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ENGLISH SUMMARY 

The wind power industry is rapidly growing and is gradually replacing conventional 
power plants. Therefore, the effects of wind power plants cannot be neglected any 
longer and the grid codes and requirements are becoming more complex and 
challenging. Power electronic devices such as STATCOMs and wind turbines can 
help the wind power plant developers to meet some of the requirements; however, it 
also brings some new challenges in terms of power quality and stability.  

Larger offshore wind power plants are being placed farther from shore. Longer and 
longer cables, bigger and bigger transformers as well as other passive components 
within the wind power plant electrical infrastructure (e.g. shunt reactors, harmonic 
filters, capacitor banks, etc.) can potentially create phenomena not seen before such 
as resonances within the lower frequency range. This PhD project is focused on 
investigating and addressing the system/level harmonic analysis in offshore wind 
power plants taking into consideration the interaction between active components 
(e.g. wind turbines and STATCOMs), resonances in the external system, offshore 
electrical infrastructure as well as HVAC transmission assets. The specific aim is to 
improve existing and to develop new analysis methods as well as implement state-
of-the-art models to ensure reliability, availability and robustness of offshore wind 
power plants as large power generation units in the electrical power system. 

This project is an industrial PhD project; therefore, the challenges that are 
considered have more industry-oriented perspective. For instance, a big portion of 
the thesis is about processing, analysis and interpretation of numerical data 
delivered by the suppliers of different components such as wind turbines, 
STATCOMs and cables. How can these data be used for the harmonic studies? and 
what should additionally be delivered for future projects to ensure stable operation 
of the wind power plant? These are the questions answered by this research project.  

An analysis tool has also been developed during this project, which loads all the 
necessary data from the models already developed in the power system analysis 
software, and evaluates the stability of the entire system. The tool has also some 
useful add-ons for the sensitivity analysis of large systems and the participation 
factor analysis. The participation factor analysis is an important tool to quantify the 
contribution of different components (i.e. active and passive) to a potential stability 
problem, since there are usually different parties involved in an offshore wind 
power plant, such as different wind turbines and STATCOM suppliers. 
Furthermore, the sensitivity analysis enables the user to see how a change in the 
system can improve or worsen the stability.   
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DANSK RESUME 

Vindmølleindustrien udvikler sig hurtigt, og erstatter gradvist den konventionelle 
energi produktion. Grundet denne udvikling kan vindkraft ikke negligeres og 
kompleksiteten af tekniske forskrifter og kravene til vindkraftanlæg er som følge 
deraf blevet modificeret og blevet mere udfordrende. Effektelektroniske enheder 
som STATCOM og vindmøller (WT) kan hjælpe projektudvikleren til at 
imødekomme disse krav; også selvom dette også betyder nye udfordringer ift. 
spændingskvalitet og stabilitet.  

Større havvindmølleparker bliver placeret længere fra kysten. Længere kabler, og 
større transformere såvel som passive komponenter (f.eks. reaktorer, harmoniske 
filtre, kondensatorbatterier osv.) kan potentielt resultere i ukendte fænomener som 
resonans i det lavfrekvente område. Denne Ph.d. afhandling fokuserer på at 
undersøge og adressere harmoniske studier i havvindmølleparker på system niveau 
hvor der tages højde for interaktion mellem de aktive komponenter (f.eks. 
vindturbiner og STATCOMS), eksterne resonanskilder, offshore elektrisk 
infrastruktur såvel som HVAC transmissionsudstyr. Det specifikke formål er at 
forbedre eksisterende- og udvikle nye analysemetoder, og implementere de nyeste 
modeller for at sikre pålidelighed og tilgængelighed i havvindmølleparker, som 
værende store el-producerende enheder på el-nettet.  

Dette er et industrielt ph.d. studie, derfor er problemstillingerne behandlet i et 
industrielt perspektiv. F.eks. er størstedelen af afhandlingen vedrørende de 
numeriske data opgivet af leverandører af de pågældende komponenter såsom 
vindmøller, STATCOM og kabler. Hvordan kan disse data benyttes til harmoniske 
studier? Og hvad skal yderligere leveres til fremtidige studier for at sikre en stabil 
drift af vindmølleparker? Disse spørgsmål er forsøgt besvaret i afhandlingen.  

Et værktøj er blevet udviklet gennem dette studie, som henter den nødvendige data 
fra allerede udviklede modeller i det elektrotekniske analyse værktøj, og evaluerer 
stabiliteten af hele vindmøllen systemet. Værktøjet har yderligere brugbare 
tilføjelsesprogrammer til sensitivitetsanalyse og bidragsanalyse af større systemer. 
Bidragsanalyse er et vigtigt værktøj til at kvantificere bidraget fra forskellige 
komponenter, da der som regel er flere parter involveret i en havvindmøllepark, 
såsom vindturbine- og STATCOM-leverandører. Sensitivitetsanalysen tillader 
brugeren at observerer, hvordan ændringer kan forbedre eller forværre stabiliteten. 
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CHAPTER 1. INTRODUCTION AND 
PROBLEM DEFINITION 

“Don’t be satisfied with stories, how things have gone with others. Unfold your own 
myth.” 

Rumi

1.1. BACKGROUND 

Renewable energy sources are replacing conventional power plants, and offshore 
wind power plays steadily more important role [1]. Figure 1-1 shows the total 
installed capacity of wind power all around the world until 2017 [2], [3]. Therefore, 
there is a need to modify the grid codes, which are mainly designed for conventional 
power plants, to consider the large wind power generation capacity as shown in 
Figure 1-1 and to accommodate different characteristics of wind power plants 
(WPPs) [4]. 

Figure 1-1 Total installed capacity of wind power plants in the world. 

Power electronic converters offer many advantages to the power system. For 
instance, a Type 4 wind turbine (WT) generator with a back-to-back converter [5] as 
shown in Figure 1-2 ideally decouples the grid from the generator. Thereby, not only 
the generator can operate in the variable speed mode, but it can also support the grid 
by injecting reactive power. The other advantages are higher efficiency and reduced 
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loading on the gearbox [5]. However, the power electronic converters have a large 
drawback that is “Harmonics”. Harmonics are generated by the power electronic 
equipment (switching harmonics) or nonlinear loads and components in the 
electrical system (known as characteristic harmonics) as well as due to potential 
controller instability as shown in Figure 1-3, where WTs are connected to an MV 
network (array network), and to reduce the losses and voltage drop, the voltage is 
stepped up and the power is transmitted to the grid by means of submarine export 
cables. An onshore STATCOM can improve the reactive power requirements at the 
grid interface point. 

Figure 1-2 A full power back-to-back converter in a Type 4 wind turbine [5]. 

Figure 1-3 Harmonic problems in an offshore wind power plant [6]. 

The negative effects of harmonics can be counted as [7] 

1) Reduction of efficiency in generation, transmission and utilization of 
electric power. 

2) Risk of harmonic amplification due to possible series and parallel 
resonances, highlighted as number 3 in Figure 1-3. 

3) Insulation aging caused by voltage or temperature stresses. 
4) Error in measurement devices. 
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5) Malfunction of protection devices. 
6) Vibration of power system components. 

A power electronic converter can also be considered as a high bandwidth controller, 
which may interact with other converters or with the resonances in the system. 
Consequently, as shown in Figure 1-4, it can produce excessive amounts of 
harmonic voltages and currents due to instability (highlighted as the second item in 
Figure 1-3)  [8]–[10]. For instance, in the BorWin 1 project, which is the first 
HVDC connection of an offshore wind power plant (OWPP), harmonic stability 
problems caused a long shut down of the project [11], [12]. The characteristic 
harmonics in the power system have been investigated extensively [7]. However, 
there are still many open questions for the stability-related harmonics, such as the 
challenges in detailed modelling of the WPP elements, methodologies for large scale 
analysis, controller tuning and mitigation techniques of the harmonics.   

Figure 1-4 Power quality problems generated due to an instability. 

The impedance-based stability analysis [13] and the eigenvalue-based stability 
analysis [14] are two typical methods to evaluate the small signal stability of a 
power-electronic-based power system. In the impedance based stability analysis of 
an active element (e.g. a WT as shown in Figure 1-5), the ratio of the external 
impedance (load impedance) to the internal impedance (source impedance) is used 
to evaluate the stability, while in the eigenvalue based stability analysis, as it can be 
guessed from the name, the stability is evaluated by looking at the eigenvalues of the 
entire system, which can be obtained from state-space matrices. Complexity-wise, 
the impedance based method is advantageous, due to the fact that it only needs 
impedances, which can be numerical tables from simulations or experiments. In 
contrast, the eigenvalue based method needs state-space definitions for each 
element. However, the impedance based method is a local method and it only 
evaluates the system from the point under study. If the point under study is changed 
then the result could be a less-, more- or even unstable system. This method is useful 



HARMONIC MODELLING, PROPAGATION AND MITIGATION FOR LARGE WIND POWER PLANTS CONNECTED VIA 
EXTRA LONG HVAC CABLES 

4

for small systems where a few converters are connected, and for larger system the 
process cannot be repeated for all nodes in the system. In multi-vendor and large 
projects it is crucial to identify the origin of the problem and ask the corresponding 
supplier to do the fine tuning. This can be done by the participation factor analysis, 
which is a well-known method in power system analysis [15]. Participation factors 
can easily be obtained from the state space representation of the system. As 
discussed, both of these methods have advantages and disadvantages, and therefore, 
it is very interesting to improve the methods, to extend them and even to combine 
them. 

Figure 1-5 Source and load impedances in a multi-converter system like a windfarm. 

As it is highlighted in the title, this PhD project focuses on large OWPP located far 
from shore. Thus, as it can be seen in Figure 1-6 the longer the cable is, the lower 
the resonance frequencies are. It could even be between the second and third 
harmonic of the grid frequency. Therefore, all components should correctly be 
modelled in the low frequency range to assess such system. In harmonic stability 
studies the current control loop is normally considered and the synchronization loop 
is neglected. However, if the low frequency behavior is of interest it cannot be 
neglected according to Figure 1-7 (f1 is the fundamental frequency and fs is the 
switching frequency).  
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Figure 1-6 Impedance characteristic of a long submarine cable as a function of frequency 
[16].  

Figure 1-7 Multi-time scale stability investigation of a voltage source converter [17].  
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The same also holds true for the cable modelling. The proximity effect mainly 
affects the low frequency characteristics of a power cable [18]. The non-uniform 
current distribution in Figure 1-8 is mainly due to the proximity and skin effects. 
Therefore, a more detailed cable modelling should be done to reflect the harmonic 
losses and cable resonance characteristics. Figure 1-9 shows the frequency 
dependent resistance and inductance of a power cable. It should be noted that in this 
thesis cable modelling is not discussed. Instead methods to consider the detailed 
cable models in the stability studies are investigated. 

Figure 1-8 Non-uniform current distribution in a submarine cable due to the proximity and 
skin effects (simulated at 100 Hz). 
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(b) 
Figure 1-9 Effects of frequency and temperature on (a) cable resistance (b) cable inductance 
(positive sequence). 

However, this brings new challenges such as how the numerical data can be 
imported into the stability studies. For the impedance based stability analysis it is a 
straightforward approach due to the fact that numerical impedances can be used to 
plot the final diagrams [19]. Whereas, in the eigenvalue based stability analysis, this 
data should be converted to state space matrices, which need an analytical definition 
of the frequency dependent characteristics. For third-party products such as WTs all 
control loops and parameters are needed for analytical modelling. However, due to 
the confidentiality these data are not always available. 

Most of the literature regarding the harmonic stability use small scale systems for 
the presentation of the cases [20]–[22]. However, in author’s view, it is necessary to 
define a framework, which is able easily to model new elements, to address the 
above-mentioned challenges and to provide reliable results for large scale systems. 
Figure 1-10 gives an illustration of such a stability analysis platform. Part of the tool 
uses an identification technique to obtain analytical state space models for cables, 
transformers and black-box models. Then, analytical models are fed into the 
calculation core of the tool. It uses a modular method to build up the state space 
matrices of the entire system. The eigenvalues and eigenvectors of the system 
afterwards are calculated and the most critical dynamics of the system are identified. 
Finally, an optimized sensitivity tool is utilized to investigate how a change in a 
parameter will affect the stability of the system. Figure 1-11 shows an example of 
the sensitivity analysis performed by the mentioned platform to see how the size of 
the dc link capacitor affects the eigenvalues of the system. 
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Figure 1-10 Different modules of the proposed stability analysis platform. 

Figure 1-11 Sensitivity analysis performed by the stability analysis platform. 
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1.2. MOTIVATION AND OBJECTIVES 

This Industrial PhD project is focusing on investigating and addressing the harmonic 
studies in OWPPs on a system level taking into consideration the interaction 
between the active components (e.g. WTs and STATCOMs), resonances in the 
external system, offshore electrical infrastructure as well as HVAC transmission 
assets. The specific aim is to improve existing and to develop new analysis methods 
and implement state-of-the-art models in order to ensure reliability and availability 
of OWPPs as large power generation units in the electrical power system. 

The PhD project also leads to computational effective models and necessary tools 
for determination of the stability margins during the design phase OWPPs as well as 
adaptive or flexible solutions possibly to be implemented even during the execution 
phase of a project. The PhD project shall provide proposals for new standards, 
recommendations and guidance related to harmonics and resonances analysis in 
OWPPs connected via long and very long1 (e.g. >160 km) HVAC cables (e.g. 220 
kV). 

Ørsted Wind Power expects through this project to meet a necessary need to develop 
and strengthen in-house competencies regarding modelling and design of OWPPs 
with long HVAC grid connection systems employing power electronic devices in 
such components as WTs, STATCOMs, etc. With regards to on-going commercial 
projects, the PhD project is highly relevant to the Hornsea Project one OWPP (UK), 
which is the first OWPP to be built by Ørsted Wind Power using a 175 km 220 kV 
HVAC grid connection, which is a much longer grid connection system compared to 
what has so far been considered feasible with HVAC cables.  

The project is a continuation of the industrial PhD projects "Harmonics in Large 
Offshore Wind Farms" [1] finalized in 2011 and ,"Harmonics in Large Offshore 
Wind Farms Employing Power Electronics in Transmission System", [23] finalized 
in 2015. The first project was mainly focused on the WTs as a source of harmonic 
emission where in the second project the main focus was on the modelling of the 
voltage source converter (VSC) HVDC systems connection OWPPs to power grid 
on land. This project uses the knowledge obtained in those projects and focuses on 
the interaction between the OWPP and the power electronics in the wind power 
systems using long HVAC cables.  

In order to achieve the above-mentioned goals, the following main objectives are 
defined as: 
                                                           
1 A long cable by definition is a cable that the capacitive current needs to be considered in the 
design (e.g. longer than 20 km for 220 kV). However, in this thesis, the focus is on the low 
frequency resonances that are created by the long cables. 
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4) The dynamics of the generator side converter as well as the mechanical 
modes of the turbine are neglected. This is just a matter of complexity in 
the modelling. The methodology used in this thesis is a modular approach 
and new models can easily be used. 

5) It is assumed in the identification that the measurements are noise-free. 
There are methods to identify the systems with the noisy measurements. 
However, in this thesis these methods are not investigated.  

1.5. THESIS OUTLINE 

In Chapter 2 the frequency domain modelling techniques are introduced and power 
converters are modelled, especially in the low frequency range. Impedance based 
stability analysis and the eigenvalue based stability analysis are introduced and the 
models are improved to consider the effects of the synchronization and dc link 
control loops. The derived models are also verified by perturbing the detailed 
models in time domain circuit simulators. Eigenvalue based stability analysis is 
more complicated compared to the impedance based stability analysis but it has a 
useful feature “participation factor analysis”, which specifies the contribution of 
different elements on a specific dynamic. This is very important in multi-vendor 
projects.  

In Chapter 3, the stability analysis platform is discussed in detail. The 
interconnection of different state space models is described and a method is used to 
directly obtain the state space model of the network. 

In Chapter 4, the challenges with the numerical data delivery of suppliers are 
discussed. The suppliers of power electronic converters are reluctant to share the 
control structure of their products due to the confidentiality. The stability analysis is 
reviewed using numerical and black-box models for linear and nonlinear system as 
well as in impedance based stability analysis and eigenvalue based stability analysis. 

In Chapter 5, a sensitivity analysis tool in the stability analysis is introduced and 
different mitigation measures such as passive and active damping are investigated 
for a 35-WT OWPP. The low frequency behavior of the system is also investigated 
and it is shown that the phase locked loop (PLL) can interact with the long cable.  

Chapter 6 summarizes the work and discusses some possible future work. 
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CHAPTER 2. MODELLING AND 
STABILITY ANALYSIS 

“...all models are approximations. Essentially, all models are wrong, but some are 
useful.” 

George E. P. Box

2.1. INTRODUCTION 

Harmonics is a frequency domain concept; therefore, the first step would be to find 
the frequency domain models of all components in a system. In this chapter, two 
methods for the modelling in the frequency domain are presented.  

The first method models a component (e.g. a power converter) as an 
impedance/admittance including all the controllers and passive elements, and by 
doing this, the stability of the system can be evaluated by the impedance based 
stability analysis. The harmonic propagation in a system can also be analyzed by 
using a harmonic load flow analysis, if all elements are modelled as frequency 
dependent impedances.  

The second method considers a power electronic based power system as an 
interconnected control system, and then by finding the state space model of the 
system, the stability can be evaluated. 

In this chapter, these methods are reviewed with a special focus on the low 
frequency range. Then, the developed models are used and verified by stability 
evaluation of different test cases, where the validation results are also used in the 
next chapters. 

Last but not least, the impedance based stability analysis is used in a large scale 
OWPP, and a method is proposed to accelerate such studies.  
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Figure 2-12 How to measure the dq admittances using a circuit simulator (e.g. PLECS). 
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Figure 2-13 Validation of the converter admittance (derived theoretically) by time domain 
simulation. 
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Figure 2-16 How to measure the positive- and negative-sequence admittances using a circuit 
simulator. 

Figure 2-17 Validation of the sequence admittances by time domain simulation, for the system 
shown in Figure 2-15. 
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2.2.3.4 Comparing different domains and methods for stability analysis 

In [26], [33], it has been stated that sequence domain modelling is more 
advantageous to the dq domain, since it results in scalar impedances not 2×2 
matrices. However, in this chapter it is shown that the PLL creates a coupling term 
in the sequence domain impedances, and therefore, the final impedances are also 
2×2 matrices. Moreover, the sequence domain impedance in this situation has a big 
drawback, which is the frequency coupling that makes the analysis much more 
complicated than the dq domain models. The dq domain transfer function matrices 
can easily be analyzed by the classical control theory, since there is no frequency 
coupling (multi-frequency response). Therefore, the dq domain is used for the rest of 
the studies in this thesis as long as the system is balanced. For unbalanced systems, 
there are more frequency couplings, and the theory of Linear Time Periodic systems 
should be used for both domains; however, the analysis in the sequence domain is 
more intuitive in this case (see §4.2.2). The measurements in the sequence domain 
are easier than in the dq domain, since in the dq domain the perturbation should be 
synchronized with the fundamental frequency of the system, which is not exactly 
known. Table 2-1 summarizes the differences between the two domains. 

Table 2-1 Comparison of different domains for modelling of three-phase systems. 

Feature
Modelling domain

Sequence domain dq domain
Measurements Easy Difficult
Importance of Fundamental 
frequency

Not important Important 

Complexity of high frequency models 1×1 impedances 2×2 impedances
Complexity of the low frequency 
models

2×2 impedances 2×2 impedances 

Unbalanced systems Medium Difficult

Applicability of classical control 
theory 

Difficult due to complex-
coefficient transfer functions 

Medium as 
MIMO transfer functions are 

used
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