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A master’s thesis investigating the correlation between grid strength, cable length and
injected voltage harmonics in offshore wind power systems through analysis of voltage
harmonics and harmonic impedance at the point of common coupling.

Gabriel Hassellof
Department of Electrical Engineering
Chalmers University of Technology

Abstract

With offshore wind power plants (OWPPs) getting larger and more common, the con-
nection requirements at the point of common coupling (PCC) become more important.
OWPPs often use converters that produce harmonics, and reactive components such as
long high voltage AC (HVAC) submarine export cables further influence the harmonic
content seen at the PCC.

This thesis looks at voltage harmonics up to the 63rd order at the PCC between an OWPP
and the main grid. An aggregated type IV OWPP with grid-following converters was mod-
eled in PSCAD, and the harmonic content was analyzed in MATLAB using a fast Fourier
transform (FFT). The simulated cases varied three factors: grid strength (a stronger and
a weaker grid, relative to each other), HVAC export cable length (50 km and 100 km),
and the order of voltage harmonic injected from the main grid (5th and 9th). Results are
presented in the voltage and harmonic impedance domains. The impedance analysis fo-
cuses on the resistive component, since the reactive component remained inductive for all
simulated cases.

Grid strength was the dominant factor in the post-energization transient. Weaker grids
produced a total harmonic distortion (THD) of 31-41 %, which is 2-4 times higher than
the 9-19 % seen for stronger grids in the same cases. A sensitivity check on later FFT
windows showed that both grid configurations settle at a similar low THD around 2 %.
The 2-4 times ratio is therefore specific to the post-energization transient, rather than the
steady-state.

The aggregated model is appropriate for studying the interaction between grid strength,
cable parameters, and injected harmonics. Within the factors studied, grid strength had
a much larger effect on THD than cable length, which means that grid reinforcement
i1s more impactful than cable routing for limiting harmonic distortion at the PCC. The
harmonic content was dominated by lower order harmonics, which is relevant for the
design of harmonic filters and STATCOM compensation.

Keywords: Offshore wind power, voltage, harmonics, export cable, grid strength, power
electronic device.
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DFIG Doubly fed Induction Generator.
DFT Discrete Fourier Transform.

FFT Fast Fourier transform.
FRT Fault Ride-Through.

GFL Grid Following.
GFM Grid Forming.
GSC Grid side converter.

HVAC High-voltage Alternating Current.
IGBT Insulated Gate Bipolar Transistor.

OLTC On-load Tap Changer.
ONSS Onshore Substation.

OSS Offshore Substation.

OWPP Offshore Wind Power Plant.

PCC Point of Common Coupling.
PED Power Electronic Device.
PWM Pulse-width Modulation.

RMS Root Mean Square.
RSC Rotor side converter.

SCR Short Circuit Ratio.

Ssc  Short circuit apparent power.
STATCOM Static Synchronous Compensator.
SVC Static Var Compensator.

THD Total Harmonic Distortion.
TSO Transmission System Operator.

VSC Voltage Source Converter.

WPP Wind Power Plant.
WTG Wind Turbine Generator.
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1

Introduction

Voltage harmonics can result from the operation of power electronic devices (PEDs). The
harmonics can interact with the main grid, exciting resonances and producing harmonic
distortion that exceeds allowed limits. Wind power is a renewable power source that uses
PEDs, which can introduce harmonics into the grid. This thesis aims to investigate the
impact of offshore wind power in terms of voltage harmonics and harmonic impedance
seen from the main grid. The objective is to gain a better understanding of what affects
offshore wind power plants’ (OWPPs) feasibility, and how it potentially could interfere
with voltage regulating equipment, such as STATCOMSs, produced by companies like
Hitachi Energy.

1.1 Background

With renewable power generation such as type IV wind power making up a larger share of
the power generation in the grid and replacing conventional generation, such as nuclear
power, new demands are placed on the grid. Converter based generation lacks benefits
that are present in synchronous generation, such as inertia, that provide stability features,
and come with challenges like harmonic resonance and flicker. To mitigate some of the
drawbacks of converter-based generation, power quality equipment such as STATCOMS
can be used. Moreover, as the wind turbines are using PEDs in order to convert from the
turbines’ frequency to match the main grid’s frequency, voltage harmonics are introduced,
which may interfere with the main grid and power quality equipment.

Voltage harmonics excite resonances formed by the capacitive and inductive elements in
the grid, and the resulting amplification will have a negative impact on the grid stability.
Weak grids are extra vulnerable to this, as the amplified harmonics can harm equipment
and devices in the grid, and cause false tripping. This can in turn result in blackouts or
higher operational cost of components in the grid, due to an increased maintenance need.

Resonances in the system arise as a result of interaction between capacitive and inductive
elements. Examples of these elements are cables, filters, capacitor banks and transform-
ers, all of which are becoming greater in size as the OWPPs increase in size. These
become problematic when they coincide with harmonic frequencies in the grid.

The voltage harmonics must be considered in order to meet requirements on harmonic
distortion, and also be regarded in the design and operation of a STATCOM connected at
the PCC. Harmonics already present in the main grid also risk adding with the harmonics
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introduced from the OWPP, meaning that the existing harmonic content of the main grid
also affects the feasibility of establishing an OWPP.

In order to investigate some of the factors affecting the harmonic impact of establishing
an OWPP, this thesis analyzes the harmonic content up to the 63rd order by simulating
a few cases where the conditions of the system are changed in a PSCAD model of the
power system, comprised of an OWPP connected to a main grid. The factors include: the
export cable length from the OWPP to the main grid, a stronger and weaker main grid,
and lastly, harmonics already present in the main grid. The report also covers the main
components of OWPPs and theory related to harmonics.

1.2 Aim

To shed light on the matter and prioritize the challenges affecting OWPP feasibility, and
thereby support the ability to integrate more wind power into the grid, the thesis aims to
answer three questions related to harmonics, which make up one of the greater challenges
with OWPP generation. Specifically, the thesis quantifies how grid strength, HVAC ex-
port cable length, and the order of injected voltage harmonics affect the voltage harmonic
distortion and harmonic impedance seen at the PCC.

1.3 Research questions

To address the aim above, this thesis investigates the following research questions:
* How do shorter/longer HVAC cables impact the voltage harmonic distortion and
harmonic impedance at the PCC?
* How do stronger/weaker grids impact the voltage harmonic distortion and harmonic
impedance at the PCC?
* How does the order of harmonics injected from the main grid affect the voltage
harmonic distortion and harmonic impedance at the PCC?

1.4 Scope

Below states what is to be included in the thesis, as well as elements that are not covered.

» Confidential and competitive information for Hitachi Energy Sweden AB will not
be presented in the thesis. This means certain parts of the model, like the wind farm,
are not described in detail. Sufficient parameters are provided for the methodology
to be understood and the results interpreted, even if exact reproduction is not possi-
ble.

* The simulations will be conducted in PSCAD, and the data treated and analyzed in
MATLAB.

* Only harmonics up to the 63rd order are analyzed.
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* The reactive part of the harmonic impedance is not analyzed in detail. The reactive
component was inductive in the example case shown in section 4.2.1, and the other
cases showed the same behavior. The resistive component is the focus of the analy-
sis, while a full analysis of the reactive component across all cases is left for future
studies (see section 5.7).

* The simulated wind farms will be of type I'V using grid following (GFL) converters.

1.5 Methodology

The main methods used were a literature study and simulations. The literature study cov-
ered OWPP topology, harmonics in PED-based generation, grid strength, and reactive
power compensation, which provided the foundation for the simulated scenarios. The
simulations were performed in PSCAD using an aggregated type IV OWPP model, pro-
vided by Hitachi Energy AB. The time domain output was analyzed in MATLAB through
FFT to obtain the harmonic content at the PCC. Three factors were varied in the simulated
cases: grid strength, export cable length, and the order of the injected voltage harmonic.
Both methods are described in detail in section 3.

1.6 Ethics and sustainability

Offshore wind power plays a role in the transition away from fossil-based generation by
exploiting the stronger and more consistent winds available at sea, while not being in
peoples’ backyards. Integrating it into the existing grid comes with challenges that go
beyond technical feasibility alone. This section briefly discusses the societal, ethical, and
ecological aspects of OWPPs, with a focus on how they relate to the harmonic distortion
subject of this thesis.

1.6.1 Societal impact

Having access to electricity is vital for a functioning society, and OWPPs help meet a
growing demand for power as electrification takes place, and does so with a low carbon
emission footprint. This contributes to the UN Sustainable Development Goal 7 of af-
fordable and clean energy [1]. However, the impact of implementing OWPP goes beyond
just impacting the wind farm operator. As described in section 2.5, harmonic distortion at
the PCC can degrade equipment, cause measurement errors and trigger false tripping, all
of which carry costs and can deprive consumers of access to clean energy.

Ensuring harmonic compliance according to the grid codes is therefore of societal con-
cern. The findings in this thesis, particularly the importance of grid strength in order to
limit THD, are directly relevant to where new OWPPs can be installed, and what grid
reinforcement the surrounding society needs to plan for.
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1.6.2 Ethical impact

The construction and operation of OWPPs comes with safety challenges that are differ-
ent in comparison to onshore generation, with workers facing remote worksites, tough
conditions and challenging environments for emergency services, putting personnel at
potentially fatal risk [2]. Conducting thorough engineering studies before construction,
including the analysis of harmonic distortion impact, supports the reduced need for costly
modifications and risk for the workers conducting the modifications or maintenance.

From a research point of view, the simulations performed in this thesis are based on a
simplified, aggregated model of an OWPP. The limitations of the model, particularly the
inability to capture converter switching harmonics, are stated openly in sections 5 and 4
to avoid assumptions and give other researchers a fair basis to build on. Several directions
for future work are also identified in section 6, providing concrete starting points for stud-
ies that could address the limitations of the present model.

From a data integrity perspective, each simulation case in this thesis was run once and
analyzed using a single FFT window, with the limitations of this choice acknowledged
in section 5.6. The model was provided by Hitachi Energy under a confidentiality agree-
ment, which essentially makes the converter and wind farm parameters a black box. These
constraints are stated openly in the scope (section 1.4), so that the results can be evaluated
within the limits of what was reproducible.

1.6.3 Ecological impact

OWPPs replace fossil-based power generation, and therefore reduce CO; emissions through-
out their operational life, but they are not without ecological impact. Construction can dis-
turb marine life such as fish and mammals, and the turbines themselves can strike birds
that are migrating [3]. It should be mentioned that OWPPs also come with benefits, like
fish creating artificial reefs and being protected from fishing trawlers [4].

Submarine cables, which play a big role in this thesis, also contribute to the ecological
impact by disturbing the seabed during installation. Designing OWPPs so that they fulfill
the grid code requirements without needing oversized and over dimensioned equipment
helps to reduce the emissions during manufacturing, and also reduce the physical foot-
print, which is a practical reason for understanding harmonic behavior at the PCC.

1.7 Report structure

The report has six sections. Section 1 gives context for the thesis and sets the foundation
of the investigation. Section 2 provides knowledge on OWPPs, and methods and tools
needed to analyze and interpret the results, based on the literature study. Section 3 de-
scribes the parameters varied in the simulated model and how the data was gathered and
treated. Section 4 presents the results of the simulations. Section 5 provides a discus-
sion of the results and what could be improved and explored in future studies. Section 6
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concludes the results found in the thesis.
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Theory

The purpose of the theory section is to give a background to understand the methodology
section and results of the thesis. It describes the basics of OWPPs and some properties of
the grid.

2.1 Offshore wind power plants

Wind turbines installed offshore making up OWPPs are placed offshore due to wind
speeds being more consistent and quicker compared to wind turbines located on land.
The quicker wind speeds lead to increased power generation, making offshore installation
more favorable compared to onshore installations [5].

OWPPs vary in production capacity but tend to increase in size. In 2002, the world’s
biggest wind farm Horns Rev 1 had a capacity of 160 MW [6]. 2012 the biggest OWPP
in the world was the London Array with 630 MW [7]. One of the biggest OWPPs in the
world is the Hornsea 2 OWPP with a capacity of 1.3 GW [8].

The following subsections go through the main components that make up the OWPP.

2.1.1 Wind turbine types

There are different ways to generate power from wind turbines, and the main types are
named type I-IV. The most common type of generator is a doubly fed induction gener-
ator (DFIQG), type III, but synchronous generators (SG), type IV, specifically permanent
magnet synchronous generators, are becoming the most popular type in new wind power
plants [7]. For this reason, combined with the fact that there are fewer studies on type IV
compared to III, type IV is studied in this report.

Fixed-speed turbines

The first type (I) is called fixed-speed turbine and uses a squirrel-cage induction genera-
tor, spinning at a certain speed varying roughly 1 % because of slip [9]. These generators
come with challenges in case of faults, risking an increased absorption of reactive power
which can risk a local voltage collapse, impeding voltage recovery [10].

Variable-speed turbines
Variable wind speed turbines (type II-IV) have a higher efficiency than fixed-speed tur-
bines. The last two types are the most common ones, using PEDs.
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Type II wind turbines use a wound rotor induction generator with a resistor in series with
the rotor, which gives slip control and allows for a variable speed range of roughly 10 %

[9].

Type III uses a doubly fed induction generator (DFIG) with a BTB-converter rated at 30 %
of the generator power (partial-scale PED) that feeds the rotor windings with a control-
lable voltage. This enables the mechanical speed of the rotor to be decoupled from the
synchronous frequency of the grid, allowing for variable-speed operation, and recovering
slip-power [9].

Type IV uses a fully rated converter in series with the generator, which allows for full
active and reactive power control within the limitations of the converter. The rotor side
converter (RSC) of the BTB-converter is found at the rotor side, and the grid side con-
verter (GSC) is found at the grid side, as depicted in Figure 2.1. The generator used
depends on chosen design, either an induction generator or a synchronous generator, with
permanent magnet synchronous generators becoming more popular due to its ability to
control power fully by not requiring slip rings and brushes, which is appropriate for off-
shore conditions where minimal maintenance is favorable [7], [9].

DC-

link Step-up

transformer

RSC GSC

Coupling
reactance

Rectifier Inverter

Figure 2.1: A model of a type IV WTG.

2.1.2 OWPP topology

The offshore wind power plant (OWPP) consists of numerous components and modules.
When the wind drives the blades, the main shaft within the nacelle, which houses all the
generating equipment, begins to rotate. Depending on the design of the wind tower, the
shaft could be connected to a gearbox in order to get the desired rotational frequency for
the generator. The generator is connected to a back-to-back (BTB)-converter in order to
supply the grid with a desired frequency (50 Hz) and phase angle. A power transformer
in the nacelle transforms the low voltage amplitude from the terminals of the converter up
to a medium voltage, often 33 or 66 kV [11], [12].

The power is collected by inter-array cables, connecting the WTGs to the offshore substa-
tion (OSS). At the OSS, the voltage is transformed from medium voltage to high voltage
to minimize losses when exporting the power to shore. At the OSS there is also the option
to install filters and reactive power compensation before the power is transferred via a
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submarine HVAC cable to shore.

Under the shore, the HVAC export cable often goes through a horizontal directional
drilling. Onshore the cable is often directly connected to the onshore substation (ONSS).
Before reaching the ONSS, the cable could be transition jointed at a transition station,
where reactive power compensation is possible. At the ONSS, the voltage level either
remains at the same level as in the export cable, or is transformed to a higher grid system
voltage. A simplified model of the entire system is displayed below in Figure 2.2.

Inter-array Export
cable Icablg _____

. Oss e ONSS | Power
| N | grid
| |V I

wislie () YHH( () Yol
| | |
_____________ PCC

Figure 2.2: A simplified topology of an OWPP and its interconnection to the power grid.
To give some examples of existing OWPPs using HVAC, Table 2.1 lists a selection of
OWPPs in northern Europe, with rated transmission powers from 50 MW up to almost
900 MW, and export cable lengths ranging between 32 and 136 km. Figure 2.3 visualizes
the same OWPPs.

Table 2.1: Selected OWPPs using HVAC.

Export cable Power [MW]/ Voltage

Wind farm Country length [km] no. cables [kV] Year
Horns Rev 2 DK 100 209/1 150 2009
Baltic 1 DE 77 48/1 150 2011
Greater Gabbard UK 46 504/3 132 2012
London Array UK 54 630/4 150 2012
Anholt DK 85 400/1 245 2014
Riffgat DE 80 113/1 155 2014
EnBW Baltic 2 DE 136 288/2 150 2015
Gemini NL 110 600/4 220 2017
Horns Rev 3 DK 32 400/1 220 2018
Borssele Alpha NL 61 700/2 220 2021
Kriegers Flak DK 80 605/2 220 2021
Triton Knoll UK 107 857/2 220 2022
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Selected HVAC-connected offshore wind farms
1000 T T T T T T T 2022

900 Triton Knoll i
2020
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Total export cable length [km]

Figure 2.3: Installed capacity compared to total export cable length for the OWPP in
Table 2.1. Greater marker size means greater export voltage, and the colormap indicates
commissioning year.

2.1.3 Shunt reactors

Due to the nature of submarine cables being capacitive, there is a need for reactive power
compensation, which can be achieved using shunt reactors [13], [14]. The shunt reactor is
essentially an inductor, which absorbs reactive power for a leading power factor, resulting
in a reduction of overvoltages specifically in situations of low loads [15].

The long export cables that are insufficiently shunt compensated can cause voltage surges
due to reactive power output, under-excitation of synchronous generators and great tem-
porary overvoltages may arise during load rejection and no-load energization. Further-
more, the current required for charging the cable (no-load current) might surpass the rated
current of the circuit breakers [16], [17]. These issues can be solved by installing shunt
reactors at the line terminals, which decreases the amount of reactive power supplied to
the main grid while keeping the internal reactive power equilibrium of the cable [16].

2.1.4 Back-to-back converters

BTB-converters are essentially dual-voltage source converters connected through a DC-
link, converting the voltage from AC to DC (rectifying), and back to AC (inverting). This
is to transform the varying frequency and voltage from the generator to a constant fre-
quency and angle that is appropriate for the main grid [9].

The RSC controls speed and torque of the generator, while the GSC controls the DC-link
voltage and grid reactive power [13]. The converters in OWPP applications operate at a
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switching frequency of 1-3 kHz to minimize switching losses and maximize power den-
sity [10]. The GSC operates at a low voltage level, e.g. 690 V [13].

If there would be a drastic grid voltage drop, the capability to transfer energy from the
turbine to the grid would be impeded, which would mean an increase in DC-voltage of
the BTB-converter and the wind turbine would spin faster [9].

While the PEDs offer more opportunities to optimize electrical design in terms of power
quality, grid code requirements, handling of faults and grid support, they also require
an intricate and meticulous design that addresses harmonic distortion, stability, and res-
onance behavior [18]. This is because PEDs use semiconductors that exhibit nonlinear
behavior in terms of voltage and current, creating harmonics. This can result in problems
like overheating of power cables, overloading of transformers and motors, reduction of
the power factor (reduction of transferred power) and unintentional tripping of protective
relays [19].

The harmonics originating from the BTB-converter are from the switching transients
in the non-linear inverter [20], [21]. When part of a larger system that has frequency-
dependent components, the harmonics can excite resonances in the network, resulting in
amplified distortion that can damage other equipment in the grid. This equipment could
for example be a STATCOM which could have its performance negatively affected.

The BTB-converters mentioned in this thesis are typically grid-following (GFL) convert-
ers. GFL converters are used as controllable current sources to supply the grid with a
desired amount of reactive and active power. To achieve this, the power controller has to
be synchronized with the grid voltage (frequency, phase angle and amplitude) to follow
the grid [22]. There are also grid-forming converters (GFM) that work by having the con-
verters acting as voltage sources instead of current sources and basing the synchronization
on the transfer of active power and the swing equation [23].

The distinction between GFL and GFM is relevant for harmonic studies, as the two inter-
act with the surrounding grid impedance in different ways. A GFL, acting as a control-
lable current source, will inject harmonic currents that result from its modulation, and the
resulting harmonic voltage at the PCC depends on the grid impedance for respective fre-
quencies. A strong grid will attenuate the voltage distortion, but a weak grid will amplify
it [23].

A GFM converter on the other hand, behaving as a voltage source behind an impedance,
sets the voltage at its terminals, and the harmonic current is then determined by the dif-
ference between this voltage and the surrounding grid voltage divided by the converter’s
output impedance. This means that GFM converters are better suited for weak grids and
for acting more like generators that provide inertia [24].

The simulations in this report use GFL converters, which means that the harmonic results
reflect the GFL response, and may not apply directly to GFM-converters GFM-converters.
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2.1.4.1 WTGs and harmonics

The output voltage of the GSC is usually filtered before supplying the step-up transformer.
With several converters connected to the grid, there is a risk that the voltage distortion
might surpass the limits specified for the PCC. The GSCs typically use a pulse-width
modulation (PWM) strategy that switches at a fixed switching frequency. The interaction
between the fixed frequency of the power grid and the switching frequency of the double-
edge naturally sampled PWM results in the generation of harmonics in the output voltage
of the three-phase network bridge [13].

Because of the DC-link isolating the generator side from the grid side in the circuit, the
harmonics generated by the rotor side converter (RSC) are insignificant on the grid side
[13].

2.2 Submarine cables

There are two main types of cable used in OWPPs, export cables that connect the OSS
to the ONSS, and inter-array cables that connect the individual WTGs to the OSS. Ex-
port cables vary in length depending on where the OWPP is situated. To exemplify, one
OWPP is located 15 km offshore, an investigation for submarine cable routes for a future
OWPP uses lengths of 18-150 km, while another OWPP is located 89 km offshore and
one OWPP has a 100 km HVAC export cable [8], [13], [25], [26].

Individual inter-array cables are shorter than export cables, but due to the number of
WTGs used, the total length of the inter-array cables adds up. One OWPP has 165 WTGs
with 165 inter-array cables with a combined length of 374 km [27]. The voltage of the
inter-array cables is lower than the export cable [26], [28].

For studies in the frequency domain, AC cables are often represented using a lumped

Pi-section model, where the total series resistance R and inductance L are lumped in the
model, and the total shunt capacitance is split on each side of the cable, connected in

shunt, as in Figure 2.4.
R L

—_L—j-_IC/Z C/Z:ET

Figure 2.4: Example of a w-section.

The series and shunt reactances of the cable are frequency dependent and are given by

X, =2nfL 2.1
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1
- 2nfC
where f is the frequency, L is the total series inductance, and C is the total shunt capaci-
tance of the cable.

Xc (2.2)

With increased cable length, the capacitance of the cable naturally becomes greater, which
pushes the resonance down to a lower frequency [29], [30]. This shifts the system’s
resonance into the range of harmonic orders typically present in the network, increasing
the risk that harmonics will be amplified by the resonance between the cable capacitance
and the inductance of components such as transformers [19]. This relationship can be

expressed as
1

f res o \/L_C
where L is the total inductance of the upstream system (transformers and grid impedance)
and C is the cable’s shunt capacitance, showing that an increase in C lowers resonance
frequency fe;.

(2.3)

A cable produces reactive power according to
Qcavte = E*-2mfC (2.4)

where f is the frequency, C is the capacitance and E is the line-to-line voltage [31]. Since
the cable capacitance accumulates with length, and the reactive power scales with the
square of voltage, long HVAC cables produce significant reactive power which needs to
be compensated, typically by shunt reactors.

Since submarine cables are expensive and technically challenging to repair, it is crucial to
ensure that their lifespan is long, hence the need to prevent overheating and harmonics in
the cable [32], [33].

The most common reason for a short circuit in submarine cables is due to insulation
breakdown, meaning that there is a disruption in the insulation between the conductor
supplying power and the seawater, interfering with the power flow between two power
stations. The insulation breakdown can have many different causes: damage from an-
chors, ambient temperature and most significantly aging and water treeing [34].

The submarine HVAC cables are three-core cables that comes with the advantage that
magnetic fields are cancelled out due to symmetry. They can also house cables for in-
tegrated communication. The con of the three-core cables is that they have complicated
cable joints, are harder to handle compared to single-core cables, and in case of damage,
the entire cable needs to be replaced [35]. For cables, there is also a risk of reflection
at the cable terminals. These reflections might cause standing waves that shift resonant
frequencies of the cable system [36].

2.2.1 Power transformers

The purpose of power transformers is to increase the voltage in order to minimize losses
when transferring power. Due to leakage inductance between the transformer windings,
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the transformers function as first-order low pass filters [37].

At the ONSS, there is an on-load tap changing (OLTC) transformer, transforming the volt-
age from the WTGs to the voltage used in the export cable. The transformer is wye-delta
transformer with a grounded wye winding. The grounding enables a route for ground
fault zero-sequence currents. The grounding transformers can also restrict the magnitude
of the ground fault current [38]. This way of connecting allows for the use of single-phase
devices on the wye-side, while not requiring four conductors on the primary side [39].

In the case of triplen harmonics (3rd, 9th, 15th, etc.) reaching the wye-side of the trans-
former, the delta windings allow for circulation of the harmonic currents, but they will
be confined within the delta windings and not appear as line currents on the secondary
side. This is because triplen harmonics are zero-sequence components, meaning the three
phases are in phase with each other at these frequencies, and a delta winding provides no
external return path for zero-sequence currents [40].

Since wind power generation is stochastic, the current through the inter-array cables is
continuously changing and hence the voltage at the low voltage side of the transformers
[41], [42]. In the case of extreme voltages (low or high), the protection system might
activate the protection system of the wind turbines or the bigger inter-array network. To
regulate the voltage at the low voltage side of the OLTC transformers, a tap changer is
used to mechanically adjust the turn ratio during load while ensuring uninterrupted power
flow. The tap changer is usually located at the high voltage winding side because the
current is lower which allows for more compact design [42].

At the ONSS there is an isolating transformer connecting the OWPP to the PCC. The iso-
lating transformer is a wye-wye with ground at both sides. The isolating transformer has
a unity turns ratio, meaning the same voltage on both sides. The transformer decouples
the two sides from each other [43].

2.3 Electrical networks

This section covers two important grid properties that directly affect how an OWPP be-
haves: the strength of the grid at the PCC, and the grid codes that define the requirements
an OWPP must meet to operate in the first place.

2.3.1 Grid strength

Grid strength is a metric to convey the capability of a power system to uphold its essential
characteristics: voltage and frequency during interactions with a connection during all
operational circumstances. Grid strength is relative, and both the system characteristics
at the connection point and the size of the WPP need to be considered. Two systems with
different production active power capacity connected to the same point might have differ-
ent grid strengths [44].
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For components, grid strength can be determined by the short circuit ratio (SCR), which
is dependent on the short circuit apparent power (S;.) and the rated apparent power of
the connected device S,, which can be seen in (2.5). The S, decreases with greater
impedance as seen in (2.6), which means that for longer lines, the grid is generally weaker.
Numerically, a SCR greater than 5 corresponds to a ”strong” grid, a SCR below 5 corre-
sponds to a "weak” grid and a SCR below 3 corresponds to a ”very weak” grid [44].

S
SCR = s_ (2.5)
n
The Sy, can be calculated according to
E]?
Sse = (2.6)
N Zgrid

where E is the line-to-line voltage and Z,,;4 is the Thevenin equivalent impedance of the
grid, consisting of a resistance followed by an inductance in series. It can be calculated
using

Zgrid - R2

2
grid +X

grid (27)

where R,y is the equivalent grid resistance and X,,;; comes from the equivalent grid in-
ductance, assuming the reactance is purely inductive.

The challenge with OWPPs is that they often are located far away from the consumers,
meaning more grid impedance compared to an OWPP located close to consumers. This
brings the S5 down, meaning a lower SCR. A countermeasure is to increase the voltage,
but eventually the voltage transformation becomes too expensive [45].

The S, can also be calculated as

Sse = V3% |E| x| I| (2.8)

,where I is the short circuit current.

The transmission line reactance to resistance ratio (X/R-ratio) is a grid strength parameter
that affects the current flow. A lower X/R-ratio limits the /. flow, resulting in lower S,
and hence a weaker grid [46]. The X/R-ratio also affects the grid’s dampening capabilities
[46]. As mentioned in Section 2.4.7, weak grid connections are typically associated with
higher levels of harmonic distortion [47].

2.3.2 Grid codes

Grid codes are sets of requirements and rights imposed by the TSOs for loads and gener-
ators in the transmission system, including OWPPs [48]. Grid codes set the requirements
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for the generation to be connected, to ensure that efficient, safe, and financially feasible
operation of the transmission or distribution system is possible [49].

The OWPP interconnection must meet the requirements stated in the grid codes, which
include feeding the grid with a current that has a low total harmonic distortion (THD),
supplying sufficient reactive power to grid upon request from the TSO, ride through faults
and supporting frequency and voltage regulation [9]. The voltage level regulation can
be required to perform by changing the power factor and hence controlling the reactive
power transferred [45], [50], [51].

Countries with large amounts of wind power generation, or countries with weak grids usu-
ally have more strict grid codes, which puts higher requirements on active and reactive
power responses during and after faults in the system. Active power response regulations
ensure that the system maintains short-term frequency stability, while reactive power sup-
port provided by the WPP can strengthen the voltage stability limits of the system [48].

One example of a grid code and some of its requirements is the UK TSO National Grid
Electricity System Operator’s "THE GRID CODE” issue 6 [52], which, like many other
grid codes, requires a reactive power factor between 0.95 leading and 0.95 lagging. Fur-
thermore, "THE GRID CODE” allows for the frequency varying from 47.5 to 52.0 Hz
(although it requires a certain operation period depending on what frequency is reached).

Another example of a requirement from "THE GRID CODE” is the specified nominal
voltage levels, where for 275 kV, it’s allowed to operate within £10 % of that. While
grid codes might specify THD limits for example, "THE GRID CODE” refers to bilateral
agreements and recommendations by other associations, like the Energy Networks As-
sociation’s "Engineering Recommendation G5/5", which states THD limits for different
voltage levels and how they shall be measured using IEEE standards [53].

These strict grid code requirements on aspects such as power quality and harmonic dis-
tortion form the basis of this work, which investigates harmonic behavior under various
scenarios to support grid code compliance.

2.4 Power quality

OWPPs are vulnerable to harmonic distortion due to the large submarine cable network,
which introduces resonances that can amplify harmonic injections, combined with the
risk of low available short-circuit power at the grid interconnection point, posing a threat
to the operation of the WTG controller [30]. To ensure normal operation and prevent har-
monic distortion, the following sections explore some important aspects of power quality.

2.4.1 Harmonic, harmonic distortion, and resonance

Before describing the specific phenomena, it is useful to clarify three terms that are often
used interchangeably, but mean different things. A harmonic is a sinusoidal component at
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an integer multiple of the fundamental frequency, and is a property of a signal. Harmonic
distortion is the resulting deviation of a voltage or current waveform from a pure sinusoid,
caused by the presence of harmonics, and is quantified by the total harmonic distortion
(THD) defined later in this section. Resonance is a property of a system, not of a signal,
occurring at frequencies where inductive and capacitive reactances cancel each other out,
and the impedance becomes either very high or very low. At a resonance frequency, even
small harmonic currents can produce large harmonic voltages, so the harmonic distortion
observed at a given point in the network depends on both the harmonic injection, and the
resonance behavior of the surrounding network [54].

2.4.2 Voltage harmonics

The voltage waveforms in power systems are ideally purely sinusoidal with a constant
magnitude and frequency to meet customer demands. When there is a deviation from this
throughout one period of the cycle of the grid frequency, it is called a harmonic distortion
[55].

Harmonic distortion is unavoidable in the power system due to use of nonlinear loads
and generators like PEDs. Resonances have high Q (quality factor) and can be excited
by even small harmonic currents from the PEDs or their control [18]. Resonances occur
at frequencies where the inductive and capacitive reactances of the system are equal in
magnitude, causing the impedance to become very high or very low [55],

Since smaller disturbances can be amplified by these resonances, normal operations might
be jeopardized, and instability can occur. For this reason, amplification from series and
parallel resonances needs to be considered to avoid compromised operation, degradation,
or even irreversible damage [18]. The harmonic distortion can also result in overvoltages,
which can cause the protection system to disconnect the WTGs [30].

Further, harmonic distortions can result in the following [18]:

* Decreased generating- and transmission efficiency.

* Aging of insulation due to voltage or temperature stress.

* Measurement errors from devices that are made for measuring sinusoidal voltages
and currents.

* Failure of protective devices.

* Warming and vibrations of all components in the power system, with some ele-
ments, such as transformers and reactors, being especially susceptible to these is-
sues.

When a transformer is energized, lower order harmonics up to the 13th order can be gen-
erated. Harmonics can also be generated in transformers during normal operation since
they often operate close to their magnetic saturation point. This is due to the nonlinear
correlation between voltage and current at this point, especially in overvoltage situations
[55]. Odd harmonics often come from overexcited transformers, but in case the trans-
former has delta-windings, the triplen harmonics will be blocked [55].
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2.4.3 Sequence components

A balanced three-phase system can be decomposed into three symmetrical components:
positive, negative and zero sequence [56]. Positive-sequence components are three pha-
sors of the same magnitude, 120° apart, rotating in the same direction (A-B-C). Negative-
sequence components also have equal magnitudes 120° apart, but rotate in the opposite
direction (A-C-B). Zero-sequence components consist of three phasors of the same mag-
nitude that have no shift between them, and hence are in phase with each other [57].

Sequence components are also widely used for fault analysis, where unbalanced faults
like single-phase-to-ground or phase-to-phase result in a mix of positive, negative and
zero sequence currents. In this thesis, however, sequence components are relevant only
for understanding how harmonics of different orders propagate through the network.

Positive sequence (A-B-C) Negative sequence (A-C-B) Zero sequence (in phase)

C B

N LN L =
/ / o

B C

Figure 2.5: Phasor representation of the three symmetrical components in a balanced
three-phase system. Positive sequence (A-B-C), negative sequence (A-C-B), and zero
sequence (three aligned phasors).

This decomposition has direct implications for harmonics. In a balanced three-phase sys-
tem, phase B is delayed from phase A by 120° at the fundamental frequency. At the Ai-th
harmonic, the same physical time delay corresponds to #x 120° of the harmonic’s own
cycle.

For h = 5, this becomes 5 x 120° = 600°, which is equivalent to 240° (or -120°) after
removing the full 360° rotations. This means that at the Sth harmonic, phase B is 120°
ahead of phase A, reversing the phase rotation from A-B-C to A-C-B, which is the nega-
tive sequence, as seen in Figure 2.5 [57].

For h=3, the same calculation gives 3 x 120° = 360°, equivalent to 0°. All three phases
are in phase with each other, which is the zero sequence, as seen in Figure 2.5.

 Harmonics of order 3k+ 1 (1, 4" 7'h 10" ...) are positive sequence.

¢ Harmonics of order 3k — 1 (Z”d ,5th gth 11th .) are negative sequence.

e Harmonics of order 3k (3" d, 6”‘, gth ...), called triplen harmonics, are zero se-
quence.

The sequence of a harmonic affects how it propagates through the network. Positive- and
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negative-sequence currents sum to zero across the three phases and pass freely through
three-phase equipment. Zero-sequence currents on the other hand, are in phase with each
other and therefore add up. They require a return path, either through a neutral conductor
(a fourth conductor), through a connection between the neutral point of a wye winding and
ground, or through both. A delta-connected winding has no neutral point and therefore
no path for zero-sequence current to exit to the line side, which is why triplen harmonics
generated on one side of a delta-wye transformer are largely contained [40], [57].

2.4.4 Characteristic harmonics

In a balanced three-phase system where the voltage and current waveforms have the same
shape and are shifted by 4= 120° of the fundamental period, there will be characteristic
harmonics. These characteristic harmonics are determined by the switching pattern used
and the converter topology [13]. For three-phase converters, the dominant characteristic
harmonics come at frequencies 6n + 1 (particularly 5 and 7), where n is a positive integer
[58].

The converters are using insulated gate bipolar transistors with high frequency PWM
techniques, the harmonics components generated are of high order, near and beyond the
switching frequency [10], [13]. With switching frequencies in the thousands of Hz, the
main characteristic harmonics needed for consideration from the converter are fo. + 2f,
where fo. is the grid side converter (GSC) switching frequency and f. is the fundamental
frequency of 50 Hz. For this reason, there should be significant harmonics at the 38th and
42nd order when using a switching frequency of 2 kHz [59]. Other papers use switching
frequencies at 2 &= 1 kHz [13], [55], [60], [61]. In [55], the most significant harmonic was
the 19th, which was generated by the PWM switching in the converters.

2.4.5 Non-characteristic harmonics

Unlike the characteristic harmonics, the non-characteristic harmonics are not determined
by the modulation technique nor converter topology, but the grid condition (e.g., impedance
characteristics, grid configuration, available generation and instantaneous load) and op-
erating point of the converter [13]. For example, voltages in the AC system are always
unbalanced and distorted to some extent and the system impedances, particularly in the
converter transformer, are not precisely equal in all phases. This becomes more apparent
during low load due to a naturally occurring greater imbalance [54].

Due to the variability of the grid system frequency, the frequency ratio may not necessarily
be an integer. This means that the harmonic components generated from the GSC may
not be multiples of the grid frequency, making it difficult to categorize the harmonic
components as either characteristic or non-characteristic [13].

2.4.6 Harmonic filters

In order to mitigate harmonics and ensure that the voltage distortion at the PCC is within
the grid code limits, harmonic filters can be utilized. Harmonic filters can be placed at
many locations in the OWPP, for example at the AC-side of the converters, the ONSS, and
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at the OSS after the export cable termination [25], [30], [62]. Filters come in two main
types, active and passive:

Active filters are electronic devices that can supply current of the opposite phase to cancel
out a wide range of harmonics and do this by performing reactive power compensation to
regulate the voltage level. Passive filters are passive and can only cancel out specific har-
monics and can consist of passive components such as inductors, capacitors, and resistors
[63].

Passive filters lack flexibility and cannot be easily retuned in size or frequency when in-
stalled. This makes them ill-suited for dynamic system conditions [64]. Active filters have
the ability to filter harmonics simultaneously, and modular active filters enable scalability
of the filter without the need for supplementary drilling and wiring [65].

2.4.7 Total harmonic distortion

The level of distortion present in a waveform is often measured by assessing its total
harmonic distortion (THD). The parameter describes the ratio between the RMS magni-
tude of all harmonic components and the RMS magnitude of the fundamental component,
which can be seen in (2.9). For a high-power transmission system, the THD is usually
<1 %, but for locations further away, like in the distribution system, it tends to be greater,
particularly for weak grid connections [47].

The THD of the voltage is calculated using

VEi2 Vi
THD = Y=~ (2.9)

Vi
where n is the highest harmonic analyzed, h is the harmonic order, V is the fundamental
voltage harmonic and V}, is the voltage harmonic of h order.

For a high-voltage system rated above 161 kV, IEEE Std 519-2014 specifies a maximum
allowed voltage THD of 1.5 % [66]. In Sweden, the maximum allowed THD for voltages
between 130 and 400 kV is 2 % [39].

2.4.8 Harmonic impedance

Harmonic impedance describes the impedance present in the system at frequencies other
than the fundamental, and will determine how a harmonic current will translate into a
harmonic voltage for a given point in the network, at the PCC. According to Ohm’s law,
a drop in harmonic voltage across an impedance is proportional to both the harmonic cur-
rent flowing through it, and the impedance for that frequency. This means that the voltage
distortion is a direct result of the harmonic impedance seen from the point of injection
[19].
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A low harmonic impedance at the PCC means that even though there might be significant
harmonic currents, the resulting voltage distortions can be very small. A high harmonic
impedance can amplify the very same currents into greater voltage harmonics. Because
of this, the harmonic impedance across the frequency spectrum is a useful indicator to
voltage THD when assessing harmonic performance, as it reveals which frequencies are
the most susceptible to amplification in OWPPs [19].

2.4.9 Power factor

The power factor (PF) is the ratio between active power (P) and apparent power (S) as in
(2.10) [50].

P
S

By analyzing the instantaneous phase angle ¢ between the voltage and the current in the
system according to (2.11)

PF = (2.10)

o=0v—@ @.11)
, the power factor PF can also be calculated according to (2.12) [67].

PF = cos ¢. (2.12)

In a purely resistive circuit, the power factor is 1, because voltage and current are not
lagging (shifted) in relation to each other. In systems exhibiting a substantial reactive
power component compared to the active power, the power factor will be lower. Since
it is desirable to minimize the reactive power component, the aim is to keep the power
factor as reasonably close to 1 as possible, to transfer as little reactive power as possible.
According to [45], the minimum required power factor for connection to the main grid is
0.95.

2.4.10 Reactive power compensation

Reactive power impacts both voltage stability and the power factor [68]. Effective reac-
tive power compensation can therefore improve system efficiency and increase the active
power transfer capacity of a given network [69]. There are several different reactive power
compensation technologies, each with different characteristics relevant to OWPP applica-
tion.

Shunt reactors are essentially large inductors connected in parallel to the network. They
absorb reactive power and are mainly used to compensate for the capacitive reactive power
produced by long submarine cables, particularly under low-load conditions where the ca-
ble charging current would otherwise drive the voltage upward [15], [16]. They are pas-
sive devices, providing fixed compensation that cannot respond dynamically to changing
grid conditions.
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Capacitor banks provide reactive power, and are often used to improve the power factor
of inductive loads. They are passive like shunt reactors and are typically switched in dis-
crete steps [69], which limits how finely the compensation can be adjusted.

Static VAR compensators (SVC) combine thyristor-controlled reactors with capacitor
banks to provide variable reactive power compensation, meaning that they are active (not
passive). These respond faster than mechanically switched compensation, but rely on the
grid voltage being present and behave non-linearly, which can introduce its own harmonic
distortion [69].

Static synchronous compensators (STATCOM) use a voltage source converter to de-
liver a fast, accurate, and continuously variable amount of reactive power to the grid
(active compensation). This is achieved by adjusting the magnitude and polarity of the
reactive component of the current flowing through the STATCOM [69]. STATCOMs of-
fer better dynamic performance than SVCs and are increasingly used in modern OWPP
installations, including those provided by Hitachi Energy.

The topology is shown in Figure 2.6. The voltage source converter (VSC) exchanges
reactive current with the grid through a coupling transformer T and a series leakage reac-
tance jX7. By controlling the magnitude of Vy 5c relative to V;;St om> the STATCOM draws
capacitive current /., (injects reactive power) when Vyg¢c > Vs’y’s,em, and inductive current
I;,q (absorbs reactive power) when Vyge < Vs’y’stem. The VSC produces Vygc by rapidly
switching between the two terminals of a capacitor. The capacitor C;. supplies the DC
source and is sized to keep its voltage V. stable through the switching cycles.

Of these, shunt reactors and STATCOMs are the most prevalent in the OWPP literature

reviewed in this thesis. STATCOM performance can itself be affected by harmonic dis-
tortion at PCC, which connects directly to the harmonic studies presented in this work.
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Figure 2.6: Topology of a STATCOM connected to the PCC, showing the VSC, coupling
transformer T, series leakage reactance jX7, and DC capacitor Cy..

2.4.11 Interpreting harmonic impedance components

The harmonic impedance is comprised of two parts: resistance (real impedance) and re-
actance (imaginary impedance). To interpret some cases presented in the results, some of
these conditions are explained here.

Negative resistance is counterintuitive, as a passive resistor always dissipates power and
has a positive resistance. However, when measuring the impedance of an active system
from the PCC, the entire system is measured (turbines, converters and other active equip-
ment), not a passive component. Grid-following converters are designed to inject constant
active power, and if the grid voltage drops, the controller increases its current output to
keep P = VI constant. This is the opposite of how a resistor behaves, where a drop in
voltage causes a drop in current.
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For certain frequencies, this constant power control produces a relationship where cur-
rent rises as voltage falls, which corresponds to a negative resistance for the measured
impedance [70]. The energy comes from the wind, through the DC link, but seen from the
grid side, the converter looks like a negative resistor in those frequency bands. Inverter-
based generation is known to show this behavior in certain frequency ranges [71]-[73],
and when the negative-resistance band of the wind farm overlaps with a resonance in the
grid impedance, it can cause poor harmonic damping, steady-state errors, and instability
[74].

Regarding reactance, a positive harmonic means that the total inductance is greater than
the capacitance harmonic impedance for a certain frequency. If the harmonic impedance
reactance is negative, it instead means that the capacitive harmonics are dominating in
comparison to the inductive harmonics.

The impedance amplitude IZI can be calculated using
_Vi
y

where V is the voltage harmonic, and I is the current harmonic. The real part of the
impedance is calculated as

1Z| (2.13)

Zie = |Z| * cos(@) (2.14)

where ¢ is the phase angle between the voltage and current, as in (2.11). The imaginary
part of the impedance or reactance is calculated as:

Zim = |Z| x sin(@) (2.15)

The reactive harmonic impedance will not be analyzed or presented other than a brief
graph in section 4.2.1.

2.5 Impact of poor power quality in wind power plants

With the understanding of harmonics and wind farms comes the question of what happens
when you combine them. The viability of the wind farm depends on safe and econom-
ically feasible operation, which can be directly hindered by poor power quality, particu-
larly voltage harmonic distortion. This can both affect the OWPP, but also the surrounding
grid, and hence come with expensive fines.

First, deterioration and reduced efficiency impact: Harmonic distortion accelerates the
degradation of the components in the grid, like cables, transformers and reactors due to
increased voltage and thermal stress [18]. This is particularly significant for submarine
cables, whose repair is technically difficult and economically expensive, making lifetime
optimization important [32], [33]. Moreover, distorted voltages and currents result in ad-
ditional losses in transformers and rotating machines and reduced transmission efficiency
[18], [19].
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Second, the harmonic distortion can interfere with measurement and protection equip-
ment. As these are made to measure on sinusoidal signals, significant distortions can
result in measurement errors and false tripping [18], [19], which in the bigger picture can
cause big grid disturbances.

Third, the harmonic distortion can affect power quality equipment such as STATCOMs
or capacitor banks. These are designed for fundamental frequencies, and persistent unex-
pected harmonic currents can cause overheating and degrading [18].

Fourth, the mentioned effects will all be amplified in a weak grid. Weaker grids typically
exhibit higher levels of harmonic distortion [47], and resonance peaks can amplify even
small harmonics into significant distortion at PCC. As OWPPs often are connected at re-
mote locations of the grid with limited short-circuit power, they are essentially weak grids
by design.

Lastly, all of these aspects emphasize that the OWPP must comply with the grid code
limits on harmonic emission and THD at the PCC. Failure to comply may result in costly
operational delays, or the need for redesign or modification of compensating equipment,
such as harmonic filters. Consequently, the harmonic behavior at the PCC directly impacts
the feasibility of the entire OWPP.
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Methodology

This section describes the methodology used in the thesis. Simulations were performed
in PSCAD using a model of an OWPP provided by Hitachi Energy, which was modified
to simulate an interconnected main grid of varying strength and with injected harmonics.
Time domain data from the simulations was exported to MATLAB and analyzed in the
frequency domain. The parameters and conditions of the PSCAD model, the data gather-
ing and the treatment, are detailed in the sections below, with Figure 3.1 visualizing the
main parts of the model.

Export cable PCC

[
Wind ¥
farm

66/220 kV 220/220 kV

Figure 3.1: Topology of the main modules in the PSCAD model used for simulation.

3.1 Literature study

Throughout the master’s thesis, research was conducted on OWPPs. Scientific papers and
literature were primarily gathered from IEEE, and internal documents (such as specifi-
cations, workshops and studies) were provided by Hitachi Energy. The literature study
gave answers to how the OWPPs are modelled, what components are involved and how
individual components might affect and be affected by harmonics.

3.2 Modelling and parameter calculation

In this section, the main parameters and parameters being varied are described. The
PSCAD model neglects the physical properties of the inter-array cables and does not
model filters. This means that the generating wind farm is connected directly to the off-
shore transformer, without any consideration of inter-array cables.
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3.2.1 Wind farm

The wind farm contains the aggregated turbines with a constant power of 360 MW, which
is connected to an OLTC transformer which transforms the voltage from 33 kV to 220 kV.

3.2.2 Export cable

The cable parameters are taken from data sheets and other sources, from which the capac-
itive reactance X and inductive reactance X;, are derived. The three-core 220 kV HVAC
cable resistance is set to 16.70 u€2/m based on [31] and a conductor cross-section of 1000
mm? is assumed. X¢ is set to 16.75 MQ*m based on the cable capacitance in [75] when
using the same conductor size mentioned above. Xy is set to 0.1938 mQ/m as given in

[75] for the previously mentioned conductor size.

The cable lengths of 50 km and 100 km were chosen to cover a typical range of HVAC
export cables in existing OWPPs (as seen in Table 2.1, ranging 32-136 km), with 100
km reaching the upper end (where cable capacitance has significant impact), and 50 km
representing a mid-length case.

3.2.3 Shunt reactors

For long submarine cables operating at voltages greater than 155 kV, compensation at
both cable terminals should be used. This is to guarantee that the wind farm export is not
constrained by the cable capacity, that the voltage variation between land and offshore
remains within the acceptable range, and that the charging current of the cable is lower
than the rated limit of the circuit breakers [76]. Using the equations presented in [77],
the following parameters are calculated for two cable lengths and presented in Table 3.1:
cable reactances X¢ and X;, the reactor inductance, the power factors when using com-
pensation PF.,;,;, and when not using compensation PF,,;.. The parameters are tuned to
achieve a compensated power factor PF;,,, as close to 1 as possible.

Table 3.1: Calculated shunt reactor parameters for two cable lengths.

Length [km] | Xc [MQm] | X; [mQ/m] | Oreqer IMVAr] | Lyeaer [H] | PFegpie | PF; comp

100 116.5 1.3224 | 0.9458 | 0.9997
50 1675 0.1938 64 24072 | 0.9885 | 0.9997

3.2.4 Power grid

To simulate a situation where the main grid can vary in strength and also inject harmonics
into the PCC that risk interacting with the harmonics from the OWPP, a custom circuit is
constructed. A three-phase voltage source is connected in series with a resistance Ry,iq
and inductance Ly,;4 to simulate the properties of the grid as a Thevenin equivalent [78].
In parallel to this, harmonic generator is placed, which is comprised of a three-phase volt-
age source placed behind a resistor, see Figure 3.2. The purpose of the harmonic generator
is to introduce harmonics and analyze how they interact with the OWPP harmonics and
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cable.

I
IR =n*100 0

I
| 200k
f=n*50 Hz

Figure 3.2: Grid model with harmonic generator of order n (left), and Thevenin equiva-
lent of the main grid (right).

Two grid strengths are considered using different values of Iy, where a greater /. results
in greater S., which is correlated to grid strength as seen in (2.6) [79]. The SCR is not cal-
culated in this thesis. Calculating the SCR would require fixing a specific rated apparent
power S, for the OWPP, adding a parameter that is not relevant to the relative comparison
this thesis aims to make.

Since Sy is set differently in the two grid cases while all other parameters are kept con-
stant, the resulting SCR values differ accordingly, and the cases referred to as "stronger"
and "weaker" are relative to each other, rather than against the absolute thresholds in sec-
tion 2.3.1. For the stronger grid simulated, /;. was set to 30 kA, and for a weaker grid, the
same current was set to 10 kA. Assuming an X/R-ratio of 10 and calculating the equal grid
impedance based on (2.6), the equivalent grid resistance and inductance are calculated as

Zr'd
Reria = —==— 3.1)
VI+3%
Loy =—4 R 32
grid Z*E*fgrid (3.2)

, where f,,4 18 the power system frequency of 50 Hz. The grid resistance- and inductances
are presented in Table 3.2.
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Table 3.2: The two grid strengths considered and calculated grid resistance- and induc-
tances.

Grid strength [KA] | Grid resistance R,,;; [€2] | Grid inductance L,,;; [H]
Stronger, I, = 30 0.4213 0.0134
Weaker, I, = 10 1.2639 0.0402

To generate harmonics using the harmonic generator, the voltage source is set to a base
frequency of n*fy, where n is the order of harmonic introduced and f; is the fundamen-
tal frequency of 50 Hz. The resistance in series with the harmonic generator is used to
dampen the magnitude of the inserted harmonic with the size n*100 Q.

The two harmonics injected were of the Sth and 9th order. These were chosen, as the
most prominent harmonics from the converters are of lower order (as presented in section
2.4.4). The 5th is a negative sequence harmonic, and the 9th is a triplen (a zero sequence),
which affects the system response differently compared to other harmonics [40].

3.2.5 Cable energization sequence

To analyze different scenarios of the grid conditions, but still being able differentiate be-
tween inherent behavior from the OWPP and the grid and different cases, the simulations
were done according to the sequence below, with breaker locations specified in Figure
3.3.

wind D
farm

Figure 3.3: Topology of the system with the breaker locations marked as A, B, C and D.

Breaker sequence:
* 0.3 s: Breaker A closes, the harmonic generator is connected.
* 0.5 s: Breaker B closes, the grid is connected to PCC.
» 2.0 s: Breaker C closes, the grid is connected to the export cable.
¢ 4.0 s: Breaker D closes, the wind farm and the transformer at the OSS are intercon-
nected with the grid.
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3.3 Fourier analysis

This section introduces the signal processing methods used to extract harmonic content

from the simulated time domain data, and the specific parameter choices made for the
analysis in this thesis.

Voltage and current waveforms in a power system are recorded in the time domain, but
harmonics are by definition properties visible in the frequency domain. A waveform
distorted by harmonics is the sum of a fundamental sinusoid (50 Hz in this work) and
additional sinusoids at integer multiples of that fundamental: 100 Hz, 150 Hz and so on.
To quantify how much of each harmonic is present in a measured signal, the signal must

be decomposed into its frequency components. This decomposition is performed using
the Fourier transform [80].

The Fast Fourier Transform (FFT) decomposes a sampled time domain signal into the
sinusoidal components it contains, presenting the amplitude of each frequency present in
the signal [80]. It is the standard tool for harmonic analysis in power systems, and is the
method recommended by IEEE Std 519 for assessing harmonic distortion at the point of
common coupling [66]. The principle is illustrated in Figure 3.4, a slightly distorted time
domain waveform (Figure3.4(a)) is decomposed into its discrete frequency components
(Figure 3.4(b)), where the contribution of each harmonic order can be read directly.

Time domain Frequency domain
0 : : :
1
0.8
- e
5 2
o
[fhar] Q
0.6+
& E
o
> ]
- =04+
0.2+
12+ ‘ i i ‘ ] 0 I | | |
0 10 20 30 40 50 60 70 80 0 100 200 300 400 500 600 700 800
Time [ms] Frequency [Hz]
(a) Distorted waveform in the time domain. (b) The same signal decomposed into its frequency
components.

Figure 3.4: Illustration of how the FFT relates time domain waveforms to the frequency

domain. The signal contains a 50 Hz fundamental, a 5th harmonic at 10 %, and a 7th
harmonic at 5 %.
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3.3.1 Sampling rate and the Nyquist criterion

For an FFT to correctly reconstruct a frequency component, the signal must be sampled
at a rate of at least double that frequency, according to the Nyquist criterion [80]. If the
sampling rate is too low, frequency components above Fy/2 are misinterpreted as lower
frequencies, and added to the spectrum at the wrong location, a distortion called alias-
ing. The principle is illustrated in Figures 3.5 and 3.6, where a signal containing a 50
Hz fundamental and a 9th harmonic at 450 Hz is sampled at two different rates. With
adequate sampling seen in Figure 3.5, both components appear correctly in the spectrum.
With the undersampling in Figure 3.6, the 9th harmonic aliases onto the fundamental, and
the spectrum now shows only a 50 Hz component, but its magnitude is inflated and the
original 9th harmonic is missing.

In this thesis, the PSCAD plot step of 100 us corresponds to a sampling frequency of
Fy = 10 kHz. Frequencies up to 5 kHz can therefore be analyzed without aliasing, which
covers the highest harmonic of interest in this work (the 63rd order at 3150 Hz) with
sufficient margin.
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True signal and its samples
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Figure 3.5: Adequate sampling at F; = 2000 Hz. The samples preserve the distorted
shape of the true signal, the reconstruction matches the original, and both the 50 Hz
fundamental and the 450 Hz 9th harmonic appear in the spectrum.
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True signal and its samples
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Figure 3.6: Undersampling at Fy = 400 Hz. The sparse samples miss the 9th harmonic.
The reconstruction is a clean 50 Hz sine, with the 9th harmonic having aliased onto the
fundamental (50 Hz) and inflated its magnitude.
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3.3.2 Windowing

The FFT operates on a finite block of samples, called a window [80]. A simulation pro-
duces several seconds of data, but the FFT is typically applied to a much shorter window.
In this thesis, the window length is 80 ms, as it covers four fundamental cycles at 50
Hz. The window is positioned to capture steady-state behavior after the last breaker has
closed, from t = 4.00 s to t = 4.08 s. This selection is shown in Figure 3.7, where the
red duration of the signal is the input to the FFT. Choosing the window to span an integer
number of fundamental cycles (exactly four in this case) avoids spectral leakage, which
would otherwise distort the magnitudes of the harmonic components in the frequency
domain.

FFT window selected from simulation data

FFT window: 80 ms = 4 cycles

Voltage [p.u.]
< o -
o N co [\
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Figure 3.7: The 80 ms FFT window from #; = 4.00 s to t, = 4.08 s, covering four funda-
mental cycles at 50 Hz, used as input to MATLAB’s ££t () function.

3.4 Data gathering and treatment

The PSCAD model runs the simulation for 6 seconds and has a plot step of 100 ps. The
voltage, current and phase angles are collected from PSCAD and treated in MATLAB
where the signals are subjected to FFT analysis using the sampling rate and window de-
scribed in section 3.3, and total harmonic distortion (THD) is computed from the resulting
FFT.

Two analysis windows are used. The primary window covers 4.00 s to 4.08 s, which is
immediately after the last breaker is closed (described in section 3.2.5). This is to ana-
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lyze the momentary harmonic distortion when the OWPP is fully commissioned, as the
system components are not balanced at this point, and the risk of faults and issues stem-
ming from harmonic distortion is high. To compare the behavior before full energization,
a secondary window from 3.46 s to 3.54 s is used to provide a baseline for comparison.
Two additional windows are used in section 5.6.3 as a sensitivity check and ensure that
the THD values are not the result of a single window choice.

The voltage ratio presented is in percentage of the fundamental frequency, with the har-
monic order (up till the 63rd) along the x-axis. The harmonic impedance is calculated
using (2.13), (2.14) and (2.15), and is presented in real and imaginary parts in Ohms, with
the harmonic order along the x-axis.

3.5 Hypothesis
Based on the theory in section 2, the following is to be expected from the simulations:

Cable length and resonance: The system resonance frequency f;,, is inversely propor-
tional to v/LC as seen in equation 2.3. Longer cables have a greater shunt capacitance,
which shifts resonances to lower harmonic orders. Because of this, longer cables are ex-
pected to amplify lower order harmonics more than shorter cables. At frequencies above
resonance, the shunt capacitance works as a low-impedance path to ground, as X de-
creases with frequency according to equation 2.2, which is expected to attenuate higher
order harmonics.

Grid strength and harmonic distortion: Weaker grids (lower SCR) provide less damp-
ing capabilities and result in a greater THD at PCC, in comparison to stronger grids, as
mentioned in section 2.3.1.

Order of injected harmonic: A 9th order injection is anticipated to be more attenuated
than a 5th, as the dampening resistance in the harmonic generator scales with n due to
n*100 ohm. The 9th order is also chosen as a triplen (zero sequence) representative to
contrast with the 5th order (negative sequence), and observe how harmonics of different
sequence types interact with the system.
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Results

In this section, the results from the simulations are presented in the voltage and impedance
domain respectively. They both go through the cases of strong and weak grids, when us-
ing a longer and shorter cable and when injecting a Sth and 9th order voltage harmonic
respectively. At the beginning of both subsections, the behavior before full system ener-
gization in respective domain is presented.

4.1 Voltage harmonics data

In this section, the voltage harmonics for strong and weak grids and long and short cables
when injecting a S5th and 9th order harmonic are presented. There is a comparison between
the cases in section 5.3.

4.1.1 Phase to ground voltage in the time domain

In Figure 4.1(a), the voltage harmonics for a stronger grid with a great 5th and 9th order
harmonic injected from the grid using a 100 km cable is presented. It shows how phase
voltage varies over time, and that voltage vastly varies around the switching events, before
reaching steady-state.

In Figure 4.1(b), the harmonics for a smaller interval are shown. It displays how the
sine wave becomes significantly more distorted when the system is fully energized at 4
seconds. As previously mentioned, the calculations and data presented below are based
on the last switching event, where the entire system becomes energized at 4.00 s.
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(a) 100 km cable phase voltage in time domain. (b) 100 km cable zoomed in at 4.01 seconds.

Figure 4.1: Phase voltage in the time domain. Stronger grid, 100 km cable, injected 5th
order harmonic.

4.1.2 Voltage behavior before full cable energization at 3.5s

In Figure 4.2(a), the voltage in the frequency domain is presented. It demonstrates that
the harmonics at this point in time are close to zero, except for the injected 5th and 9th
harmonics respectively. This indicates that the harmonic generator is working, and that
the grid side of the system does not inherently have any great voltage harmonics. Both
injected harmonics are of roughly the same magnitude, with the 9th being slightly greater.
Figure 4.2(b) is zoomed in on the 20 first orders.
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Figure 4.2: Voltage in the frequency domain for a stronger grid with injected 5th & 9th
order voltage harmonics.

4.1.3 Voltage total harmonic distortion

Presented in Table 4.1 are the voltage total harmonic distortions (THDy) for different
cases. When injecting a Sth order harmonic, the harmonic distortion was always greater
for shorter cables, no matter if the main grid was stronger or weaker. However, when
injecting a 9th order harmonic into a stronger grid, the THD was the greatest for the
longest cable (100 km), but when injecting into a weak grid, the THD was the greatest
for the shorter cable (50 km). Overall, the THD is greater for weaker grids compared to
stronger grids.

Table 4.1: THD, for different injected harmonics and for stronger and weaker grids with
100 and 50 km cables respectively.

Case
Injecte Strong 100 km | Strong 50 km | Weak 100 km | Weak 50 km
harmonic
n=>5 9.10 % 10.38 % 37.45 % 40.66 %
n=9 19.01 % 16.94 % 31.51 % 35.06 %

4.1.4 Case 1: Stronger grid with injected Sth & 9th order voltage
harmonics

100 km cable (see Figure 4.3(a)): The harmonic of greatest magnitude («~18 %) is found
at the 5th order when injecting a 9th order harmonic. The second greatest magnitude
(«7 %) is found at the same order, but when injecting a Sth order harmonic. Local peaks
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(in descending order of magnitude) appear on the 20th, 56th, and 38th orders.

For both injections, the spectrum is dominated by the listed peaks, with all other harmonic
orders being below 1 %. The Sth order stands out as the dominant harmonic, regardless of
which order is injected, suggests that the system has a resonance near the Sth order that
any injected harmonic ends up exciting.

50 km cable (see Figure 4.3(b)): A similar behavior is found as for the 100 km cable,
but the magnitudes are slightly lower for the 5th order harmonic when injecting a 9th
(«~16 %) and 5th (\~9 %) order harmonic respectively. This is indicating that cable length
does not significantly shift the resonance for strong grid conditions.
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Figure 4.3: Voltage harmonics at 4.01 s for a stronger grid with injected 5th & 9th order
harmonics.

4.1.5 Case 2: Weaker grid with injected Sth & 9th order voltage har-
monics

100 km cable (see Figure 4.4(a)): The harmonic of greatest magnitude («~36 %) is found
at the 4th order when injecting a 5th order harmonic. The second greatest magnitude
(~29 %) 1s also found at the 4th order, but when injecting a 9th order harmonic. After the
dominant 4th order, additional local peaks appear (in descending order of magnitude) at
the 5th, 3rd, 2nd, 19th, 20th, 37th, 38th, and 56th orders. Outside these local peaks, both
injections show negligible harmonic content above the 9th order (<1 %).

When the 5th order is injected, the spectrum also shows a noticeable 6th order component,
and when the 9th order is injected, the 9th order component itself stands out (the injected
harmonic). Compared to the stronger grid case, the dominant harmonic has shifted from
the Sth order down to the 4th, and the magnitudes are roughly four times higher. This is
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consistent with a weaker grid lowering the resonance frequency, and providing less damp-
ing.

50 km cable (see Figure 4.4(b)): A similar behavior is found as for the 100 km cable, but
the magnitudes are instead slightly greater for the 4th order when injecting a 5th (-~~39 %)
and 9th («\~31 %) order harmonic respectively. This is the opposite to what was seen in the
strong grid case, suggesting that the longer cable contributes some additional damping
when the grid is weak.
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Figure 4.4: Voltage harmonics at 4.01 s for a weaker grid with injected 5th & 9th order
harmonics.

4.2 Harmonic impedances data

Harmonic impedance follows Ohm’s law no matter what frequency it is. Even at higher
frequencies like 3 kHz, a low harmonic impedance at PCC means that a harmonic volt-
age source drives a correspondingly large current. Low harmonic impedance at the PCC
hence correlates to poor harmonic performance, as it allows for large harmonic currents
to flow into the grid. Examining the impedance across the harmonic spectrum gives a
complementary perspective to the voltage analysis in section 4.1, and an understanding of
where the system is most susceptible to harmonic amplification.

The voltage results in section 4.1 show what the harmonic distortion looks like at the PCC
for each case. The harmonic impedance presented in this section shows why. It identifies
the frequencies at which the system is susceptible to amplifying any harmonic current that
happens to be injected. The two perspectives give a complementary view, where voltage
shows the outcome, and impedance shows the mechanism behind it.
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4.2.1 Harmonic behavior before full cable energization at 3.5s

In Figure 4.5(a), the resistive impedance in the frequency domain is presented. It shows
that the resistive harmonic impedance at this point in time varies a lot depending on the
harmonic order, with the 9th order injection being significantly greater for most orders
than the 5th order injection. The greatest magnitude is found at the 3rd order when inject-
ing a 9th order harmonic and is roughly 2200 Q. For the 5th order injection, the greatest
harmonic is found at the 10th order and is at 550 Q.

Figure 4.5(b) shows the reactive impedance at the same point in time. This time, the
two injection cases are not as varied in magnitude when comparing between the 5th and
Oth order injection. The 9th order injection is still the greatest though, with the greatest
magnitude being found at the 3rd order and is roughly 9.5 Q. For the 5th order injection,
the greatest magnitude is found at the 10th order and is roughly 4 Q.
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Figure 4.5: Resistive and reactive components of the impedance for the stronger grid
case with a 100 km cable before full system energization.

The reactive part was inspected for all eight simulated cases by plotting the imaginary
part across all 63 harmonic orders. In every case, Z;, remained positive (inductive), so
the reactive plots are not reproduced for each case. A complete analysis of the reactive
component across all cases is left for future work.

4.2.2 Case 1: Stronger grid with injected Sth & 9th order voltage
harmonics

100 km cable: The resistive impedance is scattered as seen Figure 4.6(a), and there is

no pattern to be found. The greatest magnitude when injecting a Sth order harmonic is

roughly 360 Q at the 3rd order, and roughly 440 Q at the 2nd when injecting a 9th or-
der harmonic. When injecting a Sth order harmonic component, the greatest magnitudes
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are found at the 3rd, 17th and 14th orders. When injecting a 9th order harmonic, the
greatest magnitudes are found at the 2nd, 44th and 15th orders. For most orders, the 9th
order injection cases result in harmonics of greater magnitude than the Sth order injection.

The lack of a clear pattern in the resistive impedance under a strong grid reflects the
grid’s stiffness. The impedance seen from the PCC is dominated by the cable and the
transformer, rather than the grid itself, and resonance peaks are correspondingly small.

50 km cable: The resistive impedance shown in Figure 4.6(b) displays an intermittent
pattern when injecting a 9th order harmonic, where there are groups of higher magnitudes
around the 2nd, 9th, 18th, 28th, 36th, 48th and 56th orders. All of these are close to mul-
tiples of the injected harmonic. For the case of a 5th order injection, there is not a clear
pattern to be found. The greatest magnitude when injecting a Sth order harmonic is found
at the 18th order of roughly 370 Q, and the greatest magnitude when injecting a 9th order
harmonic is found at the 37th order at roughly 930 Q. The intermittent grouping suggests
that the shorter cable amplifies the injection frequency and its multiples more than other
frequencies.

Compared to the 100 km cable, the greatest magnitudes when injecting a Sth order har-
monic are roughly the same, while the greatest magnitudes when injecting a 9th order
harmonic are doubled when using a 50 km cable.
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(a) 100 km cable. (b) 50 km cable.

Figure 4.6: Resistive component of the harmonic impedance for a stronger grid with
injected 5th & 9th order harmonics.
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4.2.3 Case 2: Weaker grid with injected 5th & 9th order voltage har-
monics

100 km cable: The resistive impedance presented in Figure 4.7(a) shows that when in-
jecting a 9th order harmonic, the magnitude of each order is decreasing on average up
till roughly the 56th order, where it increases again. The 5th order injection has a more
random pattern, but it could be resembling a dampened sine wave. The greatest magni-
tude when injecting a Sth order harmonic is found at the 5th order with an impedance of
roughly 1100 © and when injecting a 9th order harmonic, the highest magnitude is found
at the 2nd order of roughly 650 Q.

This decaying magnitude with increasing harmonic order, particularly noticeable for the
Oth order injection, indicates that the weaker grid combined with the longer cable presents
the highest impedance at low orders. This aligns with the voltage results, where lower or-
der harmonics dominate across the spectrum.

50 km cable: The resistive impedance in Figure 4.7(b) displays a random pattern for both
the injection of a Sth and 9th order harmonic. The greatest magnitude when injecting a
5th order harmonic is found at the 5th order and is at roughly 330 Q, while greatest mag-
nitude when injecting a 9th order harmonic is found at the 3rd order at roughly 130 Q.
There is no indication of the magnitudes decaying for higher orders, but it can be noted
that the greatest magnitudes are found for lower orders for both injection cases.

Comparing the 100 km to the 50 km cable, the longer one displays harmonics of greater
magnitude overall, and most harmonics are over 200 Q for the longer cable. The lower
impedance magnitudes for the shorter cable do not translate into lower voltage distortion
in the corresponding case in section 4.1, where the shorter cable produced a higher THD.

This is because the voltage for each harmonic depends on both the impedance and the
harmonic current flowing through it. A small impedance can still produce a large voltage
drop if the current is large enough. The impedance plot itself is therefore not sufficient
to predict the voltage distortion, as the two perspectives need to be combined, with the
impedance pointing to which frequencies are susceptible to amplification, and the voltage
results showing the resulting distortion at the PCC.
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Figure 4.7: Resistive component of the harmonic impedance for a weaker grid with in-
jected 5th & 9th order harmonics.
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Discussion

In this section, the analysis of the results in the voltage and impedance domain are pre-
sented respectively. It also goes over some drawbacks of the way the simulations were
conducted, and suggests things to improve for future analysis.

5.1 Key findings summarized

The thesis investigates three main questions regarding harmonic distortion generated by
OWPPs. The simulations provided answers to the questions:

Impact of cable length and harmonics at PCC:

The effect of cable length on THD depends a lot on the grid strength. For weaker grids,
shorter cables always gave a higher THD, by 8.6 % and 11.3 % for the 5th and 9th order
injections respectively. For stronger grids, the result depended on which harmonic was
injected: a Sth order injection still gave a higher THD with the shorter cable (by 14.1 %),
but for a 9th order injection, the shorter cable actually reduced THD by 10.9 %.

This suggests that the additional shunt capacitance of a longer cable does not act in iso-
lation: the inductance is also increased with length, and the resulting resonance behavior
depends on both the grid impedance and the order of the injected harmonic.

Impact of grid strength on harmonics at PCC:

Grid strength is the dominant factor affecting harmonic distortion in the post-energization
transient. Weaker grids consistently showed a THD 2-4 times greater than stronger grids
for all cases. For example, with a 100 km cable and a 5th order harmonic injection, the
THD increased from 9.1 % (stronger grid) to 37.5 % (weaker grid). This highlights the
importance of a stronger grid for OWPP integration.

Impact of the order of the injected harmonic:

The observed behavior varied significantly between 5th and 9th order harmonic injec-
tions. In stronger grids, 9th order harmonic injection produced a higher THD (19.01 %)
than 5th order injection (9.1 %). For weaker grids the relationship reverses: Sth order
injection produced higher THD (37.45 %) than 9th order (31.51 %).

This reversal suggests that the position of the system’s resonance peak relative to the in-

jected frequency determines the amplification. For stronger grids, the resonance lies near
the 5th order, while in weaker grids it shifts toward the 4th. A 5th order injection therefore
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drives the resonance more strongly in the weaker grid case, while in the stronger grid case
the 9th order injection still excites the 5th order resonance through the system’s harmonic
interaction, producing a Sth order voltage harmonic of significant magnitude as seen in
Figure 4.3. Confirming this would require identifying the resonance peaks in each case,
which is suggested for future studies.

5.2 Theoretical implications and model behavior

The simulation results deviate from the hypothesis stated in section 3.5 on several points,
which gives insight into both the model limitations and the system behavior.

Grid strength and cable length hypotheses: The hypothesis on grid strength, that
weaker grids would produce greater THD due to less damping, is supported by the re-
sults. The simulated weaker grid produced a THD 2-4 times higher than the stronger grid
for all casees. The hypothesis on cable length, that longer cables would amplify lower or-
der harmonics more by shifting the resonances down, only partly lines up with the results.
A shift towards lower orders can be seen when comparing the strong grid (5th order dom-
inant) to the weaker grid (4th order dominant), but the shift comes from the grid strength
rather than the cable length, and the THD is not always higher for longer cables.

Injected harmonic order hypothesis: The hypothesis on injected harmonic order, that
the 9th order injection would be more attenuated than the 5th, is disproved in the strong
grid case, where the 9th order injection produced a higher THD (19.01 %) than the 5th
(9.10 %). In the weaker grid case, the relationship instead aligns with the hypothesis, with
the 5th order injection producing a higher THD than the 9th. This reversal is explained by
the position of the system resonance relative to the injection frequency, which is discussed
below.

Absence of characteristic converter harmonics: The theoretical behavior with consis-
tent harmonics occurring around fy. &+ 2f. (approximately 38th and 42nd orders for a
2 kHz switching frequency) could not be observed in the simulation results. The rea-
son is likely that the aggregated OWPP model does not simulate the actual switching
mechanism of the converters. This limitation means that the simulations cannot assess if
converter generated harmonics or grid-side harmonics play a bigger role.

Lower order harmonic dominance: The simulations display significant harmonics be-
low the 9th order, with prominent harmonics around the 4th and 5th orders. This means
that while the model is not capable of capturing the converter switching harmonics, it
displays the lower order resonances that originate from the interactions between grid
impedance and the cable impedance.

Resonance behavior: The expected shift in the dominant harmonic order for longer ca-
bles, expected from equation 2.3, could not be clearly observed. Instead, a shift is ob-
served from a Sth to a 4th order dominance when comparing a stronger to a weaker grid.
This suggests that the grid strength has a larger impact on resonance frequency rather than
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cable length.

5th order dominance: The characteristic converter harmonics (5th and 7th orders) that
theory predicts are not consistently dominant in the results, except for the 5th order, which
does appear prominently, but likely amplified by the injected 5th order harmonic from the
grid rather than originating from the BTB-converter itself. The 5th order remains dom-
inant even when a 9th order harmonic is injected, which suggests that the system has a
resonance near the Sth order, which any injected harmonic ends up exciting.

Unexplained excitation mechanism: The exact mechanism by which a 9th order injec-
tion excites a Sth order resonance more strongly than a direct 5th order injection is not
fully explained by the linear interaction between cable capacitance and grid inductance,
and is suggested as a topic for future studies, as also stated in section 5.7.

The hypotheses from section 3.5 are not fully matched by the results. The grid strength
hypothesis is supported by the results, but the cable length and harmonic order hypotheses
do not match in all cases. There are two modeling choices that may have contributed to
this. The first is that the aggregated wind farm model does not reproduce the converter
switching events, which means that the characteristic switching harmonics around fg. 4
2f. are missing from the results. The second is that the shunt reactor sizing was tuned
for unity power factor at the fundamental frequency, which does not necessarily reduce
harmonics at other frequencies, and could partly hide the expected resonance shift that
comes with increasing cable length.

5.3 Analysis of voltage results

Comparison before and after energization: Comparing the voltage harmonics before
energization (Figure 4.2) with the other voltage figures during energization, it is apparent
that the high magnitude harmonics were not present in the system before full energization,
where the system was comprised of the main grid, harmonic generator and onshore trans-
former. This means that the connection of the offshore transformer and OWPP induces
harmonic currents into a network whose resonance behavior amplifies them, resulting in
distortion at the PCC.

Before energization, harmonics remain below 0.2 %, decaying steadily with increasing
harmonic order (excluding the injected 5th and 9th order harmonics). This confirms that
the observed distortion comes from the interaction between the OWPP and grid, rather
than pre-existing grid harmonics.

Harmonic magnitude patterns in stronger vs weaker grids: The greatest magnitudes
are found in the cases with weaker grids, and the greatest harmonics are within (41) or-
der of the same harmonic, no matter if the grid is weaker or stronger. The difference is
that for strong grids, harmonics of great magnitude are found at the 5th and 20th orders,
while for weaker grids, these are found at the 4th and 19th orders instead. Comparing the
20th, 38th and 56th order harmonics in the stronger grids with the weaker grids, it can be
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concluded that the harmonics are noticeably attenuated for weaker grids, indicating that
weaker grids dampen higher-frequency components.

Impact of injected harmonic order: In the stronger grid case, the 9th injected harmonic
is mostly of greater magnitude compared to when injecting a Sth order harmonic, with the
exception of the 36th order. The reversed is observed when looking at the weaker grid, the
Sth order injected harmonic is most often of greater magnitude compared to when inject-
ing a 9th order harmonic. This reversal demonstrates grid strength significantly impacts
the interaction between injected harmonics and observed harmonics.

Cable length effects: For stronger grids, the magnitude of the harmonics is very simi-
lar, with the exception of the 5th order harmonic, which is attenuated for shorter cables
compared to longer. For weaker grids, the harmonics are noticeably amplified for shorter
cables.

Harmonic distribution patterns: There is no clear cyclic pattern regarding which orders
the harmonic peaks are visible, but the majority of the peaks concentrate on low orders
(4-5), followed by a smaller group around the 19-20th orders. The 38th and 56th order
peaks are less than 1 %, and can be considered negligible. The 9th order peak, when
present, likely originates from the 9th order injection, as it is not of noticeable magnitude
when injecting a 5th order harmonic.

The voltage THD in weaker grids was greater when using shorter cables compared to
longer, for both injections. This behavior was also seen when injecting a Sth order har-
monic into a stronger grid, but when injecting a 9th order harmonic, the THD was instead
greater for a longer cable. This may be because the shunt reactor sizing was tuned for
a power factor close to unity at the fundamental frequency, which does not necessarily
reduce harmonic distortion at other frequencies.

5.4 Analysis of harmonic impedance results

While the voltage analysis in section 4.1 shows the resulting distortion at the PCC, the
harmonic impedance shows where the system is susceptible to amplifying any harmonic
current that gets injected. According to Ohm’s law, the harmonic voltage at a given order
is the product of the harmonic current and the harmonic impedance at that frequency. This
means that peaks of the resistive impedance correspond to frequencies where even modest
harmonic currents can drive significant voltage distortion.

Comparing harmonic behavior before and during full system energization: For all
cases when injecting a 9th order harmonic, the resistive part displays the greatest peaks
before energization. This is not necessarily the case when injecting a Sth order harmonic,
depending on the harmonic order. Once the export cable and OWPP are connected, the re-
sistive peaks shift, which aligns with what equation 2.3 predicts: adding the cable changes
both L and C, and the resonance frequency f,.; = 1/(27rLC) changes accordingly.
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Resistive impedance patterns: Comparing the longer cable with the shorter, the resistive
part displays a more random behavior using a longer cable, and a more cyclic behavior
for the shorter cable, for the stronger grid case. The cyclic pattern is mostly evident in the
case of injecting a 9th order harmonic, and the groups of peaks almost follow the multi-
ples of 9. This suggests that shorter cables create more predictable resonance conditions
aligned with the injection frequency and its harmonics, while a longer cable spreads the
resonance behavior across more orders. For the weaker grid the relationship is different:
the longer cable shows the magnitude decaying with increasing order, while the shorter
cable shows a more random pattern.

Lower order dominance for weaker grid: The weaker grid with a 100 km cable in
Figure 4.7(a) shows the resistive impedance being highest at lower orders, and decaying
for higher orders. This is in line with the weaker grid having a larger inductance, which
combined with the cable capacitance, pushes the dominant resonance down to lower or-
ders, where the impedance is therefore highest. This explains why the same case has the
greatest THD in the voltage results, with the dominant harmonic shifted from the 5th to
the 4th order compared to the stronger grid case.

Magnitude relationships: Resistive impedances are in the magnitude of hundreds of
ohms, while the reactive impedances remain at a magnitude of tens of ohms. As the re-
actance is strictly positive, this indicates that the inductive parts are dominating for all
harmonic orders.

Grid strength correlation: For stronger grids, shorter cables produced greater harmonic
impedance magnitudes. This relationship was inverted for weaker grids, where instead
longer cables resulted in greater impedances. This is consistent with the THD patterns
seen earlier, and shows that both grid strength and cable length need to be considered
when designing the system.

Negative resistance behavior: No negative resistive harmonic impedance is displayed.
As the negative-resistance behavior described in 2.4.11 originates from the converter con-
trol of the GSC, this is consistent with the aggregated wind farm representation, which
does not capture the converter switching events as discussed in 5.2 and 5.6. Detecting
negative-resistance behavior would require a model that includes how the GSC control
behaves at harmonic frequencies.

Voltage and impedance compared: The lower impedance magnitudes for the shorter
cable did not lead to a lower voltage distortion in the corresponding voltage results. The
voltage at each harmonic depends on both the impedance and the harmonic current flow-
ing through it, which means that a small impedance can still give a large voltage drop
if the current is large enough. The impedance plots therefore complement the voltage
analysis: the voltage shows the outcome at the PCC, and the impedance points to which
frequencies the system is most susceptible to amplification.
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5.5 Practical implications for OWPP design & operation

These findings give a few implications for OWPP stakeholders:

Grid strength is the priority: Since grid strength had a much larger effect on THD than
cable length, grid strength should be prioritized over cable route optimization when look-
ing to minimize harmonics.

Cable length optimization: For weaker grids, longer cables provided some damping.
This is counterintuitive, and suggests that the shortest cable route is not necessarily the
optimal one from a power quality perspective.

STATCOM design: For STATCOMs such as those provided by Hitachi Energy, the re-
sults suggest that control systems should prioritize compensation of lower order harmon-
ics, and should be able to handle weaker grids.

Comparison of technical solutions: While the simulations focus on a single OWPP
topology, the results have implications for choosing between the technical alternatives
discussed in section 2.

Filter design: The dominance of lower order harmonics (4th-5th order) suggests that pas-
sive filters tuned to these frequencies could be useful, although filters at low frequencies
tend to be physically large. Passive filters also have a fixed tuning, which makes them less
suitable for the varying grid conditions an OWPP may be subjected to [64], [65]. Active
filters, including STATCOMs, can handle changing harmonics and varying grid strength
[65], [81], which the results indicate can shift the dominant harmonic from the 5th to the
4th order. The absence of significant higher order harmonics in the simulations is partly a
consequence of the aggregated wind farm model, which does not reproduce the converter
switching events. Filter design would therefore still need to consider potential switching
harmonics from the converter, and may require active filtering to comply with local grid
codes.

Reactive power compensation: For reactive power compensation, the comparison nar-
rows depending on need. Shunt reactors are commonly used for compensating the capac-
itive reactive power produced by long submarine cables, and were used in this thesis [15],
[16]. They are passive and appropriate for fixed compensation, but cannot adjust dynam-
ically to varying grid conditions. Capacitor banks and SVCs give faster compensation,
but are limited in resolution and can introduce additional harmonics [69]. STATCOMs
provide continuous and fast compensation at higher cost and complexity [69], with the
added benefit that they can also provide active filtering [81].

Converter type: For converter type, the high harmonic distortion levels observed in the
weaker grid cases strengthen the case for grid-forming converters over grid-following
ones in such conditions, as GFM converters provide voltage support and behave more
favorably in low SCR conditions [23], [46], as mentioned in section 2.1.4. The simula-
tions in this thesis used GFL converters, so the results most directly apply to GFL-based
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OWPPs.

Transmission technology: Despite the fact that this thesis does not cover the choice be-
tween HVAC and HVDC transmission, the trade-off becomes more relevant for longer
cables where the cables’ reactive power production and resonance behavior have large
consequences. The results show that for HVAC, both grid strength and cable length have
a significant influence on harmonic behavior at the PCC, which is one of the factors a
project would need to consider against the higher cost of HVDC for shorter routes.

Regulatory compliance perspective: All weaker grid cases simulated had THD values
in the range of 31-41 % during the post-energization transient, which exceeds the IEEE
519 limit of 1.5 % for high-voltage systems above 161 kV (as mentioned in section 2.4.7)
by more than an order of magnitude. While the simulation setup and the aggregated model
push these absolute values higher than they would be in practice, and IEEE 519 applies
to steady-state operation rather than transients, this large gap shows that harmonic distor-
tion during energization of an OWPP connected to a weak grid could be significant. The
sensitivity check in section 5.6.3 shows that THD settles to around 2 % once the system
stabilizes, which is closer to the IEEE 519 limit but still above it. Mitigation would be
needed, either through grid reinforcement, harmonic filtering, or both, depending on the
grid code interpretation.

5.6 Model validation and limitations

Albeit the model did not manage to display all theoretical and hence practical phenomena,
the results give valuable input for system design:

5.6.1 Model validity

Three checks support that the model produces results consistent with the established the-
ory and the OWPP harmonics literature.

First, the dominant influence of grid strength on harmonic distortion observed in section
4.1, with weaker grids producing 2-4 times higher THD than stronger grids, is in line with
[30], [47], where weaker grid connections are reported to be associated with higher levels
of harmonic distortion.

Second, the higher harmonic distortion observed in the weaker grid case is consistent with
the higher harmonic impedance presented by the weaker grid Thevenin equivalent. Fig-
ure 5.1 shows the magnitude of the grid Thevenin impedance for the two grid strengths
used in the simulations across the harmonic spectrum. The weaker grid presents a higher
impedance at every harmonic frequency, and by Ohm’s law, a higher impedance produces
a larger voltage harmonic for the same injected harmonic current. This is the same reason
that a 2-4 times higher THD is observed in the weaker grid cases. The downward shift in
dominant order from the 5Sth (stronger grid) to the 4th (weaker grid) is consistent with the
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resonance frequency (fr.s = 1/(2m+/LC)) decreasing as the grid inductance L increases
for the weaker grid case.

103
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Figure 5.1: Magnitude of the grid Thevenin impedance for the stronger (I, = 30 kA)
and weaker (/. = 10 kA) grids used in the simulation, plotted in the frequency domain
up to the 63rd order.

Third, the simulated THD ranges (9-19 % for stronger grid, 31-41 % for weaker grid) are
consistent with the order of magnitude reported for OWPPs connected to similar grids

[13], [30], [47].

The two grid cases are referred to throughout this thesis as “’stronger” and “weaker” rel-
ative to each other, since the SCR was not calculated numerically. Using the definition
in section 2.3.1, calculating the SCR would require an explicit choice of S,,, which would
tie the conclusions to one specific OWPP size. The relative comparison used in this thesis
keeps the findings independent of that choice. Calculating the SCR for a specific OWPP
size is suggested as a follow-up in section 5.7.

The two grid cases are referred to throughout this thesis as “’stronger” and “weaker” rel-
ative to each other. The grid strength was set by varying the short-circuit current I,
between 30 kA for the stronger grid, and 10 kA for the weaker grid, and the SCR was not
calculated numerically.
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5.6.2 Comparison to reported field measurements

The dominance of lower order harmonics observed in the simulations aligns with field
measurements reported in the OWPP literature. For example, in [13] it is stated that
for large offshore wind farms, the most significant harmonic content tends to be concen-
trated at lower orders, with lower order resonances arising from the interaction between
the cable capacitance and the inductances of the upstream system. This is similar to
what is observed in the simulations of this thesis, where the dominant harmonics consis-
tently appeared at the 4th and 5th orders, depending on grid strength. Another example
is [30], which states a comparable lower order resonance behavior for OWPPs connected
to weaker grids, also consistent with the shift from the Sth order (stronger grid) to the 4th
order (weaker grid) found in this work. The qualitative agreement between this finding
and previously reported measurements supports the conclusion that the aggregated model
captures the system level resonance behavior of OWPPs, even if the absolute THD values
are inflated by a deliberately strong harmonic injection, as discussed above.

5.6.3 Model applications and limitations

The aggregated model is therefore appropriate for comparing different grid reinforcement
options and cable routes for harmonic studies on a system level. The model is unfortu-
nately not appropriate for converter control, filter dimensioning, and studying switching
harmonics from the converters.

Each case was simulated once, and the FFT was applied to a single 80 ms window,
right after full energization. The window was selected to capture the immediate post-
energization period, since this is when protection systems and equipment are most stressed
by harmonic distortion. To verify that the reported THD values are not artifacts of a single
window position, additional FFTs were performed at later windows for both the stronger
and weaker grid 100 km cases with a 5Sth order injection. The resulting THD values are
presented in Table 5.1, alongside the originally reported values from Table 4.1. Both grid
configurations end up at a similar low THD around 2 % as the system settles, meaning that
the 2-4 times ratio between weaker and stronger grids reported in this thesis is a property
of the immediate post-energization period rather than the steady-state, where the ratio it-
self also decays as the system settles. This is consistent with the methodology stated in
section 3.4, which purposely aims at the post-energization period as the regime of interest.
The relative comparisons between cases are still valid since all cases were analyzed using
the same window position.
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Table 5.1: THD, at the PCC for different FFT window positions, used to verify that the
reported values are not artifacts of a single window choice. Both cases use a 100 km cable
with a 5th order harmonic injection.

Window start | .\ 60 ¢ | 1, = 4205 | 1, =5.00s | 1 =550
Case
Strong 100 km, n = 5 0.10% | 1356% | 408% | 2.04%
Weak 100 km. n =35 3745% | 33.80% | 9.06% | 1.86%

The voltage harmonic data presented is in percentage relative to the fundamental fre-
quency. The downside is that if the simulations result in an unlikely scenario, where either
the fundamental frequency or the other harmonics are unrealistically proportional to each
other, these percentages are irrelevant. It can also obscure scenarios with extremely low
or high magnitude harmonics, if all (including the fundamental) are of similar magnitude.

It should also be mentioned that the absolute THD values reported in this thesis are not
directly comparable to real grid harmonic levels. The harmonic generator described in
section 3.2.4 is a 200 kV source behind only n - 100€2, meaning that the injected har-
monic content is significantly higher than the background harmonic levels found on real
high voltage transmission systems, where the THD typically remains below 2 % at the
relevant voltage levels [53]. The simulations therefore represent a stress-tested injection
scenario, designed to show how the system responds when harmonics are present, rather
than to predict the harmonic levels at the PCC during normal operation. The relative com-
parisons between cases (the 2-4 times difference between weaker and stronger grids and
so on) are therefore the meaningful results.

5.7 Suggested improvements for future simulations and
further analysis

* Improved converter modeling that simulates the switching events of the converters.

* The export cable was modeled using the cable feature in PSCAD, where the line
resistance and the reactance per unit length was specified. Instead, the submarine
cable feature in PSCAD could be used, where insulation distances, conductor sizes
and depth under the seabed can be specified. It is possible this would have given
different results, as it would take more factors into account that can affect the har-
monic propagation in the cable.

* The inter-array cables were not implemented into the model used. For future sim-
ulations, the previously mentioned submarine cable feature could be implemented,
but for the lower voltage inter-array cables.

 Variable X/R ratio: It was fixed when running the different cases in order to limit
the number of variable factors. Instead Iy was the measure used to control the grid
strength. In future simulations, the X/R-ratio could be varied too, or instead.

* The cases used in the simulations do vary the short circuit power, which means that
the grid-side is of different strengths. For future simulations, it would be good to
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quantify the grid strength in terms of SCR to have concrete results for the defined
“weaker” and “stronger” grids respectively. This might require model modifica-
tions.

The FFTs were performed by analyzing harmonics during a limited slot in the time-
domain, even though the harmonics vary a lot in the time domain. This means that
an FFT analysis performed for a different span would have given different results.
A full analysis of the imaginary part of the harmonic impedance was outside the
scope of this thesis. Investigating it in future studies gives a more complete picture
of resonance behavior, for example by identifying at which frequencies the system
transitions toward resonance peaks, and how this varies with cable length and grid
strength.

It could be interesting to investigate how much the shunt reactors affect the har-
monic distortion. Adding breakers for them and analyzing the results before and
after the connection of them would give a better understanding of their impact.

As the injected voltage harmonics were of the 5th (negative sequence) and 9th or-
ders (zero sequence) respectively, it could be interesting to inject a harmonic of a
different order, simulating a positive sequence fault.

An attempt was made to validate the PSCAD model by creating a simplified theo-
retical impedance model in MATLAB, but the measurements in PSCAD were pre-
vented by the presence of active voltage sources in the system, preventing mean-
ingful comparison. This would be interesting to fully investigate in the future.
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Conclusion

6.1 Fulfillment of objectives

This thesis investigated the interplay between grid strength, cable lengths, and injected
voltage harmonics, and how these affect voltage harmonic distortion and harmonic impedance
in OWPPs. The three research questions presented in section 1.3 are revisited below.

How do shorter/longer HVAC cables impact the voltage harmonic distortion and har-
monic impedance at the PCC? Cable length effects were smaller than the grid strength
effects, but the behavior was complex, and depended on both grid strength and the in-
jected harmonic order. For weaker grids, shorter cables gave higher THD in all cases.
For stronger grids, the relationship reversed depending on which harmonic was injected.
The harmonic impedance results show the same directional dependence: longer cables
gave higher impedance magnitudes in the weaker grid case, but lower magnitudes in the
stronger grid case. The finding that longer cables can lower THD in weak grids goes
against the intuition that the shortest cable is always best. The shortest route is therefore
not necessarily the best one if power quality is considered.

How do stronger/weaker grids impact the voltage harmonic distortion and harmonic
impedance at the PCC? Grid strength was the dominant factor in the post-energization
transient. Weaker grids gave THD 2-4 times higher than stronger grids for all four cable
and injection combinations during the analyzed window, with absolute THD values of
31-41 % for the weaker grid and 9-19 % for the stronger grid. The harmonic impedance
results, shown in Figure 5.1, show that the weaker grid has a higher Thevenin impedance
at every harmonic frequency, which is the underlying reason for the higher voltage distor-
tion.

The dominant harmonic also shifted from the 5th order in the stronger grid, to the 4th
order in the weaker grid. This is consistent with the lower resonance frequency that fol-
lows from the larger grid inductance. A sensitivity check on later windows (section 5.6)
showed that both grid configurations settle at a similar low THD around 2 % once the sys-
tem has stabilized. The 2-4 times difference is therefore specific to the post-energization
transient, not the steady-state.

59



6. Conclusion

How does the order of harmonics injected from the main grid affect the voltage harmonic
distortion and harmonic impedance at the PCC? The effect of the injected harmonic or-
der depends on the grid strength. In stronger grids, the 9th order injection produced a
higher THD (19.01 %) than the 5th order injection (9.10 %), which is likely because the
system has a resonance near the 5th order that any injected harmonic ends up exciting,
as discussed in section 5.1. In weaker grids the relationship reversed, with the 5th order
injection producing a higher THD (37.45 %) than the 9th (31.51 %), as the resonance had
shifted closer to the injection frequency. This shows that the harmonic distortion at the
PCC is determined by the position of the system resonance in relation to the injection
frequency, not by the injection order alone.

Although the aggregated model does not capture all converter switching harmonics, the
simulations are sufficient to identify the main relationships between grid strength, cable
length, and the order of the injected harmonic. As the offshore wind demand keeps grow-
ing, this kind of design input becomes more useful, and helps the engineer make better
informed decisions on grid reinforcement, cable routing, and filter design.

6.2 Key contributions

The main contributions of this thesis are:

Quantification of factor impact: The simulations show that grid strength affects the
post-energization THD by an order of magnitude more than cable length does, with cable
length only causing smaller shifts (1-4 percentage points) compared to grid strength (12-
30 percentage points). This gives the design engineer a sense of what matters most.

Cable damping in weak grids: For weak grids, longer cables were found to reduce THD
rather than increase it. This means that cable route selection should not only be based on
distance and cost, but also consider power quality.

Priority orders for filter design: The harmonics observed in the results concentrate at
lower orders (4th-5th), which can be used as priority targets for filter design and control
system tuning.

Validation of simplified modeling: Although the model does not capture all harmonic
phenomena, such as the characteristic switching harmonics from the converters, or any
negative resistance behavior, it successfully identifies the dominant relationships among
the parameters studied: the strong influence of grid strength on THD, the concentration of
harmonic content at lower orders, and the cable length dependency that varies with grid
strength. The relative importance of these grid side effects compared to converter induced
harmonics is outside the scope of this model, and would require a more detailed model
that captures the actual converter switching to assess.

This implies that the model is appropriate for system level harmonic studies, but detailed
studying of the converter-induced harmonics would require more advanced models that
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capture the power electronic switching.

6.3 Implications for the industry

For stakeholders involved with OWPPs, the results show that:

* Grid strength reinforcement gives the largest reduction in post-energization tran-
sient harmonics.

 Cable routing should consider harmonic dampening, and not solely distance.

* The harmonics captured in the aggregated model concentrate at lower orders, mean-
ing that passive filtering tuned to these orders would address a significant share of
the distortion. Filter design should in general also consider the GSC switching
harmonics that were not captured by the model.

* Aggregated system level models are adequate for initial harmonic compliance stud-
ies, but detailed converter models are needed for filter sizing and analysis of switch-
ing harmonics.

For manufacturers like Hitachi Energy, the results show that:

* STATCOM control systems should prioritize compensation of lower order harmon-
ics, which were dominant in the simulations.

* STATCOM control systems need to handle a wide range of grid strengths, since the
same OWPP may see significantly different harmonic conditions as the surrounding
grid changes, for example if transmission lines or generators are out of service due
to maintenance or faults.
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6.4 Research limitations and future studies
While the thesis achieved its primary objectives, there are some limitations:

The aggregated wind farm model is efficient for simulations, but does not capture con-
verter switching dynamics. This means that the anticipated characteristic switching har-
monics occurring around fy. &+ 2f. could not be observed in this work, and determining
their significance relative to grid resonances would require a more detailed model.

The fixed X/R ratio and injection of solely 5th and 9th order harmonics make up specific

grid conditions. Future studies could explore other X/R ratios and injections of harmonics
of other orders, such as positive sequence harmonics, in order to generalize findings.
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