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Interaction of converter-interfaced components and other grid components can
introduce wide-frequency range of resonances, thus induce massive harmonic
distortions and even endanger system stability. Their consequences might be
the tripping of renewable and conventional generation units or the physical
damage of sensitive grid assets. Motivated by recent years’ resonance incidents
in wind-integrated power systems, this study investigates the resonance-induced
harmonic distortion and stability issues in HVDC connected DFIG-based OWF.
The objective of this study is to accurately characterize the resonances, evaluate
their risks and provide solutions for the design of mitigation strategy.
To accurately capture the dynamic characteristics of DFIG-based wind farm,
a comprehensive wind farm impedance model considering detailed converter
control dynamics and wind farm grid topology is developed, aggregated and
validated suitable for wide band resonance analysis.
On this basis, both Bode-plot method and RMA approach have been adopted
to address the resonance issues taking into account various wind farm operating
conditions. Their impacts on resonance frequency, harmonic amplification and
damping level are investigated. The locations where resonances can be most
easily excited are identified through bus participation factor analysis. Moreo-
ver, the impact of the frequency-coupling effects from asymmetrical converter
control and PWM switching process on SSR, middle- and high-frequency reso-
nances is analyzed using the aggregated models derived from a practical HVDC
connected DFIG-based OWF. Large harmonic distortion and stability issues are
demonstrated for the frequency range from several Hz to a few kHz.
In order to prevent the negative impact of resonances on power quality and
system stability, a series of active damping possibilites have been studied and
implemented in the studied wind-integrated power system, and a coordinated
damping strategy which can effectively damp wideband resonances is proposed.
Finally, simulations in MATLAB/Simulink validate the results of impedance mo-
delling, resonance analysis as well as the effectiveness of the wideband resonance
damping strategy.
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I Abstract 
 

Interactions among the widely utilised converter-interfaced grid components and passive 

grid components can introduce wide-frequency range of resonances, thus induce massive 

harmonic distortions and even endanger system stability. Their consequences might be 

the tripping of renewable and conventional generation units or the physical damage of 

sensitive grid assets. Motivated by recent years’ resonance incidents in wind-integrated 

power systems, this study investigates the resonance-induced harmonic distortion and 

stability issues in doubly fed induction generator (DFIG)-based offshore wind farm 

(OWF) with high-voltage direct current (HVDC) grid connection. The objective of this 

study is to accurately characterize the resonances, evaluate their risks and provide 

solutions for the design of mitigation strategy. 

 

To accurately capture the dynamic characteristics of DFIG-based wind farm, a 

comprehensive impedance modelling considering the detailed PI control loop and DC 

dynamics of wind turbine as well as the cable connections of the medium-voltage (MV) 

collector system is conducted. Through stepwise simulation verifications, aggregated 

modelling of MV collector system is proved to be suitable for wideband resonance 

analysis. 

 

On this basis, both Bode-plot method and resonance mode analysis (RMA) approach have 

been adopted to address the resonance issues taking into account various wind farm 

operating conditions and grid topology changes. Their impacts on resonance frequency, 

harmonic amplification level and damping level are investigated. The locations where 

resonances can be most easily excited are identified through bus participation factor 

analysis. Moreover, the impact of the frequency-coupling effects from asymmetrial 

converter control and switching operations  on subsynchronous resonance (SSR), middle- 

and high-frequency resonances is analyzed using the aggregated models derived from a 

practical HVDC connected DFIG-based OWF. Large harmonic distortion and stability 

issues are demonstrated for the frequency range from several Hz to a few kHz. 

 

In order to prevent the negative impact of resonances on power quality and system 

stability, a series of active damping possibilites have been studied and implemented in 

the studied wind-integrated power system, and a coordinated damping strategy which can 

effectively damp wideband resonances is proposed. 

 



I Abstract II 

 

Finally, simulations in MATLAB/Simulink validate the results of impedance modelling, 

resonance analysis as well as the effectiveness of the wideband resonance damping 

strategy. 
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II Kurzfassung 
 

Wechselwirkungen zwischen den weit verbreiteten wechselrichtergekoppelten 

Netzkomponenten und den passiven Netzkomponenten können einen breiten 

Frequenzbereich von Resonanzen aufweisen, wodurch massive harmonische 

Verzerrungen hervorgerufen und sogar die Systemstabilität gefährdet werden. Ihre 

Folgen könnten die Trennung erneuerbarer und konventioneller Stromerzeuger vom Netz 

oder die physische Beschädigung empfindlicher Netzanlagen sein. Motiviert durch die 

Resonanzereignisse der letzten Jahre in windintegrierten Stromversorgungssystemen, 

untersucht diese Dissertation die resonanzinduzierten harmonischen Verzerrungs- und 

Stabilitätsprobleme in einem Offshore-Windpark (OWF) mit doppelt gespeisten 

Asynchrongeneratoren (DFIG) und Netzanschluss mittels 

Hochspannungsgleichstromübertragung (HGÜ). Ziel dieser Dissertation ist es, die 

Resonanzen genau zu charakterisieren, ihre Risiken zu bewerten und Lösungen für die 

Gestaltung der Minderungsstrategie bereitzustellen. 

 

Um die dynamischen Eigenschaften eines DFIG-basierten Windparks genau zu erfassen, 

wird eine umfassende Impedanzmodellierung unter Berücksichtigung des detaillierten PI-

Regelkreises und der Gleichstromdynamik der Windkraftanlage sowie der 

Kabelverbindungen des Mittelspannungskollektorsystems (MV) durchgeführt. Durch 

schrittweise Simulationsüberprüfungen hat sich die aggregierte Modellierung des MV-

Kollektorsystems für die Breitbandresonanzanalyse als geeignet erwiesen. 

 

Auf dieser Grundlage wurden sowohl die Bode-Plot-Methode als auch der Ansatz der 

Resonanzmodusanalyse (RMA) angewendet, um die Resonanzprobleme unter 

Berücksichtigung verschiedener Betriebsbedingungen des Windparks und Änderungen 

der Netz-Topologie anzugehen. Ihre Auswirkungen auf die Resonanzfrequenz, die 

harmonische Verzerrungen und die Dämpfungen zu Resonanzen werden untersucht. Die 

Orte, an denen Resonanzen am einfachsten angeregt werden können, werden durch die 

Busbeteiligungsfaktoranalyse identifiziert. Darüber hinaus wird der Einfluss der 

Frequenzkopplungseffekte von Steuerungs- und Schaltvorgängen für asymmetrische 

Wandler auf subsynchrone Resonanz- (SSR), Mittel- und Hochfrequenzresonanzen unter 

Verwendung der aggregierten Modelle analysiert, die aus einem praktischen HGÜ-

verbundenen DFIG-basierten OWF abgeleitet wurden. Für den Frequenzbereich von 

mehreren Hz bis zu einigen kHz werden große harmonische Verzerrungs- und 

Stabilitätsprobleme gezeigt. 

 



II Kurzfassung IV 

 

Um den negativen Einfluss von Resonanzen auf die Stromqualität und die 

Systemstabilität zu verhindern, wurde eine Reihe aktiver Dämpfungsmöglichkeiten 

untersucht und in das untersuchte windintegrierte Stromnetz implementiert, und es wird 

eine koordinierte Dämpfungsstrategie vorgeschlagen, mit der Breitbandresonanzen 

effektiv gedämpft werden können. 

 

Schließlich validieren Simulationen in MATLAB / Simulink die Ergebnisse der 

Impedanzmodellierung, der Resonanzanalyse sowie die Wirksamkeit der 

Breitbandresonanzdämpfungsstrategie. 

 



 V 

 

III Table of Contents 
 

I Abstract .............................................................................................................. I 

II Kurzfassung .................................................................................................... III 

III Table of Contents.............................................................................................. V 

IV List of Figures ............................................................................................... VII 

V List of Tables ................................................................................................... XI 

VI List of Symbols.............................................................................................. XII 

VII List of abbreviations .................................................................................... XIV 

1 Introduction ...................................................................................................... 1 

1.1 Background and Motivation ............................................................................... 1 

1.2 Status of Resonance Study and Contribution of this Work ................................ 2 

1.3 Objective and Structure of the work................................................................... 4 

2 Phenomena, Concepts and Analysis Methods of Resonances ...................... 6 

2.1 Overview of Real-World Resonance Events ...................................................... 6 

2.1.1 Incidents in Wind-Integrated AC grid ................................................................ 6 

2.1.2 Incidents in Wind-Integrated HVDC grid .......................................................... 9 

2.1.3 Incidents in HVDC connected AC grid ............................................................ 11 

2.2 Features of Resonances in Converter-dominated Power Systems ................... 13 

2.3 Symmetrical Component Theory ..................................................................... 14 

2.4 Concept and analysis methods of Resonances ................................................. 16 

3 Modelling of Power System Components ..................................................... 21 

3.1 Cables ............................................................................................................... 21 

3.2 Transformer ...................................................................................................... 24 

3.2.1 Impedance modelling ....................................................................................... 24 

3.2.2 Simulation Validation....................................................................................... 31 

3.3 DFIG-based Wind Turbine ............................................................................... 33 

3.3.1 GSC modelling ................................................................................................. 35 

3.3.2 RSC and DFIG machine modelling ................................................................. 39 

3.3.3 Derivation of WT Sequence Impedances ......................................................... 44 

3.3.4 Simulation validation ....................................................................................... 47 

3.4 HVDC Converter .............................................................................................. 48 

3.4.1 Impedance Modelling ....................................................................................... 49 

3.4.2 Simulation Validation....................................................................................... 52 

4 Modelling of Wind Farm Collector System ................................................. 56 

4.1 Power loss based aggregation model................................................................ 57 



III Table of Contents VI 

 

4.2 Voltage drop based aggregation model ............................................................ 59 

4.3 Detailed Model and Comparative Accuracy Analysis ..................................... 60 

4.4 Simulation Validation....................................................................................... 61 

5 Resonance Analysis ......................................................................................... 63 

5.1 Frequency-Coupled Resonance Analysis ......................................................... 64 

5.2 Sideband Resonances of Switching Frequencies ............................................. 71 

5.3 Resonance Mode Analysis Neglecting Frequency-Coupling ........................... 77 

6 Damping Strategies ........................................................................................ 81 

6.1 Damping Control in DFIG-based WT .............................................................. 82 

6.2 Damping Control in HVDC Converter ............................................................ 86 

6.3 LC-filtered MV-level Active Damper .............................................................. 88 

6.4 A Coordinated Resonance Damping Strategy .................................................. 90 

7 Case Studies .................................................................................................... 93 

7.1 Impact of Modelling Deepness on Resonances ................................................ 93 

7.2 Impact of Generator Rotor Speed on Resonances ............................................ 96 

7.3 Impact of Grid Topology Change on Resonances............................................ 99 

7.3.1 Switching State of HV breaker ......................................................................... 99 

7.3.2 Switching State of MV Collector Breaker ..................................................... 101 

7.3.3 Switching State of Wind Turbine Breaker ..................................................... 103 

7.4 Damping Effectiveness................................................................................... 106 

8 Conclusions and Future Work .................................................................... 111 

8.1 Conclusions .................................................................................................... 111 

8.2 Future Work ................................................................................................... 112 

9 List of references .......................................................................................... 114 

A Park Transformation: from three-phase (abc) signal to dq-frame ......... 123 

B Winding Connections of Three-phase Transformer ................................. 126 

C Base System for Per Unit Representation .................................................. 127 

D Parameters of the Test System .................................................................... 129 

 

 

 

 

 

 

 

 



 VII 

 

IV List of Figures 
 

Figure 2.1 The event occured in ERCOT power system, Texas, USA in 2009 [4]6 

Figure 2.2 Recording of the sub-synchronous event in ERCOT power system in 

2009 [47] .............................................................................................. 7 

Figure 2.3 Hebei Guyuan wind-integrated power system, China [4] .................... 7 

Figure 2.4 The power oscillation recording of a wind farm in Guyuan, China in 

2013 [48] .............................................................................................. 8 

Figure 2.5 Xinjiang Hami wind-integrated power system, China [4]. .................. 8 

Figure 2.6 The SSR and torsional frequencies of the Xinjiang Hami incident in 

2015 [48] .............................................................................................. 9 

Figure 2.7 Reorded waveforms of the 250 Hz resonance experienced by the BARD 

Offshore1 wind farm and BorWin1 HVDC link in German North Sea 

in 2013 [7] .......................................................................................... 10 

Figure 2.8 Recorded waveform of the 450 Hz resonance occurred in German 

North Sea [8]. ..................................................................................... 10 

Figure 2.9 Recorded waveforms of the SSR in China Nan’ao in 2014 [53]. ...... 11 

Figure 2.10 Guangxi side AC network of the Luxi HVDC project [54]. .............. 12 

Figure 2.11 The recorded 1270 Hz resonance in Luxi back-to-back VSC-HVDC in 

2017 [54]. ........................................................................................... 12 

Figure 2.12 Voltage waveform of the 1100 Hz resonance in German North Sea area 

[55]. .................................................................................................... 13 

Figure 2.13 Frequency range of different control dynamics and system interactions

 ............................................................................................................ 14 

Figure 2.14 Schematic diagram of the parallel and series resonance circuits ....... 17 

Figure 2.15 Equivalent circuits of a wind-integrated power system. .................... 19 

Figure 3.1 Diagram of a DFIG-based OWF with VSC-HVDC connection ........ 21 

Figure 3.2 Diagram of cable Pi model. ................................................................ 22 

Figure 3.3 Single-line representation of the T model of three-phase transformer24 

Figure 3.4 Single-line representation of the Pi model of three-phase transformer 

[65] ..................................................................................................... 24 

Figure 3.5 Cascade model of a single-phase two-winding transformer [68] ....... 26 

Figure 3.6 Analytically reduced model of a single-phase two-winding transformer 

[70] ..................................................................................................... 27 

Figure 3.7 Diagram of a three-phase two-winding transformer with the vector 

group Yd5 [70] ................................................................................... 29 

Figure 3.8 Tranformer model considering capacitance effect in Simulink ......... 31 



IV List of Figures VIII 

 

Figure 3.9 Validation of the transformer model considering stray capacitance 

effects. ................................................................................................ 33 

Figure 3.10 Circuit and control diagram of the investigated DFIG-based wind 

turbine ................................................................................................ 34 

Figure 3.11 Diagram of system and controller dq frames ..................................... 36 

Figure 3.12 The induction machine model under synchronous frame [30] ........... 40 

Figure 3.13 Analytical model and simulation impedance responses of the DFIG-

based WT. .......................................................................................... 48 

Figure 3.14 Circuit and Control diagram of wind farm side HVDC converter ..... 49 

Figure 3.15 Block diagram of the dq-frame model of the converter ..................... 51 

Figure 3.16 Analytical model and simulation impedance responses of the HVDC 

converter. ............................................................................................ 53 

Figure 3.17 Modified WFVSC controller for showing frequency coupling effect 54 

Figure 3.18 Impedance responses of the HVDC converter by asymmetrical control.

 ............................................................................................................ 54 

Figure 4.1 Aggregated single-machine model of MV collector system .............. 56 

Figure 4.2 Typical radially distributed OWF configuration ................................ 56 

Figure 4.3 Cable settings of each medium-voltage collector system .................. 57 

Figure 4.4 Equivalent circuit of the mth wind array ............................................. 60 

Figure 4.5 Comparison of different impedance models for the tested MV collector 

system ................................................................................................. 61 

Figure 4.6 Stepwise simulation validation of the tested MV collector system. .. 62 

Figure 5.1 Diagram of the investigated OWF integration system ....................... 63 

Figure 5.2 Aggregated 8-bus representation of the investigated HVDC connected 

OWF. .................................................................................................. 64 

Figure 5.3 Sequence equivalents of the HVDC-connected OWF. ...................... 66 

Figure 5.4 Impact of Krp on the output impedances of the simulated DFIG-based 

WT. ..................................................................................................... 68 

Figure 5.5 Positive sequence impedances of the OWF and HVDC grid connection.

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

Figure 5.6 Impact of Krp on the PCC nodal impedances for the SSR mode. ....... 70 

Figure 5.7 PCC current waveform and FFT analysis under variation of Krp. ...... 71 

Figure 5.8 Schematic diagram of the harmonic spectrum of converter ouput 

voltage. ............................................................................................... 72 

Figure 5.9 A simple test grid for checking the sideband harmonics of VSC 

converters ........................................................................................... 73 

Figure 5.10 Harmonic spectrums of the voltage signal abcu  from simulations ..... 74 

Figure 5.11 Test grid for the validation of sideband resonances ........................... 75 



IV List of Figures IX 

 

Figure 5.12 PCC nodal impedances under variation of grid SCR. ........................ 75 

Figure 5.13 PCC waveforms and FFT analysis under the variation of grid SCR . 76 

Figure 5.14 PCC voltage and FFT analysis as the PWM switching frequency varies

 ............................................................................................................ 77 

Figure 5.15 Frequency scanning of the modal impedances in the positive sequence 

subsystem ........................................................................................... 79 

Figure 5.16 FFT analysis to the current and voltage of the 155 kV PCC bus ....... 80 

Figure 6.1 Damping control implemented in the RSC of DFIG-based WT ........ 83 

Figure 6.2 Frequency scanning of the emulated impedance in the positive-

sequence system. ................................................................................ 84 

Figure 6.3 Impact of the damping control on the positive sequence impedance of 

the WT ................................................................................................ 85 

Figure 6.4 Impact of rotor speed and active damping on the output impedance of 

WT ...................................................................................................... 85 

Figure 6.5 Diagram of an active damping scheme implemented in HVDC 

converter ............................................................................................. 87 

Figure 6.6 Control bock diagram of the active damper ....................................... 88 

Figure 6.7 Cascaded structure with multiple P-ANF-based FLLs ...................... 89 

Figure 6.8 Block diagram of the P-ANF-based FLL ........................................... 90 

Figure 6.9 Definition of the frequency bands over a wide frequency range ....... 91 

Figure 6.10 Schematic diagram of the coordinated damping strategy .................. 91 

Figure 7.1 Modal impedances under the variation of transformer winding 

capacitances ........................................................................................ 94 

Figure 7.2 Zoomed-in display of Figure 7.1 for the frequency range between 800 

and 2500 Hz ....................................................................................... 94 

Figure 7.3 Modal impedances regarding different transformer models .............. 95 

Figure 7.4 Impact of rotor speed r  on system modal impedances .................... 96 

Figure 7.5 Simulation outputs of one MV collector system following wind speed 

variation .............................................................................................. 97 

Figure 7.6 FFT analysis of the PCC voltage for the starting stage of the oscillation

 ............................................................................................................ 98 

Figure 7.7 Different possibilities of grid topology change in OWF .................... 99 

Figure 7.8 Diagram of the grid topology change due to the opening of a HV 

breaker ................................................................................................ 99 

Figure 7.9 Modal impedances of the system after one HV branch is disconnected 

from grid. .......................................................................................... 100 

Figure 7.10 PCC voltage and current waveforms as one HV branch is disconnected 

from grid ........................................................................................... 100 



IV List of Figures X 

 

Figure 7.11 FFT analysis to the waveform of PCC voltage ................................ 101 

Figure 7.12 Modal impedances regarding the number of grid-connected wind arrays

 .......................................................................................................... 102 

Figure 7.13 Simulation results regarding the variation of grid-connected wind 

arrays ................................................................................................ 103 

Figure 7.14 Single line circuit of DFIG-based WT with breakers included ........ 103 

Figure 7.15 Modal impedances under the variation of in-service WTs. ............. 104 

Figure 7.16 Simulation results regarding the variation of grid-connected WTs . 106 

Figure 7.17 Impact of rotor speed and active damping on the SSR resonance mode

 .......................................................................................................... 106 

Figure 7.18 Simulation validation on the effectiveness of the active damping in WT

 .......................................................................................................... 107 

Figure 7.19 Impact of the active damping in HVDC converter on modal impedances

 .......................................................................................................... 107 

Figure 7.20 Simulation results regarding the tripping of WTs and activation of 

damping contol. ................................................................................ 108 

Figure 7.21 Placement of active dampers in the investigated grid ...................... 109 

Figure 7.22 Simulation results regarding the damping effect of active dampers 109 

 



 XI 

 

V List of Tables 
 

Table 3.1 Parameters of the simulated transformer ............................................ 32 

Table 4.1 Parameters of collector cables ............................................................ 57 

Table 5.1 Identification of the risky sideband resonances of each switching 

frequency ............................................................................................ 75 

Table 5.2 Bus participation factor analysis ........................................................ 80 

Table 6.1 Frequency shifting in the inverse Park transformation neglecting PLL 

dynamics ............................................................................................ 83 

Table 6.2 Main parameters of the proposed active damper ............................... 88 

 

 



 XII 

 

VI List of Symbols  
 

R  resistance 

L  inductance 

C  capacitance 

G  conductance 

Z  impedance 

Y  admittance 

P  active power 

Q  reactive power 

S  apparent power 

h  harmonic order 

s  Laplace operator 

i   instantaneous current 

u   instantaneous voltage 

p  instantaneous active power 

J  total moment of inertia of the rotating masses 

d q,  m m  d-axis and q-axis components of the modulation index 

d q,  i i   d-axis and q-axis components of three-phase currents 

d q,  u u  d-axis and q-axis components of three-phase voltages 

p i,  k k   proportional and integral coefficients of a PI controller 

swf , sw  switching frequency and switching angular frequency 

sf , s  sampling frequency and sampling angular frequency 

sT , dT  sampling period and time delay 

e m,  T T  electrical torque, mechanical torque 

MT   transformation matrix for symmetrical components 

NNY   nodal admittance matrix 

MY   modal admittance matrix 

NNZ   nodal impedance matrix 

MY   modal impedance matrix 

N, N  turn ratio and equivalent turn ratio taking into account phase shifting 

E  identity matrix 

H   transfer function 

H   transfer function matrix 



VI List of Symbols XIII 

 

Greek symbols 

α   rotation of 120  

   phase angle 

1   phase angle of grid voltage 

PLL   phase angle of phase-locked loop 

r   rotor phase angle 

   angular frequency 

1   fundamental angular frequency 

   initial phase angle 

diff   equivalent phase shifting of three-phase transformer 

   flux 

    magnetic flux leakage coefficient of induction machine 

 

Subscripts 

a, b, c variables of phase a, b and c 

d, q  d-axis and q-axis variables under synchronous reference frame 

1, 2, 0 symmetrical components 

p, n  positive-sequence perturbation and its coupled frequency component 

s, r  stator and rotor of a generator 

A, B  terminals of a series component such as cable or transformer 

m  magnetizing branch 

W  transformer winding 

E  earthing 

u, i  voltage and current 

 

Superscripts 

s  system dq frame 

c  controller dq frame 

*  conjugation of complex value 

ref  reference control value 

'   referred parameter of a transformer 

T  matrix transposition 

 



 XIV 

 

VII List of abbreviations 
 

AC  Alternating Current 

AD  Active Damper 

APF  Active Power Filter 

DC  Direct Current 

DFIG  Doubly-fed Induction Generator 

EMT  Electromagnetic Transient 

FFT  Fast Fourier Transformation 

FLL  Frequency-locked Loop 

FSC  Fixed Series Compensation 

GSC  Grid Side Converter 

GSVSC Grid Side VSC 

 

HF  High Frequency 

HVDC High Voltage Direct Current 

LC  Inductive-Capacitive 

LV  Low Voltage 

LF  Low Frequency 

MV  Medium Voltage 

MF  Middle Frequency 

MMC Modular Multilevel Converter 

MPPT Maximum Power-Point Tracking 

 

OWF  Offshore Wind Farm 

PMSG Permanent Magnet Synchronous Generator 

P-ANF Pre-filtered Adaptive Notch Filter 

PLL  Phase-locked Loop 

PCC  Point of Common Coupling 

PoC  Point of Connection 

PWM Pulse Width Modulation 

PF  Participation Factor 

PI  Proportional-Integral 

PR  Proportional-Resonant 

PV  Photovoltaic 

R-APF Resistive-Active Power Filter 

RSC  Rotor Side Converter 

RMA  Resonance Mode Analysis 



VII List of abbreviations XV 

 

SSR   Sub-synchronous Resonance 

SCR   Short Circuit Ratio 

SRF   Synchronous Reference Frame 

STATCOM Static Synchronous Compensator 

THD   Total Harmonic Distortion 

VSC   Voltage Source Converter 

WT   Wind Turbine 

WFVSC  Wind Farm side VSC 

WPP   Wind Power Plant



 1 

 

1 Introduction 
 

1.1 Background and Motivation 

 

Over the last decade, many offshore wind farms (OWFs) have been developed and 

integrated into power grids through voltage source converter based high voltage direct 

current (VSC-HVDC) transmission systems in the North and Baltic Seas, particularly in 

the power systems of Denmark, Germany, UK and Netherlands [1]. The newly developed 

VSC-HVDC links typically have the voltage level of ±320 kV, and transmission capacity 

of no less than 900 MW, which allows the integration of two or more OWFs [2]. In China, 

a multi-terminal ±500 kV VSC-HVDC transmission system with the capacity up to 3 GW 

has been constructed for the integration of several geographically distributed renewable 

energy sources, which includes wind farms and photovoltaic (PV) plants [3]. The 

increased complexity of such grid integration configurations and their flexible operation 

and control can cause resonance-induced power quality and stability issues. 

 

Moreover, due to the ever-growing capacity of single wind turbine (WT) and the 

increasing size of newly installed OWF, the lengthy WT collecting cables introduce large 

aggregated capacitance effect and creates the conditions for the formation of inductive 

and capacitive (LC) resonance circuits. For the application of HVDC connected OWF 

employing doubly-fed induction generator (DFIG) based wind turbines (WTs), the 

interaction between DFIG-based WT and HVDC converter can also induce poor damped 

subsynchronous resonance (SSR) due to the induction generator effect (IGE) and 

subsynchronous control interaction (SSCI) [4].  

 

Regarding the various grid integration configurations and OWF operating conditions, the 

stimulation of the possible resonances may cause unacceptable harmonic distortions as 

stipulated by IEEE Std 519-2014 [5] or IEC/TR 61000-3-6 2008 [6], or incur instability 

when under poor or negative damping conditions. Possible consequences are the 

harmonic pollution of grids, the deterioration of WT operating environments, the extra 

consumed harmonic power losses, the tripping of WTs, blocking of HVDC converter, or 

physical damages of sensitive grid components. Field experiences on such issues have 

been reported in [7]-[9]. 
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1.2 Status of Resonance Study and Contribution of this Work 

 

Resonance issues in converter-interfaced power systems have attracted intentions in 

industry and academia for years. In case of HVDC connected OWF, DFIG-based WTs 

are prone to SSR due to the LC interaction at SSR frequencies [10], and the damping of 

the SSR in the system is typically low or negative due to the negative resistance induced 

by the negative slip ratio of the induction generator and converter controls [11]. For large-

scale OWFs, the widely distributed WT collecting cables have large cumulative 

capacitive effect, thus strongly participate in the resonances at hundreds or thousands of 

Hz [12]. Note, that the risk of above resonances is susceptible to the variation of grid 

topology and operating conditions [13], [14], comprehensive study is required to prevent 

the occurance of large harmonic distortion and stability issues. 

 

On the resonances in wind-integrated power systems, the sub-synchronous resonance 

(SSR), middle- and high-frequency resonances (typically at the frequency range from one 

or several hundred Hz to a few kHz) between DFIG-based wind farm and AC grids, as 

well as the SSR between full-converter based wind farm and HVDC system have been 

intensively studied in recent years [15]-[19]. The used AC grids are usually series-

compensated grids or weak grids. Additionally, the resonances between DFIG-based 

OWF and HVDC grid connection are investigated in [10], [12], [20], [21]. However, all 

the above studies that are related to DFIG-based WT have at least one of the following 

model simplifications: (1) simplified DFIG impedance model ignoring the converter outer 

loop control and DC side dynamics; (2) simple single-machine wind farm model without 

considering the internal cable connections; (3) aggregated wind farm model neglecting 

the capacitance effect of the collecting cables. These modeling simplifications made to 

DFIG-based wind farm are unfavorable of the accurate identification of the resonances in 

the large-scale DFIG-based OWF with tens of widely distributed WTs. 

 

As for the impedance modelling of DFIG-based WT, most recent publications either have 

not incorporated the detailed double-loop PI control or neglect the DC side dynamics 

[22]-[24], which makes them incapable of capturing the exact low-frequency impedance 

responses of DFIG-based wind energy conversion system [25]. Additionally, the 

frequency coupling between the sequence impedances of DFIG-based WT are often 

neglected in stability analysis [10], [26], [27], which can lead to wrong judgement in the 

assessment of SSR stability [23], [25]. In order to accurately evaluate the risks of 

resonances for a wide frequency range, this thesis derives a detailed impedance model of 

DFIG-based WT taking into account of all relevant control dynamics. Unlike the 

impedance model derived in [25], where the dq frame impedances are linearly 
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transformed to modified sequence impedances, as defined in [28], this paper transforms 

the dq frame impedances to the real sequence impedances through both linear 

transformation and frequency shifting. Moreover, the more commonly applied outer-loop 

control with rotor speed PI controller [29], [30] instead of active power PI controller [25] 

is adopted in this paper. 

 

Regarding the large number of WTs in modern OWFs, aggregated single-machine model 

is usually adopted for wind farms, and the most widely used aggregation model is based 

on the equivalent power loss or voltage drop aggregation technique [31], [32]. 

Additionally, detailed impedance models of wind farms are built according to the series 

and parallel circuit theories in [33], [34]. However, for a large-scale wind farm with tens 

of WTs, its wideband impedance characteristic can hardly be directly validated through 

electromagnetic transient (EMT) simulations due to the huge computational burden, thus 

a method for the convenient simulation validation of wind farm impedance model is 

needed. To tackle this issue, a stepwise simulation validation approach is proposed [35]. 

 

Based on the impedance modellings of DFIG-based OWF with HVDC connection, this 

thesis furtherly analyzes the resonances in the frequency-coupled multi-input multi-

output (MIMO) system using the equivalent single-input single-output (SISO) sequence 

component systems. The Bode-plot method is applied to study resonances at the point of 

common coupling (PCC), which requires equalizing a system into load and source 

subsystems [36][37]. Since the severest harmonic distortion can occur at any bus of a 

system, simply investigating the PCC condition is obviously not in favor of identifying 

resonance source and developing mitigation strategies [38]. Therefore, this work also 

adopts the impedance network method, i.e. resonance mode analysis (RMA), to address 

the resonance issues related to wind speed variation and grid topology change. The 

locations where resonances can be most easily excited are identified through bus 

participation factor analysis [39]. Additionally, traditional impedance-based RMA only 

evaluates the amplitudes of modal impedances, this work also uses the damping 

information embedded in the angle or real part value of the modal impedances in 

assessing harmonic stability [10]. 

 

Facing the challenges of the emerging resonance issues, a bunch of mitigation strategies 

have been proposed, of which active damping strategies [40]-[43] are more preferred than 

passive damping solutions [44], [45] due to the prevention of extra power losses. For the 

resonance damping in HVDC connected DFIG-based OWF, the methods of optimal 

design of controller parameters, adding extra signal filters in existing control loops, or 

adding extended control paths are implemented either in HVDC converter [40], [41] or 

in WT converters [42], [43]. However, the proposed damping solutions are typically 
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intended to be effective in part of the frequency range that resonance may occur, an 

adaptive damping scheme suited for the wideband resonances has not been studied in 

sufficient detail up to now. To bridge this gap, a coordinated resonance damping strategy 

which utilises both the damping capability of HVDC converter (and or DFIG-based WT) 

and extra active dampers is proposed to mitigate the wideband resonances ranging from 

several Hz to a few kHz. 

 

 

1.3 Objective and Structure of the work 

 

In this dissertation, models for passive grid components, converter-interfaced 

components and wind-integrated power systems will be developed for resonance 

analyses. Using these models, the mechanisms of resonance-induced power quality and 

system stability issues in HVDC connected DFIG-based OWF will be clarified, and based 

on which, control strategies for mitigating harmonic distortion and improving system 

stability shall be developed. Partial results of the present work were published in advance 

in [10], [12], [35], [46]. 

 

The rest of the dissertation is organized as follows: 

 

Chapter 2 presents the challenges, fundamental concepts and analysis methods of 

resonances. Main features of the emerging resonances in modern converter-dominated 

power systems are presented. Different resonance analysis methods are presented and 

compared. 

 

Chapter 3 presents the small-signal impedance modelling for the involved grid 

components in HVDC connected DFIG-based OWF, which mainly includes cables, 

transformers, DFIG-based WTs and HVDC converter. 

 

In Chapter 4, aggregated modelling of the wind farm collector system is investigated 

through a comparative study of several aggregation methods, and the suitability of using 

aggregated collector system models in resonance analysis is assessed through stepwise 

simulation validations. 

 

In Chapter 5, resonances in a 400 MW DFIG-based OWF with a ±150 kV VSC-HVDC 

grid connection are analyzed using both the Bode plot and the RMA methods, and the 

impact of the sideband harmonics of the fundamental frequencey and PWM switching 

frequency are evalutated. 
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In Chapter 6, several damping possibilities suited for the application of DFIG-based OWF 

with HVDC connection are presented, and a coordiated resonance damping strategy is 

proposed for solving the harmonic distortion and stability issues. 

 

Chapter 7 presents cases studies on how modelling deepness, the variation of wind farm 

operating condition and the change of switching states of system components influence 

the resonances of a HVDC connected OWF, and furtherly, the damping capabilities of 

converter-interfaced components and the proposed coordinated damping strategy are 

validated through simulations. 

 

Chapter 8 concludes the dissertation and presents some future work. 
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2 Phenomena, Concepts and Analysis Methods of 

Resonances 
 

This chapter presents the field experiences, concepts, main features and analysis methods 

of resonances. An overview of the real-world resonance incidents is firstly presented, then 

the concepts of resonances as well as the new features of resonances in emerging 

converter-dominated power systems are presented, which are followed by the description 

of the symmetrical component theory for analyzing three-phase power systems, and 

finally several widely adopted resonance analysis methods in recent years are compared. 

 

 

2.1 Overview of Real-World Resonance Events 

 

Over the last decade, a series of resonance incidents involving wind farm or HVDC 

transmission have been reported in power systems. The resonance incidents are featured 

with wide range of frequencies due to the multi-timescale dynamic interactions between 

converter-interfaced components and passive grid components. In this section, an 

overview of the resonance incidents occurred in various applications are presented. 

  

 

2.1.1  Incidents in Wind-Integrated AC grid 

 

In 2009, an around 20 Hz SSR incident induced by the interaction of two DFIG-based 

wind farms and a transmission line with fixed series-compensation (FSC) occurred in 

ERCOT power system, resulting a large number of wind turbines tripped out and the 

damage of crowbar circuits. The occurrence of the event is illustrated in Figure 2.1. 

 

 
Figure 2.1 The event occured in ERCOT power system, Texas, USA in 2009 [4] 
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Along with the outage of the 345 kV line between To Nelson Sharpe substation and Ajo 

substation, where the two type-3 wind farms are integrated into grid, the wind power is 

only transmitted to the grid through the line from Ajo substation to Rio Hondo substation. 

As a result, the effective series compensation level of the transmission lines is increased 

and the induced sub-synchronous control iteraction (SSCI) between wind farms and the 

grid causes the current and voltage oscillations as shown in Figure 2.2. 

 

 
Figure 2.2 Recording of the sub-synchronous event in ERCOT power system in 2009 [47] 

 

Since 2010, hundreds of SSRs in the frequency range of 3-10 Hz have occurred between 

the DFIG-dominated wind farms in Hebei Guyuan area and their series-compensated grid 

connections in Jibei region (China), resulting the trip-out of thousands of wind turbines. 

The Guyuan wind-integrated power system is shown in Figure 2.3. 

 

 
Figure 2.3 Hebei Guyuan wind-integrated power system, China [4] 
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The recorded active power waveform of a SSR incident occurred in 2013 is shown in 

Figure 2.4. As observed, the resonance firstly grew rapidly and then a large number of 

wind turbines were tripped off. Finally the resonance was stopped by bypassing the series 

compensation capacitor after lasted around 2 minutes. In this incident, about 145 MW 

power was lost. 

 

 
Figure 2.4 The power oscillation recording of a wind farm in Guyuan, China in 2013 [48] 

 

In 2015, the Permanent Magnet Synchronous Generator (PMSG)-based wind farms and 

their grid connections without series-compensated lines in Xinjiang Hami area 

experienced an SSR incident, resulting the action of the torsional oscillation protection of 

a thermal generator and the trip out of the generation unit located 200 km away [49].  

 

 
Figure 2.5 Xinjiang Hami wind-integrated power system, China [4]. 

 

The involved wind-integrated power system is shown in Figure 2.5. In the left side, the 

installed wind capacity at two of the three 220 kV substations reaches 1100 MW, causing 

the SCRs of these substations drop down to 1.3. As a result, the interaction of the type-4 

wind farms and the weak grid connections introduces a SSR mode in the frequency range 

of 17-23 Hz. With the frequency variation of the SSR as illustrated by the blue curve in 
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Figure 2.6, in the time period of 11:50-11:55, the PMSG-grid SSR frequency matched 

with one of the thermal plant’s shaft modes as illustrated by the red and green dotted lines, 
resulting in the shaft torsional vibration and the tripping of the generation unit. 

 

 
Figure 2.6 The SSR and torsional frequencies of the Xinjiang Hami incident in 2015 [48] 

 

Besides, around 8.5 Hz SSR accidents occurred in a direct-drive PMSG-based OWF with 

weak grid connection in England as the power export of the OWF increased [8]. In 2017, 

several SSR incidents in the frequncy range of 20-30 Hz occurred again in ERCOT and 

all are related to DFIG-based WPPs with series-compensated grid connections and N-1 

contigencies [50]. 

 

 

2.1.2  Incidents in Wind-Integrated HVDC grid 

 

In 2011, the MMC-HVDC connected Shanghai Nanhui wind farm was put into operation. 

In the field tests, the interconnected system worked stably when the feed-in power of the 

wind farm was low. However, as the feed-in power of the wind farm increased, the system 

experienced multiple times of voltage and current oscillations, resulting in the shutdown 

of all the 11 wind turbines, and in the most serious cases, the converters of some wind 

turbines were damaged [51] [52]. 

 

In 2013, an around 250 Hz resonance occurred between the BARD Offshore1 OWF (400 

MW) and its two-level VSC-based HVDC grid connection (BorWin1) in German North 

Sea. The harmonic current reached 40% of the fundamental component (see Figure 2.7), 

resulting the explosion of the filtering capacitor in the sending end HVDC converter 

station. The whole wind farm had been shut down for up to 10 months, causing enormous 

economic losses. Additionally, in German North Sea, another around 450 Hz resonance 

occurred in the MMC-HVDC integration of two PMSG-based OWFs during the period 
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of connecting a wind farm into the grid while the other wind farm is already connected to 

the grid. The recorded voltage waveform is shown in Figure 2.8. 
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Figure 2.7 Reorded waveforms of the 250 Hz resonance experienced by the BARD Offshore1 

wind farm and BorWin1 HVDC link in German North Sea in 2013 [7] 

  

 
Figure 2.8 Recorded waveform of the 450 Hz resonance occurred in German North Sea [8]. 

 

In 2014, the China Nan’ao three-terminal MMC-HVDC for wind farm integration 

experienced an 20-30 Hz SSR as wind farm output power was gradually increased in the 

test stage, resulting the shutdown of the HVDC system and the trip out of wind turbines. 

The on-site recorded waveforms of the SSR in the MMC-HVDC system is shown in 

Figure 2.9. 
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Figure 2.9 Recorded waveforms of the SSR in China Nan’ao in 2014 [53]. 

 

 

2.1.3  Incidents in HVDC connected AC grid 

 

In 2015, the China Xiamen point-to-point VSC-HVDC transmission system experienced 

an around 23.6 Hz DC current oscillation, the amplitude of which reached 12.2% steady-

state value, when the sending-end transfered 100 MW power under single-pole operation 

mode. Similarly, an 25.2 Hz DC current oscillation occurred when the sending-end 

transfered 500 MW power under single-pole operation mode [52]. 

 

In 2017, China Luxi back-to-back HVDC link experienced an around 1270 Hz high 

frequency resonance after several AC transmission lines were disconnected from the 

Guangxi side AC grid. Figure 2.10 shows the Guangxi side AC network of the Luxi 

HVDC project. The red dotted lines represents the transmission lines that were 

disconnected in the event. The recorded grid voltage and current waveforms of the 

Guangxi side HVDC converter station and the FFT analysis of the phase B current in the 

1270 Hz resonance incident are shown in Figure 2.11. 
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Figure 2.10 Guangxi side AC network of the Luxi HVDC project [54]. 

 

 

 
(a) 

 
 (b) 

Figure 2.11 The recorded 1270 Hz resonance in Luxi back-to-back VSC-HVDC in 2017 [54]. 
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In Germany, another high-frequency resonance (around 1100 Hz) between an HVDC 

converter station and the main AC grid was reported in a recent year at the connection 

point of an HVDC station [55]. However, the details of the incident including the date 

and the location are not given in [55]. Figure 2.12 shows the simulation result from the 

real event. The voltage oscillation at the PCC between HVDC station and AC grid was 

triggered by the interaction of converter control loops and grid impedance after grid 

topology change and disconnection of a conventional generation unit. 

 

 
Figure 2.12 Voltage waveform of the 1100 Hz resonance in German North Sea area [55]. 

 

 

 

2.2 Features of Resonances in Converter-dominated Power 

Systems 

 

Modern power electronics based power systems are characterized by the multi-timescale 

control dynamics as illustrated in Figure 2.13. Taking the HVDC connected OWF as 

example, the speed control of WT is quite slow, the bandwidth of which is far less than 

1 Hz, while the DC voltage control and Q & U control of WT usually have the bandwidth 

of around 10 Hz. The control bandwidth of PLL is usually between several Hz and 100 

Hz and its main influence on dynamics is around the fundamental frequency. The fastest 

dynamic of WT comes from the current control loop which typically has the bandwidth 

of up to hundreds of Hz. As for the HVDC converters for wind farm integration, the 

dynamics of the single-loop AC voltage control or a cascaded double-loop voltage and 

current control are mainly in the frequency range between 1 Hz and several hundreds of 

Hz. 
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As illustrated in Figure 2.13, the interaction between converter controls and interaction 

between converter control and passive grid components introduce wideband resonances 

into the system. Here both SSR and the resonances for above 50 Hz are generally called 

harmonic resonances. Due to the most commonly used asymmetrical control in grid-

following converters, e.g. the PLL and power loop control,  the frequency coupling effect 

around fundamental frequency is introduced. Moreover, due to the PWM switching and 

sampling process of converters, another frequecy coupling effect around the switching 

frequency is introduced. These frequency couplings may induce the sideband resonances 

of fundamental frequency and switching frequency [56]-[58]. 
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Figure 2.13 Frequency range of different control dynamics and system interactions 

 

As the converter control and its digital delay can introduce negative damping effect into 

power systems, the interactions among differenct controls and passive grid components 

may lead to resonance instability. This is one reason for the reported real-world resonance 

incidents as presented in section 2.1. 

 

 

 

2.3 Symmetrical Component Theory 

 

In studies of three-phase AC systems, three-phase signals and impedance network are 

usually transformed to their symmetrical sequence components, i.e. positive-, negative- 
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and zero-sequence components, so that each sequence subsystem can be analyzed 

separately, thus simplifies analysis. The symmetrical components 1 2 0,  ,  U U U  of a 

three-phase voltage signal a b c,  ,  U U U  at the frequency   can be computed as follows: 

 

120 abc
M

2

1 a
2

2 b

0 c

1 a a
1

1 a a
3

1 1 1

U U

U U

U U

                      
u u

T

 
(2.1) 

 

where the complex number a  is 
2

j
3e


, MT  is the transformation matrix and the subscripts 

1, 2, 0 denotes the positive-, negative- and zero-sequence components respectively. 

 

Based on the above transformation of three-phase signals, the concept of sequence 

impedances can be introduced. For example, the three-phase voltages abcu  and currents 

abci  of a shunt component at a specified frequency   can be formulated as 

 

abcabc abc

aa ab ac aa

ba bb bc bb

ca cb cc cc

U Z Z Z I

U Z Z Z I

U Z Z Z I

     
          
          

U IZ

 
(2.2) 

 

where aa bb cc,  ,  Z Z Z  represent phase impedances, and ab ac bc ba ca cb,  ,  ,  ,  ,  Z Z Z Z Z Z

represent between-phase impedances, i.e. phase-to-phase mutual impedances, then 

substituting 

 
1

Mabc 120

 u T u  

1
Mabc 120

 i T i  
(2.3) 

 

into (2.2) yields 

 

120

1
M abc M120 120

  
Z

u T Z T i  
(2.4) 

 

where 120Z  denotes the sequence impedance matrix and it can be represented by 
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11 12 10

120 21 22 20

01 02 00

Z Z Z

Z Z Z

Z Z Z

 
   
  

Z  (2.5) 

 

with 11 22 00,  ,  Z Z Z  representing the sequence impedances and the off-diagonal terms of 

the matrix representing the couplings between sequence impedances. Assuming the three-

phase impedance network as given in (2.2) is symmetrical, i.e.  

 

ab baZ Z         ac caZ Z         bc cbZ Z  (2.6) 

 

then the off-diagonal items of the sequence impedance matrix 120Z  become 0 and 120Z  

can be rewritten as 

 

1

120 2

0

0 0

0 0

0 0

Z

Z

Z

 
   
  

Z  (2.7) 

 

Note, that in real-world power systems, some three-phase grid components are not exactly 

symmetrical due to their phase-to-phase parasitic capacitances, e.g. the three-phase five-

leg transformers and the three-phase flat-formation HV cable systems, thus the 

independent sequence impedances 1 2 0,   and Z Z Z  in (2.7) can not be obtained. However, 

the asymmetry in passive grid components is generally small and can be neglected in 

analysis. 

 

In modern power electronic based power systems, converter-interfaced components are 

usually not three-phase symmetrical due to their asymmetrical converter control, and it is 

not feasible to transform their three-phase impedance matrix abcZ  to the independent 

sequence impedances 1 2 0,   and Z Z Z  as given in (2.7). Section 3.3 presents more details 

on this point. 

 

 

 

2.4 Concept and analysis methods of Resonances 

 

Resonance is an electromagnetic energy exchange phenomenon observed between 

inductive and capacitive energy storage elements. The series and parallel connection of 
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abundant inductive and capacitive elements in power systems constitutes many resonance 

circuits and the resonance frequencies determined by the parameters of inductive and 

capacitive elements can extend from several Hz to thousands of Hz or even higher. 

 

For traditional power systems with few or no converter-interfaced components, grid 

components are usually modelled with capacitive and inductive elements, which have 

linear impedance characteristics. However, with the ever-growing penetration level of 

renewable energy sources, the constantly increased integration of storage and electric-

vehicles as well as the wide utilization of HVDC grid connection of offshore wind farms, 

modern power systems have gradually been dominated by grid-connected converters, the 

equivalent impedance network of which are influenced by multiple timescale converter 

control effects. Since grid-connected converters are highly nonlinear, their impedance 

responses are typically derived by performing small- or large-signal analysis at chosen 

operating points. 

 

According to the impedances of all grid components and their connection relationships, 

the equivalent electrical circuits of a power system can be built, in which the parallel 

connection of capacitive and inductive elements forms parallel resonance circuit and the 

series connection of capacitive and inductive elements forms series resonance circuit. The 

typical illustration of parallel and series resonance circuits are shown in Figure 2.14, in 

which P SP S,  ,  ,  U I U I  represents the voltage and currents at the frequency  . Their 

respective output impedances PZ  and SZ , as illustrated in Figure 2.14, can be formulated 

as 

 

P S

1 1
           j

1 1 jj
j

Z Z L R
C

C
L R






   
 

 
(2.8) 
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Figure 2.14 Schematic diagram of the parallel and series resonance circuits 
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For the parallel resonance circuit, the output impedance PZ  as illustrated in Figure 2.14 

(a) has the maximum magnitude P,maxZ  of R at the frequency P  which satisfies  

 

P

P

1
j 0

j
C

L
 


 (2.9) 

 

where the frequency P  is defined as the parallel resonance frequency. Even if a small 

current perturbation Pi  of this frequency is injected into the circuit, a large voltage 

response as represented by 

 

 (2.10) 

 

will be induced at the same frequency. 

 

For the series resonance circuit, the output impedance SZ  as illustrated in Figure 2.14 (b) 

has the minimum magnitude S,minZ  of R at the frequency S  which satisfies 

 

S

S

1
j 0

j
L

C
 


 (2.11) 

 

where the frequency S  in this context is the series resonance frequency. Even if a small 

harmonic voltage SU  of this frequency is imposed on the circuit, a large current response 

as represented by 

 

S S,minS /I U Z  (2.12) 

 

will be induced at the same frequency. 

 

For both the parallel and series resonances, the resistance R is also an important factor 

influencing the harmonic distortion or resonance stability. Its relations with the LC 

parameters can be described by quality factor, which relates the maximum or peak energy 

stored in the circuit (the reactance) to the energy dissipated (the resistance) during each 

cycle of oscillation. Its mathematical expression is 

 

P,max PPU Z I 
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 (2.13) 

 

where res  denotes the general resonance frequency for both the parallel and series 

resonance circuits as shown in Figure 2.14. For the parallel resonance circuit, the higher 

the value Q is, the sharper peak can be observed in the impedance amplitude versus 

frequency curve, while for the series resonance circuit, the higher the value Q is, the 

sharper vally can be observed in the impedance amplitude versus frequency curve. 

 

In the investigation of resonances in wind-integrated systems, the whole system can be 

aggregated to a so-called load-source system, i.e. the wind farm subsystem and the grid 

subsystem here, as illustrated by Figure 2.15 (a). The wind farm is represented by its 

Norton equivalent circuit and the grid connection is represented by its Thevenin 

equivalent circuit. Assuming the system is three-phase symmetrical, it can be 

decomposed into three single-line symmetrical component systems, each of which can be 

illustrated by Figure 2.15 (b).  

 

WF,abci

PCC

GuWFiG,abcu

G,abcZ

WF,abcY

GZ

WFY

PCC

Parallel resonance Series resonance Parallel resonance Series resonance

(a) (b)  
Figure 2.15 Equivalent circuits of a wind-integrated power system. 

 

A comprehensive review of the system stability analysis for power electronics based 

power systems has been conducted in [58], in which the analytical methods for stability 

assessment can be mainly categorized to the eigenvalue-based analysis using the state-

space model of the system in the time domain and the impedance-based analysis in the 

frequency domain. The impedance-based frequency domain analysis methods can be 

furtherly classified into the Nyquist diagram or Bode plot method and the nodal 

admittance matrix based method. In comparsion to the time-domain methods, the nodal 

admittance matrix based method is more computationally efficient and is scalable to 

different sizes of power systems. Additionally, another advantage of the impedance-based 

method is: when some of the system parameters are unknown, the blackbox impedance 

models of the grid components with unkonwn parameters can be utilised for analysis, e.g. 
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it can obtained through measurements. Since the analytical methods in the time-domain 

are not in the scope of the study, only the impedance-based methods will be furtherly 

discussed. 

 

When a system is reduced to a load-source system as illustrated in Figure 2.15, resonance 

analysis can be conducted using the Nyquist diagram or Bode-plot methods. When a 

complex multi-node system is difficult to be reduced to a load-source system, another 

impedance-based method based on the nodal admittance matrix, i.e. resonance mode 

analysis (RMA), can be applied. A comparison of these two methods has been conducted 

using a case study in [59], and it is found that Bode plots could wrongly predict system 

stability while Nyquist diagrams are not straightforward for stablity check. In this 

dissertation, both the Bode plot and RMA methods will be applied taking into account 

their advantages.
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3 Modelling of Power System Components 
 

This chapter presents the analytical impedance modelling of grid components for 

harmonic resonance analysis. Partial results of this chapter were published in advance in 

[12], [35]. In the grid integration of DFIG-based OWF with HVDC transmission, system 

components can include WTs, undersea AC cables, transformers, harmonics filters, 

HVDC converters, DC cables and an equivalent external grid, as shown in Figure 3.1. 

 

~= ~=
DFIG-based WPP

PCC

WFVSC GSVSC AC Grid

Onshore

Offshore

VSC-HVDC

 

Figure 3.1 Diagram of a DFIG-based OWF with VSC-HVDC connection 

 

In theoretical analysis, modelling three-phase AC grid components using the full three-

phase circuits can complicate analysis,  thus under the assumption of balanced three-phase 

systems, they can typically be modelled with the symmetrical components. However, for 

converter-interfaced components, the positive- and negative-sequence impedance models 

are mostly coupled due to the asymmetry of converter control [60], [61]. Therefore, the 

frequency-coupling effect between converter sequence impedances should be carefully 

modelled. 

 

 

3.1 Cables 

 

The integration of OWF with HVDC transmission may involve three kinds of submarine 

cables, they are the medium-voltage (MV) three-phase AC cables, which are used for 

collecting WTs, the high-voltage AC cables, which are used for interconnecting OWF 

platforms and HVDC converter station, as well as the high-voltage DC cables used in the 

HVDC link. Since the MV cables are typically laid in three-core formation, it is 

reasonable to assume that they are three-phase symmetrical and can be modelled with 

separate positive-, negative- and zero-sequence components. The HV submarine AC 

cables are typically laid in flat-formation, since only a short length is used here for 

interconnecting the OWF platforms and the offshore HVDC station, the asymmetry will 

be ignored and same models as MV AC cables will be adopted. The modelling of the DC 

cables is not necessary when assuming a constant DC voltage in the HVDC link. This is 
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because the AC side output impedance of a HVDC converter is not influenced by the DC 

side circuits when the DC side dynamic is neglected. 

  

In comparison to overhead lines, one important consideration about cables is the strong 

capacitance effect. As stated in [62], for voltages above 10 kV, the shunt admittance of 

cables longer than 200 m and overhead lines longer than 1000 m should not be neglected. 

In real-world OWFs, the length of the cables connecting two neighboring WTs usually 

lies between 500 m and 1000 m, thus the shunt admittance should not be ignored by 

modelling. Then according to the interested frequency range, nominal Pi model or 

equivalent Pi model can be applied for the study. Figure 3.2 shows the diagram of the 

widely adopted Pi model for cables, in which the subscripts A and B denote sending and 

receiving ends, SeriesZ  denotes the equivalent series impedance, ShuntY  denotes the 

equivalent shunt admittance and A BA B,  ,  , U I U I  denotes the terminal currents and 

voltages for the frequency  . 
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Figure 3.2 Diagram of cable Pi model. 

 

The series impedance SeriesZ  and the shunt admittance ShuntY  in Figure 3.2 can be 

represented with the parameters of cable resistance, inductance and capacitance. The 

electrical parameters of cables are mainly influenced by the following two factors: (1) 

long line effects induced by the distribution of parameter along the cable lenth; (2) the 

frequency dependency of parameters caused by the skin and proximity effects [62]. 

 

When neglecting long-line effects and the frequency dependency of parameters, the 

equivalent resistance, inductance and capacitance of cables can be obtained by 

multiplying the unit-length parameters with cable length. That is how the nominal Pi 

model of cable is defined. Taking the positive sequence component as example, with the 

lumped parameters 1 1 1,  ,  R L C , the so-called nominal Pi model can be described by 

 

Series Shunt1 1 1j ,  jZ R L Y C     (3.1) 
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The long line effects can be accounted for by including the long line hyperbolic correction 

factors [62], with consideration of which we also call it as equivalent Pi model, as 

represented by 

 Series 0 Shunt

0

1
sin ,  tanh

2

Len
Z Z Len Y

Z





    (3.2) 

where 

 

unit unitunit unit unitj ,  j / 2Z R L Y C     

unit unit 0 unit unit,  /Z Y Z Z Y    
(3.3) 

 

and unit unit unit,  ,  CR L  are the unit-length resistance, inductance and capacitance parameters 

of the cable, and Len is the length of the cable. 

 

Formulating the relationship of the input and output signals of the 4-port network in 

Figure 3.2, the cable can be represented by a second-order admittance matrix CableY , as 

in 

 

Cable

Series Shunt SeriesA A

Series Series ShuntB B

1/ 1/

1/ 1/

UZ Y ZI

UZ Z YI

     
           

Y

 
(3.4) 

 

Frequency dependency of parameters due to skin and proximity effects is typically 

accounted for by using frequency dependent correction factors [63]. Although all the 

electrical parameters of cables are frequency dependent, the most prominent effect is on 

the series resistance. The representation of series resistance suggested by the National 

Grid UK is 

 

 1 0.187 0.532 ,  2.35R R h h    

 

where 1R  is the fundamental frequency resistance, and h is harmonic order [64]. The cor- 

rected value of resistance R can then be applied in (3.1) or (3.2). 

 

For harmonic analysis involving overhead lines, the nominal Pi model is generally 

considered acceptable for fundamental frequency when the line length is less than 250 

km. Since cables generally have much greater capacitance effect than overhead lines, long 
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line effects should be considered for much shorter cables. However, the cables to be 

modelled for resonance analysis in the thesis are the quite short MV collector cables and 

high-voltage AC cables, using nominal Pi model to represent each collector cable section 

and high-voltage AC cable can give sufficient accuracy. 

 

 

3.2 Transformer 

 

3.2.1  Impedance modelling 

 

For most harmonic studies, a three-phase two-winding transformer can be sufficiently 

modelled with the series short-circuit impedance and shunt magnetizing admittance 

assuming constant resistance and inductance parameters [62]. Two examples are the T 

model (see Figure 3.3) and Pi model (see Figure 3.4), in which three-phase transformers 

are composed of three single-phase transformers. The transformer Pi model in Figure 3.4 

is an approximation of the transformer T model in Figure 3.3. Through eliminating the 

transformer internal node in Figure 3.3, the 4-port impedance network in Figure 3.4 can 

be represented by a second-order admittance matrix, as given in (3.5). 
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Figure 3.3 Single-line representation of the T model of three-phase transformer 
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Figure 3.4 Single-line representation of the Pi model of three-phase transformer [65] 
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(3.5) 

 

where TY  represents short-circuit admittance, mY  represents magnetizing admittance 

and A BA B,  ,  , U I U I  denotes the terminal currents and voltages for the frequency  . The 

phase shifting diff  in (3.5) may cause significant harmonic cancellations when there are 

multiple harmonic sources in a system, therefore, it is essential to include the effect by 

harmonic calculations.  

 

Considering that the magnetizing admittance mY  is much smaller than the short-circuit 

admittance TY  and the connected load or source admitances when a transformer works 

under full-load operation, it is reasonable to model the transformer with only the short-

circuit impedance, as conducted in most harmonic studies. But when a transformer works 

under open-circuit (during energization period) or light-load conditions, the magnetizing 

branch is not negligible in comparison to other branches, thus it requires to adequately 

represent the magnetizing branch. Moreover, by the occurrence of transformer core 

saturation, the magnetizing admittance can also become comparable to winding 

admittances due to the nonlinear flux-current characteristic of iron core [66]. 

 

In above discussions, it is assumed that transformer windings have constant resistance 

and inductance parameters, however, the resistance and inductance of the windings are 

frequency-dependent due to the inter-winding or parasitic capacitances, and this effect 

becomes significant when the considered frequency is up to serveral kHz, especially for 

high voltage level transformers [67]. Therefore, a finer transformer model considering 

stray capacitances is needed for wide-band resonance analysis. 

 

Figure 3.5 shows a detailed electromagnetically coupled model where the primary and 

secondary windings are represented by multiple cascaded winding sections with 

concentrated R, L, C parameters [68]. Each winding section is electromagnetically 

coupled with neigbouring sections of the same and another side windings. The magnetic 

flux linkings are represented with dashed lines. Transformer capacitances include the 

winding capacitances CWA, CWB between the winding sections of the same side, the 

capacitance CM between the primary and secondary windings, and the earth capacitance 

CE between the winding sections and iron core. Copper losses of primary and secondary 
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windings are represented by RA, RB. Dielectric loss in winding insulation are represented 

by GA, GB. Note that all secondary side parameters are referred to the primary side. 
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Figure 3.5 Cascade model of a single-phase two-winding transformer [68] 

 

The detailed transformer model in Figure 3.5 is suitable for very high freuqency or 

transient studies where current and voltage distribution along the windings are 

investigated. Ref [69] shows, using only one section of the fully electromagnetically 

cascade model with lumped parameters is sufficient for the frequency analysis up to 20 

kHz. Furtherly in [70], the reduced single-section model is analytically equivalent to the 

one as shown in Figure 3.6, where dielectric losses in windings are not included. 

 

Corresponding parameters in Figure 3.6 are defined as from (3.6) to (3.14). The 

analytically reduced transformer model is acutally an improvement of the conventional 

transformer T-model by adding stray capacitances. Throught the transformer turn ratio 

N , electrical parameters of the secondary side are reflected to the primary side. 
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Figure 3.6 Analytically reduced model of a single-phase two-winding transformer [70] 
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Assuming that mY  is much smaller than TAY  and TBY' , the internal node in Figure 3.6 

can be mathematically eliminated and the corresponding nodal matrix equation can be 

formulated as 

 

CAE AAW ABWA AWA

2 2
BAW BBWB BWCBE B

0

0

Y UU Y NYI

N Y' UU NY N YI

       
        

       
 (3.15) 

 

where 
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AAW T m CA CM0.5Y Y Y Y Y'     

BBW T m CB CM0.5Y Y Y Y' Y'     

ABW BAW T CMY Y Y Y'     

(3.16) 

 

The short-circuit impedance TZ  in (3.8) can be determined by performing a short-circuit 

test at the fundamental frequency. The magnetizing shunt admittance consisting the core 

resistance mR  and the magnetizing inductance mL  in (3.9) can be determined by an open-

circuit test at the fundamental frequency. The capacitances can be obtained either by 

analytical methods or measurements. Typical values of the lumped parameters in Figure 

3.6 can be taken from [71]. 

 

According to the type of transformer core, three-phase two-winding transformer can be 

categorized into three single-phase transformers, three-limb core transformer and five-

limb core transformer. To simplify analysis, the first type is adopted to generally represent 

three-phase transformers. As a result, the electromagnetic coupling among phases in the 

three-limb or five-limb type will be neglected in the modelling. On this basis, a three-

phase transformer model can be obtained by connecting three single-phase transformers 

as illustrated in Figure 3.6 in a certain manner. Primary winding is connected with 

primary winding, and secondary winding is connected with secondary winding. Three 

phases can be connected either in Wye form or in Delta form, and the connection can be 

in any phase sequence. Moreover, the neutral point of primary windings or secondary 

windings can be grounded. Figure 3.7 shows an example of three-phase transformer 

model, where the 4-port networks I, II, III each represent a single-phase two-winding 

transformer. The Wye-connection of primary windings and Delta-connection of 

secondary windings leads to the vector group of Yd5, the definition of which and other 

vector groups can be found in Appendix B. 

 

Taking into account transfomer vector group, the relationship between winding and 

terminal voltage/current vectors can be described as in (3.17), (3.18) and (3.19), where 

MEAZ  and MEBZ  denotes the grounding impedances of primary and secondary sides 

respectively, E3 denotes the third-order identity matrix, 0 denotes the third-order zero 

matrix. For Delta connection where no neutral point exists or Wye-connection with direct 

grounding, there is not the second term in (3.18). For non-grounded Wye-connection, 

grouding impedance should be set to a very high value. The matrices AD  and BD  denotes 

the winding configuration of the primary and secondary sides, and their values vary with 

the vector group of the winding connection, which can be found in Appendix B. 
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Figure 3.7 Diagram of a three-phase two-winding transformer with the vector group Yd5 [70] 
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Combining (3.17), (3.18) and (3.19), the mathmatical representation of the three-phase 

two-winding transformer model which relates the terminal currents and voltages can be 

obtained as 

 

T,abc

A,abc A,abc1

B,abc B,abc

   
   

   Y

i u
F M

i u
 (3.20) 
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where 
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(3.21) 

 

Using the transformation matrix MT as given in (2.1), the phase current and voltage 

vectors in (3.20) can be transformed to their symmetrical sequence components as follows 

 

MA,120 A,abci T i   MB,120 B,abci T i   MA,120 A,abcu T u   

MB,120 B,abcu T u  
(3.22) 

 

Furtherly, the phase admittance matrix T,abcY  in (3.20) can be transformed to the sequence 

admittance matrix T,120Y  as in 
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Under balanced operating condition, the 6-order admittance matrix T,120Y  can be 

furtherly decomposed into three second-order sequence component admittance matrices 

as in 
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where T,1Y , T,2Y and T,0Y  represente the postive-, negative- and zero-sequence 

admittance matrices of a three-phase two-winding transformer, respectively. Through 

matrix inversion, the corresponding impedance matrices can be obtained as 

 
1

T,1 T,1
Z Y         

1
T,2 T,2

Z Y         
1

T,0 T,0
Z Y  (3.25) 

 

 

3.2.2  Simulation Validation 

 

Based on the three-phase two-winding transformer model, a transformer model 

considering capacitance effect is built in MATLAB/Simulink, as shown in Figure 3.8. 

Parameters of the transformer are given in Table 3.1. Winding connection vector group 

of the examplary transformer is Yd5. To validate its impedance characteristic, the 

transformer is tested in the way of setting the secondary windings as short-circuit, and the 

primary windings in connection with an equivalent 150 kV grid with the short-circuit 

capacity of 3 GW and X/R ratio of 10. 

 

 
(a) Winding configuration in vector group Yd5 

 
 (b) Electrical circuit of a single phase 

Figure 3.8 Tranformer model considering capacitance effect in Simulink 
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Table 3.1 Parameters of the simulated transformer 

Rated Power 420 MW 

Nominal voltages 150 kV/155 kV 

Winding connections Primary: Yg, secondary: D1 

Primary winding parameters (pu) 
A A0.07,  0.07 /100L R   

Secondary winding parameters, reflected to primary side (pu) 
B B0.07,  0.07 /100L R   

Magnetizing branch (pu) 
m m500,  500L R   

Parasitic capacitances M WA WB EA EB,  ,  ,   or  C C C C C  1 nF or 20 nF 

       

From the test setting, the secondary side phase voltages B,abcu  are equal to  T0 0 0 , 

thus the corresponding symmetrical components B,120u  are also equal to  T0 0 0 . 

After obtaining the primary side voltages A,abcu  and currents A,abci  from simulations and 

transforming them into sequence components A,120u  and A,120i , the primary side 

admittances of the matrices T,1Y , T,2Y , T,0Y  in (3.24) can be obtained as in 

 

T,1 A,1 A,1

T,2 A,2 A,2

T,0 A,0 A,0

(1,1) /        

(1,1) /      

(1,1) /

I U

I U

I U







Y

Y

Y

 (3.26) 

 

where A,1 A,2 A,0,  ,  I I I  denote the symmetrical components of the primary side currents, 

and A,1 A,2 A,0,  ,  U U U  denote the symmetrical components of the primary side voltages. 

 

Figure 3.9 shows the frequency scanning of the positive sequence impedance T,1(1,1)Z

when all capacitance parameters of the transformer model as illustrated in Figure 3.8 are 

set to 1 nF or 20 nF. Solid lines represent the analytically derived impedances and the 

asterisks represent the simulation results. It is observed, that the simulation results in 

Simulink match well with the analytical models. In the scenario that all capacitance 

parameters are set to 20 nF, the first internal resonance of the simulated transformer is 

seen at the frequency down to 2 kHz. In the scenario that all capacitance parameters are 

set to 1 nF, the transformer shows near-linear inductive characteristic for the whole 

frequency range and the capacitance effect is only observable at above 3 kHz, which is 

indicated by the occurrence of nonlinearity in the impedance curve. Note, that the 

mismatch between the analytical model and the simulation result in the phase plot of 

Figure 3.9 (a) is induced by the equivalence of the magnetizing branch in the analytical 
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impedance model. Since the error is smaller than 1 , it is negligible for the tested 

frequency range. 

 

  
(a) 1 nF (b) 20 nF 

Figure 3.9 Validation of the transformer model considering stray capacitance effects. 

 

 

 

3.3 DFIG-based Wind Turbine 

 

The DFIG-based WT is typically comprised of an induction machine, rotor side converter 

(RSC), grid side converter (GSC) and a terminal harmonic filter. Some recent published 

papers [23]-[26] tried to obtain its accurate impedance model accounting for converter 

outer loop control, frequency coupling effect or the DC dynamic between the back-to-

back converters. Although model accuracy has been largely improved, the impedance 

modelling regarding differenct control strategies still needs to be furtherly investigated. 

  

Figure 3.10 shows the circuit and control diagram of the investigated DFIG-based WT. 

Cascased double-loop PI control is applied under synchronous reference frame (SRF) for 

the GSC and RSC. The RSC controls active power through regulating rotor speed in the 

d-axis and controls reactive power or AC voltage in the q-axis. The GSC controls DC 

side voltage. Phase-locked loop is used to synchronize WT terminal voltage with the grid 

voltage. 
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Figure 3.10 Circuit and control diagram of the investigated DFIG-based wind turbine 

 

Generally, the impedance modelling for DFIG-based wind turbine is conducted either in 

dq frame or using symmetric components in stationary reference frame. In comparison 

with DQ impedances, symmetric component impedances have clearer physical meaning, 

and are easier to be validated through simulations or grid measurements. The impedances 

under different frames can be transformed to each other through frequency shifting and 

linear matrix transformation. Since the converter control is implemented in SRF, the 

impedance modelling of the DFIG-based WT will be firstly conducted in dq frame, and 

then for easier simulation validation and application in resonance analysis, it is 

transformed to sequence impedances. 

 

According to the current and voltage relationships as illustrated in Figure 3.10 and the 

Park transformation of different frequency components as derived in Appendix A, the 

frequency domain representation of the DFIG energy conversion system are easily found 

to be 
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(3.27) 

 

where the symbol Δ denotes small signal perturbation or response, the voltage and current 

variables in bold type denote the d- and q-axis component vectors, e.g. Δudq denotes [Δud 

Δuq]T, the other quantities in bold type are matrices, column or row vectors, and the 

underlined quantities denote complex values. The basic idea of the dq-frame impedance 

modelling as given in (3.27) is: when imposing a voltage perturbation Δudq at WT 

terminal, the GSC and RSC branches will have both AC current responses (Δig,dq and 

Δis,dq) and DC current responses (Δigdc and Δirdc), and as well, the DC link will have DC 

voltage response Δudc. Jointly solving the equations in (3.27) gives the relationship 

between WT terminal voltage and feed-in current, as represented by 

 

wt,dqdq g,dq s,dq dq      i i i Y u  (3.28) 

where 
 

  2 1 2 1 1 2 1 2
wt,dq gsc rsc

gdc rdc dcY Y sC

    
  

 
c a b d

Y Y Y  (3.29) 

  

with Ywt,dq denoting WT output admittance, Ygsc and Yrsc denoting the output admittances 

of the RSC and GSC branches under the assumption of a constant DC voltage, and the 

other part of the admittance expression interpreting the DC-coupling of the RSC and GSC 

branches. Details on the derivation of the GSC and RSC models in (3.27) will be 

presented in sections 3.3.1 and 3.3.2. Transformation of the model in (3.29) to sequence 

impedances will be presented in section 3.3.3. The derivation will be conducted in per 

unit system. Base values for both AC and DC side grids are given in Appendix C.  

 

 

3.3.1  GSC modelling 

 

In the GSC branch, the converter control has two dq frames due to the dynamic of the 

Phase-locked Loop (PLL): one is the system dq frame (denoted by a superscript s), and 
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the other is the controller dq frame (denoted by a superscript c), as shown in Figure 3.11 

[73]. The system dq frame is defined by the grid voltage and the controller dq frame is 

defined by the PLL, which estimates the frequency 1  and angle θ1(t) of the grid voltage 

to find the position of the system dq frame. In a steady state, the controller dq frame is 

aligned with the system dq frame. When small-signal perturbations are added to the grid 

voltage, the controller dq frame is no longer aligned with the system dq frame because of 

the PLL dynamics. The angle difference between the two dq frames is 

 

Δθ(t) = θPLL(t) - θ1(t) (3.30) 

 

where θPLL(t) denotes the PLL angle. 

 



sq
cq

sd

cd

 
Figure 3.11 Diagram of system and controller dq frames 

 

In order to deal with the nonlinearity in Park’s transformation, the transformation matrix 

 

PLL PLL PLL
PLL

PLL PLL PLL

cos ( ) cos( ( ) 2π / 3) cos( ( ) 2π / 3)2
( ( ))

sin ( ) sin( ( ) 2π / 3) sin( ( ) 2π / 3)3

t t t
t

t t t

  


  
  

    
T  (3.31) 

 

can be decomposed into T(θ1(t)) and TΔθ(t), as given by 

 

     
       PLL 1 1

( )

cos ( ) sin ( ) 1 ( )
( ) ( ) ( )

sin ( ) cos ( ) ( ) 1

t

t t t
t t t

t t t



  
  

  


    
         

T

T T T  
(3.32) 

 

where T(θ1(t)) denotes the Park’s transformation from phase domain to the system dq 
frame, which equals to the rotation of 1je t , and TΔθ(t) denotes the transformation from 

the system dq frame to the controller dq frame. Under the assumption of a small Δθ(t), 

cos(Δθ(t)) can be approximated to Δθ(t) and sin(Δθ(t)) can be approximated to 1. 

 

As the inputs of GSC control, the voltages and currents in the system dq frame need to be 

transformed to the controller dq frame by multiplying TΔθ(t). To generate the modulation 



3 Modelling of Power System Components 37 
 

 

signals for the power converter, the outputs of the cascaded double-loop PI control need 

to be transformed back to the system dq frame by multiplying TΔθ(t)-1. The frequency 

domain representation of the involved dq frame rotations for voltages, currents and 

modulating signals are 

 
c s c s s 1 c

dq dq g,dq g,dq g,dq g,dq                    


    u T u i T i m T m  (3.33) 

 

where TΔθ is the frequency domain representation for TΔθ(t), 
c

dqu  denotes 
Tc c

d qu u   , s

dqu  

denotes 
Ts s

d qu u   and other quantities follow the same notation. Performing small-signal 

analysis to the voltage, current and modulating signals in (3.33) yields 

 
s

PLL q

c u s c i s s
PLL PLLdq dq g,dq dq g,dq

s m s c
PLLg,dq dq g,dq
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H u  

       

    

u H u i H u i

m H u m



 (3.34) 

 

where Δθ is the frequency domain representation of Δθ(t) and 
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H

H H

 (3.35) 

 

with PPIH  denoting the transfer function of the PI controller in PLL and 

1d 1q g1d g1q g1d g1q,  ,  ,  ,  ,  U U I I M M  denoting the steady state values of the corresponding 

voltage, current and modulation signals. Then performing small-signal analysis to the 

GSC power-stage circuit and converter control yields 

 

 

s s s
RLdq g,dq g,dq d d dcdc0 g1

c ref c c c
gig,dq g,dq g,dq g,dq dqgd
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i h

 (3.36) 
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where Udc0 denotes the steady state value of the DC voltage, mg1 denotes [Mg1d Mg1q]T, 

dH  denotes the digital control delay for 1.5 times of sampling periods as described by 

 

d s1/ (1 1.5 )H T s   (3.37) 

 

and 

 

gig g b 1 g

RL gi
gi1 g g g b

1 g udc
udcgd

1 g

/ 0
    ( )      

/ 0
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0 0

R sL L H
s

L R sL H

L H

L

    
       

   
       

Z H

K h

 
 




 (3.38) 

 
with Hgi denoting the transfer function of GSC current PI controller, Hudc denoting the 

transfer function of GSC DC voltage PI controller and b  is the base angular frequency for 

the per unit system. Jointly solving the equations in (3.34) and (3.36) yields 

 
s s

gscg,dq dq 2 1 dcu    i Y u a  (3.39) 

 

where the detailed expression of Ygsc and a2×1 are 
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Y Z H K
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a Z H K H h m

 (3.40) 

 

where 2E  denotes the second-order identity matrix. Assuming an ideal lossless model for 

the converter, the time domain per unit representation of the power balance between the 

AC input and DC output of the GSC can be written as 

 

 *

g,dq g,dqgdc dc( ) ( ) ( ) Re ( ) ( )p t i t u t i t u t   (3.41) 

 

where 

* s s
g,dq gd gq( ) ( ) j ( )i t i t i t       s s

g,dq gd gq( ) ( ) j ( )u t u t u t   (3.42) 
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Substituting 
s

dg,dq g,dq Hu m  (3.43) 

 

into the frequency domain representation of (3.41), performing small signal analysis to and 

rewriting the resulted equation can give 

 

 s sT T
dgdc g,dq g,dqg1 g1i H    m i i m  (3.44) 

 

where T
g1i  denotes [Ig1d Ig1q]. Furtherly substituting the modulating signals in (3.34) and 

(3.36) as well as the AC current signal in (3.39) into (3.44) yields 

 
s

gdcgdc 1 2 dq dci Y u    b u  (3.45) 

 

where the detailed expressions of b1×2 and Ygdc are 

 

   

  

m i uT T T
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b m i H K Y i H H K H H

i H h m i H K a

 

(3.46

) 

 

Finally, the equations in (3.39) and (3.45) can represent the admittance model of the GSC 

branch. 

 

 

 

3.3.2  RSC and DFIG machine modelling 

 

Figure 3.12 shows the induction machine model in the system dq frame, in which all the 

rotor side quantities are reflected to the stator side and the variables 

s s r rs
( ), ( ),  ( ),  ( ),  ( )u t i t t u t i t  and 

r
( )t  denote the space vectors composed of d- and q-

axis components, e.g. 

 

s sd sq( ) ( ) j ( )i t i t i t  . (3.47) 

 

Note, that the stator voltage s ( )u t  is also the WT terminal voltage ( )u t . 
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Figure 3.12 The induction machine model under synchronous frame [30] 

 

According to the relationships between the rotor and stator voltages and the rotor and 

stator currents as illustrated in Figure 3.12, the d- and q-component flux and voltage 

equations of the induction machine can be formulated as 

 

Voltage equations 
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 (3.48) 

 

Flux equations 
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 (3.49) 

 

where r  denotes the rotor speed. Performing Laplace transformation and small-signal 

analysis to (3.48) and (3.49), and then jointly solving them lead to 
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where 

 

s ls mL L L            r lr mL L L          slip 1 r     (3.51) 

 

with slip  denoting the slip speed. 

 

In comparison with the Park’s transformation of GSC control, the angle needed for the 
Park transformation in RSC control involves not only θPLL(t), but also the angle of the 

rotor speed θr(t). Therefore, the Park’s transformation in RSC control can be decomposed 
into 
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T

T T  
(3.52) 

 

where θr1(t) denotes the steady state rotor speed angle, Δθr(t) is equal to θr(t) - θr1(t), T(θ1(t)-

θr1(t)) denotes the Park’s transformation from three-phase signal to the system dq frame 

and TΔθr(t) denotes the transformation from the system dq frame to the controller dq frame. 

Since the frequency domain representation of Δθ(t) as denoted by Δθ is already obtained in 

(3.34), only the frequency domain representation of Δθr(t), as denoted by Δθr, is needed to 

get the frequency domain representation of TΔθr(t), as denoted by TΔθr. For the induction 

machine of the wind turbine, the time domain motion, electromagnetic torque and stator 

voltage equations can be written as 
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 (3.53) 

 

where Tm (t) and Te (t) represent the mechanical and electromagnetic torques and J is the 

turbine moment of inertia [30]. Performing small-signal analysis to the equations in (3.53) 

and jointly solving them in frequency domain yield 
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1 s 1 s

           
J J
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(3.54) 
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where wrH  and wrH  are the transfer functions from rdi  to r  and r . Furtherly 

performing small-signal analysis to the dq-frame rotations involved in the RSC control as 

represented by 

 
c s

rr,dq r,dqi T i           
s 1 c

rr r


m T m  (3.55) 

 

yields 
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where 
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with r1d r1q r1d r1q,  ,  ,  I I M M  denoting the steady state values of the corresponding current 

and modulation signals. For the RSC control, the small-signal representation can be written 

as 

 

s s
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 (3.58) 

 

where mr1 denotes [Mr1d  Mr1q]T and 
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with ri wr var,   and H H H  denoting the transfer functions of RSC current PI controller, rotor 

speed PI controller and reactive power PI controller respectively, and   denoting the 

magnetic flux leakage coefficient of the induction machine as formulated in 

 

 2
m s r1 L L L   . (3.60) 

 

Jointly solving the equations in (3.50), (3.56) and (3.58) yields 
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where the detailed expressions of A  and B  are 
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(3.62) 

 

For the power balance between the AC input and DC output of the RSC, the frequency 

domain small-signal representation can be written as 

 

 s sT T
drdc r,dq r,dqr1 r1i H    m i i m  (3.63) 

 

where T
r1i  denotes [Ir1d  Ir1q]. Jointly solving (3.56)-(3.63) yields 

 
s

rdcrdc 1 2 s,dq dci Y u    d u  (3.64) 

 

where the detailed expressions of 1 2d  and rdcY  are 
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(3.65

) 

 

Finally, the equations in (3.61) and (3.64) can represent the admittance model of the RSC 

and the induction machine branch. 

 

 

 

3.3.3  Derivation of WT Sequence Impedances 

 

For the convenience of model validation and grid-level resonance analysis using the 

symmetric componets, the developed dq admittance model as given in (3.29) is furtherly 

transformed to sequence impedances in this section. After adding small-signal 

perturbations to the fundamendal frequency component 1  in grid voltage uabc(t), the 

phase-a voltage can be written as 

 

     a 1 1 p p up n n un( ) cos cos cosu t U t U t U t          (3.66) 

 

where p  denotes the positive sequence component of a perturbation and n  denotes the 

coupled frequency component of p  and satisfies 

 

1 p p 1

n

p 1 p 1

2 , 2

2 , 2

   


   

    
. (3.67) 

 

Note, that p  and n  would be symmetrical about 1  and have the same phase sequence 

if allowing n  to be a negative value. However, n  is treated as a positive value here, 

thus to satisfy the mathematical equivalency, the phase sequence of n  is changed to 

negative sequence when p  is larger than 12 .  
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After substituting the trigonometric functions in (3.66) with complex exponential 

functions, the frequency domain representation of the phase-a voltage can be written as 
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 (3.68) 

where 
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and others follow the same notation. Then performing Park’s transformation to (3.68), 

the voltage components in system dq frame can be written as 
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Combining (3.68) and (3.70), the relationship between the dq components and sequence 

components can be solved as 
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(3.71) 

 

where the transformation matrix ZT  also applies to other voltage and current signals.  

 

Replacing s  with dqj  in the WT admittance equation in (3.28) gives 
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(3.72) 

 

where Zwt,dq(s) denotes the dq-frame impedance of the WT. 
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Then substituting the voltages and currents in (3.72) with the corresponding sequence 

components as obtained according to (3.71) yields 
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where 
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denotes the modified sequence impedances as defined in [28]. By shifting the frequency 

of 1  for the voltage, current and impedance terms in (3.73), i.e. substituting s with 

1js    for the positive sequence and its coupling terms, and substituting s with 1js    

for the negative sequence and its coupling terms, the real sequence impedance wt,pn ( )sZ  

can be derived, which satisfies 
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(3.75) 

 

where the off-diagonal elements of Zwt,pn(s) are not equal to zero and they are induced by 

the asymmetrical PLL control and the asymmetrical outer loop PI control of WT 

converters. The sequence impedance coupling in (3.75) reflects the relationship between 

the voltage and current of different frequencies. To be specific, when there is a positive-

sequence current / voltage perturbation with the frequency p  larger than 12 , a negative 

sequence voltage / current response n  will be induced, but when p  is smaller than 12

, the coupled frequency component n  has the same phase sequence as p . 
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3.3.4  Simulation validation 

 
The analytically derived models are validated through simulations using the detailed wind 

turbine model in Simulink. Involved parameters of the DFIG system can be found in the 

Apendix D. 

 

Current injections are implemented in simulations to measure the WT impedance 

responses. For each positive sequence perturbation p , there is another perturbation n  

which satisfies (3.67) and has a phase sequence dependent on the relationship between 

p  and 12 , as described in section 3.3.3. These two perturbations will be injected into 

the simulated WT in two separate simulations, from which two set of frequency 

components can be extracted from the current and voltage signals, they are 

p1 n1p1 n1,  ,  ,  U I U I  and p2 n2p2 n2,  ,  ,  U I U I . 

 

Since the two injections are linearly independent, the following equation can be obtained 

to find the sequence impedances [28], [74]: 

 

pp pn p1 p2 p1 p2

np nn n1 n2 n1 n2

Z Z U UI I

Z Z U UI I

    
    

    
 (3.76) 

 

where the impedances ppZ , pnZ , npZ  and nnZ  have the following interpretations: (a) 

ppZ measures the positive sequence voltage response at p  induced by the positive 

sequence current perturbation at p ; (b) pnZ measures the positive sequence voltage 

response at p  induced by the negative (if p  is greater than 12 ) or positive (if p  is 

less than 12 ) sequence current perturbation at n ; (c) npZ measures the negative (if p  

is greater than 12 ) or positive (if p  is less than 12 ) sequence voltage response at n  

induced by the positive sequence current perturbation at p ; (d) nnZ measures the voltage 

response at n  induced by the current perturbation at n . 

 

Performing the simulations point by point as stated above for the considered frequency 

range, the wide-band impedance responses of the simulated WT can be obtained. Figure 

3.13 shows the comparison of the analytical model with the simulation impedance 

responses of the studied DFIG-based WT, solid lines represent the analytical model and 
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circles represent the simulation results, as observed, both magnitude and angle of the 

analytical impedances are in good agreement with the simulation results. 

 

 
Figure 3.13 Analytical model and simulation impedance responses of the DFIG-based WT. 

 

 

 

3.4 HVDC Converter 

 

This section presents the impedance modelling of two-level VSC based HVDC 

transmission system. The harmonic linearization approach in [75] is adopted in the 

derivation of converter output impedance for certain operating points. Although there are 

several types of HVDC converters such as two-level VSC, three-level VSC and modular 

multilevel converter (MMC), the method for deriving the two-level VSC impedance can 

also be applied to the three-level VSC and MMC if making some simplifications, and 

their impedance responses are usually similar as they can be configured with the same or 

similar converter level control. The main difference of their impedance responses lies on 

the dynamics of the circulating current control and modular level control that are only 

applied in MMC, and the affected frequencies are typically not above 100 Hz [19], [76]. 

More details on the impedance modelling and the impedance characteristics of three-level 

VSC or MMC can be found in [76]-[78].  
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3.4.1  Impedance Modelling 

 

In the HVDC grid integration of OWF, the HVDC transmission system is typically 

comprised of a wind farm side VSC converter (WFVSC) station, a grid side VSC 

converter (GSVSC) station and the HVDC link. When GSVSC is connected to a strong 

onshore grid, a constant DC voltage can be maintained on the HVDC link through the 

control of GSVSC, and it is reasonable to treat the DC side circuits, GSVSC as well as 

the connected onshore grid as an ideal DC voltage source. On this assumption, the 

impedance modelling of the HVDC system looking from OWF into WFVSC can be 

simplified to the impedance modelling of the WFVSC from the AC side. 
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Figure 3.14 Circuit and Control diagram of wind farm side HVDC converter 

 

Figure 3.14 shows the electrical circuit and control of the WFVSC. cR  and cL  represents 

converter reactor. AC filters in shunt branch are a group of high-pass damped filters for 

compensating switching harmonics of the WFVSC. Next to PCC is a coupling 

transformer that is usually arranged with a winding connection of Wye grounded / Delta 

to block tripplen harmonics produced by the converter. The WFVSC is controlled as a 

slack bus to maintain a strong offshore network for wind power integration. The control 

system mainly comprises measurement and filtering blocks, coordinate transformation 

blocks, AC voltage regulators, and PWM block. Instead of implementing the widely 

adopted cascaded double-loop PI control, i.e. outer loop voltage control and inner loop 

current control, AC voltage is regulated by a single loop PI controller to achieve better 

dynamic performance [79], [80]. A fixed clock signal is used to generate the phase angle 
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needed for the coordinate transformations, thus regulating the frequency of the AC 

voltage. Under natural reference frame, the AC side circuit of the WFVSC can be 

represented by 

 

abc abc dc c abc c abc( ) ( ) ( ) ( ) ( )
d

t t u t R t L t
dt

  u m i i  (3.77) 

 

where abc ( )tm  denotes the three-phase modulating signal vector and abc ( )tu  and abc ( )ti  

denote the three-phase voltage and current vectors, e.g. abc ( )tu  represents 

 Ta b c( ) ( ) ( )u t u t u t . After replacing the three-phase signals with the dq-frame space 

vectors, the power stage equation of the converter in (3.77) can be rewritten as 

 

dq dq dq dq dqdc 1 c c c( ) ( ) ( ) j ( ) ( ) ( )
d

u t m t u t L i t R i t L i t
dt

     (3.78) 

 

where 

 

dq d q( ) ( ) j ( )u t u t u t     dq d q( ) ( ) j ( )i t i t i t     

dq d q( ) ( ) j ( )m t m t m t   
(3.79) 

 

and 1  denotes the fundamental frequency. Neglecting the DC side dynamic of the 

HVDC link and taking into account the digital control delay of the converter, the 

decomposed d- and q-component small-signal representation of (3.78) can be written as 

 

dqRLdq dq

d d dc c 1 c
d dc0

q q q1 c c c

( )s

u m iR sL L
H U

u m iL R sL

 

         
                

iZu m

 
(3.80) 

 

where dc0U  is the steady-state value of the converter DC voltage, and dH  denotes the 

converter control delay for 1.5 times of the sampling period, as formulated in (3.37). 

 

Since the system is coupled between the d- and q-axis under SRF, a feedforward 

compensation is introduced into the control loop for decoupling. According to the control 

block diagram in Figure 3.14, the dq-frame modulating signals can be described as 
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ref
uacdq dq dq dqd( ) ( ( )) j ( )m t H u u t K i t    (3.81) 

 

where 
ref

dqu  denotes the reference voltage space vector, uacH  representes the transfer 

function of converter AC voltage PI controller, and the decoupling parameter dK  is set 

to cL . The mathematical models of the converter as given by (3.78) and (3.81) can also 

be illustrated by the block diagram as shown in Figure 3.15. 
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Figure 3.15 Block diagram of the dq-frame model of the converter 

 

Performing small-signal analysis to (3.81) and rearranging it yields the frequency-domain 

representation 

 

uac dd

d d duac d

q qq uac d

00

00

m u iKH

u im KH

         
                   

H K

 
(3.82) 

 

Finally substituting (3.82) into (3.80) yields 

 

   
vsc,dq

1

d vac d RLdq dq2 dc0 dc0 dd

( )s

H U H U
    

Z

u E H K Z i  
(3.83) 

 

where E2 is a seconde-order identity matrix, vsc,dq ( )sZ  represents the dq-frame 

impdedance of the HVDC converter and can be expressed in the following form 

 

dd dq

vsc,dq
qd qq

( ) ( )
( )

( ) ( )

Z s Z s
s

Z s Z s

 
  
 

Z . (3.84) 
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For the convenience of model validation and grid-level resonance analysis using phase or 

sequence-component signals, the developed dq-domain impedance matrix is furtherly 

transformed into sequence impedances. Performing both linearization transformation 

using ZT  and frequency shifting as described in section 3.3.3 can give 

 

dd dq1 11
vsc,pn Z Z

qd qq1 1

( j ) ( j )
( )

( j ) ( j )

Z s Z s
s

Z s Z s

   
    

Z T T
 
 

 (3.85) 

 

where ZT  is a constant-value matrix, as given in (3.71). Since the d-axis and q-axis 

controls are fully symmetrical in the adopted single-loop PI control structure, vsc,pnZ is 

frequency decoupled [28], which means, when injecting a positive-sequence voltage 

perturbation pU with frequency p , only a positive-sequence current response with the 

same frequency will be induced. 

 

If the dq controls are asymmetrical, e.g. setting different PI parameters for d- and q-axis 

controllers or adopting different d- and q-axis control structure, the resulting vsc,pnZ  will 

be frequency coupled, i.e. when injecting a positive-sequence voltage perturbation pU  

with the frequency p , not only a positive-sequence current response pI  of the same 

frequency will be induced, but also a coupled frequency component nI  with a frequency 

satisfying (3.67) and the phase sequence as described in Section 3.3.3 will be induced. 

 

 

3.4.2  Simulation Validation 

 

The analytically derived models are validated through simulations in 

MATLAB / Simulink. Involved parameters of the HVDC system are given in Appendix 

D. To measure the converter impedance responses, the current injection approach as 

discussed in [28], [74] is applied in simulations. For each positive sequence perturbation 

p , there is another perturbation n  which satisfies (3.67) and its phase sequence is 

dependent on the relationship between p  and 12 , as described in section 3.3.3. These 

two perturbations are injected into the simulated HVDC converter in two separate 

simulations, from which two set of frequency components can be extracted from the 

current and voltage signals, they are p1 n1p1 n1,  ,  ,  U I U I  and p2 n2p2 n2,  ,  ,  U I U I . Since 
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the two injections are linearly independent, the sequence impedances of the HVDC 

converter can be solved as in (3.76). 

 

Figure 3.16 shows the impedance responses of the simulated HVDC converter, solid lines 

represent analytical models and circles show numerical simulation results. It can be 

observed, both magnitude and phase of the analytical impedances are in good agreement 

with the simulation results in Simulink. In this case, pnZ  and npZ  are equal to zero for 

the whole investigated frequency range, which indicates that there is no frequency 

coupling effect. 

 

 
Figure 3.16 Analytical model and simulation impedance responses of the HVDC converter. 

 

To see the frequency coupling effect, the d- and q-axis AC voltage regulators can be 

configurated with different parameters, here setting the matrix uac ( )sH  in (3.82) and 

(3.83) as 

uac

0.3 60 / 0
( )

0 0.001 5 /

s
s

s

 
   

H  (3.86) 

 

As well, the decoupling term in (3.82) is set as 
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d
dd
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0 0

K 
  
 

K . (3.87) 
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Figure 3.17 Modified WFVSC controller for showing frequency coupling effect 

 

  
Figure 3.18 Impedance responses of the HVDC converter by asymmetrical control. 
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Then the revised controller of the HVDC converter can be illustrated by Figure 3.17. 

After updating the changes to both the analytical impedance model in (3.83) and the 

simulation models in Simulink, the frequency coupling effect can be observed both in 

theoretical analysis and in simulation results, as shown in Figure 3.18. 

  



4 Modelling of Wind Farm Collector System 56 
 

 

4 Modelling of Wind Farm Collector System 
 

In OWFs, WTs are typically collected through medium-voltage (MV) AC grids. Several 

typical configurations of WT collector systems are string topology, star topology and 

circular topology [81]-[83]. In this chapter, the commonly used string topology is taken 

as example to show the aggregated modelling of WT collector systems. Present practices 

in the aggregated modelling of wind farm MV collector system [31] [32] will be presented 

and their suitability for wideband resonance analysis will be analyzed through comparing 

with the detailed analytical model that is derived on the basis of the basic circuit theory. 

The results of this chapter were published in advance in [35].  

 

Illustration of the aggregated single-machine model for wind farm collector system is 

given in Figure 4.1. Figure 4.2 shows the typical configuration of an OWF with radially 

distributed MV collector systems. Each MV main bus connects M arrays of WTs, and in 

the m array, mN WTs are collected through mN  sections of collecting cables. 
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Figure 4.1 Aggregated single-machine model of MV collector system 
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Figure 4.2 Typical radially distributed OWF configuration 
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Specifically in the test grid, each MV collector system is set to have 40 WTs, which are 

distributed in 6 wind arrays. The cable settings of the MV collector system are shown in 

Figure 4.3, in which the parameters of the cables are estimated from ABB user’s guide 

for submarine systems [84], as presented in Table 4.1. 
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Figure 4.3 Cable settings of each medium-voltage collector system 

 

Table 4.1 Parameters of collector cables 

Cable Type Cross section Length Electrical Parameters 

1 150 mm2 1 km 0.16 /km,  0.41 mH/km,  0.21 μF/kmR L C     
2 240 mm2 1 km 0.098 /km,  0.38 mH/km,  0.24 μF/kmR L C     
3 500 mm2 1 km 0.05 /km,  0.34 mH/km,  0.32 μF/kmR L C     

 

 

 

4.1  Power loss based aggregation model 

 

Assuming each WT injects the same amount of current WTI , the total current contributed 

from the radial m can be written as 

 

, WT
1

,  1,2, , ,  1,2, ,
mN

m m n m

n

I I N I m M n N


     (4.1) 

 

where the subscripts m, n represent the nth WT in array m and ,m nI  denotes the injected 

current of the corresponding WT. For each cable section, the nominal Pi model with 

lumped parameters is adopted. If defining the equivalent series impedance of all the cable 

sections in the array m as Zm, the power loss in the array m can be formulated as 

 
2

2 ,
,

1

mN
m n

m m m n

n m

I
I Z n Z

N

 
  

 
  (4.2) 

where 
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jm,n m,n m,nZ R L    (4.3) 

 

denotes the series impedance of the cable section which connects the nth and the (n + 1)th 

WTs in the array m with m,nR  and m,nL  denoting the resistance and inductance of the 

corresponding cable section. Combining (4.1) and (4.2), 
mZ  is solved as 

 

2
,2

1

1 mN

m m n

nm

Z n Z
N 

   (4.4) 

 

Combining the current and power loss expressions as given in (4.5), (4.6), the equivalent 

series impedance mvcZ  for all the cable sections of a MV collector system can be deduced 

as in (4.7). The lumped resistance mvR  and inductance mvL  parameters could be furtherly 

solved from (4.8). 

 

mv WT
1 1

,  1,2, ,
M M

m m

m m

I I N I m M
 

     (4.5) 

2 2
mv mvc

1

M

m m

m

I Z I Z


  (4.6) 

2

2 2 2
mvc mv

1 1 1

M M M

m m mm m

m m m

Z I Z I N Z N
  

    
 

    (4.7) 

mvc 1 mvc 1 mvc( ) jZ R L    (4.8) 

 

For the aggregation of the shunt admittance of the distributed cables, the capacitances of 

all the cable sections can be simply added together. So the accumulated capacitance mvC

and the resulted shunt admittance mvY  of a MV collector system can be represented by 

 

mvc ,
1 1

M N

m n

m n

C C
 

  (4.9) 

mvc mvcjY C  (4.10) 

 

As for the aggregation of WTs, all the WTs of a MV collector system can be assumed in 

direct parallel connection due to negligible series impedances of the collecting cables 

compared to WT impedances. Furtherly assuming all the WTs are under the same 



4 Modelling of Wind Farm Collector System 59 
 

 

operating point, the equivalent impedance of the WTs taking into account the terminal 

filters and step-up transformers can be formulated as 

 

 1 1
wt,agg wt F T2 2 wt( 1/ ) /Z Z N

   Z Z E E  (4.11) 

 

where E2 represents the second-order identity matrix, Zwt is the abbreviation for Zwt,pn, ZF 

represents the impedance of WT terminal filter,  ZT represents the impedance of WT step-

up transformer and Nwt denotes the total number of WTs. 

 

Finally, the output impedance of the aggregated MV collector system as illustrated in 

Figure 4.1 can be derived as 

 

   111 1
mv wt,agg mvc mvc mvc2 2 2( 0.5 ) 0.5Y Z Y

    Z Z E E E  (4.12) 

 

 

4.2  Voltage drop based aggregation model 

 

Considering the same MV collector system as presented in Figure 4.2, the voltage drop 

of the mth wind array can be represented by 

 

, , ,
1 1

m mN N

m
m m m n m n m n

n n m

I
I Z nI Z n Z

N 

    (4.13) 

 

where Zm denotes the equivalent impedance of that array. According to the current 

relationship as given in (4.13), Zm can be solved as 

 

,
1

1 mN

m m n

nm

Z nZ
N 

   (4.14) 

 

Furtherly according to the parallel circuit theory, the equivalent series impedance of all 

the cables of a MV collector system can be represented by 

 

mvc

1

1
1M

m
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Z

Z





 
(4.15) 
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For the aggregation of the shunt admittance of the distributed cables, the equations in 

(4.9) and (4.10) still apply. The equivalent impedance of all the WTs can be derived as in 

(4.11) and the equivalent output impedance of the MV collector system can be deduced 

as in (4.12). 

 

 

4.3  Detailed Model and Comparative Accuracy Analysis 

 

Figure 4.4 shows the equivalent circuit of the mth wind array of a MV collector system. 

Neglecting the voltage differences among WT terminals, all WTs can be modelled with 

the same output impedance, thus the output admittance of the wind array can be derived 

as in (4.16). The output impedance of the wind array Zm,str as well as the output impedance 

of the complete MV collector system Zmv can be derived as in (4.17) and (4.18) 

respectively. 
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Figure 4.4 Equivalent circuit of the mth wind array 
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The detailed model derived in (4.16)-(4.18) is then used to check the accuracies of the 

aggregated single-machine models. The frequency scanning of the aggregated models and 

the detailed impedance model is shown in Figure 4.5. For the detailed impedance model, 
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an extra scenario without considering cable capacitances is shown for comparison. For 

space reason, only the positive sequence impedance Zpp and the coupling term Zpn of the 

impedance matrix mvZ  in (4.18) are presented. Same observations can be seen for the 

other impedance terms. For this specific MV collector system, neglecting the cable 

capacitances introduces large error at the frequencies starting from 200 Hz, while the 

power loss and voltage drop based aggregation models show acceptable accuracy at the 

frequencies between 5 Hz and 3 kHz. 

 

 
Figure 4.5 Comparison of different impedance models for the tested MV collector system 

 

 

4.4 Simulation Validation 

 

To furtherly show the suitability of the above analytically derived aggregation models for 

wide-band resonance analysis, simulations for checking whether the aggregated single-

machine model can properly represent the impedance responses of the detailed MV 

collector system are conducted. To measure the impedance responses of the simulated 
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MV collector system, the series voltage injection approach as discussed in [28] is applied 

in simulations. In each simulation, the measured object is connected to an infinite bus. 

 

To handle the enormous computation burden of tens of DFIG-based WTs in 

MATLAB/Simulink, the model validation of the aggregated MV collector system is 

divided into two steps. In the first step simulations, the impedance reponses of an 8-WT 

array and a 4-WT array are measured respectively, in which each WT is represented by 

the detailed DFIG model and each cable subsection is represented by the distributed 

parameters cable model from Simulink library. In the second step simulations, the 

impedance reponses of the MV collector system with each wind array represented by a 

single-machine model are measured. Figure 15 shows the good match of the analytical 

models with the simulation results. 

 

 
Figure 4.6 Stepwise simulation validation of the tested MV collector system. 
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5 Resonance Analysis 
 

This chapter adopts the RMA and Bode plot methods to characterize the resonances in a 

DFIG-based OWF with HVDC connection. Sideband resonances of both the fundamental 

frequencey and the PWM switching frequency are analyzed. Moreover, the sources of the 

main resonance modes in the test system are evaluated through bus participation factor 

analysis. Partial results of this chapter were published in advance in [10], [35]. 

 

Figure 5.1 gives the single-line diagram of the investigated OWF integration system, 

which attempts to simulate a German Northsea application: the 400 MW Bard OWF and 

BorWin1 HVDC Transmission. The left side MV collector systems comprise 12 arrays 

of WTs. The total number of WTs is 80. In the middle, there are two wind farm platforms 

that step up grid voltage from 33 kV (MV) to 155 kV (HV). The collected wind power at 

each OWF platform is then fed into the right-side HVDC converter through a short length 

of 155 kV AC submarine cables. This offshore system is considered to be isolated from 

the main onshore grid by assuming a constant DC voltage in the HVDC link. 
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Figure 5.1 Diagram of the investigated OWF integration system 

 

Aggregated modelling of wind farm collector systems are adopted to reduce system 

complexity. Based on the aggregation, a 2-machine 8-bus grid model is obtained, as 

shown in Figure 5.2. For the HVDC transmission system, the high-voltage DC cables, 

grid side VSC converter (GSVSC) as well as the main onshore grid are not shown since 

they have negligible influence on the dynamic of the investigated offshore grid when a 

constant DC voltage is ensured in the HVDC link. In the wind farm side VSC converter 
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(WFVSC) station, the installed high-pass damped filters are used for mitigating switching 

harmonics. Detailed paramters of the grid model are available in Appendix D. 
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Figure 5.2 Aggregated 8-bus representation of the investigated HVDC connected OWF. 

 

 

5.1 Frequency-Coupled Resonance Analysis 

 

In section 3.3, it has been shown that the DFIG-based WT has the frequency-coupling 

feature. In order to evaluate the impact of frequency-coupling on the risk of resonances, 

this sections adopts the impedance-based method to evaluate the resonance stability of 

the OWF-HVDC system at their PCC point, which requires to derive the output 

impedances of the OWF and the HVDC grid connection, e.g. their sequence impedances 

WF,pnZ  and G,pnZ , as illustrated in Figure 5.2. Note, that the PWM switching and 

sampling process as an extra source of frequency-coupling is not included in the derived 

impedance models, it will be analyzed in a separate section. 

 

Grid component models and aggregated models of WT collecting systems as derived in 

Chapters 3 and 4 are directly applied in this chapter’s resonance analysis. All cables are 

represented with nominal Pi models regarding their length up to a few km. Transformer 

capacitance effect is neglected by setting all capacitance parameters to zero. 

 

Taking into account the AC filters and the coupling transformer of the WFVSC, the 

positive- and negative-sequence impedances of the HVDC grid connection can be derived 

as 

 

G,p vsc,p filters ctr

G,n vsc,n filters ctr

( ) 1/ (1/ ( ) 1/ ( )) ( )

( ) 1/ (1/ ( ) 1/ ( )) ( )

Z s Z s Z s Z s

Z s Z s Z s Z s

  

  
 (5.1) 
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where filters ( )Z s  denotes the overall impedance of the 27th and 54th high-pass damped 

filters, vsc,p ( )Z s  and vsc,n ( )Z s  denote the positive- and negative sequence impedances of 

the VSC converter, and ctr ( )Z s  denotes the short circuit impedance of the coupling 

transformer. Since there is no frequency-coupling, i.e. sequence impedance coupling, in 

the HVDC grid connection, its sequence impedance matrix G,pnZ  can be written as 

 

G,p

G,pn
G,n

0

0

Z

Z

 
  
 

Z  (5.2) 

 

Assuming the two HV branches of the OWF are identical, the equivalent output 

impedance of the OWF looking from PCC can be formulated as 
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with TZ  denoting the short circuit impedance of the 33 / 155 kV wind farm transformer, 

hvcZ   and hvcY  denoting the series impedance and shunt admittance of the 155 kV cables. 

The nonzero off-diagonal elements of the sequence impedance matrix WF,pn ( )sZ  as 

defined in 

 

WF,pp WF,pn

WF,pn
WF,np WF,nn

( ) ( )
( )

( ) ( )

Z s Z s
s

Z s Z s

 
  
 

Z  (5.5) 

 

make the DFIG-based OWF with HVDC grid connection a MIMO system. The root 

causes of the coupling between the positive and negative sequence impedances of the 

OWF are the PLL and asymmetrical d- and q-axis control structures in the DFIG energy 

conversion systems. For the better understanding of the impedance coupling in (5.5), the 

sequence equivalents of the investigated MIMO system in case of a shunt current 

perturbation are presented in Figure 5.3 (a). Given a positive sequence current 

perturbation pI  at the frequency p , the system will have both the positive sequence 
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responses  WF,p G,pPCC,p ,  ,  U I I  at the same frequency and the negative sequence responses 

WF,nPCC,n ,  U I  at the frequency p 12  . Note that for p  smaller than 12 , the negative 

sequence responses at the frequency p 12   actually correspond to the positive 

sequence responses * *
WF,nPCC,n ,   U I  at the frequency 1 p2  , where the superscript * 

denotes the conjugation operation. If neglecting the frequency coupling, the independent 

sequence subsystems can be obtained, as illustrated by Figure 5.15 (b).  
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Figure 5.3 Sequence equivalents of the HVDC-connected OWF. 

 

In terms of the positive sequence current perturbation Ip, the sequence equivalents of the 

HVDC-connected OWF as given in Figure 5.3 (a) can be formulated as 
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 (5.6) 

 

Jointly solving the equations in (5.6) yields the equivalent SISO sequence impedances of 

the wind farm, as given in 
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where WF,p ( )Z s  denotes the equivalent SISO positive sequence impedance, 

WF,n 1( j2 )Z s    denotes the equivalent SISO negative sequence impedance with the 

frequency shifting of 12 , and the last terms in the equations of WF,p ( )Z s  and 

WF,n 1( j2 )Z s    interpret the frequency couplings. These frequency couplings are not 

only determined by the off-diagonal elements of the wind farm impedance WF,pn ( )sZ , but 

also determined by the diagonal elements of WF,pn ( )sZ  as well as the grid impedances 

G,p ( )Z s   and G,n ( )Z s , thus they are actually related to all the grid components of the 

system. The strength of the frequency couplings can be evaluated by the proximity of the 

real sequence impedances to the equivalent SISO sequence impedances, i.e. the proximity 

of WF,pp ( )Z s  to WF,p ( )Z s  and the proximity of WF,nn ( )Z s  to WF,n ( )Z s . 

 

For the identification of the resonances in the frequency-coupled MIMO system, the PCC 

nodal impedances of the equivalent SISO sequence systems as formulated in (5.8) will be 

used. In comparison to using the loop gain or the impedance ratio of the OWF and HVDC 

connection for stability analysis, the PCC nodal impedances can intuitively show the 

natural features of resonances, i.e. frequency and damping. From the frequency scanning 

of PCC,p ( )Z s  and PCC,n ( )Z s , the resonances of the system can be found by the peaks of the 

magnitude versus frequency plots, and the damping of the resonances can be determined 

by the angle variations around the resonance frequencies in the angle versus frequency 

plots. If the phase variation around a resonance frequency is greater than 180o, i.e. a 

resonance with negative damping, the resonance is unstable [10]. Otherwise, the 

resonance may amplify the harmonic distortion at the resonance frequency and the 

amplification degree is proportional to the impedance magnitude. 

 

WF,p G,p WF,n G,n
PCC,p PCC,n

WF,p G,p WF,n G,n

( ) ( ) ( ) ( )
( )       ( )

( ) ( ) ( ) ( )

Z s Z s Z s Z s
Z s Z s

Z s Z s Z s Z s
 

 
 (5.8) 

 

Since the frequency-coupling in DFIG-based OWF is introduced by the asymmetrical 

PLL and power loop control, it mainly has influence on the low-frequency impedance 

responses, typically for frequencies no larger than 100 Hz [23], [25]. Here the 

proportional coefficient Krp of the RSC current controller ri ( )H s , which is sensitive to 

the low-frequency impedance responses of DFIG-based WT [15], is chosen for evaluating 

the frequency-coupling effect. 
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Figure 5.4 Impact of Krp on the output impedances of the simulated DFIG-based WT. 

 

Figure 5.4 shows the impedance responses of the simulated DFIG system under different 

Krp. It is observed, as Krp increases, the angles of the positive sequence impedance Zpp and 

the coupling impedances Zpn and Znp will increase to be above 90º or decrease to be below 

-90º in the subsynchronous frequency area, which indicates negative resistances at the 

corresponding frequencies. For the scenarios setting Krp  to 0.15 and 0.45, the impact of 

Krp on the frequency coupling of the investigated DFIG-based OWF is shown in Figure 

5.5. To reflect the resonance points of the studied MIMO system, the positive sequence 

impedance of the connected HVDC system, ZG,p, is also shown in Figure 5.5. Through 

comparing ZWF,p with ZWF,pp, it can be observed the frequency coupling mainly exists in 

the frequency range less than 100 Hz, and the strength or the degree of the frequency 

coupling in the scenario setting Krp to 0.45 is greater than that in the scenario setting 



5 Resonance Analysis 69 
 

 

Krp to 0.15. At the frequencies above 100 Hz, the frequency coupling is not observable, 

thus can be neglected. Since the impact of the frequency coupling on the negative 

sequence impedance of the investigated OWF is negligible, it is not shown here. 

 

 
           (a) Krp = 0.15           (b) Krp = 0.45 

Figure 5.5 Positive sequence impedances of the OWF and HVDC grid connection. 

 

In Figure 5.5, it can also be observed, that there are several resonance points determined 

by the cross-points of the magnitudes of ZWF,p / ZWF,pp and ZG,p and the variation of Krp 

mainly influences the SSR resonance mode. To better show the impact of the frequency 

coupling on the SSR, the PCC nodal impedances of the equivalent SISO positive 

sequence system as well as the corresponding impedances neglecting the frequency 

coupling are shown in Figure 5.6. 

 

In Figure 5.6 (a), the frequency coupling is included. For the scenarios setting Krp to 0.45 

and 0.5, the resonance peaks at the frequencies around 10 Hz and 90 Hz in the magnitude 

plots indicate strong frequency coupling and the negative real part values of the PCC 

nodal impedances at the SSR frequencies indicate SSR instability [10]. As for the PCC 

nodal impedances neglecting the frequency coupling (by making ZWF,p equal to ZWF,pp), 

the SSR mode is stable when setting Krp to 0.45, which is indicated by the positive real 

part value of the impedance at the SSR frequency, as shown in Figure 5.6 (b). Thus, for 

the scenario setting Krp to 0.45, neglecting the frequency coupling leads to a wrong 

stability assessment result. 
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(a) including frequency coupling 

 
(b) neglecting frequency coupling 

Figure 5.6 Impact of Krp on the PCC nodal impedances for the SSR mode. 

 

Figure 5.7 shows the simulation results in case of control parameter variation, when Krp 

is varied from 0.15 to 0.45 at 10 s, the system becomes unstable due to the formation of 

the strong PCC current oscillation, which verifies the theoretical analysis on the SSR 

stability assessment. The frequency and damping of the SSR actually vary continuously 

with the growth of the resonance due to the strong nonlinearities in the converter control 

induced by the large current oscillation [11], [85]. 
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In practical operating conditions, the HVDC connected DFIG-based OWF may also have 

such SSR instability risks when wind speed is quite low or the OWF receives a lowering 

power generation command from its superior level control center [10], [11]. Therefore, 

including frequency-coupling in the assessment of resonance stability plays an important 

role for critical stable operating conditions and can help system operators to take proper 

preventive corrections.  

 

 

 

Figure 5.7 PCC current waveform and FFT analysis under variation of Krp. 

 

 

5.2 Sideband Resonances of Switching Frequencies 

 

The PWM switching and sampling process of voltage-source converters (VSCs) is 

actually a modulation process that adds images, which can be explained as the sideband 

harmonics of the modulated frequency [57]. For the present sampling and PWM 

switching techniques, the sampling angular frequency s  is either equal to the switching 

angular frequency sw  (single update) or 2 times of sw  (double update). For the latter 

one, both the switching process and the sampling process produce their own sideband 

harmonics, thus multiple sideband harmonics will be introduced in converter output 

signals. However, since the harmonic components beyond the switching frequency sw  

are typically well attenuated by converter terminal filters and control signal filters, no 
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matter the digital control system is sampled and updated once or twice for each switching 

cycle, the harmonic spectrum of the converter output signal will be nearly the same. 

 

In this work, the type of double update in each switching cycle is adopted, i.e. converters 

are configured with s  equal to sw2 . Assuming the PWM reference contains only the 

fundamental component 1 , the harmonic spectrum of the converter ouput voltage can 

be illustrated by Figure 5.8 (a). The frequencies of the switching harmonics can be 

described by (5.9) [86]. After adding a small-signal perturbation in the PWM reference, 

which can either be a positive sequence perturbation with the frequency p  or a negative 

sequence perturbation with the frequency n , the harmonic spectrum of the converter 

ouput voltage can be illustrated by Figure 5.8 (b), (c) , as discussed in [56]. 
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Figure 5.8 Schematic diagram of the harmonic spectrum of converter ouput voltage. 
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 (5.9) 

 

Taking into account the attenuation of the frequency components beyond the switching 

frequency or the so-called Nyquist frequency, the main sideband component of the 

positive sequence perturbation p  is sw p 1    , which is in the negative sequence, 

while the main sideband component of the negative sequence perturbation n  is 

sw n 1    , which is in the positive sequence. In the further discussions, only the main 

sideband components sw p 1     for p  and sw n 1     for n  will be considered. 

 

Then simulations using the detailed model of the HVDC converter as shown in Figure 

5.2 are conducted to verify the above theoretical analysis. The DC side of the converter 

is connected to an DC voltage source and the AC side of the converter is connected to a 

three-phase resistive load, as shown in Figure 5.9. 

 
300 kV

Phase reactor

Load

400 MW

Voltage 

perturbation

dcu
abciabcu

sw 1350 Hzf 

h,abcu

 
Figure 5.9 A simple test grid for checking the sideband harmonics of VSC converters 

 

Under the condition of no voltage perturbation, a positive- or a negative-sequence voltage 

perturbation h,abcu , the harmonic spectrums of the voltage abcu  are shown in Figure 5.10, 

respectively. The observed sideband harmonics validate the theoretical analysis as 

illustrated in Figure 5.8. Note that the imposed voltage perturbations are set to be 

sufficient large to observe the sideband harmonic phenomena. Even though the sideband 

harmonics of the imposed voltage perturbations are very small, the resulting sideband 

resonances can have great impact on system stablity, as reported in [56], [57]. 

 

In [56], [57], the frequency-coupling induced by PWM switching and sampling process 

is incorporated in the impedance modelling of VSC converters, which helps correctly 

evaluating system stability taking into account the sideband resonances of switching 

frequency. However, the derived converter impedance model is quite complicated, 

particularly for a system comprising multiple converters with different switching 
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frequencies, for instance, a HVDC connected OWF. Therefore, this work tries to analyse 

the sideband resonances of switching frequencies using the relevant simple impedance 

models as presented in chapters 3 and 4. The high risk resonance conditions can be 

identified by simplying checking if there are two or more resonances matching the 

frequencies of the sideband harmonics of each switching frequency as illustrated in Figure 

5.8 (b), (c). 

 

 
(a) imposing no perturbation 

 
(b) with a positive sequence voltage perturbation 

 
(c) with a negative sequence voltage perturbation 

Figure 5.10 Harmonic spectrums of the voltage signal abcu  from simulations 

 

When neglecting the sideband harmonics beyond switching frequency, the rules for 

identifying risky resonances can be formulated as in Table 5.1, in which   denotes the 

threshold of the angular frequency differences, e.g. it can be set to 10.1 .  

 

To validate the risk criterions as listed in Table 5.1, the test grid in Figure 5.2 is modified 

by replacing the HVDC converter with an AC grid, and both the short circuit ratio (SCR) 

and the X/R of the AC grid are set to 10, as illustrated in Figure 5.11. In order to better 
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observe the switching harmonics, WT terminal filters are switched off. Frequency 

scanning of the PCC nodal impedances, i.e. positive sequence impedance ZPCC,p and 

negative sequence impedance ZPCC,n, under different SCR are shown in Figure 5.12. In 

the case of setting SCR to 20, the 973 Hz resonance mode satisfies the risk criterion 1 in 

Table 5.1, and its simulation validation is shown in Figure 5.13. 

 

Table 5.1 Identification of the risky sideband resonances of each switching frequency 

Resonance modes Risk criterion Risk criterion 1 Risk criterion 2 

p1 p2 pk,  ,  ...     

in positive sequence 
system 

pi pj 1 sw

,  1,2,  ... , i j k

       


 pi 1 sw2

1,2,  ... , i k

     


 

pi pj 1 sw

,  1,2,  ... ,  and i j k i j

   

 

    
 

n1 n2 nm,  ,  ...     
in negative sequence 
system 

ni nj 1 sw

,  1,2,  ... , i j k

       


 ni 1 sw2

1,2,  ... , i k

     


 ni nj 1 sw

,  1,2,  ... ,  and i j k i j
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Figure 5.11 Test grid for the validation of sideband resonances 

 

 

  

       (a) SCR=10   (b) SCR=20 

Figure 5.12 PCC nodal impedances under variation of grid SCR. 
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 (a) 

(b) (c) 

Figure 5.13 PCC waveforms and FFT analysis under the variation of grid SCR 

 

Keeping the SCR of the test grid as 10 but changing the switching frequencies of WTs 

from 2 to 2.4 kHz for both the GSCs and RSCs, then the two resonance modes of 779 Hz 

and 1563 Hz in Figure 5.12 (a) satisfy the risk criterion 2 in Table 5.1. The simulation 

validation of these sideband resonances is shown in Figure 5.14. 

 

From the above two examplary case studies, it can be concluded, that the sideband 

resonances of PWM switching frequency plays an important role in the assessment of 

system stability and neglecting them may lead to optimistic risk assessment for 

resonances. 
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 (a) 

  
(b) (c) 

Figure 5.14 PCC voltage and FFT analysis as the PWM switching frequency varies 

 

 

 

5.3 Resonance Mode Analysis Neglecting Frequency-Coupling 

 

Neglecting the coupling between positive and negative sequence impedances may not be 

effective for quantitative stability analysis, but it is useful for identifying the resonance 

points of a system and analyzing their risk qualitatively [34]. Generally, as long as the 

resonances do not make the system enter into critical stable states, the frequency coupling 

effect can be neglected for the simplicity of resonance analysis [35]. 

 

Without losing generality, this section focuses on the resonances in positive-sequence 

component system. According to the grid component connections as illustrated in Figure 

5.2, an 8-by-8 nodal admittance matrix that relates the voltages and currents of the buses 

from B1 to B8 can be built, as represented in (5.10). As known, a square matrix has an 

inverse if and only if its determinant is non zero. Here each diagonal term of NNY  includes 

the admittances of at least one shunt component and most of the off-diagonal terms of 

NNY  are zero as each of the buses is only connected to 3 other buses at most, which tends 
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to make the matrix a non-singular matrix. On this basis, inversing the nodal admittance 

matrix NNY  gives the nodal impedance matrix NNZ  as in (5.11). 

 

 NN

B1 11 12 18 B1

B2 21 22 28 B2

B8 81 82 88 B8

s

UI Y Y Y

UI Y Y Y
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(5.10) 
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Due to the physical connections of system buses, the parallel connected electrical circuits 

represented by the driving point impedances from 11Z  to 88Z  are coupled with each 

other, thus two or more driving point impedances will contain similar information of one 

resonance mode, which is not favor of the identificaiton of resonance frequency and 

harmonic amplificaiton effect [12]. To handle this problem, the nodal impedance matrix 

NNZ  is transformed into a diagonal impedance matrix MZ  through the following matrix 

manipulation 

 

   

m1

1 m2
M N NN N

m8

0 0

0 0

0 0

Z

Z
s s

Z



 
 
  
 
 
 

Z T Z T  (5.12) 

 

where NT  is the right eigenvector matrix of NNZ . Through the transformation from 

NNZ  to MZ , the physically coupled electrical circuits under nodal coordinate system are 

transformed to independent electrical circuits under modal coordinate system. Then 

performing frequency scanning to the frequency-dependent modal impedances will give 

the resonance information of the system. This is the basis idea of the resonance mode 

analysis (RMA) [38].  

 

Figure 5.15 shows the frequency scanning of the modal impedances from m1Z  to m8Z . 

Curve peaks in the magnitude plot indicate resonances. Harmonic amplification level is 
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indicated by the magnitude of the curve peak, and the frequency where the curve peak 

appears is resonance frequency. Note that the occurrence of negative damping for a 

resonance mode can not be identified using the conventional RMA by only analyzing the 

magnitudes of modal impedances, instead it can be identified by a larger than 180o angle 

variation around the resonance frequency in the phase plot [10]. For the resonance modes 

with positive damping, a larger peak value in the magnitude plot means greater harmonic 

amplification effect for the resonance frequency. 

 

 

Figure 5.15 Frequency scanning of the modal impedances in the positive sequence subsystem 

 

Figure 5.16 shows the results of FFT analysis to the PCC current and voltage waveforms 

in simulations, the dominated harmonics are the typical low-order odd harmonics, the 

switching sideband harmonics of WT and HVDC converters, as well as the harmonic 

components at or around resonance frequencies (see Figure 5.15). A subsynchronous 

frequency component within 50 Hz and its mirrored frequency component between 50 Hz 

and 100 Hz exist due to the interactions of the OWF and the HVDC at the resonance 

frequency of 10.5 Hz. Most other harmonic currents are far smaller than 0.2% of the 

fundamental value. Distortions of individual harmonic orders and total harmonic 

distortions (THD) of PCC current and voltage satisfy the harmonic distortion 

requirements as stipulated in [5]. 

 

Using the RMA method, not only dominating resonances could be obtained, but also the 

most influential buses (resonance sources) could be identified, which are given by the 

participation factors (PF) obtained through eigenvalue decomposition [38], as shown in 

Table 5.2. For the 10.5 Hz resonance mode, the buses B1, B2, B3 and B4 in 155 kV high-
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voltage side contributes mostly to the formed LC resonance circuit, but as the source of 

negative damping at SSR frequencies [11], the buses B7 and B8 where DFIG-based WTs 

are located have larger impact on the risk of this SSR mode. For the 301 Hz, 413 Hz, 

2120 Hz and the 2179 Hz resonance modes, the buses B5, B6, B7 and B8 in two MV 

collector systems have the largest PFs, thus are the main resonance sources. For the 530 

Hz and 1026 Hz resonance modes, the buses B2, B3 and B4 where 155 kV AC cables are 

located play an important role, besides, the switching harmonic filters of HVDC converter 

at bus B1 also participate the 530 Hz resonance. 

 

          
     (a) Current frequency spectrum                          (b) Voltage frequency spectrum 

Figure 5.16 FFT analysis to the current and voltage of the 155 kV PCC bus 

           
 

Table 5.2 Bus participation factor analysis 

Modal Resonances 
fres in Hz 10.5 301 413 530 1026 2120 2179 

|Zm| in pu 5.7 31 7.8 12.8 59 45 49 

Participation 

Factor (PF) 

in % 

HV buses 

B1 25 3 5 14 0 0 0 
B2 15 10 9 16 31 0 0 
B3 15 11 9 15 31 0 1 
B4 15 11 9 15 31 0 1 

MV buses 

B5 8 16 17 9 3 27 26 
B6 8 16 17 9 3 27 26 
B7 7 17 18 11 2 23 23 

B8 7 17 18 11 2 23 23 

 

Note that the PFs in Table 5.2 are only valid for the operating condition that all WTs are 

in-service and generate full power. For other grid configurations or wind farm operating 

conditions, the dominating resonance modes and their bus PFs should be recalculated.  
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6 Damping Strategies 
 

For hamonic filtering and resonance damping, there are a variety of choices. They are 

passive filter [87], [88], active power filter (APF) [89], [90], active damper [91]-[46], and 

active damping in converter-interfaced component [94]-[98]. 

 

Passive filter has gained its popularity by the simple structure and easy implementation. 

It can be designed for filtering harmonics of a certain frequency or a frequency band, e.g. 

single-tuned passive filter, low- or high-pass filter, and C-type filter. Moreover, passive 

filter may more or less influence the dynamics of a system at fundamental frequency, and 

cause extra power loss, thus get limited applications, so does passive damper. 

 

As converter-interfaced components can be flexibly controlled, some active damping 

functionalities have been introduced into wind generation units and they are typically 

realized by adding an extra control loop or adding a filter in existing control loops [94]-

[98]. If defining low frequency (LF) range as below 100 Hz, middle frequency (MF) range 

as between 100 Hz and 1000 Hz, and (HF) range as above 1000 Hz, then for large-scale 

DFIG generation unit, the relatively low switching frequencies of its GSC and RSC 

constrain their damping application in LF and MF bands. Similar to WT converters, active 

damping can be provided by HVDC converter through adding an extra control loop or 

adding a filter in existing control loops [18], [80]. Note that HVDC converter usually has 

a switching frequency down to 1 kHz, its damping application is also constrained to LF 

and MF ranges.  

  

To cover the resonance damping in HF range, adding an extra converter-interfaced 

component with higher switching frequency, e.g. 5 kHz, can be an effective option. In 

[89], Resistive-Active Power Filter (R-APF) is proposed for harmonic termination of a 

6.6 kV radial power distribution line, in which a series transformer is used for stepping 

dow grid voltage. This design is afterwards revised by replacing the transformer with a 

capacitor, which largely reduces the overall size and production cost [90]. However, these 

R-APF filters are only designed for attenuating LF and MF harmonics of certain harmonic 

orders. In [91]-[93], L-filtered and LC-filtered active dampers are proposed for adaptively 

damping HF resonances, but they are designed for LV applications. 

 

In the following sections, several damping possibilities suited for the application of 

HVDC connected DFIG-OWF will be presented, and a coordinated damping strategy 

covering the frequencies from several Hz to a few kHz will be proposed. Partial results 

of this chapter were published in advance in [10], [46]. 
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6.1 Damping Control in DFIG-based WT 

 

Resonances can be damped by reshaping converter output impedance in a passive or 

active way. For DFIG-based WT, passive damping is typically realized by adding a series 

or parallel resistor in the GSC or RSC AC side circuit. Considering the high power loss 

and low flexibility, the passive damping methods are deemed as impractical in field 

applications. In contrast, active damping can be achieved through the control of GSC or 

RSC in different forms, which convert the power of unexpected frequency into 

fundamental power instead of consuming it. For example, changing the bandwidth of 

converter current control loop or PLL has been proved effective in mitigating resonances 

[94]. However, such method will influence the overall performance of WT. Using active 

control to emulate a resistance is more effective in resonance damping, thus in this 

section, it is presented as a representative active damping method. 

 

Since the damping control through RSC is usually more effective than through GSC [15], 

the converter control to emulate a series resistor in RSC ac side circuit will be elaborated 

here. Figure 6.1 shows the location of the emulated resistance and the implemented active 

control. The additional control paths denoted as rdZ  are added to both the d- and q-axis 

of RSC current control loop. Expression of the series virtual impedance rdZ  is 

 

f

c2
rd

c1 c2

( )

( )

H s

s
Z s R

s s


 


 
 

(6.1) 

 

where R is the desired damping, f ( )H s represents the series connection of a high-pass 

filter and a low-pass filter, which together function as a band-pass filter. Considering the 

Park transformation from the dq-frame to the three-phase signal, c1  denotes the cutoff 

frequency around fundamental frequency, and c2  denotes the cutoff frequency for 

switching noise rejection. 

 

The desired virtual resistance in (6.1) has RSC terminal current as input and RSC voltage 

response as output. According to the frequency shifting of inverse Park transformation 

(see Table 6.1), for the positive-sequence signals under stationary reference frame, the 

added paths mainly emulate a resistance R for the frequencies between c1 1   and 
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c2 1   and for the frequencies below 1 c1  , with 1  denoting the nominal angular 

frequency of the system. 
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Figure 6.1 Damping control implemented in the RSC of DFIG-based WT 

 

Table 6.1 Frequency shifting in the inverse Park transformation neglecting PLL dynamics  

d q( ),  ( )U U   1( )
T  a b c( ),  ( ),  ( )U U U    Phase Sequence 

dc 
1  1  Positive 

p 1( )    1  p  Positive 

1  p 1( 2 )    Negative 

 n 1    1  n  Negative 

1   n 12    Positive 

 

Figure 6.2 shows the frequency scanning of the emulated impedance rd 1( j )Z s    in the 

positive-sequence system, in which R denotes the emulated resistance, c1f  and c2f  

correspond to the angular frequencies c1  and c2  as given in (6.1). Three sets of  c1,  R f  

and c2f  parameters are adopted for comparison. For the parameter setting of R  equal to 

0.06 pu, c1f  equal to 10 Hz and c2f  equal to 300 Hz, the voltage response to the current 

input is greatly attenuated at fundamental frequency, thus the added path will not 

influence the fundamental power flow of the system. At SSR frequencies, the virtual 
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impedance nearly maintains the gain of R and shows strong resistive feature as its phase 

angle tends to be zero degree. At supersynchronous frequencies up to the cutoff frequency 

c2f  or c2 , the gain of the virtual impedance that is mainly determined by R does not 

change much and the phase angle varies from 50  and 50 , which shows certain level 

of resistive feature. Increasing R from 0.06 to 0.1 clearly enlarges the gain but has no 

influence on the phase angle, while increasing c2f  from 300 Hz to 800 Hz clearly 

strengthens the damping capability for the frequencies above 50 Hz (more resistive) but 

weakens the SSR damping capability (less resistive) as well as the switching noise 

rejection capability (larger gain for the frequencies from around 200 Hz to a few kHz). 

 

 
Figure 6.2 Frequency scanning of the emulated impedance in the positive-sequence system.  

 

According to the above analysis, the virtual impedance with the parameter setting R  

equal to 0.06 pu, c1f  equal to 10 Hz and c2f  equal to 300 Hz is selected and implemented 

in the simulated DFIG-based WT as described in Section 3.3 (see Appendix D for WT 

parameters). Figure 6.3 shows the frequency scanning of the analytical impedances of the 

DFIG-based WT with active damping (red line) and without active damping (blue line) 

as well as the impedance responses from simulations in Simulink (circles). The nominal 

operating point is assumed for the WT. It can be oberserved that including the active 

damping effectively reshapes WT output impedance. The most influencing impact is 

moving the impedance phase angle down by some degrees at SSR frequencies, e.g. from 

90  or above to be less than 90 , which means the addition of some positive resistances 

to the negative or low resistive WT at SSR frequencies. Simulation results validate the 

control effect of the virtual impedance in reshaping the WT output impedance. 
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Figure 6.3 Impact of the damping control on the positive sequence impedance of the WT 

 

As demonstrated in [10], the induction generator effect (IGE) of a DFIG-based WT tends 

to induce SSR issue as WT is switched from supersynchronous operation mode (with 

rotor speed r  greater than nominal angular speed 1 ) to subsynchronous operation 

mode (with r  smaller than 1 ). As shown in Figure 6.4, the phase angle of WT’s output 
impedance in the positive sequence system is greatly changed by the variation of rotor 

speed at SSR frequencies, and when r  is equal to 0.8 pu (red dashed line), the phase 

angle is larger than 90  for a wide range of the SSR frequencies, which indicates negative 

resistance or damping for corresponding frequencies in WT’s output impedance.  

 

 

Figure 6.4 Impact of rotor speed and active damping on the output impedance of WT 

 



6 Damping Strategies 86 
 

 

Also, it can be observed from Figure 6.4, after adding the active damping, the phase angle 

of the WT output impedance in the scenario that r  is equal to 0.8 pu is almost changed 

to be the same as the phase angle in the scenario that r  is equal to 1.2 pu for the sub-

synchronous frequency range, which tends to increase the stability of the system. 

 

 

6.2 Damping Control in HVDC Converter 

 

As introduced in [94], varying the bandwidth of the inner or outer control loops or PLL 

of a converter-interfaced component can change its output impedance response, thus 

providing some damping capability for a certain frequency range. However, the control-

loop bandwidth is limited by the switching frequency of the converter, and in case it is 

required to decrease control bandwidth for reshaping converter output impedance, system 

performance will also be decreased. Alternatively, the active damping through adding an 

extended control path is preferred. In the literature, a variety of damping schemes has 

been proposed, either implemented in dq frame or directly in the stationary reference 

frame [18], [36]. In this work, the damping scheme from [18] is adopted, as shown in 

Figure 6.5. 

 

The AC voltage regulated by the HVDC converter is connected to the extended control 

path as shown in Figure 6.5 (b), which is equivalent to a high-pass filter as represented 

by 

ad ad

ad

( )
s

H s K
s




 (6.2) 

 

where adK  and ad  are the gain and the cutoff frequency of the high-pass filter, 

respectively. The output of the extented control path is subtracted from the reference 

voltage obtained from PI controller of the AC voltage for modulation, so that all 

frequency components between 1 ad   and 1 ad   are filtered out by the added active 

damping. Through setting the cutoff frequency ad  of the equivalent high-pass filter, it 

can be assured that fundamental power flow will not be influenced. The gain adK  can be 

tuned according to the available capacity of the HVDC converter. 

 

After adding the active damping, the small-signal modulation ratio and the terminal 

current-voltage relationship of the simulated HVDC converter as given in (3.82) and 

(3.83) are changed to 
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Figure 6.5 Diagram of an active damping scheme implemented in HVDC converter 

 

Then applying the transformation from dq-frame to symmetrical components as described 

in section 3.3.3, the sequence impedance vscad,pnZ  of the simulated HVDC converter 

taking into account the damping control can be obtained. The effectiveness of the 

damping strategy will be validated both theoretically and through simulations in the case 

studies in Section 7.4 . 
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6.3 LC-filtered MV-level Active Damper 

 

The active damping of HF resonances requires a converter with sufficient switching 

frequency. This is the biggest obstacle for DFIG-based WT or HVDC converter to 

provide the service of HF resonance damping. Thus, the idea of placing one or several 

extra active dampers in the MV collecting cable system will be explored. The design of 

such an active damper will be briefly elaborated. 

 

In comparison to traditional R-APF [89], the required active damper in the HVDC-

connected OWF is not intended to damp SSR or low-order harmonic resonances that can 

be mitigated by WT or HVDC converter, but to detect and damp HF resonances. 

Therefore, the active damper should have a high switching frequency, e.g. 5 kHz, and its 

power capacity should be kept low to reduce switching loss and asset investment. Based 

on these needs, an LC-filtered MV-level active damper is proposed here. Figure 6.6 shows 

the single-line diagram of the proposed active damper. Main parameters of the active 

damper are listed in Table 6.2. 
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Figure 6.6 Control bock diagram of the active damper 

 
Table 6.2 Main parameters of the proposed active damper 

PCC voltage 33 kV 

LC filter fdL =2.7 mL, fdC = 10 F  

DC side capacitor 
dcC =4700 F , dcU = 10 kV 

Switching frequency 10 kHz 

DC voltage PI controller 
pvK =10, ivK =0.01 

PR controller 
pcK =5, rcK =1 

Emulated resistance vd 0.1 R    
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PCC voltage 33 kV 

LC filter fdL =2.7 mL, fdC = 10 F  

DC side capacitor 
dcC =4700 F , dcU = 10 kV 

Reference distortion level ref
pcc,hU =1% 

 

The active damper consists of an LC filter, a VSC converter and a DC side capacitor. The 

capacitor fdC  of the LC filter undertakes a large part of the PCC voltage pcc,abcu , so less 

voltage is imposed on the converter. DC voltage regulation of the active damper involves 

an outer loop PI controller and an inner loop PR controller. Their purpose is to keep a 

constant DC-link voltage dcU  across the DC side capacitor dcC . Note that PCC voltage 

is aligned with the d-axis through Park transformation. Since pcc,abcu  mainly drops on filter 

capacitor fdC , and the capacitor’s voltage is approximately in phase with the PCC voltage, 

the current flowing through LC filter is approximately orthogonal to the PCC voltage and 

the active current command is aligned along the orthogonal q-axis. That is the reason why 

the output of the DC voltage PI controller is set as the active current command ref
dc,qi  along 

the q-axis to follow. Furtherly, the reactive current command ref
dc,di  of the converter is 

along the d-axis and is set to zero. Note that it does not follow the convention, that active 

current reference is in d-axis and reactive current reference is in q-axis. For more details 

on the control structure, refer to [93]. 

 

The PLL & Resonance Detection block in Figure 6.6 is realized by cascading multiple 

Pre-filtered Adaptive Notch Filter (P-ANF) based Frequency-Locked Loops (FLL), as 

shown in Figure 6.7. The first P-ANF-based FLL is used to extract the fundamental 

frequency component from the PCC voltage, and the followings are used to extract 

resonance components, i.e. the dominated harmonic components of the PCC voltage 

signal. The realization of each P-ANF-based FLL is given in Figure 6.8.  
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Figure 6.7 Cascaded structure with multiple P-ANF-based FLLs 

 

To make the active damper emulate the effect of a resistor at the detected resonance 

frequency, the harmonic component of the PCC voltage for resonance frequency is firstly 
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subtracted from the specified reference distortion level ref
pcc,hU , then is divided by a chosen 

virtual resistance vdR , and afterwards fed to the quasi Proportional Resonant (PR) 

controller as a reference current command for tracking. The reference voltage distortion 

level ref
pcc,hU  at the detected resonance frequency can be configured regarding the 

requirements on allowed harmonic distortion limits that is recommented in relevant 

standards [5], [6]. The virtual resistance vdR  should be tuned according to the available 

power rating of the active damper. 
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Figure 6.8 Block diagram of the P-ANF-based FLL 

 

The effectiveness of the MV active damper described here will be validated through the 

case studies in Section 7.4 . 

 

 

6.4 A Coordinated Resonance Damping Strategy 

 

According to the resonance analysis presented in Chapter 6, resonances in DFIG-based 

OWF with HVDC connection can occur in any of the frequency bands as illustrated in 

Figure 6.9. This point will be furtherly validated by the case studies to be presented in 

Chapter 7. As a result, a wideband resonance damping strategy is needed considering the 

various operating conditions and grid topologies of the investigated system. 
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Figure 6.9 Definition of the frequency bands over a wide frequency range 

 

LF and MF resonances could be damped by the active controls of WT or HVDC 

converters [14], [23]. Since the switching frequencies of high power rating WT and 

HVDC converters are usually not greater than 2 kHz, their capability of controlling HF 

resonances are limited, so extra active damper with higher switching frequency could be 

used to address the HF resonance issue [24]. The resonance detection capability of the 

active damper in [24] makes it suitable for handling the enormous variation of resonance 

frequency resulted from the change of operating condition or grid topology. 

 

Considering that active control in DFIG converters for damping LF and MF resonances 

may involves the configuration of dozens of WTs, it is less attractive than the active 

control in HVDC converter. Therefore, the active damping from HVDC converter in 

coordination with active damper can be a feasible solution for mitigating the resonances 

ranging from several Hz to a few kHz. Figure 6.10 shows the diagram of the coordinated 

damping strategy that can be applied in HVDC connected DFIG-based OWF. The 

damping control from HVDC converter is in charge of the LF and MF resonance 

damping. The LC-filtered active dampers located in MV main buses adaptively damp the 

detected HF resonances to get the acceptable voltage distortions at PCC. The 

effectiveness of this coordinated damping scheme will be validated through the case 

studies in Section 7.4. 
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Figure 6.10 Schematic diagram of the coordinated damping strategy 
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Note that the damping control from a converter-interfaced grid component is always 

restricted to its available power capacity. Under some critical resonance conditions, the 

damping capability of a grid component can be used up, thus requires the complementary 

damping control from other converter-interfaced grid components. As for the active 

damping of LF and MF resonances, DFIG-based WTs can provide complementary 

damping control when HVDC converter control approaches saturation, which means 

WTs can be configured with damping control as backup damping solution. As for the 

damping of HF resonances, an alternative or a complementary solution would be 

installing extra passive dampers. 

 

To furtherly improve system stability and prevent extra asset investment and operating 

power loss, there is still the necessity of investigation on other damping solutions based 

on existing grid components. The selection of the damping strategies will depend on the 

overall evaluation of the performance and the cost.
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7 Case Studies 
 

In this chapter, the RMA method is adopted to analyze the impacts of modelling deepness, 

wind farm operating condition and switching states of grid components on the resonances 

of HVDC connected DFIG-based OWF as given in Figure 5.2. Moreover, the 

effectiveness of the proposed damping stratedy in attenuating the identified resonances is 

analyzed and validated through simulations in MATLAB/Simulink. Partial results of this 

chapter were published in advance in [10]. 

 

 

7.1 Impact of Modelling Deepness on Resonances 

 

About which modelling deepness is suited for power electronic-based grid components 

in grid integration studies, a lot of studies have been conducted [24], [28], [99], [100]. 

Several important influencing factors are the category of study (frequency stability, small-

signal stability, or transient stablity), the studied frequency range (LF, MF or HF), or the 

size of the studied system (microgrid, a relatively isolated local grid, or a bulk power 

system). For the wideband resonance analysis of the HVDC connected OWF, the 

analytical modelling of the converter-interfaced grid components as derived in Sections 

3.3 and 3.4 are suitable for identifying the potential resonances of the investigated system, 

thus the impact of their modelling deepness on resonance analysis will not be furtherly 

discussed in this work. 

 

On the contrary, studies on how the modelling deepness of power transformers influence 

resonance analysis have not been sufficiently reported up to date. For the resonance 

analysis in Chapter 5, all the parasitic capacitance parameters of the transformers are set 

to zero. Here the impact of the parasitic capacitances in transformers, particularly for 

those in the 155 kV HV grid levels, will be investigated. The MV and HV transformers 

T1, T2 and T3 in Figure 5.2 are modelled accounting for the winding capacitances 

M Wp Ws Ep Es,  ,  ,   and  C C C C C  as 0 nF, 1 nF and 10 nF respectively. For all the LV 

transformers, the capacitance parameters M Wp Ws Ep Es,  ,  ,   and  C C C C C  are still set to 

zero. After updating the transformer models, new modal impedances of the positive 

sequence system can be obtained and the frequency scanning of the updated modal 

impedances is shown in Figure 7.1. 
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Figure 7.1 Modal impedances under the variation of transformer winding capacitances 

 

It is observed that setting transformer winding capacitances in a continuously increased 

way, i.e. setting M Wp Ws Ep Es,  ,  ,  , C C C C C  to 0 nF, 1 nF and 10 nF for the transformers T1, 

T2 and T3 respectively, does not change the modal impdances of the system much. Slight 

influences are observed in the impedance curves for the frequency range of above 1 kHz. 

The zoom-in display of the most influenced 1024 Hz and 2137 Hz modal impedances are 

shown in Figure 7.2. As seen, the 10 nF capacitance parameter setting has certain impact 

on these resonance modes, however, such high capacitance value is actually much larger 

than the real-world capacitance of the transformers under normal operations [71]. Since 

the 1 nF scenario is more likely to exist in the HV windings of real-world transformers 

and the impact of the 1 nF setting is hard to observe for the frequencies up to 5 kHz, it is 

reasonable to neglect the transformer capacitance effect in this thesis. 

 

 
Figure 7.2 Zoomed-in display of Figure 7.1 for the frequency range between 800 and 2500 Hz 
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After neglecting the capcaticance effect of transformers, the necessity of modelling the 

excitation branch and the connection groups of primary and secondary windings will be 

furtherly investigated. As observed in Figure 7.3, modelling the transformers T1, T2 and 

T3 with their short-cirtuit impedances leads to the less damping of the resonance modes 

for 1024 Hz and 2137 Hz in comparison to the results using the extended T model as 

described in Section 3.2, which indicates that, including the excitation branch and 

winding connection group of a three-phase transformer in the impedance modelling has 

slight influence on its resistive characteristic, i.e. the damping capability, but there is no 

observable influence on the inductive characteristic as the resonance frequencies stay 

unchanged. 

 

 
Figure 7.3 Modal impedances regarding different transformer models 

 

To sum up, the modelling deepness of transformers has certain impact on the HF 

resonances of the investigated system. An extended transformer T model contributes to 

more accurate results of resonance analysis than directly using the short-circuit 

impedance model. Under nominal operating conditions, neglecting the capacitance effect 

can not only simplify analyses but also maintain sufficient accuracy. About the modelling 

deepness of other grid components and wind farm collector systems, there is always the 

contradiction between simplicity and accuracy, it is important to choose the right model 

for a specific study. 
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7.2 Impact of Generator Rotor Speed on Resonances 

 

Under noncritical wind conditions, WT usually works under the maximum power point 

tracking (MPPT) mode. The variation of wind speed to a lower value may cause WT 

output power decreases, and as follows, rotor speed will be regulated down from its 

nominal value (1.2 pu). This behavior is included in the detailed DFIG model by 

following 

 
2ref

r   0.67 1.42   0.51P P     (7.1) 

 

where ref
r  denotes the reference value for the rotor speed controller to track, P is the 

acitve power generated by the WT [29]. The speed reference ref
r  slowly tracks changes 

in power P with a time constant of approximately 5 seconds.  

 

In order to qualitatively evalutate the impact of rotor speed on the risk of resonances, it is 

reasonable to neglect the frequency-coupling effect of the OWF for simplification. Figure 

7.4 shows the impact of rotor speed on the positive-sequence modal impedances of the 

system given in Figure 5.2. Here only the frequency range of the SSR mode is displayed 

as the variation of rotor speed has no observable impact on other resonance modes. 

 

 
Figure 7.4 Impact of rotor speed r  on system modal impedances 
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Figure 7.5 Simulation outputs of one MV collector system following wind speed variation 

 

As observed from Figure 7.4, when the rotor speed continously decreases, the total 

resistance of the system changes from a positive value to a negative value for the SSR 

resonance mode. This is because of the extra negative resistance induced in the WTs, 

which endangers SSR stability. Specifically, the SSR instability occurs when the rotor 
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speed is regulated down to 0.8 pu or an even lower value. The phase variation larger than 

180º around the SSR frequency also indicates the negative damping of the SSR resonance 

mode. 

 

In order to validate this analytical result, simulation models are built up in 

MATLAB/Simulink, where the DFIG system is taken from the standard simulation model 

[29], only parameter changes and minor modification of the control structure are made. 

In time-domain simulation, wind speed is varied from 15 m/s to 5 m/s at t=6 s. The 

variation of wind speed, power output, rotor speed, voltage and current waveforms of a 

MV collector system are shown in Figure 7.5. Diverging power, voltage and current 

oscillations are observed when the rotor speed drops to be around 0.8 pu. 

 

Furtherly, FFT analysis is conducted to the PCC voltage of the OWF and HVDC system, 

i.e. the voltage of the 155 kV AC bus B2. Figure 7.6 shows the FFT analysis results. A 

large SSR frequency component is observed at the starting stage of the diverging 

oscillation. Besides, a mirror frequency component around 90 Hz that is induced by the 

frequency coupling about the fundament frequency can be clearly observed in the 

frequency spectrum. 

 

 

 
Figure 7.6 FFT analysis of the PCC voltage for the starting stage of the oscillation 

 

In real operating conditions of a wind farm, apart from the variation of wind speed, its 

output power could also be changed when the wind farm receives a lowering power 
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generation command from its superior level control center, then as a consequence, the 

rotor speeds of DFIG-based WTs might be regulated down and risk SSR stability. 

 

 

7.3 Impact of Grid Topology Change on Resonances 

 

In real life wind farms, grid topology can be greatly changed during the startup, shutdown 

and normal operation process. In this section, the change of the switching states of HV 

breaker, MV collector breaker as well as the WT breaker will be considered, as illustrated 

in Figure 7.7. Their impact on resonances will be addressed separately. 
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Figure 7.7 Different possibilities of grid topology change in OWF 

 

7.3.1  Switching State of HV breaker 

 

If a three-phase short-circuit fault occurs on one of the two HV feeders, the action of the 

protection device as well as the opening of the HV breaker will change the 8-bus system 

to a 5-bus system, as shown in Figure 7.8. 
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Figure 7.9 shows the resulting modal impedances of the system after the grid topology 

change. Solid lines represent the positive sequence impedances and dashed lines represent 

the negative sequence impedances. In compasion to the resonances before the grid 

topology change, as shown in Figure 5.15, the frequencies of the dominated resonance 

modes have been more or less shifted away, which ranges from a few Hertz to several 

hundred Hertz. The most influencing one is the change from 2137 Hz to 2756 Hz, which 

matches the 2750 Hz switching harmonic of the HVDC converter. 

 

 
Figure 7.9 Modal impedances of the system after one HV branch is disconnected from grid. 

 

The stimulation of this resonance frequency is verified by a time-domain simulation. As 

shown in Figure 7.10, after an HV feeder is disconnected at 8 s, large high-frequency 

ripples appear in the PCC voltage waveform, and the FFT analysis results as shown in 

Figure 7.11 confirm the high 2750 Hz harmonic distortion induced by the resonance.  

 

 
Figure 7.10 PCC voltage and current waveforms as one HV branch is disconnected from grid 
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Figure 7.11 FFT analysis to the waveform of PCC voltage 

 

According to the harmonic distortion limits as recommended in [5], the 2750 Hz harmonic 

distortion of the PCC voltage violates the 1.5% limit that is expressed in percentange of 

the fundamental component value, and the total harmonic distortion (THD) of the PCC 

voltage violates the 2.5% limit. 

 

 

7.3.2  Switching State of MV Collector Breaker 

 

The change of wind array switching state can happen when the OWF is started or stopped, 

or when a lower generation control order is received from its superior level control center. 

The impact on the resonances of the positive sequence system is shown in Figure 7.12. 

The following three scenarios regarding the switching states of wind array breakers in 

each MV collector system are considered: (1) all 6 wind arrays are connected to the grid; 

(2) 3 wind arrays are connected to the grid; (3) only 1 wind array is connected to the grid. 

 

 

(a) At SSR frequencies 
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(b) At frequencies above 200 Hz 

Figure 7.12 Modal impedances regarding the number of grid-connected wind arrays 

 

As shown in Figure 7.12 (a), for different scenarios, the angle variations around the SSR 

frequency are all far less than 180o, which means the SSR stability is not at risk. 

Moreover, for all scenarios, the amplitudes of the modal impedances in the SSR frequency 

range are relatively small, which means the harmonic amplification effect of the SSR 

mode is not much influenced by the number of grid-connected wind arrays. 

 

For the frequency range above 200 Hz, as negative damping has not been observed for 

the dominated resonance modes, only the amplitude plot of the modal impedances is 

shown in Figure 7.12 (b), which is sufficient for evaluating the harmonic amplification 

effects of the resonances. The arrows in Figure 7.12 (b) indicate the change of the 

resonances as less wind arrays are connected to the grid, as observed, the two resonance 

modes at above 2 kHz move from 2 kHz toward 3 kHz, the resonance mode at around 1 

kHz moves from 1100 Hz toward 900 Hz, and the resonance mode at around 300 Hz 

moves from 300 Hz toward 400 Hz. The most dangerous resonance in these scenarios is 

the one around 350 Hz, which occurs as the number of grid-connected wind arrays is 

reduced to one. 

 

Stimulation of the resonance at around 350 Hz is validated by time-domain simulation. 

The results are shown in Figure 7.13. As observed, after switching off 5 of the 6 wind 

arrays from each MV collector system at 4 s in the simulation, the waveform of the PCC 

voltage becomes slightly distorted, and the FFT analysis confirms the harmonic 

amplification effect of the around 350 Hz resonance mode. According to the harmonic 

distortion limits as recommended in [5], the 350 Hz harmonic component in the time 

window of 4.1 s and 4.2 s violates the 1.5% limit, and the THD of the PCC voltage in the 

same time window violates the 2.5% limit. 
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(a) 

  

(b) 

Figure 7.13 Simulation results regarding the variation of grid-connected wind arrays 

 

 

7.3.3  Switching State of Wind Turbine Breaker 

 

Wind turbines can be disconnected from grids due to maintenance, fault or wind 

curtailment reasons. By quite low or high wind speed conditions, all WTs can be cut off 

from grids. The disconnection of WT can be operated through opening the high or low 

voltage side breakers of their 950 V / 33 kV step-up transformers or the breakers in RSC 

and GSC branches, as illustrated in Figure 7.14. 
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Figure 7.14 Single line circuit of DFIG-based WT with breakers included 
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Opening the transformer low-voltage side breaker has almost the same effect as opening 

transformer high-voltage side breaker, as the transformer shunt impedance of the 

excitation branch is far bigger than its series impedances in the primary and secondary 

windings, and there is almost no current flowing into a transformer once one side is in 

open circuit condition. 

 

Note that the grid connection states of WTs do not change the grid connection states of 

collector cables. The impact of the number of grid-connected WTs on the dominating 

resonance modes of the positive sequece system is shown in Figure 7.15. Different 

scenarios regarding the switching states of transformer breakers or GSC and RSC branch 

breakers are presented in Figure 7.15 (a) and Figure 7.15 (b) separately. Since all the 

considered scenarios do not have much impact on the SSR resonance mode, this 

frequency range is not displayed. 

 

 
(a) opening transformer breaker 

 
(b) opening GSC and RSC branch breakers 

Figure 7.15 Modal impedances under the variation of in-service WTs.  

 

As observed in Figure 7.15 (a), when WTs are disconnected from the grid by opening one 

side of the transformer breakers, a poor-damped resonance at around 350 Hz as indicated 
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by the sharp curve peak is introduced by the critical condition that there is only 6 grid-

connected WTs. Moreover, as the number of grid-connected WTs decreases, two HF 

resonance modes move from above 2 kHz toward 1 kHz, and their resonance frequencies 

can match the switching sideband frequencies of WT converters or HVDC converter. In 

this specific case, when only 6 WTs are connected to the grid, a sharp resonance peak is 

observed between 1400 Hz and 1500 Hz, which matches the switching sideband 

frequency of the HVDC converter. 

 

For the case that WTs are disconnected from the grid by opening GSC and RSC branch 

breakers, as shown in Figure 7.15 (b), the reduction of grid-connected WTs has negative 

impact on all the MF and HF resonance modes regarding the harmonic amplification 

effect, as indicated by the peak values of the modal impedances. However, only the 

resonance modes around 300 Hz and 500 Hz can induce slightly increased harmonic 

distortions. Specifically, when there is only 20 grid-connected WTs in the sytem, the 

typical 5th and 11th harmonics can be slightly magnified. 

 

Stimulations of the 350 Hz and 1450 Hz resonances as identified in Figure 7.15 (a) are 

then validated through time-domain simulation. As shown in Figure 7.16, after 

disconnecting 74 of the 80 WTs from the grid through opening transformer high-voltage 

side breakers at 4 s, large harmonic distortions are observed in the PCC voltage 

waveform, and the FFT analysis for the time window between 4.05 s and 4.15 s shows, 

both the 350 Hz and 1450 Hz harmonic components of the PCC voltage violate the 1.5%  

distortion limit as recommended in [5]. 

 

 
(a) 
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(b) 

Figure 7.16 Simulation results regarding the variation of grid-connected WTs 

 

 

7.4 Damping Effectiveness 

 

To show the effectiveness of the active damping control implemented in DFIG-based WT 

(see Section 6.1), the SSR issue identified in Section 7.2 is chosen for the validation here. 

As observed in Figure 7.17, when the rotor speed of WT r  is switched from 1.2 pu to 

0.8 pu, the overall damping of the SSR mode in the system becomes negative, which can 

be indicated by the phase variation of 180  at the resonance peak in the amplitude plot. 

After adding the active damping control in WT, system stablity can be recovered again 

through the increased damping. 

 

 
Figure 7.17 Impact of rotor speed and active damping on the SSR resonance mode 

 

Furtherly, the above theoretical analysis is validated by simulations in Simulink, as shown 

in Figure 7.18. After varying the wind speed from 15 m/s to 5 m/s at 6 s, the rotor speed 
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of the aggregated WT continuously decreases, and a diverging current oscillation is 

observed when the rotor speed drops to be around 0.8 pu. Through activating the active 

damping at the instant of 20 s, the strong current oscillation has been attenuated in about 

several hundred milliseconds, which validates the functionality of the damping control of 

the DFIG-based WT. 

 

 

Figure 7.18 Simulation validation on the effectiveness of the active damping in WT 

 

 

Figure 7.19 Impact of the active damping in HVDC converter on modal impedances 
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About the effectiveness of the active damping in HVDC converter as described in Section 

6.2, the resonance case as given in Section 7.3.3 is selected for validation. After 

performing RMA analysis to the test system with and without HVDC damping control, 

the critical modal impedances influenced by the active damping are obtained, as shown 

in Figure 7.19, it is observed after tripping 74 out of 80 WTs from the test grid, a very 

sharp resonance peak is appearing at around 350 Hz, and the resonance peak is effectively 

attenuated due to the added active damping. Simulation results in Figure 7.20 validate the 

theoretical analysis in Figure 7.19. In Figure 7.20 (a), the tripping of WTs occurs at 4 s 

and the damping control in HVDC converter is activated at 4.2 s. Figure 7.20 (b) and (c) 

shows the FFT analysis to the waveform of the PCC voltage. 

 

 
(a) Waveforms of the PCC voltage and current 

  
(b) FFT for the time window of 4.1 - 4.2 s (c) FFT for the time window of 4.2 - 4.3 s 

Figure 7.20 Simulation results regarding the tripping of WTs and activation of damping contol. 
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From Figure 7.19, it can also be observed, that there is a HF resonance peak at around 

1450 Hz and the added damping control in HVDC converter has not clearly changed the 

impedance curve around that resonance mode, therefore, the added damping control in 

the HVDC converter has a negligible attenuation effect on the 1450 Hz resonance. This 

is also reflected in the simulation result in Figure 7.20, the larger than 1.5% voltage 

distortion at 1450 Hz still exists after the activation of the damping control in HVDC 

converter. The damping of such HF resonance will be discussed furtherly. 
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Figure 7.21 Placement of active dampers in the investigated grid 

 

 

 
(a) Waveform of the PCC voltage 

  
(b)  FFT for the time window of 4.5 - 4.6 s (c) FFT for the time window of 4.6 - 4.7 s 

Figure 7.22 Simulation results regarding the damping effect of active dampers 
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Placing extra active dampers in the investigated system as shown in Figure 7.21 and 

setting the threshold distortion for activating the active dampers to 1 % of the fundamental 

voltage, the remaining 1450 Hz harmonic component in Figure 7.20 (b) should be 

detected and trigger the operation of the active dampers. The effectiveness of the 

resonance damping is presented in Figure 7.22, as observed, the 1.7% level of 1450 Hz 

harmonic voltage in Figure 7.22 (b) is reduced to the level of 1 % in Figure 7.22 (c). 

Actually, in this case study, the damping effect of the active dampers has not been fully 

presented as the HF harmonic distortion to be mitigated is relatively small. Another case 

study on the damping effect of the LC-filtered MV-level active damper can be fournd in 

[46]. 

 

Note that the parallel operation of mulitiple LC-filtered MV active dampers can 

contribute to greater damping capability, and the harmonic sharing can be achieved 

through droop control [101]. The parallel operation of multiple MV active dampers can 

be adopted when larger damping capacity is required. Besides, replacing the two-level 

VSC converter with Modular Multiplelevel Converter (MMC) in the active damper can 

help reduce the required switching frequency, thus reduce switching power loss and 

increase its efficiency. Moreover, to accurately mitigate the harmonic distortions at 

resonance frequencies, the digital control delay introduced by sampling, control 

computation and PWM switching should also be carefully considered [102]. 

 

As a conclusion to the damping of wideband resonances, the coordination of the LC-

filtered active dampers, the HVDC active damping as well as the WT damping control 

can limit the harmonic distortions of a wind-integrated power system with HVDC grid 

connection to a certain level and improve system stability. 
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8 Conclusions and Future Work 
 

8.1 Conclusions 

 

As the penetration level of offshore wind power continuously increases and the VSC-

HVDC technology has been widely applied in offshore wind power integration, massive 

harmonics are injected into offshore grids and the control interactions among multiple 

converter-interfaced grid components bring wide-band resonance issues into grids. A 

critical one is the SSR instability that may occur in HVDC connected OWF employing 

DFIG-based WTs. To keep low harmonic distortion and stable operation of DFIG-based 

OWF with HVDC connection, a comprehensive resonance study on the clarification of 

their mechanisms, the assessment of their risks and the development of damping 

strategies has been conducted. 

 

The dissertation started with an overview of the real-world resonance incidents, which 

were categorized into 3 classes: (1) incidents in wind-integrated AC grid; (2) incidents in 

wind-integrated HVDC grid; (3) incidents in HVDC connected AC grid. Then the new 

features as well as the analysis methods of the resonances in converter-dominated power 

systems were presented. 

 

As follows, the analytical impedance modelling of power system components, including 

both passive grid components (cables and transformers) and converter-interfaced 

components (WT and HVDC converter), was conducted. Suitable sequence impedance 

models were built for the resonance analysis covering the frequency range from several 

Hz to a few kHz. Specifically, the frequency coupling effect corresponding to the 

fundamental frequency was included in the impedance modelling of DFIG-based WT, 

and the transformer capacitance effect was included in its impedance modelling.  

 

Following grid component modelling, the aggregated modelling of wind farm MV 

collector systems was investigated regarding the accuracies of different aggregating 

approaches. Through stepwise simulation verifications, the equivalent power loss based 

aggregation model of a large-scale DFIG-based OWF was validated to be feasible for 

wide frequency range of resonance analysis. 

 

The resonances in the DFIG-based OWF with HVDC connection were firstly investigated 

using the PCC nodal impedances of the equivalent SISO sequence systems. Including the 

frequency coupling of fundamental frequency in the resonance analysis was found crucial 

by the assessment of SSR stability when a SSR resonance mode is approaching critically-
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damped stable state. When a SSR resonance mode maintains sufficient damping 

regarding possible operating conditions and grid configurations, the frequency coupling 

effect can be neglected for simplicity. As for the frequency coupling corresponding to 

PWM switching frequency, the induced sideband resonances were proved to be crucial 

for the risk assessment of the resonances ranging from hundreds of Hz to Nyquist 

frequency. 

 

The nodal-admittace matrix based RMA approach was then adopted to address the 

resonance issues related to power quality (mainly refer to large harmonic distortions) and 

harmonic stability. The locations where resonances can be most easily excited were 

identified through bus participation factor analysis. The impact of modelling deepness, 

the variation of wind farm operating condition as well as the grid topology change on the 

resonance frequency, harmonic amplification level and the occurrence of negative 

damping were analyzed.  

 

Considering the identified wide frequency range of resonances, the following active 

damping methods have been studied: (1) active damping in DFIG-based WT and HVDC 

converter designed for the LF and MF resonance damping; (2) the LC-filtered MV-level 

active damper designed for HF resonance damping. The coordination of HVDC converter 

damping control and active damper with high-switching frequency was suggested to be 

used in mitigating the wide-band resonances. In case of insufficient damping capability, 

active damping from DFIG-WTs can also be considered as a backup damping option. 

 

All the theoretical analysis in this dissertation, including analytical impedance modelling, 

resonance analysis as well as the active damping strategies, are validated through 

simulations in MATLAB/Simulink. 

 

 

8.2 Future Work 

 

In this work, the analytical impedance models of converter-interfaced grid components 

are derived based on small-signal harmonic linearization, which will become invalid by 

the occurrence of large-signal perturbations. For example, by the growing of SSR, 

harmonic voltage distortion may reach up to tens of percentage of the fundamental 

component value, and the SSR frequency will undergo continuous variation, under this 

condition, the large-signal based impedance modelling and resonance analysis can 

capture the resonance frequency more accurately and quantatively determine harmonic 
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distortion level, which can be considered as a further research topic, especially for 

transient studies. 

 

Moreover, the interconnection of multiple OWFs and HVDC links in today’s offshore 
grids are making their control and operation more complicated, which in combination 

with the dynamics of onshore grids will introduce new power quality and stability issues, 

thus requires ongoing comprehensive resonance studies on today’s power eletronics 
based power systesms. Besides, more efforts on the small-signal and large-signal 

resonance analysis regarding grid-forming control are expected.  

 

About resonance damping, with the development of wide band-gap semiconductors, and 

the help of MMC structure, medium and high voltage active dampers will gain much 

attraction in the future. However, installing active dampers will result into extra asset 

investments and operating power losses, it is expected the damping of all wide-band 

resonances can be achieved through using existing converter-interfaced grid components. 

For example, implementing flexible modulating strategies in WT converters to let standby 

WTs work as active dampers that are configured with higher switching frequency than 

normal operation mode, the feasibility of which can be explored as a further research 

topic. 
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A Park Transformation: from three-phase (abc) signal to dq-frame 

 

In time domain, a three-phase voltage vector abc ( )tu  containing the fundamental 

frequency component 1 , a positive sequence perturbation with frequency p  and a 

negative sequence perturbation with frequency n  can be written as 
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where abc,1( )tu , abc,p ( )tu  and abc,n ( )tu  denotes three-phase vectors of the frequency 

component 1 , p  and n , respectively. 

 

Implementing the following Park transformation to the three-phase voltages abc ( )tu  

yields 
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where 1( )tT  is the Park transformation matrix with the d-axis aligns with the 

fundamental frequency component of phase-a at t=0. Since 1( )tT  transforms the three-

phase voltages to the synchronous reference frame (SRF), in which the d- and q-axis 
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rotates with the fundamental frequency 1 , all the variables in the above equation with 

the subscripts p and q denote the values under SRF. 

 

Based on the transformation between trigonometric functions and their complex 

exponential expressions, the d-axis component of the three-phase perturbation can be 

calculated as 
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Similarly, the q-axis component of the perturbation p  can be derived as 
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According to the derivation of d,p ( )u t , the d- and q-terms of the frequency component 1  

and n  can also be derived, which in combination with the frequency component p  can 

be written as 
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Finally, the frequency-domain representation of d ( )u t  and q ( )u t  can be written as 

 

p p

n n

1

j jp p
d qp 1 p 1

j jn n
n 1 n 1

,  0 0,  0

( ) e ,  ( )          ( ) j e ,  ( )
2 2

e ,  ( ) j e ,  ( )
2 2

U

U U
U U

U U

 

 

 

       

     

 

 

 
  

 
         
 
         

 

 

where d ( )U   and q ( )U   are the dq-frame (SRF) expressions of the three-phase signal 

with   denoting dq-frame frequency. 
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B Winding Connections of Three-phase Transformer 
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Examples for phase shifting: 

Yd5: The secondary winding (d) is lagging primary winding (Y) by 150 degrees. 

Dy11: The secondary winding (y) is leading primary winding (D) by 30 degrees. 
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C Base System for Per Unit Representation 

 

The following base system is chosen for converting the absolute values of AC-grid or its 

component into Per Unit quantities. 

 

 Base power: bS = Norminal three-phase power of AC-grid or its component 

 Base voltage: bU = Norminal peak phase voltage at the AC side = LL,rms

2

3
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In order to achieve a power invariant transformation, the base DC-side power is the same 

as the base AC-side power, which gives 
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In view of the definition of the modulation index, the base voltage for DC-side voltage is 

defined as 
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so that 1 pu AC voltage can be obtained with 1 pu DC voltage under unity modulation 

index. Then by the power balance equation as above, DC-side base current is defined as 

 

b b
dcb b

dcb b

3

2 4

S S
I I

U U
    



C Base System for Per Unit Representation 128 

 

Then DC-side base impedance, inductance and capacitance are defined as 
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D Parameters of the Test System 

 

Grid components Parameter discription and values 

Single or 

Aggregated 

DFIG-based 

Wind Turbine (s) 

(including step-up 

transformer and 

terminal filter) 

Aggregated WT Number 
wtN  (quantity) 

Rated Voltage / Power 
wt950 V /  5  MWN  

DFIG generator (pu) 
s σs r σr m0.023,  0.18,  0.016,  0.16,  2.9R L R L L      

GSC side reactor (pu) p p0.003,  0.3R L   

Current controllers gp gi rp riGSC: 0.83,  5,  RSC: 0.15,  2K K K K     

DC bus votage regulator dcp dci8,  400K K   

DC bus parameters capacitor wt30000  FN  , nominal voltage 1900 V 
Speed regulator sp si3,  0.6K K   

Q regulator qp qi0.03,  1K K   

Terminal filter wt600  kvar ,  Q=50N  (power quality) 

Step-up transformer wt k r

m m

5%,  0.17%,  
500 (pu)

5.5  MVA,  0.95 / 33 k
, inf,  capacitance effect neglected

V,  u u

R L

N  
 


 

Sampling technique Asymmetrical regular (double edge) 

Switching frequency 2 kHz  

PLL pp pi16,  50K K   

Aggregated 

MV cables  

 

MV1 / MV2 
0.034 , 0.191 mH, 10.52 μFR L C     (these 

parameters vary as MV collector grid topology changes ) 

HV cables HV Cable 1 or Cable 2 
Length: 4 km, with parameters 

0.089 / km, 0.36 mH/km, 0.23 μF/kmR L C     

Transformers 

T1 

(secondary winding 

parameters are reflected 

to primary winding side) 

420 MVA, 155 / 150 kV 
Primary winding (pu): 

A A7%,  0.15%L R   

Secondary winding (pu): B B7%,  0.15%L R   

Magnetizing branch (pu) : m m500,  500L R   

Parasitic capacitances  
M WA WB EA EB,  ,  ,   or  C C C C C : 0 nF 

T2 and T3 

(secondary winding 

parameters are reflected 

to primary winding side) 

210 MVA, 33 / 155 kV 
Primary winding (pu): 

A B6%,  0.25%L R   

Secondary winding (pu): A B6%,  0.25%L R   

Magnetizing branch (pu) : m m500,  500L R   

Parasitic capacitances  
M WA WB EA EB,  ,  ,   or  C C C C C : 0 nF 

HVDC 

Converter 

station 

(including AC 

filters) 

Rated voltage / Power ± 150 kV / 400 MW 

Phase reactors (pu) 
c c0.15 /100,  0.15R L   

Voltage regulator 
vp vi0.1,  15K K   

Switching frequency 1350 Hz 

Sampling technique Asymmetrical regular (double edge) 

Switching filters 
27th high-pass damped filter: 30 Mvar, Q=15 

54th high-pass damped filter: 10 Mvar, Q=15 
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