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Impact of WTG converter impedance model on harmonic amplification factor of
the Dutch 110 kV transmission network using a 383 MW wind farm case study

D. VREE' L. BELOQUI LARUMBE B.C. UMMELS
Z.QIN
P. BAUER Windpark Fryslan
Energy Solutions B.V. TU Delft and TU Delft

The Netherlands

SUMMARY

In this decade, a significant amount of additional wind and solar power will be integrated in
the Dutch high voltage grid. The 383 MW nearshore Wind Park Fryslan is foreseen to be
connected to the Dutch 110 kV grid in 2020 through two 55 km cable circuits. To quantify
the risks of exceeding emission levels for both the TSO and the wind farm developer,
harmonic voltage distortion studies for such a project must already be performed at an
early phase of the project. Relevant data of wind farm components may not yet be available
then and must therefore be estimated including data of the wind turbine generator (WTG).
The objective of this paper is to assess the impact of a WTG converter impedance model on
the harmonic impedance of the windfarm and subsequent harmonic voltage amplification.
For this purpose, an analytical converter harmonic model with tuneable parameters has
been developed. A sensitivity study was performed in a case study of Wind Park Fryslan to
analyse the impact of these parameters on the harmonic amplification at the Point of
Connection with the 110 kV grid. The length and amount of array cables were also included
in the study. The paper follows a step-wise approach where subsequently wind farm
impedance, grid impedance and amplification factor have been calculated.

It has been found that the WTG converter impedance model has a significant impact on the
harmonic amplification of low harmonic orders (h=2 to h=10). Notably, not taking the
converter impedance into account (infinite impedance) results in both over- as well as
underestimation of the harmonic amplification over the mentioned frequency range. It is
shown that, when no WTG manufacturer has been selected yet, the analytical converter
model provides a valid alternative for performing early-stage harmonic studies.
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l. INTRODUCTION

In this decade, a significant amount of additional wind and solar power will be integrated in
the Dutch high voltage grid. The 383 MW nearshore Wind Park Fryslan (WPF), consisting of
89 WTGs of 4,3 MW each, is planned to be fully operational by mid-2021. The wind farm is
located in the North West part of the Netherlands in the IJssel Lake, next to the Afsluitdijk,
as shown in Figure 1a. The link between WTGs and Point of Connection to the transmission
network of the Dutch TSO TenneT is shown in Figure 1b and will consist of around 90 km of
33 kV [three-core sub-lake] inter-array cabling, two 33/110 kV power transformers [onshore)
and two 110 kV (single core onshore] cable systems of 55 km each.
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Figure 1 Wind Park Frysldn a] Location in the Dutch coast b] Simplified circuit diagram

Based on the long cable lengths and the low short-circuit power of the 110 kV transmission
network, it was foreseen that the impact of WPF on the harmonic voltage distortion within
the network could be significant. WPF and TenneT therefore decided to jointly perform
harmonic voltage distortion studies already at an early phase of the project, to quantify the
risks for both parties [i.e. possible need for harmonic filters) and prevent project delays later
on [e.g. due to the need to resolve power quality issues or grid code non-compliance].

When performing such an early assessment, it must be noted that the final design of the
electrical infrastructure is not available yet and relevant data of wind farm components
must be estimated. Here not only the cable data play a role as addressed in for example [1]
but also the WTG converter model which usually is provided by the manufacturer (see for
example [2]]). As in the early stage of any wind farm no WTG manufacturer has been
selected yet, this also means that no WTG harmonic model is available. The question arises,
to what extent harmonic voltage distortion studies can therefore still deliver meaningful
results at a stage when such data and models are missing.

The objective of this paper is to assess the impact of a WTG converter impedance model on:

a) the harmonic impedance of the windfarm at Point of Connection and
b) the harmonic voltage amplification factor at Point of Connection.

For this purpose, a sensitivity study is performed in which the converter parameters are
varied. As previous work mainly focussed on export cabling [1] but the sensitivity of the
results to changes in the array cable system data is unknown, also this aspect is taken into
account.



This paper is organized as follows. In section II, the methodology is presented where
specific attention is given to the modelling of the WTG impedance, the key parameters to be
considered and the step-wise study approach. In section Il the results of the WPF case
study are presented and discussed following the step-wise approach. Finally in section IV
conclusions are drawn and recommendations are made for further work.

Il. METHODOLOGY

Steady-state harmonic assessment

This paper follows the assessment method used by TenneT to evaluate the impact of a
power park module (in this case a wind farm) on harmonic voltage distortion in the Dutch
grid which is documented in both [2] and [3]. In this method the grid impedance is modelled
by a Thevenin equivalent whose impedance consists of a frequency-dependent resistance
and reactance. These are defined by a range where all possible grid conditions are taken
into account, resulting in impedance envelopes (grid impedance loci).

The assessment then consists of the following three steps:

1) Calculation of the maximum background harmonic distortion amplification factor (k],
where

k = |Zwindfarm/(Zgrid + Zwindfarm)l; (1)

2] calculation of the new harmonic contribution at the Point of Connection caused by the
WTG converters [Vinc); and

3] calculation of aggregate effect of background amplification and new harmonic
contributions from

((k-1)*Vecx + Vine). (2)

As the study is focussed on impedances only (and not on the new harmonic contribution by
the WTGs), only the first step (harmonic voltage amplification) has been considered. For this
purpose, both the grid impedance and the wind farm impedance were modelled as further
explained in following sub-sections. At the end of this section [see sub-section Study
approach], the details of the method for performing the first step are described.

In this paper only the low order frequencies are assessed, e.g. harmonic order 2 up to
including 25 (100 Hz - 1250 Hz].

Grid Impedance Modelling [Z 4]

As introduced above, the grid impedance will be modelled by selecting Rqria @and Xgria fOr each
harmonic order from the corresponding impedance locus. For this selection an algorithm is
used which determines the Zyi¢ which leads to the highest value of the amplification factor
k using formula (1). As, in the case of this paper, a sensitivity study is done that leads to
different wind-farm impedances, the procedure of selecting Z4is and calculation of the
highest amplification factor is repeated for each Zyingrarm. The resulting amplification factors
for each scenario will be compared.

The impedance loci used in this study are the actual loci as WPF received from TenneT. An
example is shown in Figure 2.
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Figure 2. Impedance locus of WPF for harmonic orders h=5 to h=9. The orange markers are the impedance points
for case ST [see below for explanation of cases] leading to the highest k for each h.

It is noted that the number of possible grid configurations is very large and that many grid
conditions do not occur frequently [e.g. N-1and N-2 situations). After the complete
assessment, a separate assessment of the risk of occurrence of the highest k can be made.
This falls outside the scope of this paper.

Wind Farm Modelling

The wind farm impedance Zyingrarm at Point of Connection has been determined by the
frequency impedance scan function of the simulation tool Power Factory using a full scale
wind farm model including 89 converter WTG impedances, WTG transformers and
respective array cable sections. Also the two 33 kV to 110 kV main transformers and two 55
km export cable circuits have been included in the windfarm model.

In order to study the impact that different elements have on k, a sensitivity study was
performed. In this study, some WTG converter and array cable parameters were varied,
while the transformers, export cable and grid impedance models remained unchanged.

Even if for certain studies it can be interesting to calculate and compare different levels of
aggregation of the wind farm, for the purpose of this paper (sensitivity study of the effect of
WTG converter on k] it was just necessary to aggregate the whole wind farm in one single
impedance. That is why the frequency impedance scan will be performed at the point of
connection. This aggregated impedance could then also be used by TenneT to assess the
impacts of other network additions within the TenneT Grid on steady-state harmonics.

WTG converter modelling

Generic full-converter model

For the WTG converter impedance a generic full-converter WTG impedance model is used
which was developed by TU Delft as part of the LowHarm project [4]. A representation of
the WTG harmonic impedance model is shown in Figure 3. The impedance Zcn includes the
first stage of the converter passive filter (an inductor per phase) and the most significant
control loops; whereas Zewwiter represents the other filter stages (e.g. a capacitor and an
inductor to form an LCL filter or several trap-filters in parallel).

It is noted that the model is analytical, so it is possible to obtain different WTG impedances
depending on the converter parameters. The model includes a double Synchronous
Reference Frame Current control, which is typical in the latest onshore and offshore wind
turbine converters [5-8]. The model was developed using the theory of transfer matrices
and complex transfer functions [9] and has been published in [10].
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Model evaluation and parameter ranges

In order to evaluate the analytical model and in order to properly tune its parameters,
various models developed by WTG manufacturers have been reviewed. For confidentiality
reasons, the main characteristics and the authors’ observations are presented in a generic
way and bear no relation to one specific model. Not all manufacturers provide a separate
model for Z..n,. Instead they provide an aggregate impedance, either 1) including all three
impedances shown in Figure 3 or 2) only the impedances of the external passive
components [neglecting Z..n). Generally, WTG impedance models of the same type of WTG
(full converter, type 4] and power level should provide similar results. It is noted that
specific manufacturers are capable of adding control changes tuned at a limited number of
frequencies, which could lead to significant differences of the impedance at those
frequencies. This aspect is specifically investigated in case S2 (see below].

Parameter selection and delineation
The following set of parameters were selected as the base case for this study and the
resulting impedance is shown in Figure 4. Compared to the other WTG impedances this
impedance shows typical behaviour with a general inductive behaviour and smooth curves
over both resistance and reactance.

e Switching frequency: 2,5 kHz.

o Nominal AC voltage: 690 V.
e Rated power: 4,3 MW.
e Current control bandwidth: 530 Hz.
e Phase-Locked Loop (PLL) bandwidth: 30 Hz.
e Line reactor: 19uH (0,054 p.u.).
e Line reactor resistance: 5 mq (0,045 p.u.).
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Figure 4 WTG converter impedance Z.onv of base case S1



In order to limit the complexity of the model, the external PWM filter was not considered in
this study as this is usually tuned to higher frequencies than considered in this study.

The assumption is that, if a realistic control structure and line reactor design have been
chosen, then varying certain parameters in the analytical model will provide realistic results.
In the sensitivity study, the following parameters have been varied: switching frequency,
bandwidth of current control, active power output, and size of the output inductor, amongst
others. The following WTG converter impedance scenarios will be presented in this paper
where parameters were selected on their impact on the harmonic gain (k]:
SO:  no converter connection (infinite impedance)
St base case (described above and shown in Figure 3)
S2:  Addition of a virtual impedance in the control structure
S3:  Current control bandwidth +10%
S4:  Current control bandwidth - 10%
S5:  Switching frequency +20% (which decreases the overall control and modulation
delay by 17% approximately)
S6:  Switching frequency -20% [which increases the overall control and modulation
delay by 25% approximately]
S7:  reference case (impedance of existing WTG')

Further cases for the sensitivity study were selected as follows to study the impact of array
cables and amount of WTGs on the amplification factor k [with converter impedance of S1):
S11:  Array cable length minus 10%
S12:  Array cable length minus 50%
S13:  One array cable string + WTGs switched off (93% WTGs)
S14: Six array cable strings + WTGs switched off (49% WTGs)

For array cables and export cables, a frequency dependent impedance model was used
based on the results as presented in [11].

Study approach
The study will be performed through the following steps:

1. Determination of wind farm impedance at Point of Connection without taking into
account the impedance of the transmission network for all cases.

2. Assess and discuss resonances within the wind farm.

3. For each harmonic order h: determine Zyis within the impedance loci resulting in the
highest harmonic gain (k) using the wind farm impedance, with infinite WTG
impedance SO, and the base case WTG impedance ST

a. Result: Zgiq [Rgrig, Xgria) and resulting k of each harmonic order for SO and S1

4. Determination of the amplification factor k using the fixed grid impedance (Zgq) of S1

for other wind farm impedances as found in step 1 (scenarios S2-S7, S11-S14]
a. Result: k of each harmonic order and each case

5. Assess and discuss changes in harmonic amplification at Point of Connection and
how the WTG converter model influences the corresponding amplification factors.

6. For scenario’s with significant change of k on certain harmonic orders, determine
new Zgiq Within impedance loci resulting in the highest (worst case] k for the wind
farm impedance of that scenario.

a. Ifin 6 kis still significantly lower, the specific scenario Sx has a positive
effect on k for that harmonic order

' Due to confidentiality, only a general comparison to the base case S1 has been included.
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lll. RESULTS AND DISCUSSION

Windfarm impedance at Point of Connection [step 1)

The frequency dependent impedances at Point of Connection of cases SO, S1, S2, S3, S4, S12
and S14 in the sensitivity analysis are shown in below figures. The results of other cases
have been omitted for readability of the figures and limited difference to the S1 case.
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Figure 5. Resistance at Point of Connection for 7 cases investigated
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Figure 6. Reactance at Point of Connection for 7 cases investigated

Assessment of resonances [step 2)

When analysing formula (1) on page 3, it is noticeable that the amplification factor becomes
very high when Zyingrarm Cancels out Zgri¢. This situation occurs whenever the Xwingtarm=-Xgrid
and the resistances Ruwingrarm @nd Rgriq @are low. In the low frequency range, a HV grid is
typically inductive and an (offshore) windfarm capacitive due to the long export cable
leading to a high risk of large amplification factors and subsequently high harmonic
distortion.

When looking at Figure 6 to case SO [the case without the converter model), a clear
capacitive behaviour of the system from h =2 tot h =10 can be noticed.



With the converter, an inter-farm parallel resonance is introduced at 170 Hz, approximately.
This is a resonance between the capacitive export cable, the main 33kV/110kV transformers
and the WTG inductance. This resonance is very important because it significantly changes
the Zuwingrarm in this frequency range and therefore the amplification factor. It makes the
windfarm inductive for h=2 and h = 3 but more capacitive for h = 4 to h = 9. This shows the
importance of the WTG converter impedance in this frequency range. One step further and
one of the key points of this sensitivity study, then, is to see how the different scenarios
affect this resonance.

Reduction of array cables (S12) has no influence on this first resonance [small shift on the
main resonance at h = 18). Only S14 has a clear impact which is the result of the significant
reduction of WTGs (only 44 instead of 89). Varying current control bandwidth (S3/S4) has a
small but significant impact on the damping of both resonances, although not so much on
the frequency at which they appear. Changing of the switching frequency (S5/S6) has
almost no impact.

The significant impact of S14 shows that the converters could influence the frequencies of
these resonances, however a very radical change should be done to the converter
impedance in order to match the effect of having half of the number of WTGs disconnected.
With this idea in mind, scenario 2 was proposed. In this scenario, a virtual impedance was
added to the converter control following guidelines in [12] which has an impact on the wind
farm impedance in the frequency range 100 - 250 Hz (h =2 to h = 5).

Determination of amplification factor of cases SO and S1 [step 3]

In the below table the amplification factors are shown as derived from the impedances of
cases SO and S1. For SO high amplification factors were found for h = 2 to h = 6 whereas this
range was shifted for S1to h=4 to h=8. This change is caused by the inter-farm resonance
as discussed in step 2.

Table 1. Zwindarm ), Zgria and amplification factor k for cases SO and S1

Case SO Case S1 |

h | Rwl@ XwlQ] [ Reria [Q] Xeria [Q]  k | Rw[Q] Xws[Q] | Reria [Q]  Xgria [Q] k

2 0,21 -35,81 6,90 24,10 2,61 10,07 11,01 0,20 0,70 0,96
3 0,19 -22,29 5,08 19,97 3,87 62,27 20,90 0,20 0,70 0,99
4 0,21 -15,05 2,40 13,89 5,27 33,80 -33,35 3,70 16,83 1,16
5 0,22 -10,22 2,80 10,24 3,38 9,83 -26,69 2,80 26,71 2,25
6 0,26 -6,60 2,80 6,60 2,16 3,25 -17,09 2,80 17,10 2,88
7 0,29 -3,53 2,80 5,70 0,94 1,35 -10,83 2,80 10,82 2,63
8 0,36 -0,76 3,04 5,53 0,14 0,74 -6,48 2,80 6,49 1,84
9 0,43 2,02 4,30 4,63 0,25 0,53 -3,01 2,80 5,70 0,72
10 0,57 5,00 8,21 2,23 0,44 0,50 0,04 5,80 5,15 0,06

Determination of amplification factor of other cases with fixed Z,is and assessment
[step 4 and 5]

With the fixed Rgiq @and Xgrig Of S1, the amplification factors of the other cases have been
determined and are shown in Table 2. The red and green colors highlight the highest and
respectively lowest amplification factors.



Table 2. Amplification factors k of all cases with a fixed Zgrid as determined for case S1

S1 S2 S3 S4 | S5 | S6 S7 S11 | S12 |1 S13 | S14
h | Raia [@]  Xgria [@] k k k k k k k k k k k
2 0,20 0,70 0,96]096]096]09]096|09]096]0,96]0,96]0,96] 0,98
3 0,20 0,70 0,99]099]0,99]099]0,99]10,99]0,99]0,99]0,9911,00] 1,01
4 3,70 16,83 1,16 1,17 | 1,13 | 1,18 | 1,17 | 1,14 | 1,08 | 1,15 | 1,13 | 1,21 | 1,55
5 2,80 26,71 2,25 3,21 11,99 | 2,51 | 223230 | 2,75 224 ]220]228] 1,84
6 2,80 17,0 2,88]3,60| 2,67 | 3,05|278]3,05| 4,07]289]292]282] 207
7 2,80 10,82 2,63] 3,10 | 2,58 | 2,67 | 2,54 | 279 | 3,17 | 2,65] 2,73 | 2,54 | 1,87
8 2,80 6,49 184 21 |1,86]182|1,79]192| 189|186 | 195|175 | 1,27
9 2,80 570 0,7210,7410,75]10,69]107110,72]10,54]0,74]10,85]0,63] 0,35
10 5,80 515 0,06]0,03]0,06]0,06]0,07]0,05]0,08]0,06]0,07]0,07] 0,14

Table 2 shows that, even if not exactly equal, the analytical model (S1) provides a realistic
approximation of the harmonic amplification factors in comparison to the impedance used
in the reference case (S7). On the one hand, the magnitudes do not seem to be exactly
equal; however, the frequency ranges in which high amplification factors appear are
properly estimated. Thus, when in an early stage of wind farm development no WTG
manufacturer has been selected yet, the analytical converter model provides a valid
alternative. Note also on Table 1 that not including any converter model (SO) provides
unrealistic results.

The results show that even with significant changes to the converter model (S2, S7), array
cable system (S12) or both [S14] the range of high amplification does not shift [h =4 to h =
8] as it is the case when comparing SO to S1. The reason for this is that the inter-farm
resonance of step 2 has not been shifted sufficiently to cause any effect. Further study is
needed to see if, with a different design of the virtual impedance S2, the first inter-farm
resonance could be shifted to higher frequencies, so that Zyinatam becomes either inductive
or very capacitive around the 5""-7*" harmonic (frequencies in which having a high
amplification factor is undesirable).

However, the results do show that the magnitude of the amplification can be significantly
influenced if modifications are done to the converter model (S2-S7). This is mainly caused
by changes in magnitude of Ruingtarm @nd Xwinatarm Which directly impact the amplification
factor k as can be derived from formula (1). For example, a higher Ryingrarm [h] will lead to a
lower k [h].

Finally it is noted that even a significant change to the array cable system (50% length
reduction, S12], leads to almost no effect on the amplification factors. This is due to the long
export cable length used in this case study which is dominating the results in the lower
frequency range. For a wind farm with short export cable length, changes to the array cable
system may have more impact on the harmonic gain.

Determination of amplification factor with new selection of Z.q [step 6]

To further analyse the effect on changes to the windfarm impedance on harmonic gain, for
cases with a large variation of k compared to S1, the factor k has been recalculated with a
new Zgiq selected from the impedance loci. These new amplification factors are shown in
Table 3 and are higher than the corresponding factors in Table 2. Only in the frequency
range with high amplification factors [h= 5 to 7], a significant change was found for case S14
where the positive reductions compared to S1in Table 2 are much lower or even changed to
an increase of amplification compared to S1 (for h = 5). This example shows that a change in
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windfarm impedance leading to lower amplification may be completely cancelled by the
wide range of grid impedances resulting from the impedance loci.

Table 3. Amplification factors k with new Zgiq4 for each case

SO S1 S2 S3 S7 | S14
k k k k k k
2,611 0,961 0,96]0,96]0,96|0,98
3,871 0,9910,9910,99]0,99| 1,12
527] 116 1,22 | 1,14 | 1,09 | 1,57
3,38] 2,251 3,2912,00]2,88]2,56
2,16| 2,881 3,60 | 2,67 ] 4,07 | 2,71
0,941 2,63 3,10 | 2,58 | 3,23 2,23
0141 1,841 2,11 | 1,86 | 1,94 | 1,37
0,25] 0,721 0,74]10,75] 0,54]0,35
0,441 0,061 0,031 0,06 0,08] 0,14

O 00 N O 01 o W N T

o

IV. CONCLUSION

This paper describes a case study on harmonic amplification at the Point of Connection
caused by a large wind farm connected to the Dutch 110 kV grid with a specific focus on the
WTG converter impedance model.

The study shows that the WTG converter impedance model has a significant impact on the
harmonic amplification of low harmonic orders (h=2 to h=10] and that this model shall
therefore be carefully selected. Not taking the converter impedance into account will result
in both over as well as underestimation of the harmonic amplification over the whole
frequency range (case SO compared to S1and S7).

When in an early stage of wind farm development no WTG manufacturer has been selected
yet, the analytical model as proposed in this paper provides a valid alternative leading to
similar results as the reference case with a manufacturer model (S7].

Importantly, such results allow for early identification of the critical harmonics, the
likelihood of harmonic level exceedances and thereby the need for harmonic filters.

Also, this paper shows that converter modifications can alter harmonic voltage
amplification across a certain frequency range. Thus, it is expected that these control
modifications could help to mitigate harmonic voltage amplification issues which could be
of help in the current and future wind farm designs. However, this concept must be studied
further in order to verify the concept and to develop a general methodology for designing a
virtual impedance as proposed in case S2. Not only it is challenging to modify the wind farm
impedance as desired, but even if a specific wind farm impedance is designed in order to
reduce the amplification factor k for a specific grid impedance, when re-assessing the whole
grid impedance loci the changes that seemed beneficial at first might turn out to be
detrimental.

A last conclusion is that array cables have a minor impact on the harmonic impedance of
the wind farm compared to the long 55 km export cable.
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