage harmonic distortion at the PCC (lower order zoomed).

Downloaded from https://iranpaper.ir
https://www.tarjomano.com/order



2286 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 49, NO. 5, SEPTEMBER/OCTOBER 2013

C. Resonance Caused by Grid Capacitor Bank With
Type 4 Turbine

This case study discusses the possibility of harmonic reso-
nance in a WPP utilizing type 4 turbines and proposes appro-
priate operating modes to avoid such a resonance. The operating
modes investigated in terms of the WPP active and reactive
powers are summarized in Table I where the size of each
capacitor bank is 2.7 Mvar. The impedance scan and harmonic
penetration studies for all cases looking at the PCC are shown
in Figs. 16 and 17. From the impedance scan, two dominant
peaks are visible: one at the lower order frequencies (3rd–7th
order harmonics) and the other at higher frequencies (37th–44th
order harmonics). The impedance scan for the lower order has
a more pronounced impact as WTGs generate relatively higher
harmonic current for those harmonics. The total harmonic
voltage distortion at the PCC is primarily due to the 3rd–7th
order harmonics. A closer inspection of the voltage harmonic
distortion for the lower order harmonics is shown in Fig. 18.

Fig. 18 indicates that the total harmonic voltage distortion
at the PCC exceeds the IEEE 519 standard voltage harmonic
limits when there are no or six capacitor banks in service.
Pertinent mitigation methods would be necessary to maintain
the harmonic within the IEEE 519 standard limit. With four and
eight capacitor banks, the voltage harmonic distortion is within
the limits due to a shift in the resonance frequency away from
the 4th and 5th harmonics. The WTG injects these harmonic
currents, and if a resonance point is close to these harmonic
frequencies, a harmonic voltage amplification will occur.

The three case studies presented in this section have demon-
strated that a low harmonic current at the wind turbine terminals
can give rise to a low or high harmonic voltage profile at
the grid. A direct relationship cannot therefore be established
between the harmonic currents at the wind turbine terminals
and harmonic voltage at the collector grid or at the point of
common coupling. The main factors determining the harmonic
voltage profile are the network impedance and the presence of
background harmonic voltages at the grid.

IV. HARMONIC MITIGATION

In general, the harmonic distortion of WPPs can be managed
by the use of active and passive harmonic filters, the use of
multilevel converters in wind turbines instead of the com-
monly used two-level converters, the use of selective harmonic
elimination (SHE) modulation strategy, the use of converter
control for harmonic compensation, and third harmonic current
injection [14]. The most common methods applied to modern
wind turbines are classified into the turbine- and system-level
mitigation methods as discussed in this section. One important
consideration in designing passive harmonic filters is that, while
they are effective in the mitigation of the certain harmonic
order(s), they could give rise to the amplification of some other
harmonics if not carefully deigned.

A. Harmonic Filtering

1) Turbine Level Filtering: Most commercial wind turbines
utilize VSCs at both the grid- and rotor-side converters for both

Fig. 19. Schematic representation of the harmonic filters typically installed at
a type 3 WTG.

Fig. 20. Example of the harmonic filter branches for the grid-inverter-side
filter.

Fig. 21. Example of the harmonic filter branches for the stator-side filter.

type 3 and type 4 turbines. The modulation of these converters
gives rise to the generation of harmonics at both the grid-
and rotor-side converters. The resulting harmonics are therefore
generally dealt with by the installation of the harmonic filters
at both the grid- and rotor-side converters. The schematic
diagram of the required filter for a type 3 wind turbine is
shown in Fig. 19. Note that the high-frequency electromagnetic
compatibility choke and dv/dt filters are also utilized as the
machine terminals to deal with the zero-sequence common
mode voltage and currents which practically eliminate the shaft
bearing currents. These filters are not explicitly discussed from
a harmonic study standpoint as they are not effective for the
frequency range of harmonic studies.

An example demonstrating the constituting components of
the grid-inverter-side harmonic filter is shown in Fig. 20.
This figure shows that the filter comprises the following two
branches:

1) a tuned LC circuit for damping resonance with the trans-
former and the grid inductance;

2) a base filter for damping of the switching frequency and
its multiples;
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Fig. 22. Schematic representation of a type 3 turbine without active front-end converter.

Fig. 23. Schematic diagram of the default capacitor bank.

As shown in Fig. 21, the stator-side filter consists of the three
following branches:

1) a tuned LC circuit for damping the switching frequency;
2) a tuned LC circuit for damping twice the switching

frequency;
3) a base filter for multiples of the switching frequency.

Note that a variation of the conventional type 3 turbines
sometimes implemented in practice does not include any active
PWM converter as shown in Fig. 22. For this design of type 3
turbine, a stator-side harmonic filter is not therefore necessary.

2) System Level Filtering: The system level mitigation tech-
niques generally deal with the harmonic resonance aspect rather
than the harmonic emission aspect. These methods generally
aim to avoid any harmonic resonance issue which can cause
a dangerously high level of harmonics even for an acceptable
level of harmonic injection from the WTGs. A simple way to
avoid the harmonic resonance issues is to tune the resistive and
the inductive part of the capacitor. For the system discussed in
Section III-B, this can be achieved by converting the existing
capacitor banks to the 11th and 5th harmonic filter banks. Each
branch of such a filter is schematically shown in Fig. 23. The
methodology to derive the R, L, and C parameters is discussed
in detail in [15].

Simulation results obtained from the harmonic penetration
studies indicate that, with an 11th harmonic filter bank, the
THD reduces to 2% from the 12%, mainly due to the filtering of
the 11th harmonic. With the 11th and 5th harmonic filter banks,
the THD reduced further to 0.9% due to the filtering of the 5th
harmonic. As shown in Fig. 24, with the use of tuned filters,
the harmonic distortion limits during operation with one or two
capacitor banks are maintained within the limit specified by the
IEEE Std 519 for the voltage levels between 69 and 161 kV.
Alternatively, a C-type harmonic filter can be employed. In a
C-type filter, an auxiliary capacitor is connected in series with
the reactor as shown in Fig. 25. The auxiliary capacitor is
smaller than the main capacitor. The reactor and auxiliary ca-
pacitor are chosen to form a series resonance at the fundamental
frequency. The impedance of the branch comprising the reactor
and auxiliary capacitor is therefore zero. The damping resis-
tor is practically short-circuited at the fundamental frequency,
and a C-type filter produces negligible fundamental frequency
losses. The reactive power rating of the filter is determined by
the main capacitor only.

B. Harmonic Compensation

Passive harmonic filters are generally effective in mitigating
harmonic current emissions emanated from the WTGs. They
are not, however, effective in dealing with systems with appre-
ciable levels of background harmonic voltages. For these con-
ditions, a harmonic compensation method can be adopted. In a
harmonic compensation method, no actual damping resistance
is used, but the energy is stored in the dc-link capacitance of
the back-to-back converter. The energy dissipation is therefore
significantly lower than that with a passive damping resistor.

The main objective of the harmonic compensation is to
reduce the harmonic currents generated by the generator due
to the stator and rotor windings and to mitigate the background
harmonic voltage. Nonlinearities in the stator and rotor wind-
ings results in harmonics in the stator currents. As shown in
Fig. 2 for a type 3 turbine, the 5th and 7th harmonics are the
most significant orders. For a type 3 turbine, the harmonic con-
tent in the rotor voltage gives rise to slip-harmonic frequencies
in the stator currents. A grid harmonic compensation reduces
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Fig. 24. Harmonic penetration results for different operating conditions in the presence of tuned harmonic filters.

Fig. 25. Schematic diagram of the C-type filter.

the amplitude of the harmonic content in the line currents by
using the grid converter to make harmonic currents in opposite
phase angle to the harmonic currents on the stator. Note that slip
harmonics generally fall in the category of the interharmonic for
which more stringent limits are imposed. The grid harmonic
compensation can be superimposed on the grid current con-
troller using a summation junction. The overall design should
be such that the grid current control performance remains
unchanged with and without the grid harmonic compensation.

Considering that the most significant harmonics for a type 3
turbine are the 5th and 7th orders, the harmonic frequencies can
be calculated by (1) and (2)

fh = f1(6m− 1)

fh = f1(6m+ 1)

fsh = f1(6m− 1)− 6n · fslip

fsh = f1(6m+ 1)− 6n · fslip (1)

where
n = 1, 2, 3, . . .;
m = 1, 2, 3, . . .;
fh hth harmonic frequency;
fsh hth slip-harmonic frequency.

Considering the first slip harmonic, this is simplified to

fsh = fh − 6 · f1 ·
(
ng,sync − ng

ng,sync

)
= fh − 6 · fslip (2)

where
generator speed;
ng,sync synchronous generator speed.

The effectiveness of the harmonic compensation using the
grid harmonic damping is illustrated in Fig. 26 for a type 3
turbine. In the figure, the upper and lower graphs correspond to
those with and without harmonic compensation, respectively.

The harmonic compensation method described earlier can be
used independently or along with a SHE modulation strategy
which also aims at mitigating the low order harmonics. The
discussion provided in this section has mainly focused on the
type 3 turbine. The same principles hold true for a type 4 turbine
except that no compensation is required for the slip harmonics.

V. CONCLUSION

This paper discussed practical experiences and mitigation
methods of harmonics in wind power plants. The harmonic
signature of practical type 3 and type 4 turbines was first
presented. It was shown that VSC-based WTG can generate an
appreciable level of low order harmonics and interharmonics
in addition to the high order switching harmonics. As these
low order harmonics are to a large extent generated by the
interaction with the source power system, results obtained from
different measurements can reveal different levels of harmonic
currents and voltages. The impact of turbine loading condition
was observed, but it was perceived to be marginal.

Simulation results obtained from conducting power system
harmonic studies on practical WPPs are presented. For the non-
resonant conditions, the magnitude of harmonics is significantly
lower than the statutory limits. Resonances excited by the grid
capacitor bank for WPPs using type 3 and type 4 turbines
were investigated, and pertinent mitigation methods applied in
practice were highlighted.

Different mitigation methods applied in practical WPPs were
discussed. This includes turbine- and system-level mitigation
techniques. In general, passive filters at the system level and/or

Downloaded from https://iranpaper.ir
https://www.tarjomano.com/order



BADRZADEH AND GUPTA: PRACTICAL EXPERIENCES AND MITIGATION METHODS OF HARMONICS 2289

Fig. 26. Impact of harmonic compensation technique to reduce the magnitude of low order harmonics in a type 3 turbine (upper and lower graphs are those with
and without the harmonic compensation, respectively).

the turbine level are employed. The use of harmonic compen-
sation at the turbine level provides an active mechanism to deal
with the low order harmonics and interharmonics, therefore
avoiding the risk of resonances internally at the turbine or
externally with the interconnected network.
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