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Abstract

Modern wind farms are increasing in size and complexity. As a result, increased power injected
from large offshore wind farms is having a significant impact on the stability and power quality
of the grid. Harmonics are a fundamental aspect to be evaluated during power quality assess-
ment. Therefore, a thorough understanding of their behavior is needed to successfully plan an
offshore wind farm.

In this master thesis, the production and propagation of harmonic components in offshore
wind farms are investigated. All relevant theory required to fully understand harmonics and how
they can be filtered is included. A guide for simulating the electrical components of an offshore
wind farm, such as voltage source converters, cables, and transformers, is also provided.

A Simulink model of an offshore wind farm is built using data from Anholt Offshore Wind
Farm in Denmark. The wind turbine in this model is simulated as a voltage source converter
with an LCL-filter. A d — g reference frame is used in the control system of the converter, with
a pulse width modulator to control the switches and a phase locked loop to synchronize the
converter with the grid. The turbine itself is connected to a simplified offshore grid with trans-
formers and subsea cables. Nine different scenarios (running the turbines at half power, grid
harmonics and adding a switch-on delay among others) are simulated on this model, each de-
signed to mimic factors present in real offshore wind farms. In addition, active filtering is im-
plemented to limit specific harmonic frequencies.

Results from all nine scenarios show that harmonics vary greatly in the presence of each
simulated factor. There are two kinds of current harmonics produced by the wind turbine; high-
order switching harmonics and low-order harmonics produced by the phase locked loop. While
most of the scenarios had a constant harmonic output from the switches, the harmonics created
in the phase locked loop varied as much as 120%, depending on the conditions under which the
turbine is running.

While it is documented that the phase locked loop can cause harmonics and instability in the
system, this thesis investigates specifically what amplifies harmonics by investigating several

practical scenarios in offshore wind farms.

iii



iv



Contents

Preface . . . . . . . e
Acknowledgment . . . . . . .. L e
ADSIract . . . . . e e e e e e e e e e
CoNtents . . . . . . i i it e e e e e e

ACIONYINIS . . . . . . e e e e e e e e e e e e e e e e e e e e e e e

1 Introduction
1.1 Relatedwork . . . . . . . .. e
1.2 ODbJeCtives . . . . . o v i e e e e e e e e e
1.3 Approach andlimitations . . . ... ... ... ... .. .. . .. .
14 Outline . . .. .. .. e

2 Theory
2.1 Harmonicdistortion . . . . . .. .. . . . . . i e
2.2 ReSONANCE . . . . . . . o it e e e e e e e e e e e e e
2.3 Passivefiltering . . . . . .. ...
2.4 Activefiltering . . . . . . . L e e e
2.5 Harmonicstandards . . ... ... ... . . .. e

3 Designing the wind turbine
3.1 LCLAfilter . . . . e e e e e e
3.2 Thecontrolsystem . . . .. .. .. ... et
3.2.1 Pulsewidthmodulator. ... ... .. ... ... .. .. ... .. ... .....
3.22 Currentcontroller . . ... ... .. . ... .. e
3.2.3 Phaselockedloop. .. ... ... . . . ... e
3.3 Wind turbine parameters . . . . . . . . .. e e e e
3.4 Results from turbine simulation . . ... ... ... ... . ... ... . 0. ...
3.4.1 Resultsfrombasecase . ... ... ... ... ...
3.4.2 HarmonicimpactfromPLL . .. ... ... ... ... .. ... .. ... ....

3.4.3 Harmonic impact from de-tuning the current controller . . . . .. ... ...



8

9

Appendix A Parameters
A.1 Offshore cables

A.2 Transformers

Appendix B Simulink

Modeling the full wind farm
4.1 Modelling the cables
4.2 Modeling the transformers
4.3 Modeling the grid

Full wind farm simulations
5.1 Frequency sweep
5.2 Scenario 1: base case
5.3 Scenario 2 & 3: tuning the control system of the turbine
5.4 Scenario 4 & 5: running the turbines at not rated conditions
5.5 Scenario 6: switch-on delay
5.6 Scenario 7: non-ideal grid
5.7 Scenario 8: base case with 18 turbines

5.8 Scenario 9: 18 turbines and non-ideal grid

Active Filtering

6.1 Results

Discussion

7.1 Current harmonics at PCC
7.2 Voltage harmonics at PCC
7.3 Propagation of harmonics in the offshore wind farm
7.4 Filtering of harmonics
7.5 Limitations

Conclusion

Further Work

A.3 18 turbine simulation

Bibliography

CONTENTS

67

......................... 69

71

.................................. 71
.................................. 73
.................. 74
.................................... 75
........................................... 76

77

79

81

........................................ 81
......................................... 81
.................................... 82

85

91



Acronyms

VSC Voltage Source Converter
PCC Point of Common Coupling
AC Alternating Current

DC Direct Current

RMS Root Mean Square

THD Total Harmonic Distortion
TDD Total Demand Distortion
DFIG Doubly Fed Induction Motor
LCL-filter Inductor-Capacitor-Inductor-filter
PWM Pulse Width Modulator

PLL Phase Locked Loop

WT Wind Turbine

vii



Chapter 1: Introduction

With climate change becoming an important item on the agenda of most countries, the world
is striving towards a carbon neutral society. To achieve this, renewable energy is becoming a
more and more vital aspect of the energy mix. Oil companies are diverting their investments
into renewable energy, and policy makers and climate activists across the globe are looking to
newly emerging technology to guide us into a carbon neutral future. [1]

Wind energy is one of these rapidly growing renewable energy sources, with the offshore
wind industry leading the charge. Offshore wind is an abundant and reliable source of energy.
Offshore wind is also more stable and less prone to visual complaints than onshore wind en-
ergy [2]. As floating wind turbines become competitive, more and more wind resources become
harvestable. Offshore wind energy is destined to continue this rapid growth. [2]

In addition to the growing number of offshore wind farms, the size of the wind farms them-
selves are increasing rapidly [3]. With wind turbines soon hitting the 10 MW mark [4], more
energy will be injected from a single wind farm. The energy coming from these offshore wind
farms will have a great impact on the power quality in the grid, and with the farms growing big-
ger, the power quality constraints become stricter [5]. It is therefore of utmost importance to
investigate which aspects of the offshore wind farm are participating in reducing the produced
power quality, with specific examination in voltage drops and swells, flicker, harmonics and fre-
quency drop.

In this master thesis, the harmonics produced in offshore wind farms will be investigated. As
offshore wind farms grow larger, the allowed harmonic pollution decreases, making it of major
importance to know where the harmonics are produced and what mechanisms amplify them.
An offshore wind farm will be simulated with parameter values taken from already existing off-
shore wind farms where possible, and assumed based on common practice where not possible.

1.1 Related work

While the current research on harmonics in offshore wind farms is rather limited, several articles
discussing the topic exist. L. Kocewiak has written a PhD on the harmonics in offshore wind

farms [6], in addition to papers discussing the harmonic impact from the passive elements [7]
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and the converters [8].

Other sources document the fact that harmonics are indeed a problem in offshore wind
farms. [9] is a case study of Bard Offshore Wind Farm, where over voltage and harmonic overload
caused one of the transformers to catch fire, resulting in the wind farm being out of operation
for most of 2014. [10] is a study of an unspecified Brazilian offshore wind farm, where it was
found that reducing the power factor of the produced power increased the produced harmon-
ics. This finding is highly relevant to growing wind farms since they will be required to produce
and consume reactive power to balance out the grid. [11] studies the harmonic impact of ex-
panding an offshore wind farm and concludes that additional filters are indeed required, while
[12] studies the harmonics in Anholt Offshore Wind Farm and the ways in which active filtering
can be used to limit these harmonics.

When it comes to harmonics, Anholt Offshore Wind Farm is the best documented offshore
wind farm. There are also several papers discussing how to model Anholt, and the wind farm
will be modeled according to these sources. They are mostly written by H. Brandtster [13], [14].
While the fact that harmonics in offshore wind farms exist and the tools to limit these harmonics
using active or passive filters are fairly well documented, the source of these harmonics and
the ways in which the layout and design of the wind farm impacts the harmonic level is poorly
documented.

D. Dhua et al. experimented on the amplification of the harmonics in the offshore grid [15].
This master thesis will focus mainly on the harmonic impact from the converter using a similar
method as D. Dhua et al used. However, this paper will focus on the converter while keeping the
wind farm parameters constant, as opposed to D. Dhua et al., who changed the grid parameters

and kept the wind turbine converter constant.

1.2 Objectives

The main objectives of this master thesis are:

1. Design and simulate the electrical components of a wind turbine, using data from already

existing offshore wind farms.
2. Design and simulate the associated electrical offshore grid in the wind farm.

3. Examine how different scenarios, mainly with the control of the Voltage Source Converter
(VSC) in the wind turbine, impact the harmonics in the offshore wind farm at Point of
Common Coupling (PCC), point of grid connection and at the wind turbine.

4. Examine how the harmonics can be limited or shifted by using active filtering.
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The two first two objectives include making a model that can be used for further analysis.
All information required to make this model will be provided in the thesis so that it can be used
by other students in their investigations into harmonics in offshore wind farms. The last two

objectives simulate different scenarios using the aforementioned model.

1.3 Approach and limitations

This master thesis is following a specialization project, which was a literature review researching
the harmonics in offshore wind farms. Since the specialization project is unpublished, the most
important findings will be presented in the literature review and the theory section of this mas-
ter thesis. The main focus will, however, be on creating and simulating a credible and realistic
model of an offshore wind farm.

This model will be built using Matlab and Simulink. The computer running the simulations
is a MacBook Pro from late 2013 with a 2.3 GHz Intel Core i7 processor, 16 GB of memory and
a NVIDIA GeForce GT 750M Graphics card. This is the personal computer of the author of this
master thesis, and sets limitations on the complexity of the model.

The model will be built from the bottom up, expanding gradually to keep track of the com-
plexity and run time. It will start by simulating only one wind turbine before filters, cables and
transformers are added. Eventually, more wind turbines will be added. Due to the run time of
the simulations, different approaches to adding turbines will be used, either as current sources
or VSC. Simplifications and assumptions are made throughout the modelling and will be ex-
plained. Some simplifications are made to make the run time of the model shorter, and their
impact will be discussed. Other simplifications due to practical reasons and having a small im-

pact on the harmonics in the simulations will be justified throughout the thesis.

1.4 Outline

This thesis starts by introducing the project, giving a short literature review and stating the ob-
jectives, approach and limitations.

* Chapter 2 introduces the relevant theory, including a brief background in harmonics, res-

onance and harmonic filtering.

* Chapter 3 discusses the design of an offshore wind turbine and how to model a VSC. The
last part of this chapter shows the results from modeling the wind turbine as a VSC, and
the impact of tuning the control system.

* Chapter 4 discusses the modelling of the passive components in the full wind farm, in-

cluding the grid, cables and transformers.
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Chapter 5 presents the different scenarios that are simulated in this thesis, and shows the
results of these simulations. In addition, a frequency sweep of the system is performed to

determine the frequency-dependant impedance of the offshore wind farm.

Chapter 6 introduces active filtering by adding a notch filter to the control system. The
results from the active filtering are also presented.

Chapter 7 discusses the results found in the earlier chapters, confirming already tested
hypotheses and presenting new knowledge found in the simulations.

Chapter 8 summarizes the most important findings in this master thesis.

Chapter 9 suggests what can be done as further work in conjunction with this master the-

sis.



Chapter 2: Theory

In this chapter, the relevant theory for this master thesis will be explained. The reader is as-
sumed to have a good grasp of the field of power electronics, but no extensive knowledge of
harmonics and resonance. Both will be explained in this section, in addition to passive and

active filtering. The last section will present the IEEE harmonic standards.

2.1 Harmonic distortion

Current and voltage are expressed as either Alternating Current (AC) or Direct Current (DC) with
AC current or voltage defined as:

V()= Vsin(t+ ) 2.1)

An AC current or voltage is referred to as having a frequency f = 7= and a Root Mean Square

(RMS) value Vgyys = % However, current coming from a converter or a water turbine will not
be perfectly sinusoidal and harmonic distortion is used to describe the aspects of the current
or voltage that do not fit in Eq. 2.1. By using Fourier analysis of repetitive wave forms, any cur-
rent or voltage can be described as the superposition of a sinusoidal wave with a fundamental
frequency and harmonic distortions [16].

In general, a non-sinusoidal waveform f(#) periodically repeating with an angular frequency

w can be expressed as

f@)=Fo+ ) fult) = %ao + ) {apcos(hwt) + bysin(hot)} (2.2)
h=1 h=1

where Fy = %ao is the average value,

21

ay = % f)cos(hwt)d(wt) h=0,1,--,00 (2.3)

and
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2n
by, :% f@)sin(hwt)d(wt) h=1,---00 (2.4)
0

Table 2.1 summarizes the most common symmetries associated with Fourier transformations.

Table 2.1: Use of symmetry in Fourier analysis

Symmetry Condition required ay and by,

Even f(=1=f) bp=0 a=2 [y f(Hcos(hwt)dw?)
Odd f(==—f ap=0 by=2 [ f(®)sin(hwt)dw?)
Half-wave f)y=—f+ %T) ap = by =0 foreven h

ap =2 [ f(cos(hwndwt) forodd h

by =2 [ f(Osin(hondwt) forodd h

by, =0forall h
%fo% f(Hcos(thwt)d(wt) forodd h

Even quarter- Even and half-wave ap =
0 foreven h

wave

ayp=0forall h
47 fsinthot)dw?) forodd h

Odd quarter- Even and half-wave by =
0 for even h

wave

A current or voltage in steady state will always be odd, meaning that a; = 0. A harmonic
component is referred to by the value of /, meaning the ‘" harmonic will have a frequency
of fj, = hfi. The amplitude of the harmonic is expressed as a percentage value of the funda-
mental amplitude. If this is calculated in steady state, the percentage value of a single harmonic

component will be:

by,
H; =—-100% (2.5)
by

where b; is the peak value of the fundamental frequency and by, is the peak of the h*" harmonic

component, as defined in Eq. 2.4.
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Signal with 2nd, 5th and 7th harmonics

(b) All the harmonic components plotted individu-

(a) Signal with harmonic components ally

Figure 2.1: Harmonic plot with the superposition of the harmonics and the individual harmonic
components

Figure 2.1 shows an example of what a signal with harmonic components looks like. Figure
2.1a is a signal with 20% 2"9, 10% 5% and 5% 7" harmonic components. Figure 2.1b shows all
these harmonic components plotted individually in addition to the fundamental component.

The Total Harmonic Distortion (THD) is a measurement to specify the total amount of har-

monics in a signal. It is measured as a percentage of the fundamental component and can be

o0
THD=100-,/ Y H; (2.6)
h=2

seen in Eq. 2.6

2.2 Resonance

Resonance is a phenomena that causes specific electric frequencies to be amplified. Resonance
is caused by the reactance of an electric circuit being frequency dependant, meaning that at
a specific frequency there can be zero or infinite reactance. There are two different types of
electric resonance: series resonance and parallel resonance.

. L
lr

%4 —_—cC

Figure 2.2: Voltage source with an inductive and conductive load in series

Figure 2.2 shows a circuit with a voltage source in series with an inductor and capacitor. This

could, for example, be an underground cable or an overhead cable with an installed capacitor
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bank. The current i, from the voltage source is:

|4

]U)L + jwC

ir

It is evident that as the denominator approaches 0, i, will approach infinity. The frequency
frs that makes the reactance in series with a voltage source equal to zero is called the series
resonance frequency. In figure 2.2 this frequency would be:

1
fr,s =

(2.8)

The resonance can be dampened by putting a resistance in series with the inductance or
capacitance. This would lessen the resonance current, but would also cause losses in the system.
Parallel resonance is caused by a current source connected to an inductor and capacitor in
parallel, as seen in figure 2.3. The voltage v, would then be equal to:
W:I—igzg; (2.9)
JoL+ 7wC
When the denominator in the reactance approaches zero, the total reactance approaches
infinity, making an infinite induced voltage. This happens when the frequency is equal to:

1
2nvCL

I +°
Ue —_—cC

frp= (2.10)

Figure 2.3: Current source with a inductive and conductive load in parallel

While the term resonance often refers to the specific frequency that has either zero or in-
finite reactance, the term can also be used to describe frequencies that have a relatively high
or low reactance compared to the fundamental frequency. This is essential when investigating
harmonic distortion in offshore grids as different harmonics spread differently through the grid
due to the frequency dependant impedance.
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2.3 Passive filtering

The previous section explained how currents and voltages will experience a frequency depen-
dant reactance. While this may cause resonance in the system, it is also used for passive filtering.

If a current or voltage has harmonic components, each component will experience a dif-
ferent reactance. An overhead cable simplified to an RL circuit will have a significantly higher
impedance for the high frequency harmonic components than it will for the low frequency har-
monic components. Figure 2.4 shows an overhead line or an RL filter. The frequency dependent
current will then be:

Vinn,f - Vout,f

= S~ Youbf 2.11
YT T oL+ R 1D

Eq. 2.11 shows that the current will be higher at the lower frequencies, even if the higher or-
der harmonics in the voltage are the same as the lower order harmonics. An RL filter is efficient
in filtering high order voltage harmonics, and is used in connection with converters and other
electrical equipment where there is a DC-voltage connected to the grid.

Figure 2.4: Overhead cable modeled as an RL-section

While overhead cables, transformers and other inductive components naturally filter out
the higher order harmonics, current harmonics already existing can be filtered out by using a
designated passive filter. These filters are designed to sink the harmonic current into the ground,
which it does by having an inductor and a capacitor connected in series between the ground and
the cable. By adjusting the inductance and the capacitance, the filter can be tuned to have zero
reactance at one specific harmonic frequency, while having a relatively high reactance at the
fundamental frequency.
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Cs CG; ——Cn Ci3 Cn

Figure 2.5: Passive filters tuned for each harmonic frequency with a high-pass filter at the end

Figure 2.5 shows four single-tuned passive filters connected in parallel, with a high-pass filter
at the end. Passive filters are normally single-tuned at the lower harmonic frequencies to make
sure the impedance at the fundamental frequency is as high as possible. The impedance of each
individual filter will be:

1

jow
The filter frequency will then be the frequency where the impedance is at its minimum:

1
B 2nvCL

From Eq. 2.13, it is evident that there are two orders of freedom when designing a passive

fr (2.13)

filter; the capacitance and the inductance. The relation between these two values will deter-
mine the impedance at the fundamental frequency, and thus the quality of the filter. Figure 2.6
shows the frequency dependent impedance of four different passive filters, two tuned to the 24

harmonic and two tuned to the 5%

harmonic. The four filters have a different quality factor Q,
which is a measurement of the width of the low impedance band. From the plot, it is evident

that the filter for the 2”4 harmonic needs a higher Q to have the same impedance at the fun-

damental frequency than the Q needed for the 5 harmonic. The quality factor Q is given as
(17]:
2nfrL
Q-= ; / 2.14)

A higher quality factor requires a higher inductance, or a smaller resistance, both of which
make the filter bigger and more expensive. This is the reason why lower order current harmonics
are harder and more expensive to filter than higher order current harmonics.

In addition to the simple shunt LC filter shown in this section, there is a wide range of set

ups for passive filters with different performance and complexity [18], [19], [14].



2.4. ACTIVE FILTERING 11

Bode Diagram of Passive Filter Impedance
80 T T

70 -

60 |-

Impedance (dB)
B (4,
o o
T T
/
/
/7

w
o
T
-

20 -

Q=45 f=100 Hz L=72 mH

Q=90 f=100 Hz L= 143 mH

“ Q=28 f=250 Hz L=18 mH =
Q=84 f=250 Hz L = 54 mH

Frequency (Hz)

Figure 2.6: Impedance plot of four different passive filters

2.4 Active filtering

While passive filters consist of only passive elements like inductors and capacitors, active filters
consist of active elements, like switches, which have to be controlled. Active filtering can be
done in any component that is actively controlled, independent of whether filtering is the des-
ignated task of the component or not. The active filtering capability of a component is, among
other things, dependant on the layout of the component, the control system and the switching
frequency [20].

Active filtering can also be done by installing a designated active filter as seen in Figure 2.7.
An active filter can be installed either in shunt or in series. A series active filter is more suitable
to filter out voltage harmonics, while a shunt active filter is used to filter out current harmonics.
The drawback with a series active filter is that all the current has to go through the filter, mak-
ing it expensive to scale and hard to retrofit [21]. Therefore, the shunt active filter is the most
common set up [18].

While installing a designated active filter normally has the best harmonic performance, re-

tuning already existing active components is the cheaper option.
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Nonlinear load Non-linear load

_ _ 7 iy VAF Lyc
lia lioaa ac —_— <~ A
i, JAYAA
Vs vs
Shunt active filter Series active filter

(a) Single-phase or three-phase shunt active filter ~ (b) single-phase or three-phase series active filter

Figure 2.7: Shunt and series active filters [18]

2.5 Harmonic standards

Harmonic standards are created to make sure the harmonic level in the grid does not exceed
levels that will put fragile electronic equipment at risk. These standards vary from country to
country and are regularly republished.

IEEE has published a standard that provides guidance for operators installing electrical equip-
ment to the grid [5]. The IEEE’s regulations have been criticized for not being precise enough for
big wind farms. This follows since different models for calculating the harmonics yield different
results [8], and the specified method in the standards is not always the most precise [22].

The standard gives the recommended voltage and current harmonics at PCC. The respon-
sibility of keeping the harmonics within the given limits is shared between the customer, the

system owner and the operator.

Bus voltage V at PCC Indivdual harmonic | Total harmonic dis-
(%) tortion THD (%)

V<1.0kV 5.0 8.0

1kV <V <69kV 3.0 5.0

69KV <V <161kV 1.5 2.5

161kV <V 1.0 1.5

Table 2.2: Voltage distortion limits [5]

Table 2.2 shows the voltage distortion limits at PCC for buses at different voltages. The table

shows that the lower the voltage, the more harmonics are allowed to be injected into the grid.
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Table 2.3: Maximum harmonic current distortion in (%) of I; for a system rated 120 V <
V<69 kV [5]

Iicl Iy 3<h<11 |11<h<17 | 17=<h<23|23<h<35|35<h=<50 | TDD
<20 4.0 2.0 1.5 0.6 0.3 5
20<50 7 3.5 2.5 1 0.5 8
50 <100 10.0 4.5 4.0 1.5 0.7 12.0
100 < 1000 12.0 5.5 5.0 2.0 1.0 15.0
> 1000 15.0 7.0 6.0 2.5 1.4 20.0

The values given in this table are for odd harmonics. Even harmonics are limited to
25% of the values in this table.

Table 2.4: Maximum harmonic current distortion in (%) of I; for a system rated >

161 kV [5]
Isc/I, | 3<h<11|11<h<17 |17<h<23 | 23<h<35 | 35<h=<50 | TDD
<25 1.0 0.5 0.38 0.15 0.1 1.5
25 < 50 2.0 1.0 0.75 0.3 0.15 2.5
> 50 3.0 1.5 1.15 0.45 0.22 3.75

The values given in this table are for odd harmonics. Even harmonics are limited to
25% of the values in this table.

Table 2.3 and 2.4 show the maximum current distortion for low voltage and high voltage
systems, respectively. & is the specific harmonic, I; is the load current and Is¢ is the maximum
short circuit current at PCC. The short circuit current is a measure of the quality of the grid. A
higher short circuit current means less impedance in the grid, which is a sign of a higher quality

grid. Total Demand Distortion (TDD) is the THD of the maximum demand current.
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Chapter 3: Designing the wind turbine

In this chapter, the wind turbine converter will be designed. The goal of these simulations is to
investigate the harmonics produced in offshore wind turbines by the converters, with the main
focus on the lower order harmonics having a frequency lower than 1000 Hz. The lower order
harmonics are more troublesome to deal with, as described in section 2.3.

Modern wind turbines are connected to the grid with a VSC [23]. The two most dominant
types of wind turbines today are the full scale back to back converter (Figure 3.1b) set up, and
the doubly fed induction generator (DFIG) (Figure 3.1a). While the DFIG is the dominant wind
turbine set up in the market at the moment, it is expected that the Type 4 full scale back to back
converter set up will take over [23].

Anholt Offshore Wind Farm will be the basis for the simulations performed in this thesis, and
data from the offshore wind farm will be used where available. Through several studies already
conducted, namely [6], [13] and [14], a lot of data is available. In the cases where no data is
available, assumptions will be made based on common practice.

Figure 3.1b shows what a wind turbine with a full scale back to back VSC looks like. Since
this thesis is simulating the grid side harmonics, the generator side of the model is not required
in the simulations. Only the grid side converter will be simulated. The capacitor between the
converters will be replaced with a DC voltage source to further simplify the simulations. Another
option would be to simulate the generator side of the turbine as a current source in parallel with
a capacitor. The two different ways of simulating the generator side give slightly different results.

Frequency and phase changing

AC-DC L AC-DC
Converter T Converter

Transformer

oC @ AC
AC DC P
\ . el 1| ac| Fw A
38 AC Gear Filter il .o oM
|

Power Asynchronous/
Cutpart Synchronous
generator

Full scale power converter

(b) Full scale converter wind turbine[25]

(a) Doubly fed induction generator for wind turbine
[24]

Figure 3.1: Doubly fed induction generator and full scale converter wind turbines
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G =
Vdc Ve \ Vg
Ry
Y,

Figure 3.2: Model of the wind turbine

L. Kocewiak has shown that the real measurement results will lay somewhere in between these
simulation methods [8]. Figure 3.2 shows how the turbine will be simulated.

3.1 LCL-filter

The grid side filter of the VSC will be simulated as a inductor-capacitor-inductor filter (LCL-
filter) The last inductor L, will be the transformer. The first inductor L; is called the converter
side inductor.

The inductance and capacitance of the filter will be based on real values from Anholt Off-
shore Wind Farm [14]. The voltage and currents used in the control system will be V. and I as
seen in Figure 3.2, measured before the transformer.

Normally the converter side inductor will be chosen so that the output current ripple from
the converter is less than 10% [26]. The output value of the current from the converter can be
seen in Eq 3.1. From the equation, it is evident that the highest amount of ripple will occur
when the duty cycle D is 0.5. The duty cycle is a measure of the average fraction of the switching
cycle in which the upper switch in the complementary pair of switches at each phase is open.
The higher the duty cycle, the higher the output power of the converter. f;,, is the switching
frequency, V. is the DC-voltage and I}, is the base value of the injected grid current from the

converter. Figure 3.3 shows an overview of the switches, currents and voltages.

_ (Vac—DVgc)D _ Ve

Ly=—— = —=
2Alimax,p—pfsw 8Alimax,p—pfsw

(3.1)

Ll)l’lere, Aiimax’p_p :O.].\/Elbase
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Figure 3.3: VSC consisting of switches, an RL-filter and a voltage source

LLine
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Since the grid side inductor of the LCL-filter is a transformer, there are certain restrictions in
deciding the inductance. When scaling the converter, there are a lot of important aspects that
need to be taken into consideration, such as the winding ratio and the size and saturation of the
transformer. The inductance of the transformer, therefore, can not be chosen arbitrarily, but is a
result of these restrictions. This impacts the design of the converter side inductor as well as the
capacitor.

Since this is an LCL-filter, there will be an associated resonance frequency. The resonance
frequency of the LCL-filter can be seen in Eq. 3.2, where f; is the grid frequency. To dampen the
resonance in the system, a resistance is added to the shunt branch of the LCL-filter. It is impor-
tant that the resonance in the filter does not amplify the most common harmonic frequencies
coming from the converter, and the LCL-filter is therefore tuned so that the resonance frequency

is within the limits seen in Eq. 3.2.

1 Li+ L,
Jres= 2 \/ L1 L,Cy 10f1 < fres < 0.5 fsw (3.2)

3.2 The control system

After the layout and the filtering of the converter is decided, a control system must be designed.

The control system consists of three parts [27]:

1. Obtaining the applied current and voltage of the converter. The output current and volt-
age of the converter have to be measured.
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2. Generating the reference signal. The control system has to be designed so that the con-

verter will produce the desired current. In a wind turbine converter, this is done by con-

trolling the reference current.

3. Generate a gate signal. The switches have to be controlled so that the desired current will

be generated.

Figure 3.4 shows an overview of the control system for the converter. To control the switches,

a Pulse Width Modulator (PWM) is used and a d — g reference frame is used in the current con-

troller.

O

PWM

Viabc

L, YY M J_ -

A\ E B

id iq

idq dq iabc

abc |Vdd| current abc
dq Controller | Vdq 0
dq §
abcl [

Figure 3.4: Overview of the control system of the converter

3.2.1 Pulse width modulator

@

Vabc

There are several ways to generate a gate signal for the converter, which has an impact on the

response speed and the generated harmonics around the switching frequency. In this master

thesis, a PWM will be used due to the fact that it is rather common and because of the simplicity

of its implementation.

The PWM takes the reference voltage as an input and returns the control signal to the switches

as the output. The reference voltage given as input is the same voltage that is needed to generate

the desired output current from the VSC and is calculated in the current controller. The goal of
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the PWM is to make the converter generate the closest possible resemblance of the reference
voltage [16].

In these simulations, a bipolar PWM is used. It compares a triangular signal with a frequency
equal to the switching frequency, and an amplitude of +Vp¢ to the reference voltage given as
input. When the triangular signal is larger than the reference signal, the gate signal to the top
switch will be 1 and the bottom switch 0, as seen in Figure 3.3. This will give an output voltage
of Vpc. When the triangular signal is smaller than the reference signal, the gate signal to the top

switch will be 0, and the bottom switch will be 1. This will generate a voltage of 0.

3.2.2 Current controller

The d — g reference frame is chosen in the current controller due to how common it is in full
scale converters, and because it is the same reference frame used in Anholt Offshore Wind Farm
[12].

The d — q reference frame is rotating with the same frequency as the fundamental compo-
nent of the voltage, meaning the fundamental component of the voltage and current will be
DC-components. In the control system of the VSC, the reference is set so that the reference
frame is in phase with the voltage. This means that the current contributing to the active power
will be set as i;, while the current contributing to the reactive power will be set as i;. The rela-
tion between the abc-reference frame and the d — g reference frame can be seen in Eq. 3.3. As
long as the system is balanced, the zero sequence component will be constant and equal to 0.

Vg cos(wt) cos(wt— %”) cos(wt+ %”) Vg
2
vg| =3 |-sinlwt) -sinlwt- 2 —sinwt+Z)| | v (3.3)
1 1 1
Yo 2 2 2 Ve

Since the DC-side of the converter is represented as an ideal voltage source, the produced
power will be decided by the reference current. This means that i; and i 2 can be set as desired,
and will be used to represent the power output of the converter. The aim of the current controller
is to provide a sinusoidal current with as few harmonic components as possible.

The influence of the capacitor in the LCL-filter will be neglected in the modeling of the cur-
rent controller. In fact, it is only there to deal with the switching ripples, and for frequencies
lower than half the resonance frequency, the converters with LCL-filters will behave the same
way as converters with an RL-filter [20].

Figure 3.3 shows a schematic overview of the converter where the filter is modeled as an RL
filter instead of an LCL filter. From the figure, Eq. 3.4 can be derived:
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_ . diabc
€abc = Riinelabc + LlineT + Vabc (3.4)

eabc 1s the grid voltage at the point of connection for the converter. Since this is a simpli-
fication of the LCL filter, L;;,., denoted as L from now on, will be the sum of the inductance
in the LCL filter. Rj;j,., denoted as R from now on, represents the losses in the switches and
conduction losses. v, is the terminal voltage at the switches.

Since the current controller uses the d — g reference frame, Eq. 3.4 has to be transformed

)

Eq. 3.5 shows that there is a cross coupling between d and q axis, in the part with wL. The

from the abc to the d — g reference frame [28]:

e i d |i
d d| ;4 |t

+wlL
dt

=R

lq

0 -1
Iq 1 O

Vd] (3.5)
Vq

€q

cross coupling means that the current i, is part of the voltage v, and also that i, is part of v,.
The control system has to decouple this coupling to be able to control the reactive and active
power independently of each other. In addition, a PI controller is used to stabilize the system
due to its ability to eliminate offsets [29].

Taking this into account, a reference voltage can be designed so that the d and g components

will be decoupled while at the same time generating the desired current [28]:

. Kra), .« . :
vy;=— Kp,d+? (I;—ig)+wlig+ey
(3.6)

K
N/ PP .
y; =— (Kp’q + —~ )(z; —lg)—wLig+ey

Figure 3.5 shows a schematic model of Eq. 3.6, which is the implemented control system. K,
and Kj are the proportional and integral components of the PI-controller, with subscript d and
q representing the two different PI-controllers.

With the control system established, the full system can be seen in Figure 3.6.

To tune the PI-controller, the transfer functions of the system and the PWM have to be de-
rived. The PWM will cause a delay to the system dependent on the switching frequency f;. The
control signal will pass the reference signal twice in one cycle of the control signal, meaning this

delay will be half the switching period [31].

1
T,= —
1+ Tys “T2f,

Hpwm(s) = (3.7)

So far the system has been modelled as an L-filter. This is a valid simplification when mod-
eling the control system. However, the author experienced instabilities in the system when this

simplification was kept to tune the PI-controllers, and the full transfer function of the LCL-filter



3.2. THE CONTROL SYSTEM 21

€d
. + +
i* _,( )_. Pl . v¥*,
- A +
Ig > L
Labe I abc
dq
T g —» oL
0
. o -
i*, Pk
+ -
€q

Figure 3.5: Control system with the d — g reference frame [30]

iy x iq
AN PI v PWM |7 System /4

Figure 3.6: Schematic overview of the full system

was therefore used. The transfer function of an LCL-filter can be seen in Eq 3.8 [32].

RsqCrs+1
L]Lng83 + (L + Lg)RSdCfSZ +(L1+Ly)s

HSystem = (3.8)

The variables in Eq. 3.8 are the same as in Figure 3.2. The transfer function for the PI-
controller is:

Ky
Hp]:Kp+— 3.9
N

3.2.3 Phaselocked loop

The current controller uses a rotating d — q reference frame synchronized with the grid voltage
at the converter side of the transformer. A Phase Locked Loop (PLL) is required to synchronize

the reference frame with the voltage angle. The PLL is analyzing the three phase voltage, and
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then finding the angle 0 or wt of the voltage in an exact moment. The signal coming out of the
PLL should be a triangular signal going from 0 to 27 with a period T =1/ fg, where f; is the grid
frequency

There are different methods for modelling the PLL, like using the orthogonal voltages and
comparing the error [33], or doing a closed loop d — g transformation [34]. Since the current
controller already use a d — g reference frame, the PLL is modelled using the d— g transformation
[34]:

do
PT =Wref + AW =Wrep + Kp(Xg— Xgref) + K[f(xq — Xg,ref)dt (3.10)

K and K, are the integral and proportional parts of the PI-controller, and 6 is the phase
angle of the a-phase of the voltage, also known as wt. w,.r is the reference frequency speed of
the grid. x is the voltage at PCC in the d — g reference frame, meaning that x, is the ¢ component
of the voltage and x . is the reference g component of the voltage. Since the production of
reactive energy will be controlled in the current controller, x, r.¢ will be set to 0.

From Eq. 3.10, the control system of the PLL can be modelled as seen in Figure 3.7. Nor-
mally, there would be a delay block in this function [33], but in these simulations the delay is
not included.

The transfer function of this system can be seen in Eq 3.11:

KpS + K;
He(8) = 5—————— (3.11)
This is a second order transfer functions, and can be tuned as seen in Eq: 3.12:
Ky=2{w, K=o} (3.12)

where { impacts the shape of the response signal and is called the damping factor. { is nor-
mally set between 0.5 and 1 [33]. w, is the crossover frequency where the gain is equal to 1.

0
v v lgj? liuref
Lbfabc—to—dq q+Q PI +Q ! 0

Figure 3.7: Control system of the PLL



3.3. WIND TURBINE PARAMETERS 23

3.3 Wind turbine parameters

The set up of the converter described so far can be used in a wide range of appliances, and the
performance of the converter is dependant on the tuning of the control system and filters. For
example, a higher switching frequency will lead to a lower THD, but also higher switching losses.
Deciding the inductance and capacitance of the LCL-filter is another example of properties that
will impact the losses and harmonics from the converter. Since there are sources on the val-
ues of both the switching frequency and the LCL-filter for Anholt Offshore Wind Farm [14] [15],
the harmonic impact on tuning these components will not be discussed further in this master
thesis. Instead, this thesis will look into the PLL and the PI-controllers in the current controller.

In this section, a base case will be established, so that different tuning scenarios can be com-
pared to the base case. The control system will be designed as a per unit system. The base values
of this system will be based on the RMS line to line voltage on the converter side of the trans-
former (Vi1 rms) and the rated power of the converter (S,). These values are from Anholt, while
the rest of the base values are calculated using the equations in Eq 3.13.

2

b Zp
Sbase =Sn;  Vbase =ViLrmss  Zbase = S 2 Lpase = =
base Wnp
(3.13)
1 S
base W, = ann

Chase= ——=; Ipase = —=——;
WnZpase \/§Vbase

Table 3.1: Per unit bases

S, | 5MVA
V, | 690V
Zp | 95.22mQ
Ly | 303.1uH
Cp | 33.43mF
I, | 4.184kA

Both the transformer and the LCL-filter are described in [14], and their parameters can be
seen in Tables 3.2 and 3.3.
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Table 3.2: Parameters found in the Literature [14]

Parameter Puvalue Absolute value
Grid frequency f;, - 50 Hz
Converter side inductance L; 0.10 30.21uH
Filter capacitor Cy 10.15 3.293mF
Grid side inductance L, 0.075 22.73uH
Damping resistor Ry 0.2198 20.93mQ2

Table 3.3: Transformer Data for a 5 MVA A — Y WTG Transformer [14]

Rated voltage 33kV/690V
Primary side inductance 0.0375 pu
Primary side resistance 2.675 %1073 pu
Secondary side inductance 0.0375 pu
Secondary side resistance  2.675 % 107 pu
Shunt inductance 50 pu
Shunt resistance 870 pu

Since the grid side inductor is a transformer, L, is the Thevenin equvalent of the transformer.
The full data for the transformer can be seen in Table 3.3. In the simulations, the simulink trans-
former block is used to simualte the transformer.

As discussed earlier, there was no data on the control system of the converters. The design
of the control system is already discussed, but the PI-controllers in the current controller and
the PLL have to be tuned.

The value of the PI-controllers can be seen in Table 3.4. The PLL is tuned by using Eq. 3.12
with a crossover frequency of w, = 10Hz and a damping factor of { = 1, which is the same
crossover frequency and damping factor used by S. Sanchez in [34].

The current controller is tuned by using the Matlab tool Sisofool. By entering the transfer
function from Eq. 3.7 and Eq. 3.8, the PI-controller values are found by using the Ziegler-Nichols
frequency response [35]. Sisotool was used for tuning the converters because of the complexity
of the LCL transfer function.
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Bode Diagram
Gm =7.11 dB (at 4.34e+03 rad/s) , Pm = 41.1 deg (at 1.49e+03 rad/s)
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Figure 3.8: Bode plot of ECRL base case

Table 3.4: PI-controller values

‘ Current controller ‘ PLL controller ‘

K,  0.0644
K;  58.558

K, 20
K 100

K, and K; are the same for both PI

controllers in the current controller

Figure 3.8 shows the Bode plot of the full open loop system as seen in Eq. 3.14

. %
zd/q(s)

- = Hp($) Hpwnm () Hsystem(S)
ld/q(s)

(3.14)
L3408 K 1 ReqCps+1
= + — .
id/q(S) p s Tys L1L2Cf83+(L1+L2)deCf82+(L1+L2)S

The Bode plot shows that the system is stable, with a phase margin of 41.1° and a gain margin of
7.11 dB. While there is some room for maneuvering within the phase margin, a small change in

the gain will make the system unstable.
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3.4 Results from turbine simulation

The scope of these simulations is to compare the current and voltage harmonics coming from
the converter. In this section, the harmonic impact on the feedback loop in the control system
will be investigated, and the different components in the control system will be experimented
with to find the sources of the harmonics. A base case is established to make it easier to compare
the different cases against each other.

3.4.1 Results from base case

The simulations are started from zero state, with the capacitors and inductors not energized.
Figure 3.9 shows the current and voltage at the point of connection for the converter (Vy and ig
from Figure 3.2), which is the same current and voltage that is used in the control system of the
converter. It is evident from the plot that it takes about 0.1 second for the system to stabilize.
Figure 3.10 takes a closer look at the voltage and current plots, and while the signals are sinu-
soidal, it is obvious that there is some harmonic distortion in both the current and the voltage.
From the harmonic plots (Figure 3.11 and 3.12), itis evident that there are harmonics around the
switching frequency, at 2400 Hz (48™) and 2600 Hz (52™Y), for both the current and the voltage.
This is as expected, as the switches will generate some harmonics [16]. It should be noted that
there are more switching harmonics in the voltage than the current. This is caused by the volt-
age being measured before the final inductor in the LCL-filter. Since there is no saturation in the
transformer, only the magnitude of the current will change while going through the transformer,
meaning the current harmonics are the same before and after the transformer.

5th

Figure 3.11 shows that there is a significant amount of 5™ order harmonics in the current,

almost 2.5%. There is also more than 0.5% 7

order harmonic. An ideal perfectly tuned con-
verter should only have harmonics around the multiples of the switching frequency [16], and all
the components of this converter are ideal. It should be noted however that the voltage at the
converter side of the transformer has a non-trivial amount of high order harmonics, which will

impact the control system. This will be further discussed in the next section.
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Figure 3.9: Transient response from the current and voltage in base case
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Figure 3.10: Output current and voltage at converter side of transformer in base case
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Current Harmonics, THD= 2.98%

Figure 3.12: Voltage harmonics from the converter in base case
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3.4.2 Harmonic impact from PLL

This subsection will look into the harmonic impact from the PLL. An ideal PLL will, in steady
state, be a sawtooth signal without any oscillations. The PLL has to be able to adjust rapidly
to transient changes in the reference voltage, and at the same time have good steady-state per-
formance, even with a high amount of harmonics in the reference voltage. Figure 3.13 shows
the sawtooth signal from the PLL in the base case (orange line) compared to an ideal sawtooth
signal (blue line). It is evident that there are some high frequency oscillations in the PLL signal,
originating from the high order harmonics in the measured voltage.

wt from the PLL

0 1 ‘ 1 1
0 0.01 0.02 0.03
time (t)

Figure 3.13: wt from the PLL compared to an ideal sawtooth signal

Since the signal from the PLL is directly connected to the reference frame of the d — g system,
these oscillations are not desired. Figure 3.15 shows the results from the simulations when the
PLL is switched out with an ideal sawtooth signal generator, which means the PLL will gener-
ate the blue signal from Figure 3.13. Figure 3.15 shows that the current and voltage plots looks
very similar to the base case, and Figure 3.14 shows that the same holds true for the transient re-
sponse. Figure 3.16 shows that there is a significant difference in the 5™ order current harmonic,
however. That harmonic was more than 2.5% in the base case, and is now limited to a little over
0.2%. The 7™ order harmonic is also greatly reduced, and the total current harmonic distor-
tion has decreased from 2.97% to 1.59%, with the only significant harmonic distortions being

around the switching frequency. This shows the importance of tuning the PLL properly. The
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voltage harmonics are also slightly reduced, but since the dominant harmonics in the voltage

are those of multiples of the switching frequency, the effect is not as great.
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3.4.3 Harmonic impact from de-tuning the current controller

The PI-controller in the current loop is there to stabilize the system. The tuning of this controller
determines the response time of the system when exposed to a transient, as well as the stability
of the system. In the previous section, it was proved that by using an ideal PLL, the 51 and 7
harmonics were greatly reduced. There is no way to remove the harmonics around the switch-
ing frequency, so further tuning of the PI-controller in the current controller will not remove
any more harmonics. However, if the current controller is not tuned carefully, the system will
become unstable.

To prove this, a simulation was run with a de-tuned PI-controller. In section 3.3, the bode
plot of the full system showed that while there was some room for change within the phase
margin, there was barely any gain margin. The gain and phase of a PI-controller can be seen in
Eqg. 3.15 and shows that by increasing K; and reducing K, by the same factor, the impact on the
phase will be relatively high compared to the impact on the gain.

|H(jw)|=\/K?+K5  /H(jw) =tan™" (_K—KI) (3.15)

p

Bode Diagram
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Figure 3.18: Bode plot of

Figure 3.18 shows the bode plot of the system with a 100% increase in K; and a 50% reduction
of K, compared to base case. It is evident that the system is at the brink of instability, with a
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phase margin of only 4.88°. The phase is within 6° of the -180° mark in all frequencies, meaning
that a small change in the model or a non-precise simplification will make the system unstable.

Figure 3.19 shows the harmonic plot when the system is stabilized, and the harmonics are
almost exactly the same as in base case. However, it is evident from Figure 3.20 that it takes more
than 0.2 seconds, more than twice as long as in base case, for the converter to stabilize when the
PI-controller is de-tuned. This shows how the tuning of the PI-Controller does not impact the
harmonic production, but rather the stability and the response time of the system.
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Figure 3.19: Current harmonics with poorly tuned current controller
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Figure 3.20: Output current with poorly tuned current controller



Chapter 4: Modeling the full wind farm

Anholt Offshore Wind Farm has 111 wind turbines spread into 12 radials with 9 or 10 wind tur-
bines in each radial. Figure 4.1 shows an overview of all 111 wind turbines in Anholt Offshore
Wind Farm. The turbines are connected in parallel by subsea copper cables, with a cross-section
of either 150, 240 or 500 mm?. The wind turbines are spread unevenly throughout the wind farm,
which means that each radial has a different equivalent Thévenin impedance. There are three
substations in the farm, each consisting of one transformer connected to four radials. The three
substations are then connected to one single subsea cable, which transfers the power from the
offshore wind farm to the main grid. This is an aluminum cable with a cross section of 1600
mm? [13]. A single line diagram of Anholt offshore WPP and export system can be seen in Figure
4.2.

The modeling of the turbine has been discussed in the previous chapter. In the simulation of
the wind turbine, only minor simplifications have been made, allowing the model to represent a
real wind turbine rather well. However, in the simulations of the full farm, major simplifications
had to be done. Massive computational power is required just to simulate one turbine, and
simulating a full wind farm would be impossible with the resources available to the author of
this master thesis.

The shunt compensation and the onshore station will not be included in this simulation.
The grid will be placed where the shunt compensation is in Figure 4.2. Only two wind turbines
will be simulated to keep a reasonable run-time for the simulations. These two turbines will be
in the same radial. The cables and transformers required between the defined grid placement
and the turbines will be included in the simulation. The single line diagram of the simulations
can be seen in Figure 5.1, and the values of the cables and the transformers are shown in the
appendix.

4.1 Modelling the cables

There are several ways to simulate cables depending on the parameters of the cable and the goal
of the simulations. An effective and precise simulation of a cable is not easy, and simplifications

in the simulations must be made.

35



36

CHAPTER 4. MODELING THE FULL WIND FARM

LEGEND:

o
° O Substation
o o (o] @ WITG
]

Q
° Array cables:
° 150mm Cu cable
o) —— 240mm Cu cable
° — 500mm Cu cable
o
(o] o
° ° Q
° o]
o
(o}
(o]
o
° ° o
Q
° °
o
0.
o]
° o
o]
° (¢}
o
o]
(o}
12}
(<}
o]
° o
0 <)
° o
o

Figure 4.1: Single line overview of Anholt Offshore Wind Farm including cables and turbines [12]
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Figure 4.2: Single line diagram of Anholt Offshore Wind Farm and export system table [12]

A cable will have an inductance, capacitance and resistance. The capacitance is the capaci-
tance between the inner conductor and the ground. In short overhead transmission lines, this
can normally be ignored, but in cables, the ground is very close to the conductor and the ca-
pacitance is significant. The capacitance of a cable is a distributed capacitance, meaning that
it should ideally be simulated as an infinite amount of small capacitors along the cable. This,
however, is not possible, and the capacitance is therefore lumped together and represented with
half of its value at the beginning of the cable and half at the end.

The resistance of the cable is mainly dependant on two things; the resistivity of the material
in the conductor and the skin effect. The skin effect is caused by the electrons in the current
pushing away from each other, and a higher frequency will cause more skin effect and, as a re-
sult, a higher resistance in the cable. This means that a cable will naturally increase the damping
of the harmonics as the harmonic order grows. The skin effect will also impact the inductance
of the cable [36]. Due to limitations in the simulation tool, the skin effect will not be included in
the simulation.

The cables in this master thesis will be simulated as seen in Figure 4.3. This is called a m-
section. Several t-sections can be put next to each other to make the simulations more precise.
The required amount of n-sections depend on the length of the cable and the amount of har-
monics that are analyzed. The more harmonics, and the longer the cable, the more n-sections
are required [37].

In the Simulink simulation, the cables will be modelled as the three phase m-section block
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Figure 4.3: Subsea cable modeled as a n-section

from the Specialized Technology library [37]. The positive sequence values will be modelled
using data from the ABB user guides [38] [39], while the zero-sequence data will be left as default.
Since the analysis in this thesis is done in a balanced grid in steady state, the zero sequence
parameters have no impact. The submarine cable will be split into three n-sections with equal
parameters that are connected in series, so that the length of all the n-sections in the simulations

will be similar.

4.2 Modeling the transformers

The transformers are modeled using the three phase transformer block in Simulink. The block
models the three phase transformer by using three single phase transformers with two windings.
The primary and secondary resistance and inductance are found from articles describing Anholt
[14] [15], while the magnetization parameters are left at default again due to the fact that the

studies are done in steady state.

4.3 Modeling the grid

The grid will be modeled as an ideal voltage source. Between the ideal voltage source and the
cables, a small resistance of 1 2 will be included because Simulink does not allow an ideal volt-
age source and a capacitor to be connected in parallel. This is equivalent to modelling the grid

as a Thevenin equivalent with a very small series impedance.



Chapter 5: Full wind farm simulations

In this chapter, the full wind farm as defined in Chapter 4 will be simulated. The wind farm
will be simulated using different scenarios in order to identify what causes the most harmonics,
and how these harmonics propagate through the offshore grid. Each scenario will be discussed
briefly, and the results from each simulation will be shown. In Chapter 7, the results will be
discussed more thoroughly, and the most important results will be summarized and compared.

Figure 5.1 shows a single line diagram of the system simulated in this thesis. The harmonic
measurements will be made at the wind turbine, the PCC and the grid, as highlighted in the
figure.

The first section in this chapter will display the results from a frequency sweep. A frequency
sweep is done to determine the frequency dependant impedance of the system.

There are nine different scenarios that will be simulated. The first scenario is the base case
established in the previous chapter. The second and third scenarios are the same cases as in the
previous chapter, with an ideal PLL and a de-tuned PI-controller in the current control loop.

The fourth and fifth scenarios are introduced to investigate the impact of turbines running
at less than full speed, and the harmonic impact of forcing a big offshore wind farm to produce
reactive energy. According to B. Block et al [10], there are significant differences in the harmonic

level of a wind turbine producing at unity power factor and of one producing with a power factor
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33 kv/220 kv

|
6 km 5km ' 3*8.17 km

I I I

CU 240 mm? CU 500 mm?

Al Subsea 1600 mm?

Wind 50 MW Transformer

Turbine

WT WT

Figure 5.1: Single line diagram of the system
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of 0.9.

Scenario 6 will have a delay in the switches of the converter and scenario 7 will have a non-
ideal grid. Due to some unexpected results in scenario 6, the scenario was run several times
with varying amounts of switch-on delay. The switch-on delay is chosen based on similar ex-
periments done by D. Dhua et al. [15].

The last two scenarios are added to prove the scalability of the system. Since the author’s
computer is not powerful enough to run simulations of 18 wind turbines at the same time, there
is one VSC working as normal, and 17 turbines modeled as current sources using the same signal
generated by the VSC. This method is not suitable to investigate the harmonic generation in the
different scenarios, but will show how the harmonic propagation is impacted by the amount of
current in the cables and transformers. The different scenarios can be seen in Table 5.1.

Table 5.1: Overview of the different scenarios

Case Description
Scenario 1 Base case
Scenario 2 Ideal PLL
Scenario 3 De-tuned PI-controller

Scenario4 | Pf=0.9 (i:i =0.9, i;‘l =0.436)
Scenario 5 | Half power (i; = 0.5, i; =0)

Scenario 6 Switch-on delay of 0.5 us

Scenario 7 Non-ideal grid

Scenario 8 Base case with 18 turbines

Scenario 9 | 18 turbines an non-ideal grid

The base case will be discussed thoroughly, and each harmonic plot will be examined at the
different measuring points in the offshore wind farm. The rest of the scenarios will be compared
to the base case, and each scenario will show only the harmonic plots that are relevant for the
comparison. Note that the voltage harmonics of the turbine are measured on the grid side of the
transformer while the voltage harmonics in Chapter 3 were measured on the converter side of
the transformer. These two plots are therefore not comparable. This is done in order to compare
the harmonics at the turbine and the PCC in this chapter. Since the transformer is part of the
LCL-filter, it is natural that the measurements are made after the whole filter. In the previous
section, the voltage harmonics were measured on the converter side to show the signal used in
the control system of the converter.
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5.1 Frequency sweep

In this section, the results from the frequency sweep of the system will be presented. A frequency
sweep is done by sending a current of a specific frequency and peak value of 1A and measuring
the induced voltage over the components. By performing this simulation with a wide range
of frequencies, a frequency-dependant impedance plot can be created. Three different voltage
measurements were made; the voltage from the first wind turbine to the PCC, the voltage from
the second wind turbine to the PCC and the voltage from the PCC to the grid. Since the peak

current is 1A, the peak voltage will be the same as the impedance at the simulated frequency.
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Figure 5.2: Frequency sweep from the wind turbines to the PCC

Figure 5.2 shows the frequency dependant impedance from the two wind turbines to the
PCC. At the fundamental frequency, the impedance is only 0.1883¢2 between the first wind tur-
bine and the PCC, and 0.6207¢2 between the second wind turbine and the PCC. However, there
are some frequencies with a much higher impedance, like 1000 Hz, 1500 Hz and 4500 Hz for
the wind turbine closest to the grid and 2200 Hz for the wind turbine furthest from the grid.
While the resistance peak at 2200 Hz is very close to the switching harmonics, the inductance at
the 48™ harmonic is only 5802 and 141 between the first wind turbine and PCC and the second
wind turbine and PCC, respectively. Having series resonance in the grid at or near the switch-
ing frequency is not ideal as it may cause instability and large amounts of voltage harmonics.
Since the harmonic plots from the previous chapter (Figure 3.11 and 3.12) show that there are

no harmonics at 2200 Hz, this peak will likely not cause resonance in these simulations.
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Figure 5.3: Frequency sweep from the PCC to the grid connection point

Figure 5.3 shows the frequency dependant impedance from the PCC to the grid connection
point. From the shape of this plot, it is evident that the impedance is dominated by the in-
ductance in the transformer due to its linear increase with the frequency. There are some local
peaks and dips in the plot, but none are at the frequencies seen in the base case simulations in
Figure 3.11. While the local peak at 2700 Hz is relatively close to the switching harmonics, the
highest order harmonic from Figure 3.11 is at 2600 Hz, and should not be impacted. The lowest
inductance is again at the fundamental frequency, being just 1.7 €.
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5.2 Scenario 1: base case

From Figure 5.4, it is evident that the harmonics at the output of the turbine are similar to those
in Figure 3.11, which shows the base case harmonics without the offshore wind farm grid. There
is a slightly higher THD at the output of the turbine when it is connected to the grid compared
to when it is connected to an ideal voltage source (3.16% in full grid scenario and 2.98% with
only the turbine). This slight increase in current harmonics at the turbine is caused by a slight
increase of voltage harmonics at the turbine. In the previous section, the turbine was connected
to an ideal grid. In this chapter, the ideal grid is moved further away from the turbine, which
results in a 0.44% voltage THD at the turbine.

With respect to the specific harmonics, the same trend can be seen as in the previous sec-
tion. The current has a significant amount of 5t harmonics and some 7, in addition to the
harmonics around the multiples of the switching frequency. In the voltage, on the other hand,
most of the harmonics are situated around the switching frequency. With a THD of 0.5%, there
are much less voltage harmonics than current harmonics.

While the current THD is slightly less at PCC than at the wind turbine, this reduction is
caused only by the harmonics around the switching frequency being smaller. This shows that
the inductance in the cables works as a filter around the higher frequencies, but is not able to
filter out the lower frequencies. The 5 and 7™ current harmonics are in fact slightly higher at
PCC than at the wind turbine. Figure 5.5 shows that the current at the second turbine is almost
exactly the same as at the first turbine, and that at both turbines, the 5t and 7" harmonics are
less than at PCC. This proves that while the copper cables between the turbines and PCC reduce
the high order current harmonics, they actually increases the low order harmonics.

The voltage THD also decreases the closer it gets to the grid. Since the grid is ideal, the
voltage harmonics are caused by the voltage drop over the passive elements in the offshore grid.
There will therefore be more voltage harmonics the further away from the grid measurements

are made.
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Figure 5.5: Current harmonics at the second turbine in Scenario 1: base case
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It should be noted that the current harmonics at the grid are extremely small, with a THD
at only 0.60%. There is a transformer after the PCC measurement, which causes the current
through the subsea cable to be very low. This cable is designed to hold the current of all 111
wind turbines, so running it with only two turbines might cause some undesired effects. Mea-
surements were conducted between each n-section in the offshore cable and the results are
shown in Figure 5.10. Indeed, it can be seen that the current is much smaller after the trans-
former than at the grid, and the grid is injecting a high current to excite the capacitors in the
subsea cable. There is a 90° delay between the current at the PCC and the current at the grid,
which means that the current is used to excite the capacitors in the cable. Since the grid is an
ideal voltage source, this current will have no harmonic components. This explains why the
current harmonics at the grid are so small compared to those at the PCC.

This will be explored further in scenario 8 and 9. For the first seven scenarios, the grid current
harmonics will be ignored since they are so much smaller than the harmonics at PCC and the
turbine.
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Figure 5.10: Current after each n-section of the subsea cable in Scenario 1: base case
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5.3 Scenario 2 & 3: tuning the control system of the turbine

In this section, the same scenarios that were investigated without the offshore grid in the previ-
ous chapter will be investigated with the full grid connected. The results are expected to be very
similar, proving that connecting the turbine to the offshore grid does not alter the control of the
VSC.

Figure 5.11 shows the current harmonics at PCC with an ideal PLL. As expected, the current
THD is much lower than in base case, decreased from 2.96% to 1.11%. The only harmonics
higher than 0.5% are those around the switching frequency, which are the same results as from
Section 3.4.2. The THD is actually lower than in the simulations with only the wind turbine, but
this is caused by the n-section between the turbine and the PCC, which is filtering the higher
harmonic orders. The THD at the wind turbine is 1.76%, which is slightly higher than the 1.59%

from Section 3.4.2.
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Figure 5.11: Current harmonics at the PCC in Scenario 2: ideal PLL
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Figure 5.12 shows the current harmonics at the PCC when the PI-controller in the current
control loop in the converter is de-tuned. The PI-controller is tuned the same way as in section
3.4.3. The current THD is 2.98%, which is slightly greater than the 2.96% in base case. The
specific harmonics, however, are almost exactly the same as in base case. The small difference
in THD is likely caused by the harmonic measurement being done slightly differently due to the
longer stabilization time when the PI-controller is de-tuned.
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Figure 5.12: Current harmonics at the PCC in Scenario 3: de-tuned PI-controller
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5.4 Scenario 4 & 5: running the turbines at not rated conditions

In this section, scenarios 4 and 5 will be investigated. These scenarios correspond to running
the turbine at not perfect wind condition, or when the grid operator requires the wind farm to
produce or consume reactive power. These two scenarios are tested by setting the reference
current I; and I to something other than 1 and 0, respectively. For Scenario 5: half speed, this
is done by setting I’; = 0.5. For Scenario 4: pf = 0.9, this is done by fulfilling the following two

equations:

*

I
pf=cosTI(5) =09 S=\/I?+1:2=1 (5.1)

q
i; =0.9 I; =0.436 (5.2)

Figure 5.13 and 5.14 show the current harmonics at PCC for scenario 4 and 5, respectively. It

is evident that the specific harmonic frequencies are not dependant on the output power of the

converter. In all of the cases so far, there have been only the 5t and 7™ harmonics present, in
addition to the switching frequencies.
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Figure 5.14: Current harmonics at the PCC in Scenario 5: Half Power

However, the THD is much greater in scenario 4 and 5 than in base case. When the turbine
is running at a power factor of 0.9, there is a 17% increase in THD, from 2.96% to 3.46%. The
harmonics around the switching frequency are the same, while there is an increase in the 5%
and 7™ harmonics. This is consistent with the experiments of B. Block et al [10].

Running the turbines at half speed produces even more harmonics than running with a
lower power factor. While reducing the power factor to 0.9 only increased the 5% and 7™ har-
monics, running at half power increased all harmonics equally. At half power, the THD is in-
creased from 2.96% to 5.46%, which is an increase of 84%.

By rearranging Eq. 3.1 from tuning the LCL-filter, the following can be shown:

(Vac—DVgc)D

Aiimax,p—p = W (5.3)

Eq. 5.3 shows that running the turbine with a duty cycle of 0.5 will increase the current ripple
at the switching frequency, compared to using a higher duty cycle. While this increased ripple
explains the increased harmonics around the switching frequency, it does not explain the large

increase in 5" and 7 harmonics. This will be discussed further in Chapter 7.
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5.5 Scenario 6: switch-on delay

In this section, a switch-on delay will be added. In a similar experiment done by D. Dhua et Al,
[15], this delay was fixed to 5 ps while the cable parameters were changed.

Figure 5.15 shows the harmonic plot at PCC with a switching delay of 5 pus. Contrary to the
first five scenarios, adding a switching delay introduces harmonics at frequencies other than
5t 7! and the switching frequency. The 11™ and 13™ harmonics are especially greater than
in previous simulations. The 5 harmonic is still the most dominant. The addition of more
harmonic frequencies is aligned with what is found in the literature, as measurements of real
offshore wind farms find harmonics in every single low order frequency [40] [10].

While there are more current harmonics when a switch-on delay is added, the value of the

5t is reduced by 30% compared to

most dominant harmonic in the previous simulations, the
base case. The 51 harmonic is decreased so much compared to the base case that the current
THD at PCC is actually lower with a switch-on delay (2.68%) than it is without (2.96%). While
this is only a slight reduction, it is surprising that adding a non-ideality gives a smaller THD. It is
5% harmonic that is reduced, while the 7

only the harmonic is actually slightly increased, and

the harmonics around the switching frequency are exactly the same.

=2 105:800*250:800*5[hharm0nic (5.4)

Tdeluy

5t harmonic.

Eq. 5.4 shows that adding a delay of 5 us has a common multiple with the
A theory was proposed that this common multiple might cause the 5% harmonic to shift into
another order.

5t harmonic is generated in the PLL, another cause

Since it has already been proven that the
of the improvement in the THD could be that the PLL is tuned too fast, at least from a harmonic
point of view. Three more simulations were run, one with a delay of 3 us, one with a delay of 8
ps and one with a delay of 12 ps. The results can be seen in Table 5.2 and show that the ideal
amount of delay is somewhere between 5 and 8 ps. This proves that the common multiple with
the 51" harmonic had nothing to do with the improvement, and strengthens the theory that the

PLL was tuned too fast.

Table 5.2: THD at base case compared to different switch-on delays

Scenario | THD
Base case | 2.96%

3us 2.76%
S5us 2.68%
8 us 2.68%

12 ps 4.04%
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5.6 Scenario 7: non-ideal grid

In this section, the grid will be simulated as a non-ideal grid. The grid voltage will have two
harmonic components, a 2% 7™ harmonic and a 1.5% 13" harmonic. The 7" was chosen to see
what happens when the grid and the converter have the same harmonic component. The 13"
harmonic was chosen to see what happens when they have different harmonic components.
These two harmonic components give the grid a voltage THD of 2.5%.

In all the scenarios that have been simulated so far, only the turbine has been changed. In
this section, harmonics are coming both from the grid and from the turbine, and the propaga-

tion thorough the grid is therefore quite different from the other cases.
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Figure 5.16: Current harmonics at the PCC in Scenario 7: non-ideal grid

Figure 5.16 shows the current harmonics at PCC. There are a couple of elements that dis-
tinguish this harmonic plot from the earlier harmonic plots. The first element is the THD of
11.61%, which is much higher than in the other scenarios. The second element is the specific
harmonics. While the harmonics around the switching frequency are more or less the same as
in the other scenarios, both the 5" and 7t are higher. In addition, there are significant 13t and
11" harmonics. In terms of the relationship between the specific harmonics, it is evident that
the 7" harmonic is greater than the 5" this time, which is caused by both the grid and the con-
~th 1th

verter producing the 7" harmonic. The 13™ harmonic is also produced by the grid, but the 1

harmonic can not be explained in the same way.
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Figure 5.17 and Figure 5.18 show the plots of the current harmonics from the wind turbine
and grid, respectively. It is clear that the current harmonics coming from the grid are only the
13" and 7%, which proves that the 11™ harmonic must be produced in the converter. In fact,

alarge 111

component can be seen coming from the turbine in Figure 5.17. This is most likely
caused by the PLL. In the previous chapter, it was shown that the PLL was very susceptible to
voltage harmonics, and Figure 5.19 shows that there are in fact more than 4% voltage THD at the
turbine, almost 10 times as much as in the base case. In the base case, it is almost exclusively
voltage harmonics around the switching frequency, but with a non-ideal grid, there are a lot of
voltage harmonics at the 7 and 13™ harmonic order.

Figure 5.18 shows that the grid current has a THD of 34.99%. In base case, it was proven
that the grid injects a large current to excite the capacitors in the subsea cable. When the grid
is ideal, this will cause a current without any harmonics. Since the grid in this scenario has
voltage harmonics, a large current with harmonics will result. The next scenarios will examine

the relation between the amount of turbines and THD at the grid.

Current at Wind Turbine, THD= 9.64%
I ] I I

Mag (% of Fundamental)
w RN [(6)] [e)]

I I I I

| | | |

N
T
|

0 | N | | . I 1 a | | . | | | 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)

Figure 5.17: Current harmonics at the turbine in Scenario 7: non-ideal grid
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Figure 5.18: Current harmonics at the grid in Scenario 7: non-ideal grid
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Figure 5.19: Voltage harmonics at the turbine in Scenario 7: non-ideal grid
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5.7 Scenario 8: base case with 18 turbines

In this section, the scalability of the system will be investigated. There are two main reasons to
investigate how the system reacts with more than two turbines: to see if simulating only two tur-
bines is an acceptable simplification, and to investigate why the grid harmonics do not behave
as expected. Two scenarios will be examined with 18 turbines; the base case and the non-ideal
grid.

The reason for simulating only two turbines in the other scenarios is because of the com-
plexity associated with simulating the turbines. To solve this, only one of the 18 turbines will be
simulated as a converter, and the other 17 turbines will be simulated as current sources. The
control signal for these current sources will be the output current measured from the one tur-
bine that is simulated as a VSC (ig from Figure 3.2). This means that all of the turbines will be
controlled by the same control system. The 18 turbines will be simulated as two radials con-
nected to the PCC, with n-sections between each turbine as seen in Figure 5.21. The big turbine
in the figure is the VSC, while the smaller ones are current sources. The radials are made to
be similar to the radials at Anholt Offshore Wind Farm, and the rt-sections are simulated as the

cable sections from Figure 4.1. More information on the 18 turbine model can be found in the

Appendix.

PCC Point of connection

33 kv/220 kv

3*8.17 km

o -G

Al Subsea 1600 mm?

50 MW Transformer

WT

Figure 5.21: Single line diagram of wind farm with 18 turbines

First, the base case will be evaluated with one converter and 17 current sources to see if there

are any major changes in the results when more current is going through the passive elements.
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Figure 5.22 shows the current harmonics at PCC with 18 turbines simulated. It looks very similar
to Figure 5.6, with the biggest difference being that the THD has increased to 3.68%, which is a
30% increase compared to base case with two turbines. This could be caused by the fact that the
turbines are simulated as current sources, making their performance less ideal than if they were
simulated as VSC. Since the voltage level and harmonics are different at all the turbines, this will
make the performance worse compared to running it with 18 VSC.

Figure 5.23 shows the harmonic current plot at the grid. This is very different form Figure
5.7, and proves that the grid will in fact experience about the same amount of harmonics as at
the PCC. The only reason that there were almost no current harmonics in the grid in the first six
scenarios was because there was not enough current going through the subsea cable.

Figure 5.24 shows that the current harmonics produced at the wind turbine are also in-
creased by about 30%. Since these are the harmonics produced at the converter, it can not
be explained by the other turbines being simulated as current sources, but is likely explained
by the increase in voltage harmonics seen in Figure 5.25. When the number of wind turbines
are increased, there will be more current going through the cables, and more voltage harmonics
will be generated. This will in turn impact the performance of the VSC as it has already been
shown that a correlation exists between the voltage THD at the VSC and the produced current
harmonics from the wind turbine.

Figure 5.26 shows that the same voltage harmonics can be found at PCC. This means that
even with an ideal grid, the voltage at PCC will be distorted, as long as there is enough current
going through the subsea cable. With only two turbines in operation, the grid was able to hold
the same harmonic level at PCC and the grid, but with more current injected from the turbines,

the ability of the grid to ensure a non-distorted voltage at PCC lessens.
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Figure 5.22: Current harmonics at the PCC in Scenario 8: base case with 18 turbines
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Figure 5.23: Current harmonics at the grid in Scenario 8: base case with 18 turbines
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Figure 5.24: Current harmonics at the turbine in Scenario 8: base case with 18 turbines
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Voltage at Wind Turbine with Converter, THD= 2.34%
18F T T T T T T ]

16 B
14+ i

12 N

Mag (% of Fundamental)
g
T
|

o

o
T
\

0.2 - -

0 | 11 | 1 i I I | . | | | | 1 | |
0] 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)

Figure 5.25: Voltage harmonics at the turbine in Scenario 8: base case with 18 turbines
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Figure 5.26: Voltage harmonics at the PCC in Scenario 8: base case with 18 turbines
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Figure 5.27 shows the current going thorough the offshore cable. While the cable is still draw-
ing some current from the grid to induce the capacitors, there is much less with 18 turbines than
there is with two. With 111 turbines, there will likely be no injected current from the grid, even

if the turbines are not running at full power.

Plot of the voltage throughout the offshore cable
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Figure 5.27: Current through the subsea cable with 18 turbines
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5.8 Scenario 9: 18 turbines and non-ideal grid

The same 18 turbine scenario was run with the same non-ideal grid as in Scenario 7: non-ideal
grid, with voltage harmonics at the 7™ and 13™ order. Figure 5.28 shows the current harmonics
at PCC with 18 turbines and a non-ideal grid. It is evident that the same harmonics are present
when there are 18 turbines as when there are only two. The relationship between the harmonics,
however, has changed. With 18 turbines there are a higher share of 5% and 7 harmonics, and
less of the 111" and 13™ harmonics. The THD is also lower, which is caused by the fact that
the turbines are pushing more current through the subsea cable, causing the grid to produce
less current to excite the cables, and therefore also less harmonics. Figure 5.29 shows that the
produced current THD is more or less the same as with two turbines, but the same shift towards
more 57 and 7™ and less 11" and 13™ that was evident at the PCC can be seen at the wind
turbine.

In Scenario 8: base case with 18 turbines, there was a relatively large increase in the voltage
THD at both PCC and the wind turbine. With the non-ideal grid, there is no increase in THD, but
Figure 5.30 and 5.31 show that the specific harmonics are shifting more towards the harmonics
produced in the turbine and less towards the grid harmonics. This proves that with more tur-
bines in operation, the harmonic impact from the grid is decreased, and the harmonic impact
from the converter becomes more impactful, both on the current and the voltage harmonics.

Figure 5.32 shows the current harmonics at the grid with 18 turbines and a non-ideal grid.
While the THD is still extremely high at the grid, it is reduced by 36% compared to the two
turbine scenario. With 111 turbines in operation, it can be assumed that enough current will be
pushed through the subsea cable to excite the capacitors in the cable without drawing current
from the grid.
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PCC Current, THD= 7.95%
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Figure 5.28: Current harmonics at the PCC with Scenario 9: 18 turbines and non-ideal grid
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[ [ [ | I

Mag (% of Fundamental)
w
I
|

0 1 | [ I i I ' I | | | 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)

Figure 5.29: Current harmonics at the turbine with Scenario 9: 18 turbines and non-ideal grid
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Voltage at Converter Wind Turbine, THD= 4.64%
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Figure 5.30: Voltage harmonics at the turbine with Scenario 9: 18 turbines and non-ideal grid
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Figure 5.31: Voltage harmonics at the PCC with Scenario 9: 18 turbines and non-ideal grid
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Grid Current, THD= 22.18%
I I [

—_ —_ —_ —_ -
o N B [*}] [oe]
T T I T |
| | | | |

Mag (% of Fundamental)
o]
I
|

0 L L ! ! P | | | ! | ! \
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)

Figure 5.32: Current harmonics at the grid with Scenario 9: 18 turbines and non-ideal grid



Chapter 6: Active Filtering

This chapter will explore active filtering to reduce harmonics. When harmonics in the grid grow
too large, measures must be taken to comply with the grid requirements. One option is to install
a passive filter at the point of connection with the grid, as was done in Ormonde Offshore Wind
Farm [41]. However, to remove the harmonics in the offshore grid and the turbines, it would be
more suitable to place the filter offshore. Passive filters tuned for lower harmonic frequencies
and a large amount of power will be exceedingly big and inconvenient as they require a large in-
ductor and cooling system [21]. Additionally, passive filters are associated with high engineering
costs, and have to be re-tuned when the grid changes.

Another option is to add a designated active filter at the PCC. With power electronic devices
becoming cheaper and of higher quality, this option is increasingly more popular. While adding
a designated active filter may solve the harmonics problems at the PCC, it does not necessarily
solve the issue at other places in the grid.

With the amount of grid-connected converters already installed in offshore wind farms, a
third option would be to apply active filtering techniques in the already existing VSC [12] [9].
This requires no extra equipment and solves the harmonic issue where it is created, instead of
having to add additional components. The drawback with this solution is that the wind turbine
converters often come as off-the-shelf products, where the control system is the intellectual
property of the producer [42], thus making re-tuning the converter a sometimes unfeasible so-
lution.

In this chapter, the third option will be applied to the system. A notch filter will be inte-
grated in the control system to perform active filtering. This method was used by £ Kocewiak
when he analyzed the harmonic level of Anholt Offshore Wind Farm and found that the level
of 17" harmonics was higher than the permitted level according to the grid code. To shift and
damp the level of 17" harmonics, a notch filter was installed in the current measurements of
the converter [12]. Figure 6.1 shows the control system with the addition of a notch filter in the
current measurements.

Since the scenarios in Chapter 5 had similar results in terms of the specific harmonics, only
Scenario 1: base case, Scenario 4: half power and Scenario 7: non-ideal grid will be re-run with

active filtering. The 18 turbine scenarios only added current sources and not VSC, therefore
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Figure 6.1: Control system of the converter with notch filter at the current measurements

none of these scenarios were run with a notch filter, which is added in the control system.

Figure 6.1 shows the control system with the addition of a notch filter in the current mea-
surements. A notch filter, also known as a band stop filter, filters out only a given band of fre-
quencies. Eq. 6.1 shows the transfer function of a notch filter, where wy is the central rejected
frequency and w, is the width of the rejected band [43].

2 2
N +CUN

H(s) = (6.1)

2+ 2w.s+ wi]
Chapter 5 found that the most dominant harmonic component was the 5% harmonic. The
notch filter will therefore have a central rejecting frequency fy =5 * 50Hz = 250 Hz. The width
of the rejected band will be set to 10% of the rejected frequency, f. =25Hz.
Figure 6.2 shows the bode plot of the installed notch filter. From the figure, it is evident that
the gain is 0 for almost all frequencies, except for w = 1571 = 27250, where the gain is -264.4. This

Sth

is equivalent to removing the 5** harmonic component from the measurements of the current,

meaning that the control system will receive a signal without any 250 Hz oscillations.
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Figure 6.2: Bode plot of installed notch filter

6.1 Results

Figure 6.3 shows the current harmonics at PCC in base case with an installed notch filter. The
plot shows that the range of harmonics are exactly the same as in Figure 5.6, which shows the
current harmonics at PCC without the notch filter. However, both the THD and the 5 harmon-
ics are reduced in the simulations with a notch filter compared to the simulations without.

Table 6.1: Current harmonics and THD at PCC with and without a notch filter

) THD 5% harmonics
Scenario . .
w/o notch | with notch | w/o notch | with notch
Base case 2.96% 2.53% 2.61% 2.18%
Half power 5.46% 4.75% 4.81% 4.05%
Non-ideal grid | 11.61 % 11.44% 3.43% 2.90%

Table 6.1 summarizes the results from the simulations with the notch filter. It is evident that
the 5" harmonic is reduced in every case where the notch filter is installed. In all three cases, the
5% harmonic is reduced with about 16% (16.4% for base case, 15.8% for half power and 15.5% for
non ideal grid), which proves that installing a notch filter is a suitable way to reduce the specific
output of one specific harmonic.

The THD is also reduced, though not as much as the 5™ harmonic. The reduction in THD is
only caused by the reduction in the 5™ harmonic, which is evident because the other harmonics

all have the same value.
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Figure 6.3: Current harmonics at PCC in Scenario 1: base case with installed notch filter



Chapter 7: Discussion

In this chapter, the results from all previous chapters will be examined and compared. Whether
the results support the existing literature or represent new findings will be discussed. In the last
section, the limitations of this project will be explained.

7.1 Current harmonics at PCC

Scenario THD | 5% | 7t | 48t | 52nd
2: ideal PLL 1.11 | 0.22 | 0.01 | 0.92 | 0.55
6: switch-on delay 2.68 | 2.01 | 0.93 | 0.93 | 0.55
1: base case 296 | 2.61 | 0.83 | 0.92 | 0.55
3: de-tuned PI 298 | 2.63 | 0.83 | 0.92 | 0.55
4: pf=0.9 3.46 | 3.10 | 1.02 | 0.96 | 0.57
8: base case and 18 turbines 3.68 | 3.17 | 1.78 | 0.58 | 0.32
5: half power 546 | 4.81 | 1.48 | 1.80 | 1.08
9: 18 turbines and non-ideal grid | 7.95 | 5.36 | 4.12 | 0.56 | 0.35
7: non-ideal grid 11.61 | 3.25 | 4.20 | 0.94 | 0.55

Table 7.1: Overview of current harmonics at PCC in the different scenarios

Table 7.1 shows an overview of the THD and the 5%, 7th 481 and 5274 harmonics from the 9
scenarios simulated in Chapter 5. The table is sorted by THD to more clearly showcase the
differences in harmonic performance.

In every scenario except for Scenario 7: non-ideal grid, there is a clear correlation between
the 51" harmonic and the THD. This is caused by the way THD is calculated, making the more
dominant harmonics count much more than the less dominant. The 5% harmonic is also the
harmonic that varies the most throughout the different scenarios. As already discussed, the 5%
harmonic is coming from the PLL, suggesting that the PLL is critical in regards to changes in the
system. On the other hand, the switching harmonics (48" and 52"9) are more stable throughout

the different cases. Almost every scenario with two turbines has approximately the same 48™
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and 524 harmonics, showing that the PLL is much more exposed to changes in the grid and
control system compared to the current controller and PWM.

There is, however, one exception, which is Scenario 5: half power. This scenario has a con-
siderably worse performance not only in the THD, 5t and 7" order harmonics, but also in the
harmonics around the switching frequency. While there is no research specifically for offshore
wind farms confirming the connection between produced power and produced harmonics, P.
M. Ivry et al. [44] found the same correlation in a similar experiment with VSC. Considering that
Anholt offshore wind farm runs at less than half capacity 38% of the time [45], the harmonics
produced when not running at rated conditions are something that must be taken into consid-
eration when designing the offshore wind farm.

While the fact that both Scenario 4: pf=0.9 and Scenario 5: half power increase the current
THD coming from a VSC is documented, which components are affected by the two scenar-
ios is not. [10] discusses how every low order harmonics is increased when the power factor is
changed, but it does not discuss what causes these low order harmonics in the first place. In
this thesis, it is confirmed that harmonics produced by the PLL will increase when the power
factor is decreased, and that the harmonics around the switching frequency are independent of
the power factor of the system. [44] concludes that there is a negative correlation between the
output power of the converter and the current THD produced in the converter, but does not ex-
plain where these harmonics are coming from, or if only certain harmonics are increased. This
thesis shows that while the switching harmonics were the same in every other scenario with two
turbines, reducing the output power increased every single harmonic component.

When it comes to the two scenarios with 18 turbines, it is interesting to see that the harmon-

5t harmonic

ics around the switching frequency are actually decreased at PCC, even though the
and THD are increased compared to the same scenarios with only two turbines. This is caused
by the fact that the impedance at the frequencies around the switching frequency is so much
higher than the impedance at the 5% and 7™ harmonic, making the cables work as filters for
the higher order harmonics. Since the added turbines are placed with t-sections between them,
there will be even more filtering of the higher order harmonics, and there will be a lower per-
centage of 48" and 524 harmonics at PCC. These are the same results found by [44], namely
that with a high impedance, the current harmonics will be reduced while the voltage harmonics
will be increased.

Table 7.2 shows an overview of the allowed amount of current harmonics at PCC at 33kV.
Since the wind farm is a 400 MW system, it is safe to assume that the short circuit current divided
by the load current is no more than 20. The table shows that the THD can not be any higher than
5%, that the 5™ and 7™ harmonic can be no more than 4.0% and that the 48™ and 52™9 can be no
more than 0.075%. While most of the scenarios satisfy the requirements for THD and 5™ and 7%
harmonics, there is not a single scenario that has 48" and 52"¢ harmonics lower than 0.075%.
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Table 7.2: Maximum harmonic current distortion (in % of I1) for a system rated 120

V<V<69KkVI[5]
Iqc/lp |3<h<1l | 11=sh<17 | 17=h<23 | 23<h<35 | 35<h<50 | THD
<20 4.0 2.0 1.5 0.6 0.3 5

The values given in this table are for odd harmonics. Even harmonics are limited
to 25% of the values in this table.

To comply with the grid codes, additional measures must be taken to reduce the current
harmonics. In every scenario, the 48" and 52"¢ harmonics have to be reduced, which could
be done by installing a high-pass filter at the PCC or the wind turbine, by re-tuning the already
existing filter at the wind turbine, or by installing an active filter.

7.2 Voltage harmonics at PCC

In this section, the voltage harmonics and how they comply with the grid codes will be dis-
cussed. The scenarios that have a voltage harmonic plot in Chapter 5 will be reviewed. Table 7.3
shows an overview of the voltage harmonics at PCC for the four scenarios with voltage harmonic
plots. Since the most dominant voltage harmonic components are the harmonics around the
switching frequency, and the switching harmonics had only small variations in most scenarios,
only scenarios 1, 7, 8 and 9 are included.

While the different scenarios had a relatively large impact on the produced current harmon-
ics from the converter, the voltage harmonics were kept relatively small throughout the first six
simulation scenarios. The same harmonic frequencies can be found in the voltage as in the
current, but the relationship between the different harmonics has changed. When it comes to
voltage harmonics, the harmonics around the switching frequency are more prominent than

the 5™ and 7" harmonics.

Scenario THD | 5% | 7t | 11th | 13t | 4g8th | 52nd
1: Base case 0.36 | 0.09 | 0.04 - - 0.28 | 0.21
8: Base case and 18 turbines 2.34 1 0.96 | 0.76 - - 1.68 | 1.03
7: Non-ideal grid 4.08 | 0.19 | 251 | 0.36 | 3.13 | 0.29 | 0.20
9: 18 turbines and non ideal grid | 4.43 | 1.63 | 3.32 | 0.78 | 1.39 | 1.41 | 1.01

Table 7.3: Voltage harmonics at PCC

Table 7.4 shows the allowed voltage harmonics at PCC with a voltage of 33 kV. It is evident
that the base case is well within the allowed limits of voltage harmonics, both with two turbines
and with 18. However, there is a 600% increase in the 48™ harmonic when 16 turbines are added.
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If the same trends continue, there will be too much voltage harmonics when all 111 turbines are
simulated.

With a non-ideal grid, the voltage THD is a lot higher, but this is caused mainly by an increase
in the 7™ and 13™ harmonic components, which are injected by the grid. Even with 3.32% 7%
harmonic and 3.13% 13" harmonic, the THD is still within the allowed value of 5%, and only
the 7" and 13™ harmonics are not within the values recommended by IEEE. This shows that
even though the non-ideal grid has a significant impact on the produced current harmonics,
the voltage harmonics are not impacted in the same manner. In fact, with 18 turbines, the 13th
harmonic is greatly reduced, showing how the non-ideal grid is less impactful as more turbines
are added.

Bus voltage V at PCC Indivdual harmonic | Total harmonic dis-
(%) tortion THD (%)
1kV <V <69kV 3.0 5.0

Table 7.4: Voltage distortion limits [5]

7.3 Propagation of harmonics in the offshore wind farm

P Ivry et al. [44] found that while there was a negative correlation between the inductance in the
grid and the produced current harmonics, there was a positive correlation between the induc-
tance in the grid and the produced voltage harmonics from a VSC. Since the onshore grid is ideal
in most of these simulations, the only source for voltage harmonics is the VSC and the voltage
drop from the harmonic current going through the passive elements. If the current is constant,
a higher inductance in the cable will lead to a higher voltage drop at the specific frequency.

Table 7.5 shows how the current and voltage harmonics propagate through the grid. Note
that there are no voltage harmonics at the grid since the scenario presented in the table is Sce-
nario 8: base case with 18 turbines. This case was chosen because it best shows the current
harmonics at the grid.

Current Harmonics Voltage Harmonics
5th 7th 48th 52nd 5th 7th 48th 52nd
WT | 298 | 1.58 | 1.89 | 1.38 | 0.97 | 0.76 | 1.68 | 1.03
PCC | 3.15|1.78 | 0.57 | 0.32 | 0.90 | 0.71 | 1.42 | 1.04
Grid | 2.72 | 1.66 | 0.78 | 1.31 - - - -

Point

Table 7.5: Voltage and current measurement at different points in the offshore grid in Scenario
8: base case with 18 turbines

From the frequency sweep in section 5.1, it is evident that the impedance at the 48™ and 524
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harmonic frequency is about ten times as high as the impedance at the 5® and 7™ harmonic
frequency. At the same time, the results in Table 7.5 show that the voltage harmonics around the
switching frequency are much higher than the 5 and 7" voltage harmonics, both at the wind
turbine and at PCC, while the opposite is true for the current harmonics. This correlates with
the findings of P. Ivry et al [44]. However, while P. Ivry et al. proved that there was a correlation
with the voltage and current THD and the impedance in the grid, this thesis find that this is also
true for the specific harmonic frequencies.

The most curious observation is that the 48™" and 52" current harmonic components are
actually growing from the PCC to the grid. This is caused by the capacitors in the cable drawing
some current from the grid, as was explained in section 5.2. In Scenario 1: base case, the voltage
drop in the offshore cable had a THD less than 0.5%. With 18 turbines simulated, the voltage
drop is significantly higher at 1.42% for the 48™ harmonic component and 1.04% for the 52"4
harmonic component. This causes the capacitors to draw a distorted current, consequently

increasing the current harmonics.

7.4 Filtering of harmonics

Earlier in this chapter, it was proven that some sort of filtering is required to comply with the grid
codes especially for the current harmonics around the switching frequency. These harmonics
can be easily filtered by installing a designated active or passive filter, or by re-tuning the passive
filter connected to the wind-turbine.

In Scenario 5: half power, the 5" harmonic was 4.81% and therefore not within the required
current harmonic level. With the notch filter installed in Chapter 6, however, the 5% harmonic
is 4% and satisfies the grid requirements. This shows how installing the notch filter is a suit-
able way to reduce one specific harmonic component to comply with the grid code. While L
Kocewiak proved this in [12], that paper does not discuss the origins of the harmonics. Since
the PLL uses the voltage measurement as a reference to synchronize the converter to the grid,
it is not obvious that installing a notch filter in the current measurement will limit the harmon-
ics created in the PLL. However, this thesis has proven the technique successful in restraining

Sth

the harmonics generated in the PLL. The 5™ current harmonic is limited by = 16% across three

5! harmonic.

different scenarios, independent of the original value of the

The results from Chapter 5 show that there are several possibilities for active filtering in the
proposed system. Adding a switch-on delay and improving the PLL both reduce the 5% har-
monic compared to the base case. While the harmonic impact from the PLL and the importance
of tuning it correctly to secure stability is rather well documented [46] [47], the impact of adding
a switch-on delay is unique to this system. The improvement in the harmonics associated with

the switch-on delay is, however, as discussed in Section 5.5, most likely connected to the PLL
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being tuned too fast.

Another possible measure to improve the generated harmonics is to move the voltage mea-
surement to the grid side of the wind turbine connected transformer. This thesis has proven that
the voltage ripple impacts the production of 5 and 7" harmonics, and in chapter 3, the voltage
plots show that there are more than 4% voltage THD at the point of measurement. By moving
the point of measurement from the VSC side of the transformer to the grid side, the measured
voltage harmonics would be reduced significantly, as would the current harmonics produced by
the PLL.

[14] offers no explanation as to why the voltage at Anholt Offshore Wind Farm is measured
at the VSC side of the transformer, but it is likely related to the voltage level and the rating of the

measuring equipment.

7.5 Limitations

While the system simulated in this master project is suitable to discover the impact of different
scenarios on the harmonic production in offshore wind farms, the scale of the simulation is too
small to yield detailed results about the propagation of the harmonics. The harmonic propaga-
tion from the PCC to the grid is greatly impacted by the amount of turbines in the simulations,
and the computational power required to simulate enough wind turbines is a limitation in this
master thesis.

[7] discusses how the skin effect impacts the harmonic damping of the transformers and
cables, and concludes that higher frequency harmonics will experience a higher damping than
harmonics with lower frequency. Due to limitations in the simulation tools used in this thesis,
this effect is ignored in simulations. This means that the specific high order harmonic values
will be higher in the simulations than in a real world context. Since all simulations are done
with the same assumptions, this does not impact the comparison between the different cases
and only means that the values may be slightly too high.

Lastly, there were no sources on the specific control system used in Anholt Offshore Wind
Farm, and it is therefore tuned with the parameters showed in section 3.3, using sources as de-
scribed in the same chapter. The tuning of the PLL has a significant impact on the generated
harmonics, and while this may cause the specific harmonic to be slightly off, it should not im-
pact the relation between the different scenarios as they all use the same PLL.



Chapter 8: Conclusion

The harmonics produced in offshore wind farms are investigated in this master thesis. With
them, a full guide on how to simulate the electrical components of an offshore wind farm and
the harmonic impact of different electrical scenarios occurring in real offshore wind farms are
shown. Simulations of the offshore wind farm show that current harmonics produced in the
VSC vary greatly between the nine scenarios tested.

Investigations to identify which harmonics had the most impact and which components
caused those harmonics were performed. In all scenarios using an ideal grid, the 5% current
harmonic was the most dominant. In the base case, the 5™ harmonic was 2.61%, but it varied
significantly between the scenarios, with the greatest variation being 4.81% with turbines run-
ning at half power, compared to 2.01% when turbines had a switch-on delay of 5 ps. A scenario
was also run with an ideal PLL in which the 5% harmonic was only 0.22%, proving that the 5™
current harmonic was generated in the PLL, but amplified unequally in the different scenarios.

The correlation between voltage harmonics at the wind turbine and produced current har-
monics was investigated. The base case was simulated three times. The first time involved only
one turbine connected to a voltage source, and the other two scenarios used two and 18 turbines
connected to an offshore grid. In each scenario, the voltage harmonics were different. It is ev-
ident that as more voltage harmonics are present at the wind turbine, more current harmonics
are produced.

This was confirmed in the scenarios using a non-ideal grid, which were the scenarios that
produced the most current harmonics. The scenarios with a non-ideal grid were also the only
scenarios that had a considerable amount of 11 current harmonics, even though the non-ideal
grid only had 13% and 7" voltage harmonic components. These harmonics were created in the
PLL, and showed how susceptible the PLL is to changes in the voltage harmonics.

When the specific current harmonic components were investigated across the different sce-
narios, it was evident that the low-order harmonic components created in the PLL behaved dif-
ferently from the high-order switching harmonics. The switching harmonics remained constant
across each scenario, except for when the turbines were running at half power, while the 5 and
7™ harmonics varied with every different scenario.

To limit the required computational power, the first seven scenarios were simulated with
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only two turbines. Two scenarios were simulated with 18 turbines to investigate the scalability
of the system and the suitability of this simplification. The results showed that the same current
harmonic components were present independent of the amount of turbines running. However,
the THD was increased with 18 turbines. These results confirmed that the simplification did
not have a significant impact on the relation between the specific current harmonics, nor did
they alter the conclusions drawn from the two turbine simulations. Contrary to the two turbine
system, simulating the system with more turbines showed that the current harmonics at the grid
were similar to the current harmonics at the PCC.

To investigate the propagation of both current and voltage harmonics, harmonics were mea-
sured at three different points in the offshore grid. These measurements showed that the prop-
agation and production of harmonics were dependant on the frequency-specific impedance;
increased impedance lead to an increased voltage harmonic component and a decreased cur-
rent harmonic component.

The produced harmonics were compared to the IEEE standards to determine whether har-
monics in the offshore wind farm were within the recommended levels. The results showed that
the switching harmonics in the current were the only harmonics consistently outside the rec-
ommended levels. However, low-order current harmonics produced in scenarios at half power
and with grid harmonics were also out of range. Due to simplifications in the modeling and
neglecting the skin-effect in cables, the specific peak value of the harmonics are not precise.
Therefore, results from this thesis should be used primarily to compare the harmonic output in
different scenarios.

L. Kocewiak [12] implemented an active filtering technique in Anholt Offshore Wind Farm,
but did not specify if this technique would work for all kinds of harmonics, and more specifically,
ifit would work for harmonics created in the PLL of the current controller. Since the PLL uses the
measured voltage as a reference, it is not obvious that filtering the current measurements will
lead to an improvement in the harmonic output. The technique was implemented in this thesis
to limit the 5 harmonic. The active filtering strategy implemented a notch-filter to filter out the
5% current harmonics in the current measurement for the VSC. The strategy proved successful
in limiting the 5 current harmonics, reducing it by approximately 16% across three different
scenarios. This proved that L. Kocewiak’s method was successful even when the harmonics were

generated in the PLL.



Chapter 9: Further Work

This master thesis established a basis for further simulations and investigated the harmonic
impact of different scenarios. Building on the simulations of this master thesis, there are three

different directions that should be explored further:

» Further exploration into active filtering. This thesis showed the successful application
of adding a notch filter, but more active filtering techniques should be investigated. The
addition of a designated active filter at the PCC, and experimentation with the cooperative
control of a designated active filter and the already existing VSC should be investigated.
In addition, further active filtering techniques in the control system of the VSC should be

explored, such as Local harmonic current compensation [48].

e Expanding the simulations to include more wind turbines, cables and transformers to
more accurately represent Anholt Offshore Wind Farm. Investigate the harmonic impact
of expanding the wind farm. Look further into the resonance in the offshore grid and
compare it with the results presented in this thesis. This would require significantly more

computational power.

* Investigate the impact of the PLL. Try different tuning methods of the PI-controller and
different algorithms to calculate the phase angle of the system. This project proved that
while the different scenarios would amplify the low order harmonics, the PLL was the root
of those harmonics.

As wind turbines and offshore wind farms grow larger, the importance of securing a good
power quality becomes increasingly important. While this thesis addresses certain problems
and pinpoints what causes and amplifies harmonics, further work is required to determine how

to best deal with these harmonics.
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Appendix A: Parameters

A.1 Offshore cables

There are four different cables used in the offshore wind farm. The data from these cables are

from ABB data sheets [38] [39]. The data for the aluminum cable is from D. Dhua’s wind farm

experiments [15]

Cable R[mQ/km] | LImH/km] | C[uF/km]
500 mm? Cu cable 33.6 0.41 0.24
240 mm? Cu cable 70 0.41 0.21
150 mm? Cu cable 112 0.41 0.21
1600 mm? Al cable 40 0.74 0.14

Table A.1: Resistance, indcutance and capacitance of offshore cables

The zero sequence values are the same for all cables, and can be seen in table A.2

Ry | 1000Q/km

Lo | 4.1264mH/km

Co | 7.7519nF/km

Table A.2: Zero sequence value for all cables

A.2 Transformers

The data for the transformers can be seen in Table A.4 and A.3. The wind turbine transformer is
the same for both wind turbines that are simulated.
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Nominal power S 50 MW
Nominal frequency 50 Hz

\%1 33kv
Vy 220kV
Winding L, = L, 0.0415pu
Winding R; = R» 0.004pu

Magnetization R, 500pu

Magnetization L,, 500pu

Table A.3: Offshore transformer connected to PCC

Nominal power S 5 MW
Nominal frequency 50 Hz

Vi 33kv

Vo 690kV
Winding L; = L, 0.0375pu
Winding Ry = R, 0.002675pu
Magnetization R,, 870pu
Magnetization L, 50pu

Table A.4: Wind turbine transformers

A.3 18 turbine simulation

In this section, all data needed to recreate the 18 turbine simulation will be presented. The n-
sections used inbetween each transformer uses the data from Table A.1. The small wind turbines
in Figure A.1 are simple current sources.
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PCC Point of connection

33 kv/220 kv

3*8.17 km

Al Subsea 1600 mm?

50 MW Transformer

Figure A.1: Single line diagram of wind farm with 18 turbines

The length of each n-section is 1.33km, including the n-section between the VSC (the big
WT) and the PCC. From the end to the PCC, there are nine rt-sections. Starting from the end,
there are: four 150mm? cables, three 240mm? cables and two 500mm? cables. Both radials are
exactly the same in terms of r-sections, but in the upper radial, there are only current sources
and no VSC.



84

APPENDIX A. PARAMETERS



Appendix B: Simulink

In this section of the appendix, all screenshots from the Simulink models and the Matlab setup
script are shown. Feel free to contact the author for the full model for further simulations.

Wind farm

Turbines and 33kV CU cables Subsea transmission Cable Grid 220kViE
= = = e
0 T T | b
Figure B.1: Screenshot of the two turbine system
Wind turbine

Control System
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g

| —
: A a A vabe|— N A A Vabe :jvg :
I labe
Vdc g
B B b a b B B 1
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=
[

-
IF-EAFW% B
W

Figure B.2: Screenshot of the turbine
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Figure B.3: Screenshot of the control system for the VSC
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Figure B.4: Screenshot of the PLL in the turbines
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Figure B.5: Screenshot of the full 18 turbine system

Matlab code

Setup file:

%% Frequency constants
fn = 50; %Grid Frequency
fs = 2.5e3; %Switching frequency

wn = 2xpixfn;

%% PU variables

Sbase = 5e6; %Sn

Vbase 690; %V LL rms
Zbase=Vbase”2/Sbase; %/n
Lbase=Zbase/wn; %Ln
Cbase=1/(wnxZbase) ; %Cn

Ibase = Sbase/(sqrt(3)*Vbase); %In

Grid 33kV
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%% Variables in the rest of the system
Vgrid = 33e3; %Offshore grid voltage at PCC
Vdc=1.2e3; %DC voltage at converter side

%LCL-Filter:
L1=0.10+Lbase;
Rc=0.2198+Zbase;
Cf=10.15%Lbase;
L2=0.075+Lbase;

L=L1; %For controlsystem

%% Variables in Control System:

IdRef =
IqRef =

1;
0;

Tsum=1/(2xfs);
%Scenario 4:

%ldRef
%lqRef

0.9;
—0.436;

%Scenario 5:
%ldRef=0.5;
%lqRef=0;

APPENDIX B. SIMULINK

%Pl-values found using sisotool and LCLBodeplot.m Ziegler Nichols
Ki=58.558;
Kp=Ki*0.0011;

%Scenario 2: Pl-values with a 100% change in values

%Ki=Ki=*2;
%Kp=Kp/2;

%PI-values for the PLL, taken from Converters.m

wpll=10;
KpPLL=2+wpll;
KiPLL=wpllA2;

%frequency pll crossover
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%% Math
fres=1/(2+pi)*sqrt ((L1+L2) / (L1xL2+Cf));

%% Cobber Cables:

Y%R=rho=1/A
rho _cu=1.68e-8;

%500 mm cu Cable

A500=500e -6;

R500=rho_cu/A500%x10A3; %Resistanc R/km
L500 0.34e-3; %Inductance, H/km
C500 = 0.32e—-6; %Capacitance, F/km

%240 mm cu Cable

A240=240e-6;

R240=rho_cu/A240%1073; %Resistance R/km
L240 = 0.38e—-3; %Inductance H/km

C240 = 0.24e—-6; %Capacitance F/km

%150 mm cu Cable

A150 = 150e-6;

R150 = rho cu/Al150%10A3; %Resistance R/km
L150 = 0.41e-3; %Inductance H/km

C150 = 0.21e-6; %Capacitance F/km

%Zero Sequence:

RO = 1000; %Resistance

LO = 4.1264e—-3; %Inductance
CO0 = 7.751e-9; %Capacitance
%CableSections

11=10; %length
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s %% Aluminium cables

9

a %R=rhox*1/A

2 rho_Al= 2.65e-8;

s AlVoltage = 220e3; % Voltage of Aluminium Cables

"

s %Subsea Cable from Lukasz

s AISuUbR=0.04; %Resistance R/km

o7 AlSubL=0.75e-3; %Inductance L/km

s AlSubC=0.14e-6; %Capacitance F/km

9

w %Subsea Cable

o AlSubLength = 24.5; %Length of SubSeab cable from Brandts ter
w2 AlSubArea = 1600e—6; %Cross section of sub sea cable
s AlSubl = AlSubLength/3; %Length of each of the three Pl-sections
104

105

s %Offshore transmission transformer Lukasz

w7 P_trans = 50e6; %Rated power

s V1_trans = 33e3; %Rated primary voltage

w9 V2_trans = 220e3; %Rated secondary voltage

mw R_trans = 0.004; %Resistance in windings

m L_trans = 0.0415; %Inductance in windings
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