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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.
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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 konnen einen breiten
Frequenzbereich von Resonanzen aufweisen, wodurch massive harmonische
Verzerrungen hervorgerufen und sogar die Systemstabilitit gefdhrdet werden. Ihre
Folgen konnten die Trennung erneuerbarer und konventioneller Stromerzeuger vom Netz
oder die physische Beschidigung empfindlicher Netzanlagen sein. Motiviert durch die
Resonanzereignisse der letzten Jahre in windintegrierten Stromversorgungssystemen,
untersucht diese Dissertation die resonanzinduzierten harmonischen Verzerrungs- und
Stabilititsprobleme in einem Offshore-Windpark (OWF) mit doppelt gespeisten
Asynchrongeneratoren (DFIG) und Netzanschluss mittels
Hochspannungsgleichstromiibertragung (HGU). Ziel dieser Dissertation ist es, die
Resonanzen genau zu charakterisieren, ihre Risiken zu bewerten und Losungen fiir die
Gestaltung der Minderungsstrategie bereitzustellen.

Um die dynamischen Eigenschaften eines DFIG-basierten Windparks genau zu erfassen,
wird eine umfassende Impedanzmodellierung unter Beriicksichtigung des detaillierten PI-
Regelkreises und der Gleichstromdynamik der Windkraftanlage sowie der
Kabelverbindungen des Mittelspannungskollektorsystems (MV) durchgefiihrt. Durch
schrittweise Simulationsiiberpriifungen hat sich die aggregierte Modellierung des MV-
Kollektorsystems fiir 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
Beriicksichtigung verschiedener Betriebsbedingungen des Windparks und Anderungen
der Netz-Topologie anzugehen. lhre Auswirkungen auf die Resonanzfrequenz, die
harmonische Verzerrungen und die Ddmpfungen zu Resonanzen werden untersucht. Die
Orte, an denen Resonanzen am einfachsten angeregt werden konnen, werden durch die
Busbeteiligungsfaktoranalyse identifiziert. Dariliber hinaus wird der Einfluss der
Frequenzkopplungseffekte von Steuerungs- und Schaltvorgdngen fiir asymmetrische
Wandler auf subsynchrone Resonanz- (SSR), Mittel- und Hochfrequenzresonanzen unter
Verwendung der aggregierten Modelle analysiert, die aus einem praktischen HGU-
verbundenen DFIG-basierten OWF abgeleitet wurden. Fiir den Frequenzbereich von
mehreren Hz bis zu einigen kHz werden groBe harmonische Verzerrungs- und
Stabilititsprobleme gezeigt.



II Kurzfassung v

Um den negativen Einfluss von Resonanzen auf die Stromqualitit und die
Systemstabilitdt zu verhindern, wurde eine Reihe aktiver Dampfungsmdglichkeiten
untersucht und in das untersuchte windintegrierte Stromnetz implementiert, und es wird
eine koordinierte Dadmpfungsstrategie vorgeschlagen, mit der Breitbandresonanzen
effektiv geddmpft werden konnen.

SchlieBlich validieren Simulationen in MATLAB / Simulink die Ergebnisse der
Impedanzmodellierung, der Resonanzanalyse sowie die Wirksamkeit der
Breitbandresonanzddmpfungsstrategie.
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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.



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.

— 345kvine @ Fsc Ajo substation || Wind farm
Rio Hondo ;\\
Fault ‘
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/\ 2 To Nelson Sharpe
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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.
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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.
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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.
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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].
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,,,}/ Q
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i ] I T maintenance

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.
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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 Offshorel OWF (400
MW) and its two-level VSC-based HVDC grid connection (BorWinl) 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 Offshorel
wind farm and BorWinl HVDC link in German North Sea in 2013 [7]
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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].
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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.

Voltage
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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 U,, U,, U, of a

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

U, I a 2 |u

= 1 ~a
v, | 11|l
2PN T Hape

2n
where the complex number a is ¢'3 , T,, 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 ¥, and currents

i,. of a shunt component at a specified frequency @ can be formulated as

Qa Zaa Zab Z [
Ub =| Zy, Zy, Z. I, (2.2)
U Z Zcb Z I

_C —ca

Qabc Z e !abc

“Labe

where Z, ., Z,,, Z.. represent phase impedances, and Z,, Z.., Zu.» Zps> Lew> Ly

—aa> —ac? —ca’> =

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

Uy =Ty Uy,

. o (2.3)
Lo =Ty i1y
into (2.2) yields
= . . 71 ’
Uy =Ty 2y Tyl (2.4)

1120

where Z,,, denotes the sequence impedance matrix and it can be represented by
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Z, Z, ZIO
leo = ZZI Zzz Zzo (2.5)
Zo Zyp Zy

with 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.

Zab = Zba Z =Z Zbc = Zcb (26)

ac —ca

become 0 and Z

then the off-diagonal items of the sequence impedance matrix Z,, Z,

can be rewritten as

Z 0 0
Zy=0 Z, 0 (2.7)
0 0 z

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 Z,, Z, and 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 Z__  to the independent

sequence impedances Z,, Z, and 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 U,, I,, U, I represents the voltage and currents at the frequency @ . Their
respective output impedances Z, and Zg, as illustrated in Figure 2.14, can be formulated

as

1 )
= =——+]JoL+R
joL R
. L R isl
, — Y Y Y Y—AANN—€—
I I
I I
I U, I
I, (D | —=C L § R ==C | @ Us
Z, | | Zg
| <
H | | H
: ! ! :
Parallel resonance Series resonance

(a) (b)

Figure 2.14 Schematic diagram of the parallel and series resonance circuits



2 Phenomena, Concepts and Analysis Methods of Resonances 18

For the parallel resonance circuit, the output impedance Z, as illustrated in Figure 2.14

(a) has the maximum magnitude |Z of R at the frequency @, which satisfies

P,max

. 1
jo,C+——=0 (2.9)

@p

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

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

response as represented by

QP =|Z

P,max |~ lP (2 10)

will be induced at the same frequency.

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

has the minimum magnitude |Z of R at the frequency @y which satisfies

S,min

jwcﬂ'wsL:O (2.11)
S

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

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

as represented by

I,=U/|Z

(2.12)

S,min

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
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1 X, 1L
=te-— |= (2.13)
o, CR R R\C

res

oL X
0= R

where @, 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).

PCC
i M
I S |
Z, |
- |
|
1 |
LWF,abc I:] ZWF | @ EG
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<
| I
L L
Series 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.

PCC
o { Onshore
VSC-HVDC !

L O T~ R

. ] <, M

E E E —+ac—o 1= R
0T WFVSC / GSVSC AC Grid

Offshore

DFIG-based WPP

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, Z denotes the equivalent series impedance, Y, denotes the

= Series
equivalent shunt admittance and U,, I,, Uy, I denotes the terminal currents and

voltages for the frequency @.

= Series

Figure 3.2 Diagram of cable Pi model.

and the shunt admittance Y in Figure 3.2 can be

Series = Shunt

The series impedance Z
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 R, L,, C,, the so-called nominal Pi model can be described by

Z

~ Series

:RI—I—ja)Ll’ —Shum:ja)Cl (31)
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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

Zsui = Zysin(y-Len), ¥ L ann L (3.2)

“Series ~ =0 /7 > = Shunt ZO 2 .
where

Zunit = Runit + ja)Lunit’ Xunit = jwcunit / 2
(3.3)
Z = Zunit Xunit’ ZO = Zunit /I—/unit

and R ., L., C,, arethe 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 ¥ . , as

in

ZA _ 1/ZSeries +XShunt _I/ZSeries QA
lB - _1 / ZSeries 1 / Z + ZShunt QB (34)

= Series

Ycapte

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

R=R (0.187+0.532Vh), h>2.35

where R, is the fundamental frequency resistance, and % 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).

I, » ] I,/N I,

TR +joL,

o—>
U Y, Y,
Al 2 2 ‘ Ug
Af : QB
o

Figure 3.4 Single-line representation of the Pi model of three-phase transformer [65]
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Y .
Y. +=2 Y/ 1 Ogie
H T T QA}
- . 35
!B _XTNe*JHdiff [ZT + Xij N2 QB ( )
Yo,

where Y, represents short-circuit admittance, Y represents magnetizing admittance

—m

and U,, I,, Uy, I; denotes the terminal currents and voltages for the frequency @ . The

phase shifting 6,... 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 Y is much smaller than the short-circuit
admittance Y, 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, Cws between the winding sections of the same side, the
capacitance Cwm 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, Rg. Dielectric loss in winding insulation are represented
by Ga, Gg. 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 freugency 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 Y is much smaller than Y., and Y., the internal node in Figure 3.6

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

[ﬂ{zm 0 }{Q}{ Y paw NZABW}{I_JAW} (3.15)
lB O Nz ZCBE (_]B NXBAW N2 XBBW QBW '
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XAAW = XT +0-SXm +XCA +ZCM
ZBBW = XT +O'SZm +ZCB +}_”CM (3.16)

ZABW = ZBAW = _ZT _ZCM

The short-circuit impedance Z in (3.8) can be determined by performing a short-circuit
test at the fundamental frequency. The magnetizing shunt admittance consisting the core
resistance R and the magnetizing inductance L 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
Zea and Z, .., 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 D, and Dy 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]

|:iA,abc :| _ |:XCAEE3 0 :||:l'—lA,abc :| + |: ZAAWEB NZABWE3 :| |:EAW,abc:| (3 17)
0 N2 Z’CBEE3 LlB,abc NXBAWE3 N2 ZBBWE3 "—lBW,abc '

lB,abc

|:l'_lAW,abc:| — |:DA 0 :| |:"_lA,abc :| _ |:ZMEAE3 0 j||:iA,abc :| (3 18)
L’BW,abc 0 DB L-’B,abc 0 ZMEBE3 iB,abc '

|:iA,abc:| — D,I 0 |:iAW,abcj| (3 19)
iB,abc 0 Dg iBW,abc .

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

iA abc -1 I’-‘A abc
. |=E M| 3.20
|:£B,abc :| TT;bTJ |:EB,abc :| ( )
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where

| E, +zMEprpW1)T NZMESYpstT
NZMEPYSPWDT E,+N*Z..Y DL

; ) (3.21)
D} (Yl +Y,D,,) NY,D.D,
NY DD, N°D (Yo +YwD,)

Using the transformation matrix 7', as given in (2.1), the phase current and voltage

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

lA,lzo:ZMlA,abc Igio =Tyilpwe Uai=T MY A abe
(3.22)
Ug =T M U8 abe

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

admittance matrix ¥, asin

. -1
Lo _ r, 0 y r, 0 Un i
igo| [0 Tyl ™[0 Ty [#a0 (3.23)

Yii0

Under balanced operating condition, the 6-order admittance matrix ¥, can be

furtherly decomposed into three second-order sequence component admittance matrices

lA,l _ ZT,120(171) ZT,120(194) QA,I
lB,l ‘ ZT,]20(4’1) ZT,120(4’4) | QB,I

Yo,

as in

lA,2 _XT,IZO (27 2) ZT,IZO (2’ 5)_ _QA,Z
oo | [ Y5120(5:2) Yo 150(5,5) || Us, | (3.24)

~
XT.Z

lA,O _I_/T,lzo (3,3 I_/T,IzO 3, 6)_ _QA,O
_lB,o | _ZT,]ZO (6,3) ZT,]ZO (6, 6)_ _QB,O |

Y,
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where Y., , ¥, and Y, 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

ZT,I = X;ll ZT,z = Z}lz ZT,O = Z;,lo (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.
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{2> A B
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1= AW BW <6 >
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{3> A B
\—HAW BWp——————<4 >
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(a) Winding configuration in vector group Yd5
i
C'm

Ceal2 C'ebl2 -

T L= o0—
S S O I =
) ) - .
[ L] co 1

AW BW
(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) L, =0.07, R, =0.07/100
Secondary winding parameters, reflected to primary side (pu) L, =0.07, R, =0.07/100
Magnetizing branch (pu) L_ =500, R, =500
Parasitic capacitances C,,, Cy,,, Cyy, Cpp Or Cpy 1 nF or 20 nF

From the test setting, the secondary side phase voltages uy,,. are equal to [O 0 O]T ,

. . T
thus the corresponding symmetrical components #; ,, are also equal to [0 0 0] .
After obtaining the primary side voltages u, ,,. and currents i, . from simulations and
transforming them into sequence components ,,,, and i, , the primary side

admittances of the matrices ¥ ,, ¥,, ¥, in (3.24) can be obtained as in

ZT,I(LI) = ZA,I /QA,I

ZT,Z (1, 1) = ZA,Z /(_]A,Z (3.26)
ZT,O (1, 1) = ZA,O /QA,O

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

and U, ,, U,,, U,, denote the symmetrical components of the primary side voltages.

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

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.
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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 g-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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Aig,dq = ngcAl_‘dq - ‘_lleAde
GSC Branch
Aigdc = éleAl_ldq _ngcAzdc

Ais,dq = ercAEdq + QZXIAch (327)
RSC Branch
Ailrdc = dlszt_ldq + ercAzdc

DC Link sCoAu g = Al gy, — ALy

where the symbol A denotes small signal perturbation or response, the voltage and current
variables in bold type denote the d- and g-axis component vectors, e.g. Augq denotes [Auqg
Aug]", the other quantities in bold type are matrices, column or row vectors, and the
underlined quantities denote complex values. The basic idea of the dg-frame impedance
modelling as given in (3.27) is: when imposing a voltage perturbation Augq at WT
terminal, the GSC and RSC branches will have both AC current responses (Aigdq and
Aisq) and DC current responses (Aigde and Airdc), and as well, the DC link will have DC

voltage response Aude. Jointly solving the equations in (3.27) gives the relationship
between WT terminal voltage and feed-in current, as represented by

Aidq = Aig,dq + Ais,dq = Zwt,qul_ldq (328)
where

(€2><1 —a@yy )(l_’lxz -d,, )
ngc + erc + SCdc

Y

= wt,dq = ngc + erc +

(3.29)

with ¥Yywtdq denoting WT output admittance, ¥Yesc and Yisc 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 @, and angle 6:(¥) 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

AO(t) = OpLL(2) - O1(1) (3.30)

where GprL(¢) denotes the PLL angle.

Figure 3.11 Diagram of system and controller dq frames

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

T(GPLL @)= g

3 {cos Opr (1) cOS(Opyy (1) =21/ 3) cos(Gpy (1) + 27/ 3)} (3.31)

Sin G, (¢) sin(Gpy, (t) =21/ 3) sin(Gpy, () +271/ 3)
can be decomposed into 7(61(¢)) and Tas(?), as given by

| cos(AB(r)) sin(A6(n)) R ERYIG
T(QPLL(t))_{—sin(AH(t)) COS(AG(t))}T(HI(t))NLAG(Z) 1 }T(gl(t)) (3.32)

Tpo (1)

where T(6:(¢)) denotes the Park’s transformation from phase domain to the system dq
frame, which equals to the rotation of e ', and Ta¢(f) denotes the transformation from
the system dq frame to the controller dq frame. Under the assumption of a small Af(¢),
cos(AH(t)) can be approximated to Af(¢) and sin(A6(¢)) 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 Ta¢(¢). To generate the modulation
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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 Tae(z)"!. The frequency
domain representation of the involved dq frame rotations for voltages, currents and
modulating signals are

C S «C
Uy = ZAeEdq logg = TAel

deq—TAemgdq (3.33)

g.dq —g,

T
where T is the frequency domain representation for Tas(f), uy, denotes [gz QZ] , Uy,

T
denotes [g . g:] and other quantities follow the same notation. Performing small-signal

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

Af = EPLLAZ:
Aﬂcciq = E;LLA‘_‘qu Ai;,dq = EIPLLAl_qu + Aisg,dq (3.34)

m S Cc
Amg dq — EPLLAEdq + Amg,dq

where A@ is the frequency domain representation of Af(¢) and

H _ Iipp[ u _ |:1 U HPPI j|
e 7 7 22 pPLL —
s+U\ Hpp 0 1-U,Hpy
(3.35)
i O Iglq HPPI m 0 MgquPPI
EPLL Hp =
0 IgldHPPI 0 MgldHPPl

with H,, denoting the transfer function of the PI controller in PLL and
Uy Uys Lygs

1> Laras Lgigs My My, 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 oS s
Al_ldq = ZRLAlg,dq + A’ﬂg,dq QdUdCO + mgl QdAch

oref .C c
Amy, =—H i (5)( Ay, = Adgy, )+ K iy, + At (3.36)
Ai ;iq —h  Au,,
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where Udco denotes the steady state value of the DC voltage, mg denotes [Mgida Mgiq]",
H , denotes the digital control delay for 1.5 times of sampling periods as described by

H,=1/(1+1.5Ts) (3.37)

and

R, +sL / -, L H, 0
ZRL:|: g - 8 a)b 1™g j| Egi(s):|:_gl :|
oL, R +sL /o, 0 H,

0 COng Eudc
Kgd = kudc =
-oL, 0 0

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

(3.38)

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

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

AL

-g,dq

= ngcAHZq - QleAgdc (3'39)

where the detailed expression of Yy and ax«1 are

—gsc

Y, = |:ZRL +(ﬂgi +Kgd>ﬂdUdc0:|71'
(B, ~[H}, + iy +(Hy+ K ) iy |H U, | (3.40)

ra = |:ZRL + (P_Igi +K, )ﬂdUdco ]_] (ﬂgi hH Uy +my, H, )

where E, 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

P(6) = g (Dt (£) = Re iy 4y (Dt 4, (1)} (3.41)

where

faq (D =8O =Jis () 0 (1) =12y (1) + jus, (1) (3.42)
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Substituting

S
Upog =Myyq

H, (3.43)

into the frequency domain representation of (3.41), performing small signal analysis to and
rewriting the resulted equation can give

Aige = Hy (m ALy, +ilAm3, ) (3.44)

—g.dq

where ing denotes [/g1d 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

Azgdc = QIXZAHZq - )—/gchch (345)
where the detailed expressions of b1x2 and Yedc are

b,,=H, [m; + ing (}_Igi + K, )] Y.+ [;Iding |:I_I;’nLL + (f_Igi +K,, )HiPLL + I_{;LL:|
(3.46
ngc =H, {_igT] Egihudc + |:mgT1 + i; (ﬂgi + Kgd ):| ‘_lle} )

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
u (1), i,(?), 'Ks(t)’ u,(t), i,(t) and y (7) denote the space vectors composed of d- and q-

axis components, e.g.
[(0) =iy () + i, (1) (3.47)

Note, that the stator voltage u(¢) is also the WT terminal voltage u(?).
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i(t) R L, L, R (1)
M (W

jwlﬂs(t) j(a)l_a)r)ﬂr(t)
u,(t) dy () 3L dy (1) u,(t)
dt dt
o = = o

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 g-component flux and voltage
equations of the induction machine can be formulated as

1,0 = Rig0+ 220y 0

. dy (1)
Z’lq (t) = Rslsq (t) + dc; + a)l lr//sd (t)

Voltage equations (3.48)
urd (t) - rlrd (t) + dt (a)l a)r )qu (t)

dy, (1) +
d

u, (1) =R (1)+ O, — @, )Y, (1)

v ) =(L,+L, )i ()+Li,)=Li,()+Li,()

( )
W () =(Ly+ L, )i, (0)+ Li, (1) = Li (1) + Lyi (¢)
Flux equations (3.49)
W) =(L, + L, )iy () + Liy (1) = Liy (t)+ Ly (1)
V(O =(L, +L, )i (O+Lyi ()=Li ()+L,i, ()

where ®, denotes the rotor speed. Performing Laplace transformation and small-signal

analysis to (3.48) and (3.49), and then jointly solving them lead to

Au :[Rs+§Ls ok, }Ais J{ng ‘”1Lm}m's

=d =s,d =r,d
a ol, R +sL | ™ |woL, sL, e
Z Z,
(3.50)
Aus _ ‘SLm _a)slime Aib + Rr + §Lr _wslier Aib
Zrdq — =s,d =r,d
. wslime ‘SLm > a)slier Rr +‘§Lr h

Z A

1
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where
L=L+L, L =L +L, Oy = O, — O, (3.51)

with o,

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 fp1(?), but also the angle of the
rotor speed 6:(¢). Therefore, the Park’s transformation in RSC control can be decomposed
into

1 AO(t) - AB.(1)
 {Am0—AQan 1

Ty (1)

T(HPLL(t)_‘gr(t))z T(gl(t)_erl(t))

(3.52)

where 61(f) denotes the steady state rotor speed angle, AGi() is equal to Oi(¢) - 0:1(1), T(61(¢)-
0r1(¢)) denotes the Park’s transformation from three-phase signal to the system dq frame
and Tax(?) denotes the transformation from the system dq frame to the controller dq frame.
Since the frequency domain representation of Af(f) as denoted by Af is already obtained in
(3.34), only the frequency domain representation of Aé(¢), as denoted by Agy, is needed to
get the frequency domain representation of Taa(f), as denoted by Tas. For the induction
machine of the wind turbine, the time domain motion, electromagnetic torque and stator
voltage equations can be written as

do, B 3
J= =T, O-T.0)
() = (v iy ()~ v i (O L, | L, =, )iy (DL, | L, (3.53)

. dy (1
0= Riy @+ L2y 0 -y, 0

where T (¢) and T (f) 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

U,L, U,L

AQr = Azrd AQr = m2 Azrd
wLJs wolLJs (3.54)

Ewr H

wtr
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where H , and H , are the transfer functions from Ai; to Aw, and A, . Furtherly

performing small-signal analysis to the dg-frame rotations involved in the RSC control as
represented by

oC oS S -1 c
lr,dq - ZA&r lr,dq ﬂr = ZAﬂrmr (355)

yields
Alrdq HPLLAMdq +H Alrdq
(3.56)
Amrdq = HPLLAud +H [ AL dq T Amidq
where
Hri — _0 Irlq]iPLL :| Hi _ 1 Hwtrlrlq 0_
2L prL —wr
0 _IrldﬂPLL L ]iwtrlrld 1_
- - (3.57)
[0 M, H H, M 0
H,, = T H. =
0 Mrld HPLL ﬂwtrM O_

with 7,4, 1., M4, 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
Agr = Amr,dq ]idUdco + mrlﬁdAch

Amy, = H  (Aify, —AQLy, )+ K Airy, + K Auly, (3.58)
A Zech _HpqlAlrdq +HvarlA” +Hvar2Alsdq

where m denotes [Mria Mriq]" and

r a)%lime
1 0 0 -1 0
Eri = ﬂri O 1 K a)sher5 0 Kus = a)lLs
B 0 0

ngr'loHHooHHoo
——pql — JLE 0 O —varl T ZZvar ]Slq _[Sld =L var2 T =L var _U Usld
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with H,, H, and 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

§=1-L7/(LL,). (3.60)

Jointly solving the equations in (3.50), (3.56) and (3.58) yields

ity = A" {HUB~Z, Z Aty + A 'm H, Au, (3.61)
Y. [5]
where the detailed expressions of 4 and B are
A H Uch |:H (H K H Hpql )H tr]z;izss
_ﬁdUchEri ﬂva.rZ +er _er Z;r Zss
(3.62)

B=Hy —(H,-K,-H.H,,
+HH  Hy +(Hy, —(H,~K,~H,H,)H,

= var2

)H;LL +(K +H Hvarl)HPLL
7!

witr = sr

For the power balance between the AC input and DC output of the RSC, the frequency
domain small-signal representation can be written as

Al =H, (mrTlAl +1i Amrdq) (3.63)
where i, denotes [L1a Irnq]. Jointly solving (3.56)~(3.63) yields
- dleAus ,dq + ZrdCAch (364)

where the detailed expressions of 4, , and Y, are
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dy,=H,|m}+iiH}, i} (H,~K,~H.H,)H,, |-(2,-2,2,Y..)

—SIr —S8§

H lrl(H K H H )HgLL+[i irlﬂ:]riL—i_ﬂdir (K +H HvarI)HPLL

=—pql

+H,i"H.H, H) +H,i"H.H,_,Y. (3.65

== var2 var2 =
)

Y

L4 =

~H,[m}+i\Hy, ~i} (H, ~ K~ H Ho ) H., |2 Z ¢,
+Hl H.H ,c,,

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 @, in grid voltage uanc(?), the

phase-a voltage can be written as

u,(1)=U, cos(mt)+U, cos (a)pt + 6, ) +U, cos(o,t+4,,) (3.66)

where @, denotes the positive sequence component of a perturbation and @, denotes the

coupled frequency component of @, and satisfies

20, -0, 0, <20
o, = _ (3.67)
w0, =20, 0, 220,

Note, that @, and @, would be symmetrical about @, and have the same phase sequence
if allowing @, to be a negative value. However, @, is treated as a positive value here,
thus to satisfy the mathematical equivalency, the phase sequence of ®, is changed to

negative sequence when @, is larger than 2@, .
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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

U, o=t
U(@)=1U,, o= (3.68)
U, o=*ao,

where
U,=(U,/2)e" (3.69)

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

U] D a)dq =0 0, C()dq =0
Qd = L_]pﬂ a)dq = i_(a)p - a)l) Uq = +Jl_]p’ a)dq = i(a)p - a)l) (370)
Qn H a)dq - —(a)n + a)l) —Jgn a)dq —(a)n + 0)1)

Combining (3.68) and (3.70), the relationship between the dq components and sequence
components can be solved as

Qd(a)dq) _|:1 1} Qp(a)p)
U@y =i i]|U,(@,) (3.71)
L= 4

T,

where the transformation matrix 7, also applies to other voltage and current signals.

Replacing $§ with j@,, in the WT admittance equation in (3.28) gives

Qd(a)dq) B de(wdq) dq(a)dq) !Wtd(a)dq)
Uy(@4) ] [ Zaa( @) Zog () || Ly (2,) (3.72)

lwl,dq ((qu ):X:Vt,dq ((qu )

where Zwt,4q(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

U,(@,) _p - Zy(@y) Zy (@) T I, (w,)
U,(®,) - qu(a)dq) qu(a)dq) 7 I (®,)

Z3in (@49)
0 for s=jay, (3.73)
[l_]p (s+] a’1)} 7 {de () Zy4 (§)} T |:£p (s+] a’1)}
U,(s—]jo) qu@) qu(‘g) — I.(s—jm)

M
Zwl,pn (s)

where

. Zo(8)  Zp(s)
Z = .

denotes the modified sequence impedances as defined in [28]. By shifting the frequency

of o, for the voltage, current and impedance terms in (3.73), i.e. substituting s with
s —j, for the positive sequence and its coupling terms, and substituting s with s+ jo,
for the negative sequence and its coupling terms, the real sequence impedance £, (s)

can be derived, which satisfies

U,9)] | Zp(s—jo) Zn(s+jm)|[1,(s)
- (3.75)

U, | Z%s—jo) ZV%s+jm) |16

Zwl.pn (s)

where the off-diagonal elements of Zwtpn(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 @, larger than 2@, , a negative
sequence voltage / current response @, will be induced, but when @, is smaller than 2,

, the coupled frequency component @, has the same phase sequence as @, .
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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 @, , there is another perturbation @,

which satisfies (3.67) and has a phase sequence dependent on the relationship between

@, and 2@, , 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

U I U !nl and QpZ’ lpZ’ (_]n29 an .

Yot Lpis Ll

Since the two injections are linearly independent, the following equation can be obtained
to find the sequence impedances [28], [74]:

|:pr an:||:lp1 lp2:| — |:Qpl Qp2:| (3 76)
an Znn !nl £n2 in gnZ

where the impedances Z,,, £,,, £,, and Z_ have the following interpretations: (a)
Z,, measures the positive sequence voltage response at @, induced by the positive
sequence current perturbation at @, ; (b) Z,, measures the positive sequence voltage
response at @, induced by the negative (if @, is greater than 2w, ) or positive (if @, is
less than 2@, ) sequence current perturbation at @, ; (c) Z,, measures the negative (if @,
is greater than 2@, ) or positive (if @, is less than 2@, ) sequence voltage response at @,

induced by the positive sequence current perturbation at @, ; (d) Z,, measures the voltage

response at @, induced by the current perturbation at @, .

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.
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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].



3 Modelling of Power System Components 49

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.

WEFVSC

Pl control

H ,.(s) PWM
A
md mabc
0 =2nft abc »1\\abc
Fixed clock dq » dq
signal m
q
TH =2nft

H ,..(s)

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. R, and L, 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

. d
uabc (t) - mabc (l)udc (t) = Rclabc (t) + Lc E labc (t) (3 77)
where m,,_(t) denotes the three-phase modulating signal vector and u,, (¢) and i, (¢)

denote the three-phase voltage and current vectors, e.g. u, (f) represents

[u,c1 @) u,(?) uc(t)]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

o . d .
Ugg (1) _mdq(t)udc (1) —]COILngq(t) = Rcldq(t) +L, Eldq(t) (3.78)

where

Uy () = ug(O) + ju () L4y (1) = iy () + i, (2)

. (3.79)
Mg (1) = my (£) + jm, (2)
and o, 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 g-component small-signal representation of (3.78) can be written as

Au, Am, R +sL, -olL, || A

= HyUy + :
Au, Am, ol R +sL || A (3.80)
Augy Amy, Zyi(s) Algy

where U, is the steady-state value of the converter DC voltage, and H, 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 g-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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Mg, (1) = H oo (s —104, (1) — iK 14, (t) (3.81)

where gff;f denotes the reference voltage space vector, H . representes the transfer
function of converter AC voltage PI controller, and the decoupling parameter K, is set

to L, . 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.

oL, o Li,

Uy K. my 1 1 id
K, +—4 —><: }——> —>
s 1+1.5Ts R, +sL,
Uy LBl H, uy

Power stage models

Converter control models oL, oL i,

ref

q : q
K +Xa 4>é—q> _ ! >
' 1+1.5Ts R +sL,
Uy Ll H, U

q

Figure 3.15 Block diagram of the dg-frame model of the converter

Performing small-signal analysis to (3.81) and rearranging it yields the frequency-domain

representation
Amd ]_{uac O Alid O _Kd Ald
=— +
Amq 0 Euac qu Kd 0 Alq (3 ) 82)
H,, Ky

Finally substituting (3.82) into (3.80) yields

Al_‘dq = (Ez +H Uy H )71 (EdUdCOKdd + 24y )Aidq

l\fsc,dq ()

(3.83)

where E2 is a seconde-order identity matrix, Z ., (s) represents the dqg-frame

impdedance of the HVDC converter and can be expressed in the following form

(3.84)

Z4(3) qu@)
Zu(8) Zy(s)]

szc,dq (‘S) = |:
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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 T, and frequency shifting as described in section 3.3.3 can give

(3.85)

Z S — .a) YA S+ 'a)
szc,pn (g) = 1‘271 |:_dd (_ J ]) =dq (— J l)j|_Z

qu(‘g_ja)l) qu(§+ja)1)

where T, 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, Z ..., is

frequency decoupled [28], which means, when injecting a positive-sequence voltage

perturbation U with frequency @, , 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 g-axis

controllers or adopting different d- and g-axis control structure, the resulting Z will

vsc,pn

be frequency coupled, i.e. when injecting a positive-sequence voltage perturbation U,

with the frequency @, , not only a positive-sequence current response [, of the same

frequency will be induced, but also a coupled frequency component 7, 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

@, , there is another perturbation @, which satisfies (3.67) and its phase sequence is

dependent on the relationship between @, and 2@, , 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

L,,U,, L,and U, [,, U,, [,.Since

=pl> =nl> =

current and voltage signals, they are U,
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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, Z , and Z,, are equal to zero for

pn p
the whole investigated frequency range, which indicates that there is no frequency
coupling effect.

Zpp Zpn
50F T T T ) T T

-50

Amplitute in dB
Amplitute in dB
o
(%]

o

-100

Phase in degree
o

Phase in degree

-200

10° 10? 10° 10° 10? 10°

Amplitute in dB
o
o
Amplitute in dB

—o

50

Phase in degree
EN o
Phase in degree

10° 102 10° 10° 102 10°
Frequency in Hz Frequency in Hz

Figure 3.16 Analytical model and simulation impedance responses of the HVDC converter.

To see the frequency coupling effect, the d- and g-axis AC voltage regulators can be

configurated with different parameters, here setting the matrix H _(s) in (3.82) and
(3.83) as
H (s)= {0.3 +60/s 0 } (3.86)
e 0 0.001+5/s

As well, the decoupling term in (3.82) is set as
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0
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Figure 3.17 Modified WFVSC controller for showing frequency coupling effect
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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.
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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].

[lustration 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, N, WTs are collected through N, sections of collecting cables.

(o, |I |I O
Z..
Eq. Cable —me
vac vac
2 2
[, O
(a) MV collector system (b) Eq. Cable pi model

Figure 4.1 Aggregated single-machine model of MV collector system

Cable Sec.1 Cable Sec.2 Cable Sec. N,
Array 1 ) ( ) O— --cce--
, E: HV Cable
Cable Sec.1 Cable Sec.2 Cable Sec.N, MV
Array M ) ( ) O— -ccce-- Main Bus
PoC1
Cable Sec.1 Cable Sec.2 Cable Sec. N,
Array 1 ) ( ) O— -ecce-- pcC
E: HV Cable
Cable Sec.1 Cable Sec.2 Cable Sec.N mMv

Array M )] { )] D— ---e--- Main Bus
PoCK

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.

2 such arrays each with 4 wind turbines PoC

| Sec.1 Sec.2 | Sec.3 | Sec.4 I
150mm’> 150mm’> 240mm’ 240mm*
4 such arrays each with 8 wind turbines PoC

Sec.1 Sec.2 Sec.3 Sec.4 Sec.5 Sec.6 Sec.7 Sec.8
150mm* 150mm> 240mm’ 240mm> 500mm’>  500mm’ 500mm’  500mm’

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 mm? 1 km R=0.16 Qkm, L =0.41 mH/km, C=0.21 uF/km
2 240 mm? lkm  R=0.098 Wkm, L =0.38 mH/km, C=0.24 pF/km
3 500 mm? 1km  R=0.05Q/km, L=0.34 mH/km, C=0.32 uF/km

4.1 Power loss based aggregation model

Assuming each WT injects the same amount of current /., the total current contributed

from the radial m can be written as

N,

m

L[, =>1 =N Iy,m=L2,...M,n=12,...N 4.1

—m —m,n m=
n=l1

where the subscripts m, n represent the n™" WT in array m and [ nn 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 Zu, the power loss in the array m can be formulated as

N

m

2 & lm n ’
lmZm = Z n : Zm,n (42)
n=1

where
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Zn’l,}'l = Rm,n + j a)Lm,n (4'3)

denotes the series impedance of the cable section which connects the n'™ and the (n + 1)®

n

WTs in the array m with R, and L,, denoting the resistance and inductance of the

corresponding cable section. Combining (4.1) and (4.2), Z, is solved as

1 N,

Z,=—pnZ,, (4.4)

m n=1

Combining the current and power loss expressions as given in (4.5), (4.6), the equivalent
series impedance Z for all the cable sections of a MV collector system can be deduced

as in (4.7). The lumped resistance R, and inductance L_, parameters could be furtherly
solved from (4.8).

M M
!mvzzllm :ZleZWTﬂ m:1729"'9M (45)
2 u 2
InZoe= 1,2, (4.6)
m=1

2
Z e = fzizm /zfm = iNizm / (ZN,”) (4.7)
m=1

m=1 m=1

vac (a)l) = Rmvc + j a)leVC (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 C_,

and the resulted shunt admittance Y, of a MV collector system can be represented by

ﬁ: C. (4.9)

1 n=1

Y, =joC (4.10)

—mvcC mvc

M=

Core =

3
I

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
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operating point, the equivalent impedance of the WTs taking into account the terminal
filters and step-up transformers can be formulated as

Z g =((Zo +1/ Z,E,) + Z,E, )/ N,, @.11)

wtagg ~

where E> represents the second-order identity matrix, Zw: is the abbreviation for Zw,pn, Zr
represents the impedance of WT terminal filter, Zr represents the impedance of WT step-
up transformer and Ny 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

va = (((Z;}t,agg + OSY EZ )71 + vacEZ)

—mvcC

-1
1057 Ez) (4.12)

—mvcC

4.2 Voltage drop based aggregation model

Considering the same MV collector system as presented in Figure 4.2, the voltage drop
of the m™ wind array can be represented by

N, Ny o]
lmZm = anm,an,n = Zn]:[_mZm,n (413)
n=l1 n=l1 m

where Z,, denotes the equivalent impedance of that array. According to the current
relationship as given in (4.13), Zx can be solved as

1 N,

Z,=—> nZ (4.14)

m “Zm,n
m n=l1

Furtherly according to the parallel circuit theory, the equivalent series impedance of all
the cables of a MV collector system can be represented by

1 (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 m™ 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 si- as well as the output impedance
of the complete MV collector system Zmy can be derived as in (4.17) and (4.18)
respectively.

Rm,l Lm,l Rm,n Lm,n Rm,N Lm,N MV
c, C c, C c,.C bus
WT T m,1 m, T WT T mn mn WT m,N m,N
+ 2 2 4 £ = 2 2 4 <+ < 2 |

Figure 4.4 Equivalent circuit of the m™ wind array

-l
Xl,sec = (Zm,lEZ +(O'SZm,1E2 +Z:vll) ) +O'SZm,1E2

e
ZZ,secs = (Zm,ZEZ +(0'Szm,2E2 +Z\_V1t +leec) ) + O'SZm,2E2 (4 16)
1\
XN,secs = (Zm,NE2 +(0'5Xm,NE2 +Z\_V{[ +ZN—1,secs) ) +O'5Xm,NE2

_ 4.17
Zm,str = ZNl,secs ( )

Z 7 -1
Z,=" "’“]= wiZ e (4.18)

[an Znn ( , )

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 Z,p and the coupling term Z,, of the
impedance matrix Z_ 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.
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detailed model neglecting C  ========== voltage drop based aggregation

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

Frequency in Hz

Frequency in Hz



5 Resonance Analysis 63

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
BorWinl 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.

——— e — —

Zx4WT5+4x8WT5|

++++ | ¢
133 kv 5
F AC cable

Wind array 1 platform1 155 kv

.
: pCC

|

|

|

|

|

|

|

| / Onshore

| Offshore HVDC i

| platform DC cable :

| Wind array 6 8 WTs | PoC1 320 kv '

| F-o— AN
| ~ HEa/ L
| 2x4WTs+4x8WTs | — | — -
| I AC el O N— T — ;
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| Wi
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I
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I 33 kV ,’ ALY - )
' ' ' ' WEFVSC /  GSVSC AC Grid
OWF AC cable i

Wind array 7 : platform2 -0\, Offshore
:
:
'Wind array 12 8 WTs | PoC2

MV Collector Systems

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.

wr2 Z Ly pn - -
210 MVA k = =
40 x5 MW WT 210 MVA
) « B8 B633/155kv B4 < PCC
» abe 33 kV Cable 155 kV Cable Zc,pn AC filters
o> N —
s,abe * =d 27th, 54th WFVSC
gag Filter I 1'_ B 1-_ ]:-_ lisf
u T an u
= Offshore Wind Farm RO R, L 4 L.,
WT1 7 Phase reactor ¢
40 x5 MW WT 210 MVA 210 MVA = B1 . .
€ 0.95/33kvB7 B533/155kv B3 HVDC Grid Connection
T e 33 kV Cable 155 kV Cable
o> B2

©

T =1 T

RC Filter

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

Z e and Zg,, , 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 P1 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

ZG,p (‘2) = 1 / (1 / szc,p (‘S) + 1 / Zﬁltcrs (‘E)) + thr (‘S)

(5.1)
ZG,n (‘S) = 1 / (]' / szo,n (‘S) + 1 / Zﬁlters (g)) + thr (g)
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where Z

~ filters

(s) denotes the overall impedance of the 27th and 54th high-pass damped
filters, Z.,(s) and Z . ,(s) denote the positive- and negative sequence impedances of
the VSC converter, and 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 £, can be written as

G,pn

Zs 0
Zg,pnz[ Op 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

_ -1
Zyin =5 ((Zo 42, +057,07 +2,.) 4057, (53)
where
Z 0 7 0 Y 0
ZT = = Zhvc = e thc = e (54)
O ZT O Zhvc 0 thc

with Z, denoting the short circuit impedance of the 33 / 155 kV wind farm transformer,

Z,.. and Y, = denoting the series impedance and shunt admittance of the 155 kV cables.

The nonzero off-diagonal elements of the sequence impedance matrix Zy;,,(s) as
defined in

(5.5)

A - (s)= {ZWF’pp (s) Zwr (§)}

ZWF,np (‘S) ZWF,nn (‘S)

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
OWEF are the PLL and asymmetrical d- and g-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 /, at the frequency @, , the system will have both the positive sequence
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responses Upce,s Lwrps Lg, at the same frequency and the negative sequence responses

Usccns Lwen at the frequency @, —2@,. Note that for @, smaller than 2@, , the negative
sequence responses at the frequency @, —2@, actually correspond to the positive

sequence responses U ;chn, [;,Fm at the frequency 2w, —®,, 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).

Ypcep Uspcc 3
i l -
- » 1
[ .
Positive =WEp —or Positive
sequence sequence
£ WEpp () circuit ZWF,pp () I, Ly (s) circuit
L. coupled L L — L
= - = = decoupled - =
A (5320 )£WF"’ | Usccan | Usccan
Ly, Z ( ) Negative Lyen = 0 Negative
LgnlS )20 sequence 7 (S) ZG R (S) sequence
. . Ly, =G, .
ZWFm (S — J2 a)l) circuit nn circuit

(b) neglecting sequence coupling

Figure 5.3 Sequence equivalents of the HVDC-connected OWF.

(a) including sequence coupling

In terms of the positive sequence current perturbation /,, the sequence equivalents of the
HVDC-connected OWF as given in Figure 5.3 (a) can be formulated as

(_]PCC,p = ZWF,pp (§)£WF,p + ZWF,pn (‘S)lWF,n

[_]PCC,p = lG,p ZG,p (‘2)
(5.6)

Uscen = Zwim (S =120 Ly, + Z i (s-J2¢, )!WF,p
l_]PCC,n = _£WF,n ZG,p (s— j2w1)

Jointly solving the equations in (5.6) yields the equivalent SISO sequence impedances of
the wind farm, as given in

Z i pn () Z winp (s — J200)
Z s)=U /T =7 §)— Z WF,pn \2JZ WEnp \2 \
Zveo ()= Lrecy Hhwe = Zurar (0= 7 (o )+ Zan (5= 1260)
(5.7)

j : Z wrpn () Z ypnp (s — 200)
Zyra(8=120) =Upccn / Lyen = Zwran (S = J20) = L Whop !
ZWF,pp (‘2) + ZG,p (§)
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where  Zy;,(s) denotes the equivalent SISO positive sequence impedance,
Zwin($—]J20,) denotes the equivalent SISO negative sequence impedance with the
frequency shifting of 2@, , and the last terms in the equations of Zy;,(s) and
Zwin(S—J20,) interpret the frequency couplings. These frequency couplings are not
only determined by the off-diagonal elements of the wind farm impedance £y, (s) , but
also determined by the diagonal elements of Z s, (s) as well as the grid impedances

Z,(s) and 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 ZWF,pp (s) to ZWF,p (s) and the proximity of ZWF,rm (s) to ZWF,n (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 Zpce,(8) and Zpee, (), 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 180° 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.

Z ey (E)Za,p (s) 7 (s)= Lwin(8)Z,a(8)

Zoccy(8)=
O Z () + Zg, (5) Zen () +Z ()

(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 Ky, of the RSC current controller H . (s), which is sensitive to

the low-frequency impedance responses of DFIG-based WT [15], is chosen for evaluating
the frequency-coupling effect.



5 Resonance Analysis 68

pp pn

]
=]
o

g e
2 - 20 /
[1h] /
:5 e 40 =2 ~
= 20 J .
py A7
£ A 50 i
< pr v
40
-80
200 100

50

0

-50

Angle in degree
SRS

-100

=200

Amplitute in dB
LR
(=] [==]

&
[=]

[}
Qo
o

100

Angle in degree
(=]

-100

=200

10' 10? 10% 10' 102 103
Frequency in Hz Frequency in Hz

Figure 5.4 Impact of K, on the output impedances of the simulated DFIG-based WT.

Figure 5.4 shows the impedance responses of the simulated DFIG system under different
Kip. It is observed, as Ky, increases, the angles of the positive sequence impedance Zp, and
the coupling impedances Zn and Znp will increase to be above 90° or decrease to be below
-90° in the subsynchronous frequency area, which indicates negative resistances at the
corresponding frequencies. For the scenarios setting Kip to 0.15 and 0.45, the impact of
K 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,, is also shown in Figure 5.5. Through
comparing Zwr,p With Zwr 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 Ky, to 0.45 is greater than that in the scenario setting
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Kip 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.
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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 Zwr, / Zwepp and Zg,p and the variation of Kip
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 K, 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 Zwr, equal to Zwg,pp),
the SSR mode is stable when setting K, 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 Ky, to 0.45, neglecting the frequency coupling leads to a wrong
stability assessment result.
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Figure 5.7 shows the simulation results in case of control parameter variation, when Kip
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.
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Figure 5.7 PCC current waveform and FFT analysis under variation of K.

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 @ is either equal to the switching

angular frequency @,, (single update) or 2 times of @,, (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 @,

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 @, equal to 2@, . Assuming the PWM reference contains only the

fundamental component @, , 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 @, or a negative

sequence perturbation with the frequency @,, 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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P k=13,5..,n=0,24, ... o
.. TN, .
W "'k=2,4,6..,n=135, ... (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 @, is @,, —®, —,, which is in the negative sequence,
while the main sideband component of the negative sequence perturbation @, is
@, — o, + @, , which is in the positive sequence. In the further discussions, only the main

sideband components @, —®, —, for ®, and @, —®, + @, for @, 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
Load u,. .
400 MW U ane Lirc  Phase reactor
—
I—MW—0) P W1 ] ty,
Voltage
perturbation

£, =1350 Hz
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 #, ., the harmonic spectrums of the voltage u,,. 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], [S7].

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).
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Figure 5.10 Harmonic spectrums of the voltage signal #,_ 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 0.1, .

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



5 Resonance Analysis 75

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 i, 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
'a)pl, a)p2.,'... Do |a)pi +o +o -0, < |Za)pi to, -0, |<¢ |a)pi +to +o -0, |<e
In positive sequence . . . .. ..
P q i j=12, ..k i=12, ...k i,j=12, .. kandi# ]
system
.a)n]’ a)nzﬂ a)nm |a)ni + a)nj —0)1 _a)sw S & |2a)ni +(01 _wsw S & a)ni + a)nj _a)l _a)SW S 2
In negative sequence . . . .. ..
g q i,j=12, ..,k i=12, ..,k i,j=12,...,kandi#j
system
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Figure 5.11 Test grid for the validation of sideband resonances
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0 500

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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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 ¥, includes

the admittances of at least one shunt component and most of the off-diagonal terms of
Y 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 Y, gives the nodal impedance matrix Z,, asin (5.11).

Iy, Y, Y, Y ||Ug
Ly, _ Y, Y, Y || Ug,
: : RS : : (5.10)
Ly ‘ Yoo Yoo oo Y |[Uge
Y (s)
Z, Zp Zg
_ V4 4 - Z
Zy(s)=Yy(s)' =| 7" =% 0 72 (5.11)
Ly Zg - L

Due to the physical connections of system buses, the parallel connected electrical circuits
represented by the driving point impedances from Z,, to Z,, 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
Z . 1s transformed into a diagonal impedance matrix Z,, through the following matrix

manipulation
Z, 0 .. 0
_ o 2z, . 0
Z,, (§):ZN 1ZNN (§)ZN =l . _.. ? . . (5.12)
0 0 Z

where T is the right eigenvector matrix of Z, . Through the transformation from
Z . to Z,,, 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 Z,, to Z ..

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 180° 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.
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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.
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Figure 5.16 FFT analysis to the current and voltage of the 155 kV PCC bus

Table 5.2  Bus participation factor analysis

frsin Hz  10.5 301 413 530 1026 2120 2179
Modal Resonances
|Zm|in pu 5.7 31 7.8 12.8 59 45 49
Bl 25 3 5 14 0 0 0
B2 15 10 9 16 31 0 0
HVb
Participation Uses B3 15 1 1 9 15 31 O 1
Factor (PF) B4 15 11 9 15 31 0 1
i % B5 8 16 17 9 3 27 26
B6 8 16 17 9 3 27 26
M
Vbuses o 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 Z , are added to both the d- and g-axis

of RSC current control loop. Expression of the series virtual impedance Z ; is

§ ch
s+, s+, (6.1)
| g S

H(s)

Z4(8)=R

where R is the desired damping, 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, @, denotes the cutoff

frequency around fundamental frequency, and @,, 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 @, +®, and
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@, + @, and for the frequencies below @, —®,,, with @, 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

U, (@), U, (@) T7(0) U, (@), U, (), U.(@) Phase Sequence
dc +@, +a, Positive
i(a)p -®) +@, t, Positive
Fo, Hw, —2m) Negative
(o, + ) Fo, to, Negative
+o, *(w, +2,) Positive

Figure 6.2 shows the frequency scanning of the emulated impedance Z (s —j®,) in the
positive-sequence system, in which R denotes the emulated resistance, f,, and f,
correspond to the angular frequencies @, and @,, as given in (6.1). Three sets of R, f,,
and f,, parameters are adopted for comparison. For the parameter setting of R equal to

0.06 pu, f,, equal to 10 Hz and f,, 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

fo or @, , 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 f, 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).

R=0.06, fc1=10Hz, fc2=300Hz — — — R=0.1, fc1=10Hz, fc2=300Hz
R=0.06, fc1=10Hz, fc2=800Hz
20 e e B

-30

Amplitute in dB

a0} !

.50 I I
100 T T T

50 1\ 1

Phase in degree
o
1

50 F \ | B

-100 : l : :
10" 102 10
Frequency in Hz

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, f,, equalto 10 Hzand f,, 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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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 @, greater than nominal angular speed @, ) to subsynchronous operation

mode (with @, smaller than @, ). 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 @, 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.
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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 @, is equal to 0.8 pu is almost changed

to be the same as the phase angle in the scenario that @_ 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

S

H ., (s)=K,, (6.2)

§+a)ad

where K, and @,, 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 @, —@,, and @, +@,, are filtered out by the added active
damping. Through setting the cutoff frequency @,, of the equivalent high-pass filter, it
can be assured that fundamental power flow will not be influenced. The gain K ; 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

A 4

Then applying the transformation from dq-frame to symmetrical components as described
in section 3.3.3, the sequence impedance £, 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.

U E Ly Cy PCC
dc d / s
c _| ’W‘(\—' l—
id abe upcc,abc
eUéif T abc B
PWM abc
aB l ePLL
Pl T
PLL&
N abc . Resonance
l-ret ref U‘B luB Detection
de,d ldc,q T U
l-ref 1 l pecsh
N Lopn a4
iref P R KP - R 0_ ref
de,dq o iref vd Upcc,h
> q 0f,1
o1~ op

Figure 6.6 Control bock diagram of the active damper

Table 6.2 Main parameters of the proposed active damper

PCC voltage 33kV

LC filter Ly=2.7mL, C,=10pF
DC side capacitor C,=4700 pF , U, =10kV
Switching frequency 10 kHz

DC voltage PI controller K =10, K, =0.01

PR controller K,.=5, K =1

Emulated resistance R,=01Q
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PCC voltage 33kV
LC filter L,=2.7mL, C,=10pF
DC side capacitor C,. =4700 uF, U _=10kV

Reference distortion level U™ =1%

pec,h

The active damper consists of an LC filter, a VSC converter and a DC side capacitor. The

capacitor Cy; of the LC filter undertakes a large part of the PCC voltage u so less

pece,abe 2
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 U, across the DC side capacitor C, . Note that PCC voltage

is aligned with the d-axis through Park transformation. Since u mainly drops on filter

pec,abe
capacitor C,, 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 g-axis. That is the reason why

-ref

the output of the DC voltage PI controller is set as the active current command i, along

-ref

the g-axis to follow. Furtherly, the reactive current command i;;, 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 g-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.

AUerr,l AUerr,rl g errri
FLL ﬁ U1 FLL ﬁUﬂ FLL ﬁ U”.
U U
U,c.| P-ANE 2L 3| p-ANF Ly eene —>| P-ANF
>U, »U, —>U,

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 U™ | then is divided by a chosen

pee,h 2
virtual resistance R ,, and afterwards fed to the quasi Proportional Resonant (PR)

controller as a reference current command for tracking. The reference voltage distortion

level U™

wcn 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 R, should be tuned according to the available

power rating of the active damper.

U
4

in
’
|}
()

\4

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.

Offshore Wind Farm Offshore AC-grid HVDC Converter Station
B8 — B6 — B4 | B2 AC filters
| Another DFIG branch | 155KV Cable
54th
| teeeccccacecce  ececeood . | Zyse
s WTs can be backup ¢ ] . -
| Lactivedameingchaice; cldmels |

WT1
40 x5 MW

210 MVA |
B533/155kvB3'  } Pl 0 pe=c====-
155 kV Cable

ZWT 210 MVA

33 kV Cable

RC Filter Fixed clock
| signal

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

Cys Cyps Cy» Gy and Cy as 0nF, 1nF and 10 nF respectively. For all the LV

transformers, the capacitance parameters Cy, Cy,, Cy,, Cg, and Cy 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 1s 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 C;, Cy,, Cy, Gy, Gy to 0nF, 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.

140 T T T T T T . T

Amplitude in pu

1200 1400 1600 1800 2000 2200 2400
Frequency in Hz

0 n
800 1000

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.
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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

o= - 067P+1.42 P + 0.51 (7.1)

where a)rref denotes the reference value for the rotor speed controller to track, P is the

acitve power generated by the WT [29]. The speed reference a)rref 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.
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Figure 7.4 Impact of rotor speed @, 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
180° 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
MYV 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,
1.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.
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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.

Cable Sec.1 Cable Sec.2 Cable Sec.N,

T o S 33 kv
I A AC Bus
WT terminal
breaker AN\ MV collect
collector 155 KV
breaker

AC Bus

Cable Sec.1 Cable Sec.2 HV Cable
T D— -------
Array m
Another
branch\‘/\ .......
HV breaker
Cable Sec.1 Cable Sec.2 Cable Sec.N;
T D— -------

Array 6

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 7.8 Diagram of the grid topology change due to the opening of a HV breaker
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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.
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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.
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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.
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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 180°, 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.



7 Case Studies 103

EFT analysis switching time

Y
QUDV%WMMMMMM UHARHLARPLLR
BT

Voltage in pu

Il
~ MAAVAAAAARAAAMAAN W AAAAR)

38 385 39 385 4 405 44 415 42
Time (seconds)

(a)

Fundamental (50Hz) = 0.9912 ,|THD= 1.33% . Fundamental (50Hz) = 1.014 ,|THD= 3.04%

25
350 Hz

Mag (% of Fundamental)
Mag (% of Fundamental)

0.5r ] 05t
OM_JJJ |‘ Lol L 0 Jluwl‘ |- L

500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Frequency (Hz) Frequency (Hz)

(®)

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

Brk2 Brk3 Brk4

SN (DN
Brklf% J_Cf PoC
Lg ng
o3 § e
RSC GSC

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.
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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 5" and 11

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 4s, 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].
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Figure 7.16 Simulation results regarding the variation of grid-connected WTs
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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 @, 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.
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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.
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Figure 7.18 Simulation validation on the effectiveness of the active damping in WT
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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 (¢)
shows the FFT analysis to the waveform of the PCC voltage.
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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
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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 u,_(f) containing the fundamental

abc

frequency component @, , a positive sequence perturbation with frequency @, and a

negative sequence perturbation with frequency @, can be written as

0 () U, cos(my) U, cos(w,t+4,) U, cos(a,t+4,)

u, () |=| U, Cos(a’l"z?nj + U, Cos(a)pf+¢p _Z?nj +| U, cos(a)pt+¢n —2?%)
u, (1) 5 , ,
gy (1) U, cos(wlt +?ﬂj U, cos(a)pt +¢p + ?nj U, cos(a)pt +¢, +?nj

uabc,l (t) ualac,p (Z) uabcm (t)

where u, () , u,,,(t) and u,  (f) denotes three-phase vectors of the frequency

component @, @, and @, , respectively.

Implementing the following Park transformation to the three-phase voltages u,, (¢)

yields

(] 2 cos(ay?) cos(a)lt_23_n) Cos(lez_n) »
uq(t) _3 abc

ugq (1)

—sin(et) —sin(wy - 2%) —sin(wt + ?n)

T(wyt)
:T(a)lt)uabc,l (t) + T(a)lt)uabc,p (t) + T(a)lt)uabc,n (t)
ud,l (t) ud,p (t) ud,p (t)
= + +
u,, (1) u,, () u,, ()
ug, (1) uy, (1) Uyqn (1)

where T(@t) is the Park transformation matrix with the d-axis aligns with the

fundamental frequency component of phase-a at #=0. Since T(@;t) transforms the three-

phase voltages to the synchronous reference frame (SRF), in which the d- and g-axis
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rotates with the fundamental frequency @,, 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
U, cos(wpt+¢p)
u,, () = %{cos(a)lt) cos(a)lt - 2?71) cos[a)lt + %ﬂ U, cos(a)pt +¢,— 2%)

2n
U, cos (wpt +¢, + ?j

cos(wpt) cos(a)pt + ¢p)

==U +cos(a)lt—2—n
3

2

) 3
T 2n
+cos a)lt+? cos a)pt+¢p+?

ej((w‘ +a’p)’+¢rv) + e_j(((‘)l +“’p)t+¢n) j((“" % )t_¢p)

+e +¢€
p 4n | 4n
_ é Up + eJ[(w‘ @y, )H¢p 7?] N e“((”ﬁ% )H¢p 7?] + ej((wl—wp )t—¢p) n e—j((wl—wp )t—¢p)
. 4 . 4
N eJ[(w, +a;p)t+¢p +?) N e*J((wl +a, )i+4, +?j N ej((wl —wp)t—¢p) + e—j((a), -, )t—¢p)

6cos((a)1—a)p)t—¢p)

| s COS((a)l+a)p)t+¢P)(COS(O)+COS(_§j+COS(§j]

=U, cos((a)p —a)l)t+¢p)
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Similarly, the g-axis component of the perturbation @, can be derived as

U, cos(a)pt+¢p)
u,, ()= %{—sin(wlt) —sin(a)lt —%j —sin(a)lt +2?nﬂ U, cos(wpt +, —2?%)

2n
U, cos(wpt +¢,+ ?j

=U, sin((a)p —a)l)t+¢p)

According to the derivation of u,(¢) , the d- and g-terms of the frequency component @,

and @, can also be derived, which in combination with the frequency component @, can

be written as
(_qu,l(t) = U1 "‘j 0

u
Ug a.1

qu’p(t) =Up cos((a)p —a)l)t+¢p)+jUp cos((a)p —a)l)t+¢p)

uy, (1) tgp (1)
U ) =-U, cos((ao11 -l—a)l)t+(/ﬁn)+jUn sin((a)n +a)l)t+¢n)

Uy (1) ugn (1)

Finally, the frequency-domain representation of #,(f) and u,(¢) can be written as

U]a w=0 O, o=0
U, 4 N

Qd(a))z TPe—J%’ a):i(a)p_a)l) gq(a)): ij_pe_-wp’ a):i(wp_a)l)
%eﬂ‘é", o=*+(o +o) ijT“ei”’", o=*tw, +0)

where U, (®) and U (@) are the dq-frame (SRF) expressions of the three-phase signal

with @ denoting dg-frame frequency.
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B  Winding Connections of Three-phase Transformer

Vector Phase Winding Winding Connection Matrices Delta
Group Shift 1 2 D; D, Terminls to
(degrees) Network ABC
Yy0 0 Y Y 100 (10 0] -
1 0 010
0 0 10 0 1}
Dyl -30 D11 Y 1 o0 -1 1 0 0 abc
-1 1 0 010
10 -1 1] 10 0 1]
Dy5 -150 D11 Y 1 =1 o1 =1 0 o] cab
0 1 -1 0 -1 0
-1 0 1] |0 0 -1]
Yds -150 Y D1 0 0 1 o0 17 bca
010 -1 0
0 0 10 1T -1
Dy7 +150 D1 Y 1 0 =1 1 0o o0 bca
-1 1 0 0 -1 0
0 -1 1 10 0 -1
Ydl1l +30 Y D11 1 0 0 1 o0 =17 abc
010 -1 1 0
0 0 10 -1 1]
Dyll +30 D1 Y 1 =1 0 1 0 0 abc
0 1 -1 010
-1 0 1 0 0 1

Examples for phase shifting:
YdS5: The secondary winding (d) is lagging primary winding (Y) by 150 degrees.
Dyl11: 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: S, = Norminal three-phase power of AC-grid or its component

Base voltage: U, = Norminal peak phase voltage at the AC side = \/%ULL,I‘ms , where

U\ ms denotes line-to-line Root Mean Square (RMS) voltage

2§
* Base current: /, = Norminal peak phase current = = —>

b

. Ub
Base impedance: Z, = ]_
b

Base frequency: @, = Nominal angular frequency of the power system

| Z,
= Base inductance: Lb =—
®,
) 1
» Base capacitance: C,=—
2,0,

In order to achieve a power invariant transformation, the base DC-side power is the same
as the base AC-side power, which gives

Sb=3'U -1 :é'Ub'lszdcb'Idcb

phase phase 2

In view of the definition of the modulation index, the base voltage for DC-side voltage is
defined as

2
Udcb = 2 \/; ULL,rms = 2 Upeak,ph = 2 Ub

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
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Then DC-side base impedance, inductance and capacitance are defined as

Uc 3 8
chb = Idb :2Ub/(4lbj:§Zb

dcb

8

deb = g Lb
8

Cdcb = 5 Cb .
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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 NV, (quantity)

Rated Voltage / Power 950 V/ 5-N_, MW

DFIG generator (pu) R =0.023, L =0.18, R =0.016, L =0.16, L =2.9

GSC side reactor (pu) R, =0.003, L =0.3

Current controllers GSC:K,, =0.83, K, =5, RSC: K =0.15, K, =2
DC bus votage regulator K, =8, K;; =400

DC bus parameters capacitor 30000- N, uF , nominal voltage 1900 V
Speed regulator K,=3 K;=06

Q regulator K, =003 K, =1

Terminal filter 600- N, kvar, Q=50 (power quality)

5.5 -N,, MVA, 0.95/33kV, u, =5%, u, =0.17%,

Step-up t f
cp-p transtormet R_ =500 (pu), L =inf, capacitance effect neglected

Sampling technique Asymmetrical regular (double edge)

Switching frequency 2 kHz

PLL K, =16, K, =50

Aggregated R=0.034 Q,L=0.191 mH,C =10.52 uF (these
MY cables MV1/MV2 :
parameters vary as MV collector grid topology changes )
Length: 4 k ith t
HYV cables HV Cable 1 or Cable2 e XL WIHL parameters
R=0.089 Q/km, L =0.36 mH/km,C =0.23 uF/km
420 MVA, 155/ 150 kV
T1 o Primary winding (pu): £, =7%, R, =0.15%
(secondary winding Secondary winding (pu): L; =7%, Ry =0.15%
parameters are reflected 1o o i/ing branch (pu) : Z, =500, R =500
to primary winding side) o )
Parasitic capacitances C,,, Cy,, Cyg> Cep OF Cgp - 00F
Transformers
210 MVA, 33 /155kV
T2 and T3 o Primary winding (pu): £, = 6%, R, =0.25%
(secondary winding Secondary winding (pu): L, = 6%, R; =0.25%
paraI.neters ar.e r.eﬂecFed Magnetizing branch (pu) : L =500, R_ =500
to primary winding side) o )
Parasitic capacitances C,,, Cy,, Cyy> Cpp OF Cpy - 0nF
Rated voltage / Power £ 150 kV /400 MW
HVDC Phase reactors (pu) R =0.15/100, L, =0.15
Converter Voltage regulator K,=0.1, K, =15
station Switching frequency 1350 Hz
(including AC Sampling technique Asymmetrical regular (double edge)
filters) 27th high-pass damped filter: 30 Mvar, Q=15

Switching filt
witching Hers 54th high-pass damped filter: 10 Mvar, Q=15
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