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ABSTRACT The harmonic interaction mechanism in a wind park is examined in this paper. The paper
investigates the feasibility of a solution to the yet challenging harmonic contribution estimation frommultiple
sources in a wind park with limited available information, via an extension of a simple modeling approach
as well as from detailed analysis of field measurements. The paper has two distinct objectives in assessing
harmonic interactions (a) one to extend the classical Norton equivalent model to a multi-measurement wind
park system and to suggest potential areas for further model developments from field measurement analysis,
and (b) second to draw inferences from field measurements and to develop a new independent concept of
analysis from long-term field measurements in the wind park. From practical experience, a new concept of
analysis with a ‘harmonic interaction break-even point’ is introduced. With the help of it, one could identify
whether the primary emission (emission from considered source) or secondary emission (emission from a
distant source) dominates in the analysis period. In this way, the highest responsibility between different
interacting time-varying harmonic sources is evaluated. It was concluded that from long-term measurements
one can define a magnitude of power production where a certain harmonic order is canceled or reaches its
lowest magnitude. If one finds this cancellation point, one can define a level of secondary/primary emission
or at least a feasible range. This knowledge is a step forward towards harmonic contribution analysis.

INDEX TERMS Power quality, wind power generation, power systems harmonics, interharmonics.

I. INTRODUCTION
Harmonic contribution estimation has been studied progres-
sively for years in many systems [1]–[5]. Based on a compar-
ison of different methods for harmonic source identification,
it is established that the effectiveness of a method depends on
the details of the problem to be addressed [1]. The practicabil-
ity of these methods is still a question. A benchmark system
under steady-state conditions to compare the performance
of several proposed methods developed in [2] concludes
that in a real system the topology of the grid, linear loads
levels, and harmonic generation from non-linear sources
may change at any time, so the loads/network responsibil-
ity may change with time. It concludes with the need for
more realistic studies, especially in distributed energy sources
where steady-state operation is occasionally met due to the
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intermittency in power generation compared to customer
load. Such a need is addressed through this work.

In this paper, it is confirmed mathematically that the yet
challenging harmonic contribution estimation problem when
multiple sources interact together is always under-defined
unless exact source impedance values are known. This infer-
ence is despite multiple methods stating that the problem can
be conditionally solved [3]–[5]. It is proven that even with
measurements at multiple locations in a wind park there exists
no deterministic solution without additional assumptions or
conditions that are seldom met in reality. This is unless
there is no information about the individual dynamic turbine
impedance as is in most cases.

This paper further investigates how much information one
can gain from field measurements for a solution to har-
monic contribution estimation with limited information in a
wind park. The paper thus contributes to the existing knowl-
edge on harmonic interaction mechanism in a wind park.
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A comparison of harmonic characteristics at the turbine
terminal and aggregation point of the wind park at the
same time is demonstrated. The individual harmonic char-
acteristics defined by the harmonic interaction mechanism
(i.e. time-varying interactions between background emission
levels and operating power levels of the turbine) are estab-
lished through different real scenarios.

Some earlier conclusions regarding the individual har-
monic characteristics in awind park are that the harmonic cur-
rent magnitude remains unaffected by the operating point of
the wind park and individual turbines [6]–[7]. Many existing
stochastic and deterministic approaches for the determination
of wind park harmonics during planning stages are based
on the assumption that the harmonic probability distribution
functions do not change with power levels [6]–[8]. In [8],
it is stated that the power independent variation of harmonic
emission leads to the assumption that they are caused by
the grid. In [9], the impact of turbine loading conditions on
harmonic emissions is reported to be marginal. A sensitivity
of harmonic currents on the operating conditions of the wind
park which includes harmonics sourced by the wind park
and harmonics sourced by the grid background distortion
is established in [10]. It is inferred that it is difficult to
distinguish which part of these emissions comes from the
summation of wind turbines and which from other sources
i.e. grid background harmonics.

In this paper, the terms primary emission and secondary
emission as defined in [11] are used to explain field mea-
surements. The primary emission is defined as the emission
originating from the considered device. The secondary emis-
sion is defined as the emission originating outside of the
considered device. It is worth noting that primary emission
and secondary emission, therefore, depend on the point of
analysis in a system. Every measurement in a wind park
is a combination of primary and secondary emissions. It is
therefore difficult to identify the exact harmonic sources and
quantify them.

From the analysis of field measurements, a ‘harmonic
interaction break-even point’ (Pbreak−even) w.r.t active power
is introduced. This phenomenon is a result of the interaction
between primary and secondary emissions. At the individ-
ual turbine terminal, it is the interaction between emissions
resulting from turbine operation (primary) and emissions in
the background that includes other turbines and upstream
grid (secondary). At the aggregation point, i.e. the interface
between the park and the public grid, the emission is the result
of the interaction between emissions resulting from the wind
park as a whole (primary) and emissions in the background
from the upstream grid (secondary). Pbreak−even indicates
a clear transition of secondary emission dominating over
primary emission or vice versa in the individual harmonic
characteristics at the individual turbine terminal as well as
at the aggregation point. This observation is contrary to the
earlier inferences drawn in [7], [12], and [13] that the utility
often has the major responsibility for harmonic distortions at
the aggregation point.

FIGURE 1. Flow chart to represent the objective of the paper.

The objective of this work and the steps involved are repre-
sented by the flow chart in Fig. 1. Section II discusses the need
to distinguish between primary and secondary emissions.
Section III represents the mathematical analysis. Section IV
illustrates the results of field measurements. It is worth not-
ing that the terms ‘harmonic contribution estimation’ and
‘distinguish between primary and secondary emissions’ are
invariably used in this paper and practical inferences are
drawn based on the analysis of the considered wind park.

II. NEED TO DISTINGUISH BETWEEN PRIMARY AND
SECONDARY EMISSIONS IN A WIND PARK
A three turbine wind park rated at 2 MW in Sweden is
considered for this study as shown in Fig. 2. In general,
a classical Norton equivalent current source model (repre-
senting each DFIG turbine) is recommended for harmonic
studies in wind parks due to its simplicity [14]. The field
measurements are carried out at the marked locations ‘X’
in red, which is the secondary side of the transformer to the
wind turbines. Three Dranetz Power Explorer PX5, standard
power quality monitors were utilized together with voltage
and current instrument transformers of sufficient accuracy for
the measurements up to a few kHz as per [15]. All current
and voltage waveforms were recorded for 200 ms duration in
intervals of 30 seconds for 5 months.

FIGURE 2. Current source model [15] of a three turbine wind park with
the upstream grid. T1-T3 are the three wind turbines, Zf represents the
high pass filter and Zcv represents the converter impedances respectively.
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From practical experience, it was understood that increased
waveform distortions are observed with power variations
especially at two instances: (a) < 10% of rated power per
phase; (b) when maximum power generation is achieved.

The spectrogram in Fig. 3 that is a concatenation of mul-
tiple measurements at a turbine terminal shows the time
variations in harmonics and interharmonicsw.r.t active power.
Fig. 3 corresponds to a period where the power production
from one turbine occasionally hits the maximum power per
phase (222 kW). These observed emissions could be due
to an increased converter activity during the same period
or due to the influence of secondary emissions from other
turbines or upstream grid. An increased converter activity due
to a pitch-angle controller that will limit the power when the
turbine reaches the nominal power is explained in [16] and
this would indicate that this increased emission is due to pri-
mary emission. The need to distinguish between primary and
secondary emission when multiple sources are interacting at
the same time in a wind park can be summarized as:

(a) To understand the relative harmonic contribution of the
wind park and the utility (the percent of shared responsibility)
at the aggregation point, (b) which source has the highest
responsibility to harmonics/interharmonics at the considered
point of interest in the analysis period, and (c) to understand
the time-varying nature of primary/secondary emissions.

FIGURE 3. Spectrogram showing harmonic and interharmonic variations
in current per phase plotted w.r.t power at turbine terminal on a day with
max power production attained intermittently.

In Section III, using circuit theory concepts we first per-
form mathematical analysis to investigate if we can distin-
guish primary and secondary emission with a deterministic
approach and limited information of the wind park.

III. MATHEMATICAL ANALYSIS TO DISTINGUISH
BETWEEN PRIMARY AND SECONDARY EMISSION
A Norton equivalent model for harmonics of a single turbine
operating together with the grid is considered first as in Fig. 4.
The measured harmonic emissions Ipcc and therefore Vpcc are
a combination of primary and secondary emissions. At the
turbine terminal marked in red in Fig. 4, the primary emis-
sion is the emission from the turbine (Ip1) and secondary
emission is the emission from the grid background,
Igrid = − (Ipcc − Ip1 +

Vpcc
ZT1

). By applying Kirchhoff’s

FIGURE 4. A simple mathematical model of a turbine connected to the
grid.

current law (KCL) and superposition principle, Vpcc and Ipcc
are equated as in (1), (2) where known variables are Ipcc,
Vpcc from installed power quality meter and Zgrid realistic
value was obtained from the network owner. ZT1, the turbine
impedance and Ip1 are unknown variables.

Vpcc =
ZT1

ZT1 + Zgrid
∗Egrid

ZT1 ∗ Zgrid
ZT1 + Zgrid

∗ Ip1 (1)

Ipcc =
−1

ZT1 + Zgrid
∗Egrid

ZT1
ZT1 + Zgrid

∗ Ip1 (2)

(1), (2) can be reformulated in the matrix form as[
Zgrid −(Vpcc − Egrid )
1 −Ipcc

]
∗

[
x
y

]
=

[
Zgrid ∗ Vpcc

Zgrid ∗ Ipcc + Es

]
(3)

where x = Ipcc ZT1, y = ZT1
Equation (3) represents a mathematically underdetermined

system and neither Ip1 or ZT1 can be solved as:

Det, 1 = −Zgrid Ipcc + Vpcc − Egrid = 0 (4)

Therefore, it was concluded that harmonic contribution
estimation in a system with a single turbine and grid is
impossible mathematically. There exist 2 equations and
4 unknowns. The same concept was further extended to a
systemwithmultiple turbines operating together with the grid
as in Fig. 5 and analyzed mathematically. The aim was to
investigate the feasibility of a solution to the problem with
measurements of current and voltage at multiple locations
in a multi-turbine operating system (to check if there was a

FIGURE 5. A mathematical model of three turbines connected to the grid.
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possibility to have equal no. of equations and unknowns), i.e.
if ZT1 and Ip1 can be determined through measurements.
The entire system can be represented by the node admit-

tance matrix as in (5):
Ip1
Ip2
Ip3
Igrid



=


YT1 + a 0 0 −a

0 YT2 + b 0 −b
0 0 YT3 + c −c
−a −b −c Ygrid + a+ b+ c



∗


e1
e2
e3
e4

 (5)

where a = Ytr1+cable1,b = Ytr2+cable2,c = Ytr3+cable3 are
the corresponding transformer plus cable impedances. The
known variables are e1 = V1, e2 = V2, e3 = V3, from power
quality monitors at 400 V, e4 = Vpcc from the power quality
monitor at 10 kV, Igrid the Norton equivalent current of Egrid
which is the background grid emission, Ytr+cable the trans-
former plus cable impedance. The unknown variables are
the primary emissions from individual turbines Ip1,Ip2, Ip3,
the corresponding turbine impedances ZT1,ZT2,ZT3 and the
background/ secondary emission Igrid .

In (5), there are six unknowns with only three linear equa-
tions and hence still underdetermined. Even if assumed that
all the turbines have the same impedance (ZT1 = ZT2 =
ZT3 = Z ), there are four unknowns and three equations.
It was verified that the equation in the last row of the matrix is
redundant (contains only known variables) and does not add
any additional information to solve the system. Therefore,
even with multiple location measurements, there is no solu-
tion to the harmonic contribution estimation problem. With
additional assumption Ip1 = Ip2 = Ip3 the equations can
be solved but due to the dynamic behavior of the emission
from each turbine (or the system), this condition is seldom
met from our practical experience. From the above analysis,
it can be inferred (Ip.ZT ) is a coupled term and knowledge
of the turbine dynamic impedance is necessary to have a
deterministic solution mathematically. It was also understood
that performing measurements at multiple locations in a wind
park narrows down to the same single turbine case without
having assumptions that are seldom met in reality.

IV. INFERENCES FROM ANALYSIS OF FIELD
MEASUREMENTS
This section presents the analysis of field measurements.
Three different scenarios of turbine operation to show the
behavior of harmonics at the individual turbine terminal and
a scenario at the aggregation point are illustrated. We intro-
duce a new concept of analysis with ‘harmonic break-even
point’, Pbreak−even. It helps in identifying whether primary
emission or secondary emission dominates (has the highest

FIGURE 6. 5th harmonic current and voltage at turbine terminal plotted
w.r.t power (left column); Complex plot of harmonic current (right
column). Note the differences in harmonic magnitude between the three
turbines.

responsibility) at the analysis point in the considered period.
In Fig. 6-8, the first column represents harmonic current in
blue and harmonic voltage in red plotted w.r.t power, the sec-
ond column represents the complex plot of harmonic current.
Harmonic amplitude and phase angles are calculated using
interpolated Fast Fourier Transform algorithm. The measure-
ments at turbine terminals T1-T3 are marked in figures.

A. ANALYSIS OF MEASUREMENTS AT THE TURBINE
TERMINALS ON A DAY WITH DISTINCT OPERATION OF
EACH TURBINE
This is one of the cases where the three turbines were with
power production varying between 0 and 50 kW in a period
of six hours but operating with individual distinct power
and harmonic characteristics. Analysis at the turbine terminal
refers to the primary emission to emissions from the turbine
and secondary emission to emissions from the upstream grid
and other turbines. From the 5th, 7th, 11th, and 13th harmonic
characteristics in Fig. 6-8, it was verified that the harmonic
emissions do not remain constant w.r.t active power. A can-
cellation effect at a particular power level is visible in all
the cases and is pointed out in all the figures with a vertical
dashed line. It was verified that this harmonic cancellation
point is different for different turbines and different harmonic
orders. This point where harmonic cancellation occurs is
termed as ‘harmonic break-even point’. It is defined as the
point in time where the phase angle of the primary emission
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FIGURE 7. 11th harmonic (left column), 13th harmonic (right column)
current and voltage at turbine terminal plotted w.r.t power.

FIGURE 8. 7th harmonic current and voltage at turbine terminal plotted
w.r.t power.

and the secondary emission lies in opposite quadrants, i.e.
are 180◦ apart. As the secondary emission originating from
neighboring turbines or the upstream grid is not constant with
respect to time, this break-even point cannot be predicted
based on the production level of the turbine of interest. The
break-even point will also not occur for all harmonics at the
same time or production level.

The complex plots in Fig. 6 have further re-confirmed the
cancellation effect. The complex plot is a complete repre-
sentation as it includes magnitude and phase angle infor-
mation (w.r.t fundamental voltage). The increase in color
intensity in all the complex plots from green to blue represents

measurements below Pbreak−even and from yellow to red rep-
resents measurements after Pbreak−even. The propagation of
complex harmonic currents to the origin at the Pbreak−even
confirms the phase angle cancellation effect of harmonic
currents from different sources.

It was also important to understand whether the emission
from the turbine (primary) or that from the upstream grid
and other turbines (secondary) dominates before and after
Pbreak−even. For this, we focus on the region just before
Pbreak−even, where two parallel distinct patterns of harmonic
current between 0 and 12 kW are visible for 5th, 11th and 13th

harmonics in Fig. 6, 7.
It was verified that the pattern to the extreme left (pointed

out with arrow in Fig. 6 and visible in Fig. 7) consists of
measurements all belonging to the same date and is observed
even at the aggregation point of the wind park and at the three
turbine terminals at the same day. The appearance of these
distinct patterns at the same instant at the aggregation point of
the wind park; the eventual cancellation effect at Pbreak−even
that follows soon after when power production increases; and
the non-appearance of such distinct harmonic pattern during
every other instance of turbine operation with the same power
production levels leads to the inference that it is not just
caused by turbine converter and its associated control system
alone. It was inferred that in the region before Pbreak−even,
secondary emission dominates as the wind power production
is low whereas in the region after the Pbreak−even, primary
emission dominates until the amplitude levels are with the
increasing trend due to the increase in power production.
Although secondary emission here consists of emissions from
the upstream grid together with those resulting from other
turbines, the reason for the distinct pattern before Pbreak−even
was verified to be due to changes in the upstream grid emis-
sions and was observed only on certain days. Thus, one could
conclude that secondary emission dominates primary before
Pbreak−even. It was also observed from Fig. 6 that T1 has
the highest secondary emissions. This is expected as T1 is
the closest in distance to the upstream grid as also depicted
in the mathematical model in Fig. 5. The observations w.r.t
aggregation point of the park is discussed in detail in the
forthcoming section.

TABLE 1. Pbreak−even, Case: A.

The Pbreak−even in all the observed cases is between 5 kW
and 30 kW as tabulated in Table 1. The harmonic voltage
showed lesser variations compared to harmonic current w.r.t
the active power. The complex plot to show its variation
is shown for the 5th and 7th harmonic in Fig. 9 where the
net cancellation effect is not evident compared to harmonic
current.
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FIGURE 9. 5th (left column), 7th harmonic voltage (right column) complex
plot.

B. ANALYSIS OF MEASUREMENTS AT THE AGGREGATION
POINT FOR THE SAME PERIOD
At the point where the park is connected to the upstream grid,
i.e. the aggregation point, the primary emission is considered
as the emission from the wind park as a whole and the sec-
ondary emission is the emission from the upstream grid alone.
The harmonic current characteristics at the aggregation point
for the same period as in the previous scenario are illustrated
in Fig. 10. Two distinct parallel patterns of harmonic current
before Pbreak−even can be verified at the aggregation point for
5th, 11th and 13th harmonics similar to what is observed at the
individual turbine terminal at the same time instant. Pbreak−
even at the aggregation point is≤ 50 kW for all the harmonics
(corresponding to about 8.3% of installed production, 18) as
in Table 2.

TABLE 2. Pbreak−even, Case: B.

The inference that secondary emission from the upstream
grid dominates before P break−even and the primary emission
from the wind park dominates after Pbreak−even be validated
through the following observations:
1) Two distinct parallel patterns of 5th, 11th, and 13th

harmonics seen before Pbreak−even at the individual
turbine terminals and aggregation point (marked with
an arrow in Fig. 6, 10 and discussed before), despite
the individual distinct power characteristics of turbines

FIGURE 10. Harmonic and interharmonic current and voltage at the
aggregation point plotted w.r.t power. The low voltage levels are as a
result of measurements at the MV side transformed to the LV side.

w.r.t time. Such a parallel pattern is not seen for 7th

harmonic in this particular case at individual turbine
terminal and aggregation point due to the absence of
its variation in the upstream grid.

2) These two distinct patternswere not observed every day
(e.g. on the day corresponding to Fig. 11) even with low
power production levels which point to that the source
of it is not the turbine converter operation alone.

3) The cancellation effect marked by Pbreak−even and visi-
ble in the complex plot doesn’t appear if only primary
emission due to turbine operation alone dominates
throughout, nor would it if primary and secondary are
in phase, regardless of which one dominates.

The inference that Pbreak−even is the result of the har-
monic interaction phenomenon between primary and sec-
ondary emission is a result of the following observations and
is validated in forthcoming sections.
1) Multiple Pbreak−even didn’t exist for the full span of

turbine operation. It appears only at the point of vec-
torial cancellation of harmonic emissions and appears
at different power production levels. Therefore, it is not
solely dependent on the dynamic converter behavior of
the turbine.

2) No Pbreak−even is observed for interharmonic emissions
as seen in Fig. 12 due to the absence of interharmonic
emissions from the upstream grid. Additionally, if the
source is the same and had been the turbine converter,
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Pbreak−even should most likely be seen in both harmonic
and interharmonic emissions which is not the case here.

3) No Pbreak−even is observed for zero power production
of the turbine i.e. load connected is visible then as
upstream grid emissions dominates throughout and
wind power production is nil.

C. ANALYSIS OF MEASUREMENT AT TURBINE TERMINALS
WITH ALL THE TURBINES IN THE FULL SPAN OF
OPERATION
A third case is illustrated where all the three turbine opera-
tions are alike and achieve a full span of operation from zero
to maximum power per phase in six hours.

It was observed that the Pbreak−even exists only once and
varies between 5 kW and 30 kW as in Table 3. Another
observation is that there is an increased harmonic current
distortion during the turbine maximum power operation as
seen in Fig. 11. This could be due to an increased converter
activity there and is visible as primary emission dominates
in this region. This increase in harmonic emission is seen
starting at the rated power production level per phase, i.e.
222 kW, at all three turbines irrespective of the time of the day.

TABLE 3. Pbreak−even, Case: C.

FIGURE 11. 5th harmonic current and voltage at turbine terminal plotted
w.r.t power.

To verify the harmonic interaction phenomenon, interhar-
monics at different frequencies were also plotted against
active power and two examples are shown in Fig. 12, row 1.
It was observed that there exists no break-even point in the
different interharmonic characteristics. This is expected as
there is no interharmonic background emission. For 575 Hz,
the magnitude almost increases with power. For 855 Hz,
the magnitude at 10 kW is comparable to the magnitudes at
150 kW. Row 2 in Fig. 12 shows interharmonic voltage versus

FIGURE 12. Row1: 575 Hz, 855 Hz interharmonics at turbine T3 terminal
plotted w.r.t power, Row 2: interharmonic voltage versus interharmonic
current, and row 3: harmonic voltage versus harmonic current at turbine
terminal.

interharmonic current as a straight line from origin indicating
that these are most likely primary emissions from the turbine.
This is significantly different from the harmonic plots in row
3 indicating that these measurements are a combination of
primary and secondary emissions.

D. ANALYSIS OF MEASUREMENT AT TWO OTHER
TURBINES WITH POSITIVE POWER GENERATION AND AT
A TURBINE TERMINAL WITH CONNECTED LOAD VISIBLE
A final scenario is illustrated here where one of the turbines,
T2, has zero power production and a single-phase load con-
nected is visible in 6 hours. It can be inferred from row 3 of
Fig. 13 that the load connected at T2 doesn’t exhibit any
kind of power-dependent harmonic interaction with the back-
ground emissions. The load harmonic current and voltage
characteristics appear distributed and constant irrespective
of load power variations between 0 and 5 kW. This obser-
vation again re-establishes that the harmonic characteristics
are defined by the interaction between background emission
levels and power production levels of the individual turbines.
The emissions seen at the T2 terminal are a combination
of primary emissions (harmonic current drawn by load) and
secondary emissions (emissions from the upstream grid and
other turbines). The absence of Pbreak−even is because of both
primary and secondary emissions act in the same direction
with no cancellation effect. It is difficult to draw conclusions
here which one dominates and has the highest contribution.
Pbreak−even for T1, T3 are tabulated in Table 4.
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FIGURE 13. 5th harmonic w.r.t power and complex plot of harmonic
current at T1, T3 terminal, 5th, and 7th harmonic characteristics of load at
T2 terminal.

TABLE 4. Pbreak−even, Case: D.

V. DISCUSSIONS
Real-life measurements are always a combination of primary
and secondary emission at any point in time. The objective
to distinguish between primary and secondary emissions was
to estimate harmonic contributions from respective sources.
From the mathematical analysis, it is proven that this is
impossible unless known the individual dynamic turbine
impedances. It was also verified that the distinction is impos-
sible even with multiple measuring points in a wind park.
Even though the theoretical modeling approach is simple,
it supports and proves the fact that by measurements alone the
sharing of emissions from each turbine as well as background
emission cannot be determined. The harmonic voltage versus
harmonic current plots also failed to provide any information
about the turbine impedances (slope not defined). Therefore,
the exact percentage share of harmonics from the interacting
sources at any point in a wind park cannot be estimated just
by performing field measurements.

A second objective was to evaluate which source has the
highest responsibility/contribution at an instant. An in-depth
analysis of field measurements was done to investigate how
much information one can get to get closer to a solution.
It was found that the individual harmonic characteristic
is defined by the harmonic interaction phenomenon which

depends on the time-varying background distortion levels and
operating power levels of turbines and wind park.

A new concept of the ‘harmonic interaction break-even
point’ was introduced with the help of which, the region
where primary emission or secondary emission dominates
can be pointed out. For example, at the aggregation point
whether the percentage share of utility is more or that of
the wind park is more at any instant can be stated. In this
particular wind park, it can be stated that at the aggregation
point when the power production levels are less than 50 kW
(< 8% of the per phase power production), it is the utility
that has the highest responsibility towards total harmonic
distortion (THD). And when the power production levels
are greater than 50 kW it is the wind park owner that has
the highest responsibility towards THD. This conclusion is
drawn with respect to the observations from most of the
analysed cases. It is worth mentioning here that there were
exceptions to this conclusion where in some cases after the
Pbreak−even point and after an increasing trend in harmonic
amplitude levels, a reduction in amplitude levels of harmon-
ics is also observed. This could be due to the time-varying
and increased levels of secondary emissions. Whereas for
interharmonics, as there exists no interharmonic interaction
mechanism, the dependency of interharmonics solely on the
power production levels of turbines/park can be established.
This means that the wind park owner is solely responsible for
the interharmonic emissions.

A third objective to understand the time-varying nature of
primary and secondary emissions is possible with the help of
Pbreak−even. For example, at the turbine terminal, Pbreak−even
is varying between 5-30 kW (< 14% of the per phase
power production) and at the aggregation point, Pbreak−even
is varying between 18-50 kW (< 8% of the per phase power
production).

From long-term measurements, one can thus define a mag-
nitude of production where a certain harmonic order is can-
celed (or reaches its lowest magnitude). The magnitude of
production where this occurs will vary with the secondary
emissions. If one finds this cancellation point, one can define
a level of secondary/primary/primary + secondary emission
(or at least a feasible range).

Considering an example of 5th harmonic in Fig. 6 at the
turbine terminal and Fig. 10 at the aggregation point, the
estimated feasible ranges of secondary (at around nil power
production) and primary emission levels (at max. power) are
tabulated in Table 5. After the cancellation point (Pbreak−even)
the feasible primary emission levels should be at least double
the values to attain the observedmagnitude levels in Fig. 6, 10
(considering phase opposition between primary and sec-
ondary and negligible variations in secondary emission lev-
els). This input of plausible levels of primary/secondary
emission can be used in (5) in the estimation of turbine
impedance values at that particular harmonic. It is represented
in the last column, Table 5. As estimation of impedances is
not the primary objective of this paper, thus we represent only
one illustrative example.
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TABLE 5. An example for feasible ranges of 5th harmonic emissions and
impedances.

From the observed primary/secondary emission levels for
different harmonics, one can conclude that the values are
different of the three turbines in all the cases and therefore
the dynamic turbine impedances, even though they are from
identical manufacturer. This again re-establishes the fact that
one cannot make equality assumptions in the mathematical
model for finding the solution for harmonic contribution.
It can be thus inferred that neither the simulation model
nor the measurements should be considered independently to
derive conclusions. The inferences from measurements helps
to validate the assumptions in our model. Thus a combination
of both is preferred in harmonic assessment especially in
distributed energy generationwith non-steady state operation.

From our practical experience, 60 to 70% of the time
wind park operates in the region as marked in Fig. 14 which
represents the operating characteristics of a turbine within a
downward transcend of power production from max power
to negative power (load connected visible). The rest 30%
of the time wind park operation is either around maxi-
mum power or around nil power (increased converter activ-
ity) with increased waveform distortions. It can be stated
from Fig. 6-13, that within the 60 to 70% operation time
the interaction between background emissions and primary
emissions from turbines/park actually lowers the harmonic
magnitude levels. Whereas at around nil production and max-
imum production the individual harmonic magnitude levels
are almost comparable for many cases.

The authors are very well aware of the fact that the
interferences w.r.t harmonic interactions are highly system-
dependent but at least the feasibility of the proposed method
is to be investigated irrespective of the difference in sys-
tems to approximately estimate the background and source
emission levels with long-term measurements. Long-term
measurements of the background emission (magnitude, phase
angle, and likely range of variation) should be included in
decisions on permitted harmonic levels for the connection of
wind parks. For simulation studies, one has to consider uncer-
tainties related to background emissions and the same thing
with studies based on measurements. It has to be identified
which one has lower uncertainty and whether combining the
two leads to less uncertainty, but a validation of either is not
straightforward.

This study is based on a specific three-turbine system and
further studies are needed for understanding of generalized

FIGURE 14. Single phase operating characteristics of a turbine.

use of the results. The practicability of the proposed method
is based on the availability of long-term measurements,
and a statistical analysis approach generating knowledge on
the relation between already known harmonic cancellation
phenomenon and power production levels of the wind tur-
bines/wind park. This paper has not considered any possi-
ble resonance and non-linear interactions in the illustrated
cases and analysis. It is also worth mentioning that the main
resonance frequencies identified at different analysis points
in this network were at higher frequencies greater than 13th

harmonic.

VI. CONCLUSION
This paper contributes to the existing knowledge of harmonic
interaction mechanisms in a wind park and investigates the
feasibility to find a solution to harmonic contribution esti-
mation in a wind park with limited information available.
With the analysis of long-term measurements using the pro-
posed concept, the feasible background emission levels and
emissions from wind park can be estimated. Even though
multiplemethods are proposed in the literature to solve the yet
challenging harmonic contribution estimation problem the
practicability of thesemethods is still a question. As harmonic
levels at any given point in the park vary with time, through
this work we discuss a practical way of harmonic assessment
combining the inferences from simulationmodels with reality
in the search for a practical solution. This novel concept
of harmonic analysis must be investigated in a larger-scale
onshore/offshore wind park with a large no. of turbines where
actually issues due to harmonic interactions and harmonic
amplification due to resonances find prominence.
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