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SUMMARY

Wind Power is an important enabler of future sustainable energy development. Besides
onshore wind power, offshore wind power has huge potential to be an abundant re-
source for Europe. The development of large offshore wind power generation in the
North Sea has been significantly accelerated in the last years. The large distance from
shore in combination with the need for large transmission capacity has raised the inter-
est for the voltage source converter high voltage direct current technology (VSC-HVDC).
In that direction, proposals have been recently made for the construction of an offshore
multi-terminal HVDC grid in the North Sea which could facilitate the grid integration of
bulk offshore wind power.

Transmission system operators in order to ensure high degree of the power system
security of supply, impose strict grid connection requirements to offshore wind power
plants and their HVDC transmission. These set of grid connection rules include tech-
nical specifications for the normal operation as well as for grid fault conditions. Grid
code compliance technical solutions should consider the complementary view point of
all players: turbine manufacturers, offshore project developers, transmission technol-
ogy suppliers and system operators. Based on these boundary conditions, the overall
research objectives that have been assessed in the context of this thesis include the fol-
lowing points:

• Assessment of the state of the art coordinated fault-ride through strategies for off-
shore wind power plants with VSC-HVDC transmission.

• Analysis of unbalanced grid faults for wind power plants with VSC-HVDC trans-
mission.

• Investigation of the effect of negative sequence current control for onshore and
offshore AC faults.

• Analysis of the effect of typical grid codes on the power system voltage and rotor
angle stability.

Based on these boundary conditions, the main achievements of this thesis are sum-
marized as follows:

• Modeling and analysis of negative sequence current control schemes for offshore
wind power plants with VSC-HVDC connection. Assessment of the effect of differ-
ent negative sequence current control options on the unbalanced fault response
of the onshore transmission grid as well as the offshore collector system. Cases
between negative sequence current suppression and negative sequence current
injection are investigated thoroughly. In addition, new control schemes are pro-
posed which enhance the unbalanced fault response while at the same time re-
specting the physical limits of the converter station.
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• Formulation of an iterative procedure which utilizes heuristic optimization algo-
rithms for achieving the optimal tuning of fault-ride through compliance strate-
gies for offshore wind power plant with VSC-HVDC transmission. The methodol-
ogy addresses the state of the art coordinated fault ride through strategies which
eliminate the use of DC-chopper. The optimal tuning is achieved using a sequence
of electromagnetic transient (EMT) type simulation runs of the plant driven by
meta-heuristic optimization algorithms. The method has been tested for the point-
to-point and the multi-terminal HVDC connection case of the offshore wind power
plants.

• Proposal of an enhanced grid forming control scheme for the offshore VSC-HVDC
station which enables robust fault ride though compliance and injection of reac-
tive current for a three phase to ground faults at the terminals of the offshore VSC-
HVDC station.

From the analysis presented within the context of this thesis, the most striking con-
clusions which could be drawn are summarized as follows:

The injection of negative sequence current from the VSC-HVDC station proportion-
ally to the negative sequence voltage amplitude during unbalanced AC grid faults has
a two-fold benefit. First, it increases in amplitude the negative sequence fault current
component at the connection point during line-to-line faults. Second, it increases in am-
plitude the zero sequence current component during single-line to ground faults. More-
over, the reduction of the positive sequence active current component and the injection
of only negative sequence reactive current during AC grid unbalanced faults is consid-
ered to be the best approach for implementation in future grid codes for VSC-HVDC
systems.

With the enhanced grid forming control scheme for the offshore VSC-HVDC station,
it is possible both for the wind plants and the HVDC station to provide positive sequence
reactive fault current injection during offshore AC grid faults. This would sustain the
voltage at the offshore island grid (during offshore grid faults) and ensure adequate fault
current levels for the protection schemes to detect and isolate permanent faults.

In the case of three phase onshore faults, the increased AC fault current capacity
of the onshore VSC-HVDC station (above the 1.1p.u) followed by increased positive se-
quence reactive current boosting gain (k) and reactive current limiting priority, would
improve the rotor angle and short term voltage stability in the transmission system. The
later is more visible for grid connection points with relevantly low short circuit ratio (be-
low 10). In additional, during severe AC voltage drops, the combined active and reactive
current injection by VSC-HVDC stations could lead to voltage angle instability.

Finally, the developed methodologies, models and control schemes proposed within
the context of this thesis could facilitate the analysis of transmission systems with HVDC
connected offshore wind power plants. Moreover, it provides insights on the application
and the effect on typical grid codes requirements.



SAMENVATTING

Windenergie is een belangrijke drijfveer voor toekomstige ontwikkeling van duurzame
energie. Behalve wind op land heeft ook wind op zee een enorm potentieel als overvloedige
hulpbron voor Europa, die bovendien in overvloed aanwezig is. De ontwikkeling van
grootschalige opwekking van wind op zee is de laatste jaren in een stroomversnelling
terecht gekomen. De grote afstand van de kustlijn in combinatie met de noodzaak tot
schaalverschroting voedde de belangstelling voor voltage sourced converter hogegeli-
jkspanning (VSC-HVDC) als transmissietechnologie. Om de netintegratie van
grootschalige wind op zee te bevorderen is er in die richting recentelijk een aantal plan-
nen beraamd voor de installatie van een multi-terminal net op zee gebaseerd op HVDC.

Om de hoge betrouwbaarheid van het elektriciteitsvoorzieningssysteem te waarbor-
gen stellen netbeheerders eisen aan de netverbinding van offshore windparken en hun
HVDC-steekverbindingen. Deze verzameling regels omhelst de technische specificaties
voor zowel normaalbedrijf als tijdens verstoringen. Technische oplossingen om aan
netcodes te voldoen moeten rekening houden met de aanvullende standpunten van
alle partijen zoals turbinefabrikanten, offshore projectontwikkelaars, technische lever-
anciers en netbeheerders. Op basis van deze randvoorwaarden omvatten de overkoepe-
lende onderzoeksvragen die worden beschouwd in dit proefschrift de volgende punten:

• De Bepaling van de huidige stand van zaken omtrent zgn. fault-ride through (FRT)-
strategieën van offshore windparken verbonden door middel van VSC-HVDC

• De Analyse van asymmetrische kortsluitingen en de ontwikkeling van nieuwe regel-
technische concepten voor VSC-HVDC-verbonden windparken.

• Het onderzoeken van het effect van het regelen van de inverse stroomcomponent
voor on- en offshore netverstoringen.

• Analyse van het effect van gangbare netcodes en hun invloed op de spannings- en
rotorhoekstabiliteit.

Op basis van bovengenoemde randvoorwaarden zijn de hoofdresultaten van dit proef-
schrift als volgt samen te vatten:

• De modellering en analyse van regeltechnische concepten voor inverse stroom-
componenten van VSC-HVDC-verbonden offshore windparken. Het bestuderen
van het effect van verschillende regelopties op de foutrespons van het zowel het
onshore transmissiesysteem als het collectienetwerk van het windpark zelf. De
onderdrukking alsook de injectie van een inverse stroomcomponent zijn hierbij
uitvoerig onderzocht. Aanvullend worden er nieuwe regeltechnische schema’s
voorgesteld die enerzijds de foutrespons tijdens asymmetrische fouten verbetert
en anderzijds de fysische (technische) grenzen van het converterstation respecteert.
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• De bepaling van een nieuwe iteratieve procedure die gebruikt maakt van heuristis-
che optimalisatiealgoritmes om een optimale afstelling van FRT-strategieën voor
VSC-HVDC-verbonden windparken te bewerkstelligen. Deze methode behandelt
gecoördineerde FRT-strategieën, wat de inpassing van een DC-chopper overbodig
maakt. De optimale afstelling wordt gerealiseerd door het uitvoeren van een serie
elektromagnetische-transientensimulaties van het offshore windpark, waarvan de
variaties bepaald worden door de metaheuristische optimalisatiealgoritmes. De
methode is getest voor zowel enkelvoudige (punt-punt) als voor multi-terminal-
HVDC verbindingen .

• Het voorstel van een verbeterd netvormend regeltechnisch concept voor het off-
shore converterstation. Dit stelt ons in staat een robuuste naleving van de vereis-
ten voor FRT en blindstroominjectie voor een driefasen kortsluitingen aan de klem-
men van het offshore VSC-HVDC-station te realiseren.

Vanuit de analyse die is voorgedragen in de context van dit proefschrift kunnen de
meest in het oog springende conclusies als volgt worden samengevat: De effectieve af-
stemming van gecoördineerde FRT-strategieën kunnen de elektrische stress op de HVDC-
verbinding en de offshore windparken die plaatsvindt gedurende onshore verstoringen
verlagen.

De injectie van een inverse stroomcomponent door het VSC-HVDC-station evenredig
aan de inverse spanningscomponent heeft twee voordelen. Ten eerste garandeert het
voldoende foutstroom op het verbindingspunt gedurende fase-fasefouten. Ten tweede
veroorzaakt het een verhoogde homopolaire stroom gedurende enkelfase aardfouten.
Voor toekomstige netcode-vereisten met betrekking tot asymmetrische fouten in het AC
net blijkt het bovendien de beste optie om de normale, actieve stroomcomponent te re-
duceren terwijl de inverse, reactieve stroomcomponent ondersteund wordt.

Met de juiste, verbeterde netvormende regelstrategie voor het offshore VSC-station
is het voor zowel het windpark als het HVDC-station mogelijk reactieve stroom te lev-
eren gedurende netverstoringen in het kabelnetwerk van het offshore windpark. Dit on-
dersteunt de spanning in het eilandsysteem van het offshore windpark (gedurende ver-
storingen aldaar), de gerelateerde stabiliteit en verzekert voldoende foutstroom voor de
geassocieerde netbeveiligingssystemen om kortsluitingen te detecteren en af te schake-
len.

In het geval van onshore driefasensluitingen zorgt een verhoogde doorlaatstroom
van de onshore VSC (hoger dan 1.1 pu) samen met een verhoogde proportionele ver-
sterkingsfactor voor de blindvermogensregeling (k) en de gerelateerde stroombegrenz-
ingsmethode voor een verbetering van de rotorhoek- en spanningsstabiliteit in het trans-
missiesysteem. De verbetering in spanningsstabiliteit is het beste waarneembaar bij
aansluitpunten met een lage kortsluitvastheid (factor lager dan 10). Daarnaast kan
gedurende diepe spanningsdips een gecombineerde actieve en reactieve stroomonder-
steuning door VSC-stations leiden tot spanningshoekinstabiliteit en het verlies van hun
synchronisatiekoppeling. In dit geval wordt de begrenzing van actieve stroom aanbev-
olen ten behoeve van de reactieve stroom.

Tenslotte kunnen de voorgestelde methodes, modellen en regelstrategieën die zijn
aangedragen in dit proefschrift de analyse van transmissiesystemen met wind op zee
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verbonden door HVDC faciliteren. Dit proefschrift biedt waardevolle inzichten in de
toepassing en het effect van typische eisen die gesteld worden in netcodes, zowel off-
shore (windparken) als onshore (transmissiesysteem)
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1
INTRODUCTION

1.1. BACKGROUND
Modern societies require abundant energy resources to meet social and economic de-
velopment [1–4]. Electricity, gas, coal and oil belong to the class of energy commodities
[5]. Electricity has the unique characteristic that it is uneconomical to be stored, hence
it must be consumed as soon as it is generated. The generation of electricity for the past
century has been based on fossil fuel oriented technology. Greenhouse gas emission
from power generation processes has contributed significantly to the global warming [6].
Environmental concerns related to climate change and the binding targets prescribed in
international protocols [7, 8] have transformed the global energy landscape demanding
for the utilization of renewable energy technologies in the electricity generation. The use
of renewable energy resources will change not only the way that electricity is generated
but also transmitted and distributed [9, 10].

The grid integration of large scale wind and solar power has already started in many
European countries [10, 11]. Wind power is supposed to boast the edge, as it is techno-
logically mature and it can be deployed on a massive scale [12]. Next to onshore wind,
offshore wind power has a very dynamic potential for the North Sea countries [13, 14].
Specifically Europe is the pioneer of offshore wind technology development with Den-
mark, Germany and the UK leading the path. As a matter of fact, the installed offshore
wind power capacity in Europe has increased from 50MW in 2000 to about 11GW by the
end of 2016 (Wind Europe, 2016).

The associated high cost of offshore wind power has been a major barrier towards its
large scale deployment [15, 16]. Major cost contributors are the wind turbine technol-
ogy (blades, nacelle and generator), the foundation structures and the grid connection
infrastucture [17, 18]. Significant cost reduction has been recently achieved compared
to the previous years due to the advances of the wind turbines design and the standard-
ization of the grid connection equipment. Furthermore, synergies with other marine
industries such as oil and gas could contribute additionally to a further cost reduction in
the following years [19].

1
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Offshore wind power plants located close to shore usually utilize high voltage al-
ternative current (AC) grid connection cable technology. High voltage direct current
(HVDC) cable technology is justified from cost perspective in far from shore and large
in size offshore wind power plants [20], [21]. The voltage source converter HVDC tech-
nology (VSC-HVDC) is nowadays the state of the art for the grid connection of remote
offshore wind power plants. There are well proved advantages that a VSC-HVDC system
preserves. Namely, the capability to energize and supply passive networks with con-
trolled voltage and frequency. The inherent advantage to operate in weak power systems
(with very low short circuit power levels and even zero power system total inertia). The
capability to damp resonances and of course the independent control of the active and
reactive power exchange with the grid are only a few to mention.

Moreover, offshore VSC-HVDC links, primarily installed for the grid connection of
offshore wind power plants, can be expanded to multi-terminal HVDC connections be-
tween countries. In that direction, recent proposals have been made for the construction
of an over-lay HVDC grid. The latter would boost the interconnection capacity between
European countries [22], while at the same time it would facilitate the large scale inte-
gration of offshore wind power and other renewable energy technologies (i.e hydro and
PV) [10].

In addition, the inherent controlability of VSC-HVDC systems could enhance the
voltage and frequency stability (short and long term). Frequency stability challenges
caused by the massive grid connection of power electronic interfaced renewable gener-
ation units have been already observed in the Irish transmission system [23] as well as in
the United States [24]. Provision of ancillary services such as the fast active power con-
trol (commonly referred in literature as synthetic inertia response), primary frequency
control and damping of power system electromechancial oscillations can be facilitated
by VSC-HVDC systems [25].

1.2. PROBLEM DEFINITION
Transmission system operators (TSOs) with the goal to ensure a certain level of the power
system security of supply impose grid connection requirements to offshore wind power
plants and their HVDC transmission system [26]. Current grid connection codes for off-
shore wind power plants are written based on the relevant power systems needs and sys-
tem operators experience. In some cases the connection codes are adopted from other
jurisdictions without an analysis of their effect on the power system security. Different
connection codes impose different compliance costs as no standard technical compli-
ance solutions prevail. Harmonized grid codes, would reduce the grid connection cost
as standard compliance solutions might prevail.

The European Network of Transmission system Operators for Electricity(ENTSO-E)
has contributed significantly in the recent years to the development of European grid
connection requirements. Initially, grid code requirements for generation units (known
as RfG) have been published. Lately, new network code requirements for high voltage
direct current (HVDC) transmission systems and HVDC connected offshore wind power
plants are released. While the approach of national driven grid code development is sim-
pler, it might lead to non-optimal compliance. Grid code compliance technical solutions
should consider the complementary viewpoints of all players: turbine manufacturers,
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offshore project developers, transmission technology suppliers, and transmission sys-
tem operators. These challenges has led to specific topics that will be investigated in the
context of this thesis:

Optimization of the coordinated fault ride through compliance strategies - Offshore
wind power plants utilizing voltage source converter (VSC)-HVDC technology shall be
capable to present fault ride through capability during onshore and offshore collector
grid faults and support to power system stability. For onshore faults, the technical chal-
lenge is the protection of the HVDC link from direct over-voltages which impose high
electrical stresses to the fragile HVDC system switches. The conventional compliance
method used by vendors today is by the installation of a DC chopper controller resistor
which is installed at the onshore DC terminal. In order to reduce the grid code compli-
ance cost, state of the art, communication free coordinated control strategies have been
documented in the literature [27]. The most known is the voltage drop and the frequency
modulation method. These methods use the inherent controllability of the VSC-HVDC
system and the offshore wind plants in order to ensure fault ride through compliance (for
the onshore station). The disadvantage of such coordinated fault ride through schemes
is that an effective tuning of the associated controllers is needed in order to avoid un-
wanted interactions between the wind plants and the VSC-HVDC system. The selection
of these control variables should be performed on case by case project since different
offshore island grid configurations appear (i.e cable length, wind turbine types and off-
shore collector grid layouts etc). Hence, a methodology to select the best set of the con-
trol variables is needed.

Assessment of the effect of fault ride through compliance of VSC-HVDC systems on the
power system short term voltage and rotor angle stability - The reactive current injection
during grid faults by wind and solar power plants is nowadays a mandatory requirement
in most of the national level connection codes. It is typically described by the reactive
current boosting profiles which link the injected reactive current to the residual voltage
at the point of common coupling. The shape of the reactive current boosting profiles
shall be effectively selected such as the VSC-HVDC link is not over-engineered while the
provided voltage support is optimized. The power system operators shall define and if
possible quantify analytically the derived technical benefits from the grid code compli-
ance of the VSC-HVDC link during AC faults. In addition, it is important to effectively
control the active and reactive current injection of the VSC-HVDC system during AC
faults since it influences the voltage and rotor angle stability of the AC power system.
Hence, clear insights proven by time domain simulations and recommendations on how
VSC-HVDC systems can support the power system stability with grid connection code as
boundary condition are needed.

Control of an offshore VSC-HVDC link during unbalanced AC grid faults. Although
three phase faults affect mostly power system stability, unbalanced AC grid faults are
more commonly observed in power systems and their analysis becomes relevant for pro-
tection system design. In addition, the increased penetration of power converters in the
transmission grid has raised research questions on the control of VSC-HVDC systems
during unbalanced faults and their effect on transmission grid response. In that direc-
tion new grid code articles have been introduced in connection codes which describe
the behavior of the converter stations.
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During unbalanced faults, it is possible to control the VSC-HVDC link current injec-
tion in the positive and in the negative sequence. Commonly, the negative sequence
current component is suppressed in order to avoid high unbalanced fault currents and
protect the sensitive IGBTs of the converter station. Hence, it becomes relevant to study
the expected fault response of the VSC-HVDC link for various applied control schemes
in the positive and in the negative sequence so as to design effective fault detection and
protection schemes in AC transmission systems where VSC-HVDC links feed in. The
same applies for the offshore AC island grid although the control layout is significantly
different. In that context, the design of control schemes which enhance the unbalanced
fault behavior of the onshore and the offshore station needs to be investigated.

1.3. THESIS OBJECTIVES
The main research goal of this thesis is the analysis and optimization of mandatory grid
code compliance control strategies during AC fault conditions for offshore wind power
plants with VSC-HVDC connection.

The first research objective addresses the development of a new optimal iterative
procedure which optimizes the mandatory fault ride through compliance of offshore
wind power plants that use VSC-HVDC transmission. Both point-to-point and multi-
terminal connections are explicitly addressed. The method aims to tune the controllers
in order to achieve minimal electrical stresses in the combined wind power plant and
VSC-HVDC system taking into account the non-linear dynamic behavior of the con-
trol modules. The reduction of the electrical stresses at the offshore wind power plants
and the HVDC system during AC faults can lead to the increase in the life expectancy of
the equipment. Moreover, it reduces the impact that grid code requirements impose to
hardware while at the same time ensures power system voltage and transient stability
support.

The second objective of this thesis, is to quantify the effect of the fault ride thought
grid connection requirements applied to HVDC connected wind power plants on the
voltage and rotor angle stability of the mainland AC transmission system. The goal is
to present by analytical methods augmented by stability type, time domain simulations,
the achieved improvement on the power system voltage and rotor angle stability metrics
as a result of grid code compliance. Both point-to-point and the multi-terminal HVDC
connections are addressed in order to derive general conclusions.

As a third objective, the thesis studies the unbalanced fault ride through response of
VSC-HVDC links connecting large offshore wind power plants. Unbalanced grid faults
are simulated at the onshore and the offshore AC terminals of the VSC-HVDC link. The
importance of the negative sequence current control is defined. Two level VSC-HVDC
technology is assumed for the offshore wind connection case. The aim is to demonstrate
how the negative sequence current control of VSC-HVDC systems affects the unbalanced
fault response of AC-DC transmission grids.

1.4. RESEARCH QUESTIONS
The formulated research questions in the context of this thesis address the main problem
of how technical capabilities, system functionality and grid code requirements for off-
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shore wind power plants and their VSC-HVDC system delivery can lead to the improve-
ment of power system faulted dynamic response. It is important that wind power plants
and HVDC systems are not over-engineered from the electrical engineering perspective,
yet system operators are assured of stable grid operation under all circumstances. The
thesis research questions are summarized and grouped as follows:

1. Which control parameters affect the fault ride through (FRT) compliance of off-
shore wind power plants in VSC-HVDC grid connection during balanced onshore
AC grid faults? What are the experienced electrical stresses at the VSC-HVDC sys-
tem and/or the wind plants? Are there any negative interactions, undesired dy-
namics and risks when coordinated FRT strategies are applied? Could a point-to-
point HVDC connection be FRT compliant when expanded to meshed HVDC grid
connection? What are the observed differences with respect to the power system
response between the point to point and the multi-terminal HVDC grid connec-
tion of the offshore wind power plants? How can we reduce the cost of FRT grid
code compliance while respecting the technical limitations of the offshore wind
power plants in VSC-HVDC connection?

2. Is it possible to optimize the dynamic response of the offshore wind power plants
and the VSC-HVDC system while at the same time minimizing the imposed elec-
trical stresses as a result of fault ride through compliance? How to estimate the
optimal grid code related control parameters in a generic way which can be ap-
plied on a case by case basis per project?

3. Which control blocks in the VSC-HVDC system affect the unbalanced fault behav-
ior of the AC transmission system? What are the imposed electrical stresses in
the VSC-HVDC equipment and how to mitigate them? What are the associated
risks for the AC power system during the fault response and how the AC-DC trans-
mission system can be optimized from the power system protection perspective?
What are the needs in a future power system with high penetration of power elec-
tronic interfaced generation units?

4. How does the choice of the grid code variables affect the short term voltage and
the rotor angle stability of the onshore transmission system during AC grid faulted
conditions? How does the sizing of the onshore VSC-HVDC transmission system
affects the power system voltage and rotor angle stability? Is it possible to quantify
the benefits from power system perspective?

5. Offshore wind power plants with VSC-HVDC connection are isolated AC systems
with very low short circuit power levels. How does such an island grid behave dur-
ing balanced and unbalanced AC faults? What are the available control options for
the FRT grid code compliance? What are the benefits for imposing grid codes at
the offshore island grid? What is the additional control functionality needed?
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1.5. APPROACH
The analysis in this thesis is performed using time domain dynamic simulations for well
defined test systems. Three types of dynamic models have been developed. First, a de-
tailed electromagnetic transient (EMT) type model in PSCAD/EMTDC environment. It
represents an offshore wind power plant with a VSC-HVDC system. All the associated
control loops for the offshore wind power plant, the onshore and the offshore VSC-HVDC
converter station are represented in detail. Control interactions during AC faults are ob-
served and new control schemes for improving the grid code compliance of mandatory
requirements are proposed.

Next, average value EMT type models have been developed in the Matlab/Simulink
environment. The models are modular, parametric and can be easily extended from the
point-to-point VSC-HVDC connection to the multi-terminal HVDC case. The choice of
Matlab/Simulink simulation platform is performed with the goal to couple iterations of
the EMT type simulations to the optimization toolbox, developed in the Matlab envi-
ronment. Using the EMT Matlab/Simulink model and state of the art stochastic opti-
mization algorithms, an iterative procedure is formulated for the optimal tuning of the
coordinated fault-ride through strategies.

Finally, RMS value time domain simulations have been used in order to demonstrate
the effect of the FRT grid code compliance on the power system rotor angle and voltage
stability. The rms models used are simplified, under the main assumptions taken for
stability type studies. The models include a VSC-HVDC system model and wind power
plant models in point-to-point as well as in multi-terminal DC connection. Using the
model, sensitivity analysis is performed in order to show the effect of grid code and grid
code compliance control parameters on the power system transient stability.

1.6. THESIS OUTLINE
Chapter 2 provides a literature review on offshore wind development, technical chal-
lenges for sustainable power systems and VSC-HVDC technology. A overview is given of
general grid connection requirements for offshore wind power plants with VSC-HVDC
transmission. Furthermore, a discussion is presented on the state of the art technology
for the fault-ride-through compliance.

Chapter 3 introduces three novel control modules for offshore wind power plants
with a point-to-point VSC-HVDC connection. The goal is to enhance the fault ride through
(FRT) capability of the HVDC system and the connected offshore wind power plants dur-
ing unbalanced AC faults. Firstly, a positive-sequence-voltage-dependent (PSVD) active
current reduction control loop is proposed for the offshore wind turbines. The method
enhances the performance of the offshore AC voltage drop FRT compliance strategy.
Secondly, an enhanced current limiting control module which operates simultaneously
on the positive and the negative sequence current is discussed. It enables negative se-
quence current injection, while at the same time respecting the maximum fault current
capacity of the HVDC converter station. Finally, the chapter introduces a novel en-
hanced control strategy for the offshore VSC-HVDC station. It enables improved FRT
compliance for balanced and unbalanced AC faults at the remote island offshore grid.
Simulation results with a detailed EMT type model in PSCAD/EMTDC environment are
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presented for onshore and offshore faults. The test system consists of a two level VSC-
HVDC link, rated at ±250 kV, connecting an offshore wind power plant with 700 MW
generation capacity.

Chapter 4, presents a new iterative procedure augmented by electromagnetic tran-
sient (EMT) type simulations and the state of the art mean variance mapping optimiza-
tion (MVMO) algorithm. It enables the optimal tuning of coordinated fault ride through
(FRT) compliance strategies for offshore wind power plants with VSC-HVDC transmis-
sion. The formulated optimization task minimizes the electrical stresses experienced by
the VSC-HVDC system and the offshore wind power plants during the FRT and post-FRT
period. Moreover, it ensures that the onshore and offshore grid code profiles are not
violated due to unwanted dynamics associated with the combined response of the VSC-
HVDC system and its wind power plant. Two different state of the art coordinated FRT
strategies are optimized for the first time in this work using the iterative procedure. The
first FRT strategy is the controlled offshore AC voltage drop method. Two sub-cases of
the latter are addressed. In the first sub-case, the offshore wind turbines provide reac-
tive current support to the onshore island grid during the controlled offshore AC volt-
age drop period. In the second sub-case, a new alternative technique is tested which
uses a voltage dependent active current reduction controller at the offshore wind power
plants. The second optimized FRT strategy is the frequency modulation technique sup-
ported here by a wind turbine level controller. The wind turbine controller modulates
adequately the active current for a given offshore frequency. The combined VSC-HVDC
system and wind plant dynamic response is compared by means of time domain simu-
lations. Recommendations on the best solution are provided.

Chapter 5 extends the applied iterative procedure for the optimization of the coordi-
nated fault ride through compliance strategies to an offshore multi-terminal HVDC grid
case used for grid connection of far and large offshore wind power plants during AC sys-
tem failures. The chapter initially discusses control modules and parameter sensitivities
which affect the combined dynamic response of the MTDC grid and the connected off-
shore wind power plants. Then it presents the improvements achieved when the control
parameters are optimally selected.

Chapter 6 presents the improvement in the short term voltage and rotor angle stabil-
ity of an AC transmission system as a result of the fault ride through and reactive current
injection compliance of VSC-HVDC systems used for the grid connection of offshore
wind power plants. The analysis is performed by analytical equations on equivalent
linear circuits, augmented by time domain dynamic simulations on the modified IEEE
39-bus test system. The benchmark AC-DC transmission system consists of point-to-
point and multi-terminal HVDC connections. Different control strategies and parameter
sensitivities are evaluated in order to draw conclusions and provide recommendations
about the dynamic response of future AC-DC transmission systems.

Chapter 7 provides the overall conclusions of the thesis and answers to the research
questions while providing recommendation and future work.
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1.7. CONTRIBUTION OF THIS THESIS TO THE FLOW PROJECT

IN THE NETHERLANDS
The grid code compliance certification process for offshore wind plants is a tedious pro-
cedure. It initially requires practical field tests, where critical parameters for the wind
turbine models need to be defined. Next, offline simulation studies are required by sys-
tem operators in order to prove that the wind plant is grid code compliant and does not
jeopardize the power system security of supply.

In that prospect, steady-state and dynamic models for wind plants are needed by
the project developers and power system operators. From the project developers and
TSOs perspective, building such models is a time consuming process, which involves
additional costs and delays. Obtaining black box dynamic models from wind turbine and
HVDC system manufacturers is a common practice. However, it is not always sufficient
as there are confidentiality and intellectual property concerns. Let alone the black box
models do not always provide deep insights due to their restricted in use nature.

The primary contribution of this thesis to the Far and Large Offshore Wind (FLOW)
project is development of offline simulation tools. Secondary, the simulation tools are
used within the project in order to perform control parameters trade-off analysis. In
that prospect the system stability impact of far and large offshore wind (FLOW) power
plants on the interconnected power system is demonstrated for a variety of grid con-
nection studies. In addition, an optimal iterative methodology is proposed for the grid
code compliance. It reduces the cost of grid code compliance, as it eliminates the use
of hardware, and optimizes the dynamic behaviour of the FLOW plants from technical
perspective.

The simulations models and methodologies for optimal grid code compliance docu-
mented in this project deliverables, cover all the spectrum of the needed grid connection
simulation studies including namely: power flows, detailed transient and dynamic sta-
bility models. It can be used to define transient stability metrics and design grid codes
for the Dutch power system and evaluate its stability for various scenarios of wind power
penetration levels.

It is also shown that by using the grid code compliance optimal trade-off tool, along
with adequate analysis on technical compliance options, it is possible to achieve a cost
reduction of 0.5% according to the FLOW cost model, mainly due to the contributions in
capital expenditude (CAPEX), development expenditure (DEVEX) and operation expen-
diture (OPEX). The substitution of hardware equipment (as the HVDC DC-chopper) by
coordinated software based control schemes for fault ride through compliance, would
decrease the CAPEX for the HVDC link. Furthermore, clearly defined offshore grid codes
at national level, harmonized to the European grid codes released by ENTSO-E, and con-
fidence that the offshore HVDC networks can be safely operated will encourage the de-
velopment of offshore wind resources. Finally, the project provides insights into tech-
nical risks associated with the grid code compliance of HVDC connected FLOW power
plants during AC grid faults. Risks arise from badly tuned control loops installed in order
to support the system during AC fault conditions.



2
REVIEW OF TECHNOLOGIES FOR

SUSTAINABLE POWER SYSTEMS

AND THE ROLE OF OFFSHORE

WIND POWER

2.1. TECHNICAL CHALLENGES

2.1.1. ENERGY SECTOR TRANSITION
The environmental concerns about the global warming have promoted the transforma-
tion of the European energy sector [6, 9, 28]. In that context, the European Union has
set the binding target of 27% renewable energy utilization in its final energy consump-
tion. This translates to about 47% of electricity generated explicitly by renewable en-
ergy sources [29]. Moreover, the need to make Europe independent on foreign energy
resources (imported coal, gas and oil) has further boosted this initiative [30–32]. The
emerging renewable energy markets would strengthen the European economy [1, 33],
promote innovation technology and open new oppurtunities for member states [34]. Re-
newable energy accounted for 77% of all new installed power generation plants in 2016
[35]. The falling costs of renewable energy technologies has made them a competitive
option for new installed power generation [36, 37]. Onshore wind and photovoltaic (PV)
technology have become today an affordable source of electricity generation in many
parts of the world.

Wind, solar, biomass, geothermal and hydro power resources are abundant through
Europe [38]. Wind energy is supposed to take the Lions share in the future renewable
electricity generation mix [39]. Based on the "Wind-Europe" association central devel-
opment scenario, about 320GW wind power capacity will be installed in EU by 2030
[40, 41]. This is twice as big as the installed wind power capacity in 2014 (129GW). Wind
is estimated to contribute 24% in the total energy share in the EU (778TWh). Up to date
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wind sector covers about 12% of the European energy demand.

2.1.2. INNOVATION TECHNOLOGY
The development of sustainable energy systems requires innovation technology in two
main topics. First is the cost reduction for renewable energy technologies including
the manufacturing,[42, 43] installation and supply chain [15, 44–46]. Reducing offshore
wind energy costs has been a major focus of research and development activities through
the past decade [47]. Up to date, the record for the lowest reported cost has been ob-
served in the Netherlards, for the Borselle I project with a strike price of 72.7Euros/MWh
(not including the grid connection costs). Only in the past five years, wind energy sector
has featured the largest number of EU registered technology patents clearly reflecting
research and development activities. These breaking points boost the anticipation and
confidence for investors that offshore wind industry will be fully competitive with gas,
coal and nuclear energy in the future [15].

The second topic for innovation technology is the need to ensure the power sys-
tem security of supply for future sustainable electrical grids. The development of grid
friendly renewable energy technologies is currently at the spot of research activities [48–
51]. The future replacement of large conventional power plants units by power electronic
based renewable energy technologies has brought into the spot new challenges for grid
operators (both at the distribution and transmission level). Ensuring power system se-
curity of supply and certain levels of power quality would not be an easy task mainly due
to lack of experience with future sustainable power grids [52–56]. Nonetheless, these
challenges present a clear will from the European industry and power system society to
promote innovation and the development of new power system technology.

2.1.3. POWER SYSTEMS DOMINATED BY CONVERTERS
The majority of renewable energy sources (PV, wind and battery storage) are grid con-
nected via power electronic converters. So far the power electronic modules have been
designed and optimized from the component perspective. Since, less conventional power
plant units will be available in future grids, renewable sources need to provide grid sup-
port services [48, 57]. Moreover, new challenges arise which will be briefly discussed
below.

FREQUENCY STABILITY

An important technical concern for future sustainable power systems is frequency sta-
bility. Frequency stability challenges with large penetration of wind and solar have been
identified in Ireland [23] and the United States [24]. These real grid cases have provided
an indication of challenges that interconnected systems will meet due to the reduction
of conventional generation units, and as a consequence of the rotating kinetic energy in
the grid.

VOLTAGE CONTROL AND RESTORATION

The majority of power converters used for the grid connection of renewable generation
units are current controlled voltage sources. Their association with voltage control is re-
ferred as their ability to provide reactive current in normal and fault conditions. In future
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grids, with very high penetration of power converters in the transmission, distribution
and low voltage level, the ability of power converters to build the voltage applying grid
forming control schemes would be important. Although 100% power converter genera-
tion is not realist scenario during normal operation, it could potentially happen in cases
of system split where part of the transmission system will contain only power converter
based generation and loads. In that case, grid forming schemes would enable stable op-
eration while current control converters would simply lead to system black-out. Hence,
voltage control and restoration in power electronic based grids shall be regarded as the
ability of forming the voltage in similar manner as conventional generation units do.

HARMONIC STABILITY OF AC-DC TRANSMISSION AND DISTRIBUTION SYSTEMS

The high penetration of power converters in the grid (tranmission and distribution level)
would affect the delivered power quality due to harmonic emitions [58]. Furthermore,
the applied control strategy and parameters of the converter affect additionally the dy-
namic interaction with the grid resonance. Challenges with harmonic instability have
been already identified in large wind power plants with HVDC connection [59–61]. Sim-
ilarly, when a large number of HVDC converters are connected to the transmission grid
in close electrical proximity, similar phenomena might be observed as a result of bad
tuning of controlers [62]. Generic assessment methods and harmonic stability criteria
are needed in order to ensure power quality and robustness in a converter dominated
power system [63, 64].

SYSTEM RESTORATION SERVICES

In a future sustainable grid, wind turbines and HVDC systems should be capable to
provide black start or operate completely in island grids without the presence of con-
ventional machines. Until today system restoration services from wind plants have re-
mained unexplored [65, 66]. Detailed requirements or technical specifications does not
exist in grid codes. Moreover, the stochastic nature of wind generation units, makes sys-
tem operators reluctant to rely on wind plants for system restoration. Sufficient infor-
mation about wind conditions and highly advanced wind forecasting techniques will be
demanded. The integration of storage at wind turbines would be a potential solution to
provide voltage restoration via the power electronic modules.

STORAGE

Storage is a key element for sustainable energy systems. The witnessed cost reduction
in battery storage, has opened new business opportunities for the provision of system
support services (i.e frequency response and local balancing) from local consumers. In
that context, consumers have been turned into prosumers which could potentially play
a major role in the operation of future grids. Large scale storage is also key for the vast
geographic integration of sustainable energy throughout Europe. Pumped-Hydro power
remains still the most efficient and cost effective mean of applying large system storage.

SHORT CIRCUIT CURRENTS

Adequate short circuit power levels are important for the power system in order to ensure
the effective operation of its protection schemes [67, 68]. In a future power system dom-
inated by power converters, protection would be an additional challenge [69–71]. The
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limited overcurrent capacity of power converters during the fault period would make
fault current detection and isolation hard [72, 73]. Over-dimensioning power converters
with purpose to provide high fault currents could be an option but it would mean ad-
ditional costs for the components. When considering unbalanced faults, the increased
fault current capacity would enable the injection of negative sequence currents which
would boost the fault detection capability during unbalanced grid faults.

WEAK CONNECTION POINTS

In future sustainable power systems, wind plants will be connected to remote sites, with
long transmission systems, electrically far from stiff grid connection points. This brings
additional challenges for the the stability of the plant and the power system. Instabili-
ties for power converters have been already observed for weak grid connection points.
Defining challenges of such connections and linking them to the grid codes applied
would limit risks related to stability of the grid [74–78].

2.1.4. WIND POWER PLANT TECHNOLOGY TODAY
Wind tubine technology has experienced a rapid development during the past 10 years
[79, 80]. The demand for power system support services and the strict grid code require-
ments [81] have motivated wind turbine vendors to build machines which are highly
sophisticated devices. Having as starting point the fixed speed wind turbine, the state
of the art technology today incorporates variable speed technology [82] augmented by
power electronic actuators which are capable to provide high degree of controllability
and flexibility during normal operation and faulted conditions [83].

Two types of variable speed technology have dominated the market. First is the full
converter interfaced wind turbine (type 4) which uses an AC/DC/AC conversion rated at
the generator capacity of the wind turbine [84–87]. The second, is the double fed asyn-
chronous generator wind turbine with a slip ring rotor with the converter rating being
only 25% of the machine rating [88–94]. The main advantages of using such machines
are namely: the high delivered power quality, the limited filter requirements, the capabil-
ity to withstand grid faults up to zero voltage level providing limited short circuit current
injection, the capability to change the power set points with purpose to contribute in
the power system load frequency control and finally the ability to handle unbalanced
grid faults with high efficiency are only a few to mention.

Offshore wind turbines need to withstand the very unfriendly offshore environment,
placing additional stresses to the applied materials [95]. Also, another important con-
cern is the limited space available at the offshore platforms which demands for the op-
timization of the substation layout[96–99]. In principle in order to reduce the cost of the
offshore wind farms, higher capacity factors are required which means that the size of
the generator and the blades lengths have been significantly increased [100]. Further-
more, with a goal to minimize the turbulence and wake effect, offshore wind turbines
are adequately placed and their distances between each other are optimized [101, 102].

GRID FRIENDLY WIND PLANT TECHNOLOGY

Grid system services and enhanced control functionality are key aspects in order to en-
sure the stable integration of large scale renewable resources [103, 104]. Since wind
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farms have grown in size forming big wind power plants, system services are more and
more requested by system operators [105–109]. Some of these services are grid codes
nowadays. Voltage and frequency control are functions that modern wind plants could
provide [85, 110–123].

Technical enhancement of future grid support services by wind plants would de-
mand for faster and reliable communication technology which would enable data ex-
change between grid operators and wind plant owners [124, 125]. Sophisticated wind
forecasting techniques and dedicated applied control schemes are needed in order to
estimate the available system services and enhance power system stability. Specifically
for offshore wind power plants, grid support services need to consider the applied trans-
mission system technology (HVAC vs HVDC). Offshore wind plants for example with
HVAC connection can provide relevantly easier frequency support services compared to
HVDC connected wind power plants where there is need either for enhanced communi-
cation technology or advanced coordinated control schemes. Implementing enhanced
grid support services for voltage and frequency control would involve additional invest-
ments that would be translated to additional costs.

2.2. STATE OF THE ART OFFSHORE WIND PLANTS WITH HVDC
CONNECTION

The development of far from shore and large in size offshore wind power plants demand
for alternative grid transmission system solutions which would make these projects eco-
nomically and technically feasible [126–128]. VSC-HVDC transmission is a cost effective
solution for distances above 120km. The use of VSC-HVDC links for offshore wind plants
would provide advantages [20, 129] but it would introduce additional challenges with re-
spect to the design, the control and the operation of such new schemes.

The connection of the offshore wind plants via VSC-HVDC transmission [130] pro-
vides the technical feasibility to create large offshore clusters by connecting large off-
shore wind plants to certain offshore hubs. The rated capacity of the state of the art
VSC-HVDC technology is currently around 1200MW which enables the connection of
power plant modules of different sizes. With VSC-HVDC connection the offshore electri-
cal grid becomes completely decoupled from the onshore power system. If adequately
controlled, the VSC-HVDC system and the offshore wind plants could be operated as
power plant unit or a virtual plant which provides controllable active and reactive power
at its onshore grid connection point.

The main engineering challenges for offshore wind plants with VSC-HVDC transmis-
sion takes place at the offshore side. The limited space at the offshore platform and the
exposure to sault, water and wind conditions demands for reliable components with ap-
propriate sealing and insulation. Important are also the auxiliary supplies which need to
ensure power supply availability even at no zero wind speed conditions. Normally, the
auxiliary power supply is provided by the wind turbines, however, during no wind con-
ditions either a diesel generator is used, or a parallel AC cable embedded in the HVDC
cable. Reverse power flow from the onshore HVDC station to the offshore station is also
possible.

Another important concern, beside the component design, is control robustness and
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stability. The offshore island grid shall be stable both during steady state operation and
offshore grid fault conditions. For steady state operation, the so called harmonic stabil-
ity has been recently identified as a potential risk. Harmonic stability refers to the ability
of the offshore island grid to ensure that high frequency interactions between the power
converters and the offshore AC cables will be always damped with reasonable time con-
stants and not get amplified by the power converter modules.

The offshore island AC grid is basically using high voltage cables which reduces the
risks of faults. However, when such faults occur the AC island grid shall remain stable
while the fault be effectively cleared. As a result, the protection schemes shall be ca-
pable to selectively detect and isolate parts of the offshore AC grid while the un-faulted
part does not trip. The fault ride through capability of the wind power plants and the
offshore HVDC station shall be ensured. The nature of the fault ride through is not the
same as in the onshore side since there are no connected consumers. Keeping the volt-
age high at the island grid is essential for the wind turbines power converters to remain
grid tied and recover during the post-fault period. Moreover, beside the need for fault
ride through compliance, challenges have been lately identified in the case that the off-
shore VSC-HVDC station blocks for a couple of cycles. Blocking of the offshore HVDC
converter might lead to trip of the hub and loss of significant amount of wind genera-
tion. The wind turbines should be capable to withstand this disturbance. From this dis-
cussion one can foresee that the components design, the optimization of the substation
layout, the design of the control modules and the optimization of the intra-array cables
in conjugation with the control and the operation of such offshore islands has become
very relevant.

The onshore VSC-HVDC station provides the grid interface with the high voltage
transmission grid. Its functionality is to control the DC link voltage, ensuring the power
balanced between the onshore and offshore stations. Moreover, the onshore station
should provide grid support services including reactive power and voltage control during
normal voltage conditions, fault current injection during AC grid faults, synthetic iner-
tia response (in coordination with the offshore wind plants), emergency power control
especially for ramping down the power and damping of electromechanical oscillations.
Finally, the onshore station, has the ability to ensure that its operation does not inter-
act with the grid resonance neither shift the grid resonance not create sub-synchronous
interactions with generators in the close electrical vicinity. The above mentioned chal-
lenges have been identified by transmission system operators and HVDC system ven-
dors.

2.2.1. HVDC SYSTEM TOPOLOGIES
HVDC systems can be built in many configurations depending on the power rating and
the system needs. The most simple HVDC system configuration is the mono-polar. De-
pending on the grounding configuration in the DC side, mono-polar configurations are
termed as mono-polar with metalic return, mono-polar with grounded midpoint and
mono-polar with ground return. In order to increase the transmission capacity and re-
liability of the delivered power, bipolar configurations are applied either with metalic
return or with ground return. For AC grid disturbances, the effect of the HVDC circuit
configuration does not affect significantly the HVDC stations response.
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Figure 2.1: An offshore wind power plant with VSC-HVDC tranmission system.

2.2.2. VOLTAGE SOURCE CONVERTER TOPOLOGY
Voltage source converter technology is the current state of the art technology for HVDC
systems. The first generation of VSC-HVDC systems utilized two level converter tech-
nology based on IGBT. The IGBT technology enables controlled switching on and off en-
abling self commutation and energization of passive networks. The switching frequency
of the IGBTs shall be kept high in order to reduce the current ripple, without at the same
time increasing significantly the switching losses. The two level VSC technology pro-
duces voltage wave-forms with the fundamental frequency and higher harmonics ap-
pearing at multiples of the carrier frequency. Hence, passive filters are installed in order
to improve the delivered power quality of the voltage and current reducing the total har-
monic distortion. As an improvement of the two level VSC, the three level technology
has been used. This configuration is derived by clamping the neutral point of the DC
link. Its main advantage is the lower harmonic distortion and the reduction in the size of
the needed passive filters.

The modular multi-level converter technology is today the state of the art HVDC
technology. This topology is capable to built the sinusoidal voltage waveform by a large
number of step voltages which are inserted and removed from the circuit in a controlled
way. The biggest advantage is the very low harmonic distortion which reduces the size
of the passive filters. The main drawback for the MMC-HVDC is the switching losses due
to the large number of components.

2.2.3. TYPICAL CONNECTION LAYOUT
The main components of an offshore wind plant with VSC-HVDC tranmission is pre-
sented in figure 2.1. As it can be observed, the onshore sub-station which operates as
inverter provides connection to the high voltage AC transmission system. At the sub-
station are located AC filters, DC filters, switching devices and the converter modules.
At the offshore terminal, the offshore HVDC station, operates as tectifier and provides
AC voltage to the offshore hub. Additionally, every wind plant connected to the hub,
contains its own platform where the medium voltage to high voltage transformers are
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located. Usually, the wind turbines are connected at 33kV medium voltage level.

2.2.4. CONTROL FUNCTIONALITY

REACTIVE POWER AND VOLTAGE CONTROL IN OFFSHORE HVDC LINKS

VSC-HVDC technology enables voltage and reactive power control in high voltage trans-
mission systems. The size of the onshore HVDC converter station is considerable and
should be utilized as a source for controlled active and reactive power. The latter pro-
vides flexibility to the system operators to handle congestion in the grid. The converter
is capable either of providing a fixed amount of reactive power (ordered by the system
operator) or controlling the voltage levels at its grid connection point. Moreover, it is
possible to integrate the reactive power control capability of the onshore HVDC station
to the secondary voltage control level of the onshore power system, based on optimal
load flow algorithms.

At the offshore AC island grid, the voltage is formed by the offshore station. The wind
turbines can further contribute in the reactive power and voltage control by regulating
the amount of reactive power injected by each individual turbine. Over-all, it is the com-
bined operation of the offshore station as a slack bus and the wind turbines as reactive
power sources which ensure adequate voltage and reactive power flows in the offshore
AC island. Recent research has presented an integrated approach where the reactive
power set-points per each individual wind turbine in the farm are optimally selected in
order to minimize losses and reduce the plant operation costs.

ACTIVE POWER AND FREQUENCY CONTROL OF OFFSHORE WIND PLANTS WITH HVDC CON-
NECTION

A typical offshore VSC-HVDC link for offshore wind power grid connection could pro-
vide active power control in order to support the power system frequency stability. The
onshore converter station, varies its active current in such a way that the DC voltage at its
terminal is controlled at its reference set point. The offshore station, provides the voltage
at the offshore island grid and controls the frequency of the voltage via the internal volt-
age angle. So the control philosophy does not have a "direct" active power set point, but
rather as slack bus that absorbs the generated offshore wind power to the onshore termi-
nals. Hence, in the case that active power control functionality is needed (i.e frequency
control), either a communication link is needed or other coordinated control schemes
have to be applied. The disadvantage of using communication is the dependency of the
provided service to measurements and communication infrastructure latency.

CAPABILITY TO ENHANCE HARMONIC STABILITY

A future challenge for power systems with high penetration of power electronic convert-
ers is high frequency harmonic interactions. Offshore VSC-HVDC links shall be capable
to utilize adequate control blocks which can shape their output impedance in such a
way that it does not interact with the grid resonance. The grid resonance frequencies
depend on many factors, as the system configuration and the grid operating point. For
VSC-HVDC links, it is important to be able to detect these changes and adopt its con-
trol modules or parameters if needed in order to avoid harmonic interactions. So self-
adopting controllers for mitigating harmonic interactions would be very important both
for onshore and the offshore terminals of the VSC-HVDC station.
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FAULT RIDE THROUGH

The capability of the offshore wind plants and their VSC-HVDC system delivery to on-
shore and offshore faults is important. For onshore faults, the challenge for the VSC-
HVDC link is to avoid very high direct over-voltage in the HVDC link during the fault
period while injecting reactive fault current. Different FRT schemes have been proposed
in the literature, using either hardware as the DC chopper solution or coordinated con-
trol schemes. The DC chopper is a very straight forward approach which uses controlled
resistances to dissipate the power that is not flowing to the grid during the fault period.
Its limitation is the size of the substation and the its costs. With respect to the coordi-
nated schemes, two categories can be defined. Those who act on the offshore AC voltage
and those who act on the offshore island frequency. Both aim to reduce the generated
offshore wind power.

2.3. MULTI-TERMINAL HVDC NETWORKS
The connection of several HVDC terminals from the DC side would enhance the power
system operation [131, 132]. It would reduce grid connection costs as the same HVDC
station could be used to transfer power to different control zones. Moreover, the outage
of one terminal (i.e onshore HVDC station) would not interrupt the utilization of wind
power generation in the system [133]. Similar to offshore connections, the expansion
of embedded HVDC links or links connecting asynchronous zones to a transnational
overlay multi-terminal HVDC grid, would enable more effective power flow in the AC
transmission grid, efficient congestion management, effective cross border power flows
and enhancement of the rotor angle stability (both large and small signal).

The development of HVDC grids is not new as a concept. In the 70s and 80s research
efforts mainly using line commutated converter (LCC) HVDC technology have proven
the feasibility of HVDC grids. The HVDC grid real world application were limited to only
three terminals. LCC-HVDC converter technology is very well proven, mature and cost
efficient for bulk power transmission capacity. However, it has certain disadvantages for
the development of offshore HVDC grids as it does not provide fast power reversal and
demands for communication technology, reactive power compensation and stiff grid
connection points. Moreover, it cannot energize passive offshore networks neither it
can operate to weak grids. LCC-HVDC is used in Brasil and China up to date for Bulk
power transmission in very long distances and it has achieved rating of up to 6000MW.
Recent advances in HVDC technology, and the new modular multilevel converter (MMC)
topology has revived the scientific interest for HVDC grids.

2.3.1. HVDC CIRCUIT BREAKER

The protection of the DC circuit and the interruption of the DC fault current is a key ele-
ment in order to realize fully operational meshed HVDC grids. The high costs of convert-
ers demand for sophisticated DC protection schemes and advanced DC circuit breaker
technology in order to detect and effectively isolate the fault from the rest of the HVDC
grid. HVDC breakers shall provide sufficient fault current interruption capability, fast
operation, minimum on state losses, capability to withstand over-voltages, bidirectional
current flow, lightness, compactness, modular design and reliability.
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DC faults shall be selectively cleared and allow post-fault direct voltage recovery in
the HVDC grid while ensuring robustness and stability of HVDC station control schemes.
The small time constants and the DC capacitive behaviour of HVDC circuit (and con-
verter station), requires for very fast circuit interruption time, typically between 5-10 ms.
HVDC breakers are very large in size and very expensive compared to AC breakers. One
of the main difference with respect to AC breakers is the absence of natural zero current
crossing point in DC circuits. Hence, the HVDC breaker needs to create a zero crossing
in order to interrupt the current. This is done by posing a counter voltage of the ade-
quate amplitude. Moreover, due to the large DC fault current, the energy stored in the
inductance needs to be dissipated by the breaker. The larger the counter voltage, the
higher the dissipated energy in the device. The breaker has to withstand the voltage gen-
erated (during fault at the healthy poles and post-fault) and comply with the insulation
and coordination of the HVDC system.

Two DC circuit breakers types can be identified, namely the electromechanical and
solid-state. The Electromechanical type can be categorized into three sets based on the
method used. First is the inverse voltage generating method, second the divergent cur-
rent oscillating method, and third the inverse current injecting method. Only the inverse
current injecting method can be used in high voltage and current ratings. In this type of
breaker, a current zero point can be achieved by superimposing a high frequency inverse
current on the input current by dis-charging a capacitor (that was pre-charged) through
an inductor.

The Solid-state circuit breaker is the second type of HVDC breaker particularly effec-
tive for use in VSC-HVDC grids. The main advantage of these breakers compared to the
previous category is that they can interrupt the fault current much faster than the elec-
tromechanical circuit breakers. They are based on Integrated Gate Commutated Thyris-
tors (IGCT), which compared to IGBT (bipolar thyristors) have lower on-state losses. The
current flows through the IGCT and when it has to interrupt it, the IGCT is turned off.
Once that occurs, the voltage quickly increases. A varistor which is designed to block
voltages above the voltage level of the system (that is in parallel to the thyristor) is con-
ducting. The main disadvantage of these types of circuit breakers are the high on-state
losses and the capital costs.

Finally, the utilization of HVDC breakers can be enhanced by the new generation of
full bridge MMC-HVDC topology which is capable to block the fault current and enhance
the fault interruption capability. The later provides the ground for new fault detection
and isolation strategies in meshed HVDC grids.

2.3.2. DIRECT VOLTAGE AND CONTROL OF HVDC GRIDS

In a fully operational HVDC grid (offshore or embedded in the power system), the direct
voltage at the DC nodes, shall be maintained at strictly defined range during normal and
fault conditions. During faults (AC or DC), emergency actions are taken in order to limit
the deviation from these operation ranges.

The direct voltage control in an HVDC grid has two main targets. First, enabling the
normal operation of the power electronic components of the HVDC stations. Second,
the affective and robust of power flow control in an HVDC grid [134].
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2.3.3. SYSTEM SUPPORT SERVICES FROM HVDC GRIDS

The high active and reactive power controllability of the HVDC grid terminals could be
used for system support services in the transmission level. The fast independent con-
trol of active and reactive power enables frequency support and damping of rotor angle
oscillations in the AC grid. When embedded in the transmission network, HVDC grids
can effectively damp inter-area oscillations by means of active power modulation. If
the HVDC grid is connecting offshore wind power or coupling two control areas (syn-
chronous or asynchronous), the active power control can significantly enhance the fre-
quency stability of the system.

With respect to the reactive power and voltage control, HVDC stations can be re-
garded as independent sources of reactive power as long as normal conditions exist in
the DC side. Even with zero active power, HVDC stations can operate as STATCOM and
enhance locally the voltage stability. The same applies for fast reactive current injection
during AC grid faults. The injection of reactive current from the HVDC stations could
support short term voltage stability in the close vicinity of the connection point. More-
over, HVDC stations feeding power to a grid connection point can be used as active har-
monic filters.

2.4. REVIEW OF GENERAL GRID CONNECTION REQUIREMENTS

APPLIED TO OFFSHORE WIND PLANTS AND HVDC SYSTEMS

2.4.1. FREQUENCY AND ACTIVE POWER CONTROL

An HVDC converter station, irrelevant of its technology, shall remain grid connected for
a predefined frequency range. Each TSO is responsible to define these frequency bound-
aries for its system. The typical frequency range in Europe is 49.0-51.0 Hz. Furthermore,
the HVDC station shall withstand a rate of change of frequency of 2.5Hz/s.

Within these boundaries, the HVDC system shall be capable to control its active
power (ramping up or down). Furthermore, the HVDC system shall be capable to provide
synthetic inertia response. Synthetic inertia (or artificial inertia as it is else referred in lit-
erature) is defined as the fast active power response of the HVDC station as a function
of the rate of change of the power system frequency measured at the grid connection
point. This functionality could be activated both during high and and during low fre-
quency regimes by withdrawing or by injecting a fast active power to the AC system. The
delay for the inertia response provision shall be as small as possible.

2.4.2. FAULT RIDE THROUGH

In the case of AC grid faults, the HVDC converter station shall stay grid connected for a
predefined period of time. Typical grid connection requirements include a well defined
voltage against time envelope. This profile clearly defines pre-fault, fault and post-fault
voltage levels associated with time. Figure 2.2 presents a generic low voltage ride through
curve. The fault duration period is normally defined by the critical clearing times in the
power system.



2

20
2. REVIEW OF TECHNOLOGIES FOR SUSTAINABLE POWER SYSTEMS AND THE ROLE OF

OFFSHORE WIND POWER

U (p.u)

1

Urec

Ublc

Uret

Tfault Tclear Trec t(s)

Blocking 
allowed

Trip allowed

Tblc
 

Figure 2.2: A typical low voltage ride through curve. In the x-axis are defined namely the fault time (Tfault),
the fault clearing time (Tclear), the blocking time (Tblc) and the recovery time (Trec). This time instances
correspond to the relevant voltage levels.

2.4.3. SHORT CIRCUIT CURRENT INJECTION
Beside remaining grid connected for the fault and the post-fault period, HVDC systems
are required to provide a fast fault current injection at the grid connection point [135].
Grid connection HVDC codes define this injection as mandatory only for three phase
faults. Hence, it is mainly a positive sequence current injection. It is in the responsibility
of the TSO to define whether the fault current will be reactive, active or a combination
of both. This choice has to do mainly with the power system needs. Additionally, when
the maximum fault current capacity is reached, the TSO specifies which current priority
is applied. Figure 2.3 presents a typical reactive current boosting curve.

Usually the fault current injection by the HVDC system should be provided to the
grid as a function of the phase-to-phase voltage deviation at the grid connection point.
For wind power generation units, there is an explicit description of this value. The slope
of the curve is a control parameter which the relevant TSO needs to specify and it is
termed as ‘k’ gain or “k-factor” in the literature. It is usually provided as a proportional
gain applied at the outer control loops which relates the reactive current injection to
the per unit voltage deviation of the phase to phase voltage. A voltage operating point
Uo is needed in order to cover specific operating ranges. Finally, a dead band could be
potentially selected in the range of nominal network voltage in order to avoid triggering
reactive current injection during slow voltage variations. Following changes in voltage,
the HVDC converter shall be capable of achieving 90 per cent change in reactive power,
in a predefined by the relevant TSO rise time. Typical values of this rise time would be
less than 20ms.



2.4. REVIEW OF GENERAL GRID CONNECTION REQUIREMENTS APPLIED TO OFFSHORE

WIND PLANTS AND HVDC SYSTEMS

2

21

Voltage Drop

-0.5

0.3

Additiona l reactive Current

Reactive Current Boosting:

 0

/

/

B N

N

I I
k

U U U






/B NI I

2 10k 

deadband

0

:

:

:

:

:

:

N

N

B

B

o

U rated voltage

I rated current

U voltage during fault

I reactive current during fault

I reactive current before fault

U prefault voltage

 0 / NU U U
x-x

0

-1

2k 

-0.25

(overexcited operation)

Rise time<20ms

0B B BI I I  

Without deadband

With deadband

 

Figure 2.3: A typical reactive current boosting curve which quantifies the injection of reactive current pro-
portionally to the voltage variation during AC grid faults.
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Figure 2.4: A typical profile which describes the steady state operation of an HVDC station with regard to its
reactive power capability.
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2.4.4. VOLTAGE AND REACTIVE POWER CONTROL
State of the art grid codes require for HVDC systems and wind power plants to remain
grid connected for a wide range of voltage levels [135]. Within these voltage ranges the
HVDC station needs to prove its capability to control active and reactive power exchange
with the grid.

The reactive power capability of the HVDC converter station is commonly defined
from the relevant TSO by a given U-Q/Pmax profile as presented in figure 2.4. These
profiles describe the boundaries of reactive power injection that each HVDC converter
station shall provide at its maximum active power capacity.

2.4.5. ROBUSTNESS, INTERACTIONS WITH THE GRID AND OTHER PROVIDED

SERVICES BY HVDC SYSTEMS
The design of the HVDC link control modules shall ensure robustness. The HVDC system
must be always stable during large system contingencies (i.e AC transient faults, trip of
AC lines and transmission system reconfiguration). In addition, the HVDC system shall
not interact with other plant controllers in the close electrical proximity in an unstable
manner.

Finally, the high controlabillity of the HVDC system could be potentially used for the
enhancement of small signal stability of AC grids. The implementation of power system
oscillations damping is not a mandatory requirement as given in the NC-HVDC. In that
frame it can be applied only if system operators require for it. The power oscillation
damping (POD) controllers tuning for HVDC systems is a time consuming process which
requires adequate identification of the active modes in the power grid.

2.4.6. REQUIREMENTS RELATED TO THE FREQUENCY CONTROL
The network Code HVDC (NC-HVDC) [135] stipulates that an HVDC connected offshore
wind power plant shall have access to the measured onshore power system frequency
measured at the onshore grid connection point. Fiber-optic is the most commonly used
and proven communication technology nowadays. It is commonly embedded in the
offshore HVDC cable which connects the onshore and the offshore converters without
placing additional equipment costs. A maximum time delay of 0.1s is allowed between
the time of the measurement to the activation of the fast active power response. The
NC-HVDC defines the frequency ranges between 49.0-51.Hz for normal variations in the
island AC offshore grid connected to the HVDC station.
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FAULT RIDE THROUGH

COMPLIANCE FOR BALANCED AND

UNBALANCED FAULTS

3.1. INTRODUCTION
Voltage source AC/DC converters experience double synchronous frequency ripples vis-
ible in the active power and DC voltage when exposed to unbalanced AC grid voltages
[136]. A variety of control techniques to mitigate this phenomenon have been proposed
initially for low power converters [137], [138] and later expanded to wind turbine appli-
cations [139], [140], [141]. Next to the design of such negative sequence current control
schemes, their effect on the protection of AC transmission systems is stressed in [142] for
the case of AC connected wind power plants.

For VSC-HVDC applications, an analysis on negative sequence current control for
the particular case of embedded in the power system VSC-HVDC link is presented in
[143]. In [144], the unbalanced fault response of the offshore wind power plants with
VSC-HVDC connection is investigated for the first time during offshore AC faults. The
emphasis is placed on the double frequency harmonic mitigation for single-line-to ground
faults applied at the offshore collector grid. However, it is not investigated how the VSC-
HVDC system and the offshore wind turbines connected ensure that their over-current
capacity is not violated during the combined positive and the negative sequence cur-
rent injections. In that prospect, a step-wise adaptive positive and negative sequence
current limiting control scheme is discussed in [145]. The method demonstrates satis-
factory results, however, the over-current capacity of the VSC-HVDC station is over-sized
compared to what it is commonly used in real system applications.

The fault ride through (FRT) capability is nowadays a mandatory requirement for
VSC-HVDC systems [135]. A variety of FRT strategies for offshore VSC-HVDC systems
have been documented in the literature, using either offline simulations [146], [27], [147],
[148] or real time digital simulators (RTDS) [149]. In vast majority of these papers, the
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offshore island AC system is aggregated by an equivalent wind turbine model which is
directly connected to the HVDC station, neglecting the potential effect of the offshore
AC island grid. Furthermore, the voltage drop FRT strategy is studied in [27], [147],[148]
only for balanced faults using very simple control schemes at the offshore HVDC con-
verter station and not the state of the art cascaded current-controller that manufacturers
utilize today. Although, recently a lot of research effort is spent on the new generation
of HVDC transmission, the MMC-HVDC [150], [151], [152], [153] yet a number of issues
related to the two-level HVDC links need to be addressed.

This chapter proposes an improved voltage drop FRT control strategy which enables
the offshore wind turbines to participate in the overall FRT compliance of the VSC-HVDC
link during onshore AC grid faults. The voltage drop FRT strategy is enhanced here by
applying an active current reduction control loop to the offshore wind turbines. The lat-
ter is implemented as a function of the imposed AC voltage drop by the offshore HVDC
station without communication resources. When unbalanced onshore AC grid faults
are applied, a current limiting control module with positive sequence current prior-
ity is applied at the onshore VSC-HVDC station. Furthermore, this current limiter is
supported by a negative-sequence-voltage-dependent (NSVD) active current reduction
module which enables a higher injection of the negative sequence current while at the
same time respecting the over-current capacity of the HVDC station. For the case of off-
shore AC grid faults, an enhanced control scheme is presented which enables FRT com-
pliance of the offshore VSC-HVDC station for faults at its terminals. The proposed con-
trollers are tested for balanced and for unbalanced AC grid faults (namely for line-line
and single-line-to-ground) at the onshore and offshore AC terminals where FRT compli-
ance need to be demonstrated.

3.2. OFFSHORE VSC-HVDC TEST SYSTEM
A 200km VSC-HVDC link is used in this chapter with rated direct voltage at +/-250kV. It
provides grid connection to a 700MW offshore wind power plant. Two-level VSC-HVDC
technology is assumed. The grid side VSC-HVDC station (GSVSC) is interfaced to the
infinite grid through a 30km transmission line at 380kV as it is presented in figure 3.1.
The offshore AC island grid consists of two HVAC cables at the 150kV voltage level. A pair
of three-winding transformers are used to interface the 150kV cables to the 33kV feeders.
Detailed models are used for the three winding transformers including their saturation
effect. The offshore AC island HVAC cables are represented with a pi-equivalent model
with 7.5km and 4.5km length respectively. The group of the wind turbines connected
per each feeder are aggregated to an equivalent full converter permanent magnet wind
turbine EMT-model connected at the 33kV terminal.

3.3. UNIFIED VSC DYNAMIC MODEL

3.3.1. POSITIVE AND NEGATIVE SEQUENCE DQ REFERENCE FRAMES
Any unbalanced three phase variable, under the assumption of no zero sequence com-
ponent, can be described mathematically as the sum of the positive and the negative
sequence signal as it is shown in 3.1.
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Figure 3.1: The VSC-HVDC transmission system and the connected offshore wind power plant as it is used
in this chapter.

fabc (t ) = f +
abc (t )+ f −

abc (t ) (3.1)

Let assume a positive sequence d q+ reference frame rotating with the synchronous
frequency and a negative sequence d q− frame rotating in the counterclockwise direc-
tion. The variables in the positive and the negative rotating dq reference frames are de-
fined as:

f +
d q = T (θ) f +

abc (t ) (3.2)

f −
d q = T (−θ) f −

abc (t ) (3.3)

where θ =ωt and T (θ) is given as:

T (θ) = 2

3

(
cos(θ) cos(θ−2π/3) cos(θ−4π/3)
−si n(θ) −si n(θ−2π/3) −si n(θ−4π/3)

)
Similarly the time domain instantaneous signal can be recovered from the positive

and the negative sequence dq components by the equation 3.4.
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fabc = T −1(θ) f +
d q +T −1(−θ) f −

d q (3.4)

where:

T −1(θ) =
 cos(θ) −si n(θ)

cos(θ−2π/3) −si n(θ−2π/3)
−cos(θ−4π/3) −si n(θ−4π/3)


Let us define as uc the internal voltage of the onshore converter station, u f the fil-

ter voltage and i the current flowing in the AC reactor. The differential equations of the
converter model in the positive sequence dq frame are given by equations 3.5 and 3.6.
In these equations, u f d+ and u f q+ are the positive sequence dq components of the filter
voltage, ucd+ and ucq+ are the dq components of the internal voltage of the converter
and id+ and iq+ are the phase reactor dq current components. Similarly, the differential
equations which describe the converter negative sequence components in the dq frame
are given in 3.7 and 3.8. In the same way as for the positive sequence components, u f d−
and u f q− are the negative sequence components of the dq filter voltage, ucd− and ucq−
are the negative sequence dq components of the internal voltage of the converter and
id− and iq− are the phase reactor dq negative sequence current components. R is the
resistance of the phase reactor and L the inductance. The system described by 3.5 to
3.8 can be visualized as the composition of the “positive-sequence subsystem” and the
“negative-sequence subsystem” . In next sections the control of the sequence subsys-
tems will be discussed.

did+
d t

=−R

L
id++ωiq++ ucd+

L
− u f d+

L
(3.5)

diq+
d t

=−R

L
iq+−ωid++ ucq+

L
− u f q+

L
(3.6)

did−
d t

=−R

L
id−−ωiq−+ ucd−

L
− u f d−

L
(3.7)

diq−
d t

=−R

L
iq−+ωid−+ ucq−

L
− u f q−

L
(3.8)

3.3.2. SEPARATION OF THE INSTANTANEOUS SIGNAL TO POSITIVE AND NEG-
ATIVE SEQUENCE COMPONENTS

In the decoupled control of positive and negative sequence current, the Park transfor-
mation uses the instantaneous positive and negative sequence values of the voltages
and currents. The later are calculated online with the control block of figure 3.2.

As it can be observed, the simplified Clark transformation is used in order to derive
the alpha-beta variables from the instantaneous variables. Then the positive and neg-
ative sequence components of the alpha-beta variables are defined as shown in figure
3.2. At the last stage, the inverse simplified Clark is performed for obtaining the positive
and the negative sequence components. The Simplified Clark transformation as used
are presented as follows:
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while the inverse Clark is defined as:
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Figure 3.2: Control block for the separation of the positive and the negative instantaneous values of current
and voltage.

3.3.3. GENERIC PHASE-LOCKED LOOP MODEL
A very important task for the successful control of the voltage source converter station
during unbalanced grid faults is the extraction of the positive and negative sequence dq
components. This task has been performed in this chapter by making use of the phase-
lock loop (PLL) presented in figure 3.3. The PLL uses equations 3.2 and 3.3 in order to
transform the instantaneous voltage of the filter u f to its dq components. It should be
noted that the positive and the negative instantaneous values of the voltage are used,
derived from the block of figure 3.2. In addition, the angle θ is regulated by a PI-regulator
such as u f q+ is zero in steady state . By controlling the u f q+ to zero, the u f d+ is allied
with the vector of the u f . The latter is rotating with the synchronous speed, which means
that in steady state θ =ωt . The angle θ is multiplied by -1 in order to define the negative
sequence dq-components given that the negative sequence voltage vector rotates in the
opposite direction to the positive sequence voltage.
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Figure 3.3: Block diagram of the PLL used to extract the positive and negative sequence dq components of
the voltage and the angle theta.

This type of PLL is ofter called synchronous reference frame PLL (SRF-PLL). It is
worth to mention that the selection of the PI-regulator parameters in the SRF-PLL is
a tedious process which needs to take into account the stiffness of the grid connection
point. In this chapter, the focus is placed mainly on a stiff grid connection points.

3.4. MODEL AND CONTROL OF THE ONSHORE VSC-HVDC STA-
TION

The differential equation 3.5 to 3.8 stipulate that the postive and negative sequence cur-
rent injections of the converter station can be controlled independently in the positive
and negative rotating dq frames. In this context, the dual synchronous reference frame
(SRF) control scheme, is utilized at the onshore HVDC converter station [136]. Figure
3.4 presents the control system layout of the onshore converter HVDC station. A SRF-
PLL (Phase Lock Loop) is utilized both for the positive and for the negative sequence
current control modules. Notch filters, adequately tuned have been applied in order to
filter out the double synchronous frequency oscillations which appear in the measured
dq-voltages and currents components during unbalanced fault conditions.
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Figure 3.4: Positive and negative sequence current control loops as implemented at the onshore HVDC con-
verter station. Positive sequence variables are denoted with "+" while negative sequence variables are de-
noted with “–“.
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3.4.1. POSITIVE SEQUENCE OUTER CURRENT CONTROL LOOP
The positive sequence active current component (d+ axis) of the onshore converter sta-
tion is assigned to control the direct voltage of the VSC-HVDC link. The controller is
mathematically defined in time domain by (equation 3.9), where Kp,Udc , is the propor-
tional gain, Ti ,Udc is the time constant of the PI regulator and Udc is the pole-to-pole
measured direct voltage of the HVDC link at the onshore DC terminals.

i r e f
d+ = Kp,Udc (U r e f

dc −Udc )+
∫ (U r e f

dc −Udc )

Ti ,Udc

d t (3.9)

The reactive current control loop provides continuous AC voltage control during nor-
mal voltage conditions (with time constants in seconds range) and a fast reactive short
circuit current injection during AC system falts (with time constants of milliseconds
range). The reactive current control loop is defined by the equation (3.10) where Kp,Uac

is the proportional gain of the AC voltage PI controller while Ti ,Uac is the PI-regulator
time constant. Furthermore, i LV RT

q accounts for the short circuit current injection of the
converter station which is provided additionally during the FRT period.

i r e f
q+ = i LV RT

q+ +Kp,Uac (U r e f
f −U f )+

∫ (U r e f
f −U f )

Ti ,Uac

d t (3.10)

The positive sequence reactive short-circuit current injection i LV RT
q is provided with

a proportional gain k1 added to the slow in its response PI-Based AC voltage controller.
The description of the reactive short circuit current injection is given by equation ( 3.11),
where, k1 is the reactive current boosting gain (with values between 2 and 10 in per unit)
and U th,mi n

f and U th,max
f is the lower and upper boundary of the voltage dead-band

where the reactive current injection is inactive.

i LV RT
q+ =

{
k1(U r e f

f −U f ),0 ≤U f ≤U th,mi n
f

0,U th,mi n
f ≤U f ≤U th,max

f

(3.11)

Beside the slow AC voltage control loop, it is possible to control the reactive power of
the VSC by substituting equation (3.10) by the equation (3.12).

i r e f
q+ = i LV RT

q+ +Kp,Qac (Qr e f −Q)+
∫

(Qr e f −Q)

Ti ,Qac

d t (3.12)

The time constant Ti ,Qac defines the response of the slow controller and can be ad-
equately selected in order to achieve the anticipated response. Q and Qr e f is the mea-
sured and reference reactive power the PCC terminal.

3.4.2. NEGATIVE SEQUENCE OUTER CURRENT CONTROL LOOPS
Grid codes require for HVDC power converters to be able to withstand negative sequence
voltage and current components during unbalanced faults. However, grid codes do not
make explicit the control strategy to be applied with respect to the negative sequece cur-
rent control [135]. This shall be decided based on the grid connection point needs per
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each project. It is the responsibility of the relevant TSO to define the behaviour of the
VSC-HVDC link during unbalanced faults.

Normally, vendors apply negative sequence current suppression, as it ensures that
the converter does not experience large unbalanced fault currents. The motivation for
negative sequence current injection is derived from the need to enhance the fault detec-
tion capability in combined AC-DC transmission systems during the case of line-to-line
AC faults.

SUPPRESSION OF THE NEGATIVE SEQUENCE CURRENT

The negative sequence current of the onshore converter station can be suppressed to the
zero value during unbalanced voltages by applying the control references in (3.13). The
dual SRF control scheme enables decoupled control of positive and negative sequence
current of the VSC under the condition that the total current capacity of the VSC-HVDC
station is respected.

i r e f
q− = i r e f

d− = 0 (3.13)

NEGATIVE SEQUENCE CURRENT INJECTION

The second approach which is studied in this chapter is the injection of the negative se-
quence current proportionally to the negative sequence voltage measured measured at
the filter. This is a fast injection of the negative sequence reactive current only happening
during unbalanced AC grid faults. A proportional controller is used, with proportional
gain equal to k2. This follows the same principle as the injection of the positive sequence
reactive current. The application of proportional controller is robust and stable in its
response. During balanced grid voltage conditions, the dq-voltage components in the
negative SRF are zero while during unbalanced faults they increase. These variables are
already available and there is no need for additional measurement. In this way the am-
plitude of the negative sequence voltage can be used in order to inject proportionally a
negative sequence reactive current. The applied negative sequence current references
are:

i r e f
d− = 0 (3.14)

i r e f
q− = k2

√
(u f d−2)+ (u f q−2) (3.15)

3.4.3. STATE MACHINE FOR THE ONSHORE VSC-HVDC STATION
The FRT and post-FRT response of the onshore VSC-HVDC station during balanced AC
grid faults is managed by the proposed state machine presented in figure 3.5. The use
of this state machine provides a clear distinction of different operating states of the on-
shore converter while at the same time it defines the expected behaviour of VSC-HVDC
station. The input of the state machine is the positive sequence d+ axis voltage compo-
nent. In the range between 0.9-1.1 p.u, the onshore HVDC converter station operates in
normal condition (state S1). In the sate S1, the converter utilizes the controller 3.9 or the
controller 3.10.
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Figure 3.5: State machine for the LVRT, FRT and post-FRT control logic which allows the implementation of
the ramp-up function during the post-fault period (Tr is the ramping time calculated based on the ramping
rate R, while Tfault is the time that the fault is applied).

When u f d+ drops below the 0.9 p.u threshold, the onshore HVDC station operation
shifts towards the LVRT state (S2). In the state (S2), the controller (3.11) is applied, and
the converter injects positive sequence reactive current. Reactive current limiting prior-
ity is applied when the over-current capacity of the VSC station is reached. The converter
supports the AC system voltage by injecting reactive current activating the i LV RT

q+ whilst
the PI-regulator of the slow AC voltage controller (equation 3.10) is set to freeze. Simi-
larly, the PI-regulator of the direct voltage controller (equation 3.9) of the HVDC link is
set to the freeze mode and the duty of the HVDC link power balancing is explicitly man-
aged by the FRT control scheme. The selection of the value u f d+ is done such as the state
machine could operate both during balanced and unbalanced grid faults.

When u f d+ voltage drops below the 0.5 p.u threshold, the converter enters the FRT
mode (S3). In the FRT mode (S3) given that at least a reactive current boosting gain 2 p.u
is used (as it is commonly required by most of grid codes), the positive sequence reactive
current is taking all the fault current capacity, whilst the active current is reduced to zero.
Again in state (S3), equation 3.11 is applied. The choice of the 0.5p.u voltage threshold is
based on the fact that for AC voltages below 0.5 p.u, the reactive current injection leads
to active current reduction to the zero value by the positive sequence current limiter.
Consequently, post-fault as soon as the voltage recovers, the converter shall move to
state (S4), where a smooth ramping is ensured.

For the case of voltage drops which are above the 0.5p.u threshold, the converter
returns from (S2) back to state (S1) without applying any ramping. In the ramp-up state
(S4), the active current is ramped following a predefined ramping rate R (pu/s). The
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selected ramping rate is a trade-off which affects the dynamic response of the AC system,
as presented in [147]. The converter remains in the ramping state for a period Tr which
ensures that the active current is ramped to the pre-fault level. Throughout the LVRT,
FRT and ramp-up states of the HVDC link, the direct voltage controller (3.9) and the
slow AC voltage controller (controller 3.10) are blocked.

3.4.4. CURRENT LIMITATION WITH POSITIVE SEQUENCE CURRENT PRIOR-
ITY

The injection of combined positive and negative sequence current during unbalanced
faults shall respect the total fault current capability of the converter station. For that pur-
pose, the limitation strategy applies here a positive sequence current limitation priority,
as it is presented in figure 3.4. The positive sequence maximum current limit is constant
and it is equal to the over-current capacity of the converter (1.1 p.u). The negative se-
quence current limit Imax2 is regulated based on the available over-current capacity. It
uses as input signal the measured positive sequence current injection of the converter
station. The module then calculates on line the available over-current capacity left for
the negative sequence current injection during unbalanced faults.

3.5. EMT MODEL AND CONTROL SCHEMES OF THE OFFSHORE

VSC-HVDC STATION
The voltage and the frequency of the offshore AC island grid is provided completely by
the offshore VSC-HVDC station. It applies a grid forming control scheme. The control
scheme of the offshore VSC station is presented in figure 3.6. In this control approach, an
oscillator is used at the offshore converter station. The angle of the oscillator is corrected
by the PI regulator in order to ensure the 50 Hz frequency in the island system. Although
the oscillator provides a fixed frequency, the angle has to be regulated such as the off-
shore HVDC station operates as a power sink. If the internal converter voltage angle is
not regulated, the system will be unstable to the wind power variations. The most im-
portant elements of the offshore HVDC station are namely the frequency regulator, the
current controller, the controller reference block and the dq to abc Park Transformation
blocks.

It is worth to observe that the total inertia of the island grid is negligible, depending
on the type of the installed wind turbines. For example, in the case of full converter wind
power plant, the rotating inertia directly connected to the island grid is zero. Hence, the
frequency control of the island grid is driven mainly by the VSC-HVDC station.

3.5.1. FREQUENCY REGULATOR
The frequency regulator controls the offshore AC island grid frequency. This is per-
formed by providing the adequate phase angle to the oscillator block as presented in
figure 3.6. It is important to stress that the control scheme used here is similar to the
power synchronization control. The difference in this chapter approach lies on the fact
that the frequency is regulated and not the active power. No PLL is used in this case since
the angle is provided by the frequency regulator. However, although such an approach
is very efficient and provides a stable response during normal conditions, it cannot limit
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the fault current during faults applied electrically close to the VSC terminals. In that case
a PLL is needed in order to shift the operation of the VSC station from voltage controlled
to current controlled model. In the following paragraph, a control scheme will be pre-
sented which enables fault ride through for the offshore VSC-HVDC station.
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Figure 3.6: Offshore converter station model and its control loops. In the figure with dashed lines is the
frequency regulator control loop and the control block for voltage drop FRT strategy.

3.5.2. CURRENT CONTROLLER
The control of the offshore HVDC station consists of a cascaded scheme with an inner
current controller which sets the inner voltage reference of the converter and an outer
current controller reference block, which provides current references.

The equations which describe the inner current controller are given in (3.16) and
(3.17) where L is the inductance of the phase reactor and R its resistance. In addition,
kp3 and kp4 are the proportional gains and TI 3 and TI 4 the time constants of the integral
part of the PI-regulator. The output of the equations (3.18) and (3.19)are used to define
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the internal dq-voltage of the converter station.

ud
c,r e f = icd R −ωLicq −kp3(i r e f

cd − icd )+
∫ i r e f

cd − icd

Ti 3
d t (3.16)

uq
c,r e f = icq R +ωLicq −kp4(i r e f

cq − icq )+
∫ i r e f

cq − icq

Ti 4
d t (3.17)

3.5.3. CURRENT CONTROLLER REFERENCE
The equations which describe the calculation of the inner current control loop refer-
ences are given in 3.18 and 3.19. In these equations, i d is the d-axis current flowing of
the fliter, kp1 and kp2 the proportional gains and TI 1 and TI 2 the time constants of the
integral part of the PI-regulator. The current controller reference block, defines the ref-
erence of offshore HVDC station current in the dq-frame such as the the dq-components
of the filter voltage is regulated at the desired reference. The dq-reference current is then
applied to the current controller. u f d and u f q are the filter voltage and C f is the filter
capacitance.

i r e f
cd = id −ωC f u f q +kp1(ur e f

f d −u f d )+
∫ ur e f

f d −u f d

Ti 1
d t (3.18)

i r e f
cq = iq −ωC f u f q +kp2(ur e f

f q −u f q )+
∫ ur e f

f q −u f q

Ti 2
d t (3.19)

3.5.4. CONTROLLED AC VOLTAGE DROP FRT STRATEGY FOR THE HVDC
LINK

When faults are applied at the terminals of the onshore VSC-HVDC station, the active
power of the onshore station is zero (since voltage is zero) while at the same time the
power in-feed in the HVDC link from the offshore HVDC station does not change. This
results in a power imbalance between the onshore and the offshore station which creates
direct over-voltages in the HVDC link since the energy is stored in the DC capacitors.
Beside the classical chopper based strategy to limit the over-voltage, the coordinated
offshore AC voltage drop FRT compliance strategy is assessed in this chapter.

The controlled offshore AC voltage drop FRT strategy is applied as presented in figure
3.6 (termed here as "LVRT-HVDC" module). The voltage drop is applied proportionally
to the HVDC link direct voltage when the voltage exceeds the 1.05p.u threshold as it is
measured at the offshore DC terminal. The benefit from the reduction of the internal
converter voltage is the reduction of the active power at offshore HVDC converter dur-
ing AC grid onshore faults. This provides a balancing effect in the DC link and ensures
controlled over-voltage levels.

In this chapter the "LVRT-HVDC" controller is designed so that the applied AC voltage
does not drop below the 0.5 p.u threshold, for the case of faults at the onshore AC termi-
nal. This threshold is set in order to limit the electrical stresses imposed at the island grid.
Furthermore, in order to enhance the FRT compliance of the onshore HVDC converter
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station, an additional control loop is proposed here at the wind turbines. This control
loop applies a positive-sequence-voltage-dependent (PSVD) active current reduction at
the wind turbines as it will be discussed in following paragraph. Detailed description is
provided in following section o of this chapter. The reason for the participation of the
wind turbines in the FRT compliance of the onshore station is twofold. First it reduces
the delivered active power, bringing power balance to the HVDC link while at the same
time enabling the power to be dissipated in the wind turbine choppers. Secondly, it re-
duces the currents in the offshore island as will be shown in the next paragraph. No
communication resources is needed in this case.

3.5.5. THEORETICAL DISCUSSION ON THE GRID FORMING CONTROL SCHEME
The grid forming control scheme presented in figure 3.6 uses an oscillator in order to
provide the reference frequency (50Hz). The dq-frame that the control scheme is devel-
oped is corrected by the angle δ. Figure 3.7 presents the phasor diagram and the dq-
frame that the control is implemented. The grid forming scheme is capable of regulating
the angle δc f between U f and U c , via the current adjustment of the converter station.
By controlling the amplitude of U f at 1 p.u and by regulating the angle δ, the offshore
HVDC station operates as a slack bus for the offshore AC island grid.

d- axis

q- axis

1t

t
d

cu

q

cu
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cf fU

fd fu U
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Figure 3.7: Phasor diagram explaining the operation of the grid forming control scheme applied at the off-
shore HVDC station for resistance of the phase reactor (R) equal to zero. X is the reactance of the phase
reactor.
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3.6. FAULT RIDE THROUGH CONTROL SCHEME FOR THE OFF-
SHORE VSC-HVDC CONVERTER STATION

There is a fundamental difference between the onshore and the offshore VSC-HVDC sta-
tion with respect to their fault response. The onshore VSC-HVDC station using typical
PLL techniques applies a current controlled approach. During AC grid faults, the on-
shore HVDC station remains grid connected providing short circuit current injection. As
soon as the fault is cleared, the voltage recovers in the grid and the onshore station re-
turns to its normal operation. The voltage recovery during the post-fault period is an
inherent characteristic of the power systems, itself, affected by the short circuit power
level and the reactive power flows in the grid.

At the remote offshore AC island grid, the voltage is provided explicitly by the VSC-
HVDC station (using a grid forming control scheme). Hence, when a fault is applied
at the remote offshore AC island grid, the HVDC converter shall be capable to perform
three tasks. First, remain connected to the island grid providing its fault current capac-
ity as reactive current injection. Second, ensure that the fault current is bounded by
the converters fault current capacity. Third, restore the voltage in the island grid to the
pre-fault value during the post-fault period. The challenge is that unlike the current con-
trolled voltage source converters, the grid forming control is weak at performing the task
of limiting the current, especially for faults electrical close to it. The problem with the
grid forming control scheme of figure 3.6 is that it does not provide current limiting ca-
pability during AC grid faults in the offshore AC island. The frequency regulator does
not remain stable during the fault and especially, during post-fault period. In addition,
the current controller could ensure rated current only during normal operation but not
during grid faults.

So far, there is not much work done with respect to the fault ride though behaviour of
the remote offhsore AC island network during faults at the offshore VSC-HVDC station
terminal (HV Cable side). Commonly, in grid connection studies the offshore island grid
is represented by a voltage source with very low short circuit ratio, typically one. How-
ever, this very simplified approach does not take into account the actual dynamic be-
havior of the offshore station neither the possible control interactions between the wind
turbines. An intersting study for the FRT capability of a weak island grid is presented in
[78] for the power synchronization control strategy. This study presents the response of
the power synchronization control for the case of an offshore fault. However, no detail
description was given on the way that the offshore station deals with the offshore fault
at its terminal.

In this paragraph, an improved grid forming control strategy for the offshore VSC-
HVDC is defined. It has the advantage that it allows the offshore VSC-HVDC station to
remain connected to the island grid during offshore AC faults at its terminal. Moreover,
it is capable to provide the rated fault current capacity as a reactive current injection,
which supports the island grid short term voltage stability during offshore faults. Fig-
ure 3.8 presents the complete control block of the enhanced offshore VSC-HVDC station
strategy. The main principle of the proposed strategy is the shift from grid forming oper-
ation to current controlled mode during the fault period.
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Figure 3.8: Offshore converter station model and its control loops. In the figure with dashed lines is the
PLL-Based frequency regulator control loop.
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3.6.1. PLL-BASED FREQUENCY REGULATOR
Compared to the conventional approach, the enhanced control scheme for the offshore
converter station does not utilize an oscillator but a PLL. As already discussed, the oscil-
lator provides the ω1t . In the alternative approach presented in figure 3.8, a SRF-PLL is
used. The angle in this case is (ωpl l t ) and not (ω1t ). It is provided by the PLL and reg-
ulated by the frequency regulator before it is passed directly to the Park transformation.
The PLL is always online and its angle is available at any time. The phasor diagram of the
proposed control is the same as with figure 3.7, with only difference that ω1 =ωpl l . Dur-
ing normal voltage conditions, the offshore station operates in the grid forming control
scheme using the PLL angle. However, during offshore faults close to the offshore station
the control shifts to current control mode. The latter has the advantage of limiting the
fault current of the offshore HVDC converter station.

As soon as a fault occurs close to the offshore VSC-HVDC station the voltage drops to
almost zero value in the offshore island. The state machine control block sends a signal
in order to instantly freeze and remove the frequency regulator from the control loop.
The converter enters in typical current controlled mode. At the same time the state ma-

chine sets the current reference controller to freeze state and the i r e f
cq reference of the

inner current controller is set to the maximum current of the HVDC station, provided

as purely reactive current and the i r e f
cd to zero. The converter, remains in the fault cur-

rent injection state till the fault is cleared. Here we assume a typical grid code fault ride
through duration, which is 150ms. Once the fault is cleared, the converter shifts back to
the grid forming operation mode and the offshore voltage is restored. At the same time,
the frequency regulator and the current controller reference module is de-blocked.

3.6.2. OFFSHORE VSC CURRENT LIMITATION BY REDUCTION OF THE MOD-
ULATION INDEX

As discussed in the previous paragraph, it is only during AC faults close to the offshore
VSC-HVDC station terminal that the voltage drops close to zero and the control shifts to
current control mode in order to limit the fault currents experienced by the station.

However, when the voltage drop is not big (i.e for faults in the 33kV grid), the classical
control approach of the figure 3.6 can provide limiting current capability in an effective
way by means of modulation control. The reduction of the fault current experienced
by the offshore VSC-HVDC station can be performed by the control block presented in
figure 3.9.

As it can be seen, as soon as the maximum current is surpassed, the over-current
detection and limitation block reduces the amplitude of the modulation index. The latter
reduces the internal voltage of the converter leading eventually to lower fault currents.
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Figure 3.9: Limitation of the fault current experienced by the offshore station via internal converter voltage
reduction.

As it can be seen in figure 3.9 the voltage limiter ensures that the modulation index of
the converter is between the value zero and one. In addition, the overcurrent detection
and current limitation block acts acts on the voltage limiter in order to reduce the mod-
ulation index. The reduction of the modulation index, would lead to the reduction of the
converter’s internal voltage which limits the current of the converter. This strategy is ef-
ficient for faults which occur in the 33kV feeders where the voltage at the converter does
not drop to very low values due to the impedance of the HVAC cables and transformers.



3.7. MODEL AND CONTROL OF THE OFFSHORE WIND POWER PLANTS

3

41

3.7. MODEL AND CONTROL OF THE OFFSHORE WIND POWER

PLANTS

3.7.1. FULL CONVERTER TYPE WIND TURBINE EMT-MODEL
The offshore wind power plant consists of full converter interfaced permanent magnet
wind turbine generators (commonly referred as type-4 in the IEC-61400 standard). The
aggregation of the power plant is performed per each feeder at the 33kV voltage level. An
EMT type, average value model is utilized, presented in the figure 3.10.
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Figure 3.10: Positive and negative sequence current control loops of the type 4 offshore wind power plant
model.
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The inverter model of the wind turbine consists of positive and negative sequence
current control loops. The permanent magnet generator and the generator side AC-DC
rectifier are modelled here by a DC current injection. Since permanent magnet wind
turbines utilize a DC chopper based FRT strategy, the electrical torque of the perma-
nent magnet machine is completely decoupled from the AC grid voltage during AC grid
faults. The later ensures that the speed of the permanent magnet generator is not af-
fected through the FRT process.

3.7.2. WIND TURBINE POSITIVE SEQUENCE CURRENT CONTROL LOOPS
The positive sequence current control loop of the equivalent wind turbine model en-
ables decoupled active and reactive power control. The inverter regulates the DC link
voltage and the reactive power exchange with the AC island grid during normal opera-
tion. The reactive current control loop applies a PI regulator. It is capable to control the
amplitude of the AC voltage at a given set point. During offshore grid faults, the wind tur-
bines inject short circuit current. In figure 3.10, it can be seen that the outer controllers
are set to the freeze state by the wind turbines during the FRT period. Furthermore, a
ramp-up linear function is used for ramping the active current during the post fault pe-
riod of the wind turbine. The coordination of different states is performed using a state
machine. The next paragraph describes the states of the FRT logic for the wind turbine.

3.7.3. FRT LOGIC FOR THE WIND TURBINES
The FRT and post-FRT response of the wind power plants is guided by the state machine
of figure 3.11. Similar to the onshore HVDC station, the state machine of the wind tur-
bine is separated in four different operating states (S1-S4). The normal operating point
state (S1) is defined for voltage values above 0.8 p.u. In this zone the wind turbine pro-
vides continuous AC voltage control (or reactive power control) to the island offshore AC
collector grid. As soon as the AC voltage measured at the wind turbine terminals drops
below the 0.8 p.u threshold, it enters in the state (S2).

There are two possible reasons for entering state (S2). First, due to the activation of
the offshore VSC-HVDC station "LVRT-HVDC" block in figure 3.6. This basically occurs
due to an onshore AC grid fault and the activation of the voltage drop FRT strategy. The
second reason is an AC fault in the offshore AC island. In the state (S2), the wind turbine
applies the positive-sequence-voltage-dependent (PSVD) active current reduction con-
troller presented in figure 3.12. By means of design here, the wind turbines do not inject
reactive current in the state (S2) since there is no presence of an offshore fault. The wind
turbines only reduce their active current applying controller of figure 3.12.

Hence, this proposed approach enhances the voltage drop FRT strategy of the HVDC
link during onshore AC grid faults since the wind turbines reduce the generated power.
The reduced wind turbines active power is dissipated in the wind turbines choppers
which are present by default in their DC bus. Only during physical faults in the offshore
AC island grid would enter the wind turbines the state (S3). Only in the state (S3) will
reactive current be injected. The slow AC voltage controller in the wind turbines is set to
freeze mode for states (S2) to (S4).
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Figure 3.11: State machine for the full converter interfaced wind turbine average EMT-models.
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Figure 3.12: Positive-sequence-voltage-dependent (PSVD) active current reduction module for the offshore
wind turbines with VSC-HVDC connection. The output of the controller is applied to the active current
reference of the wind turbine.
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In the case of an AC fault in the offshore AC island, the wind turbine enters the state
(S3). In (S3), a fast reactive current injection takes place proportionally to the residual
voltage. In this state, since a fault occurs in the offshore AC island, the wind turbines sup-
port the voltage and provide reactive fault current for the protection schemes to detect
and clear the fault. Finally, being already in the state (S3), as soon as the wind turbines
AC terminal voltage recovers, the wind turbines enter state (S4). Their active current is
ramped-up, following a predefined ramp-up rate (p.u/s).

3.7.4. NEGATIVE SEQUENCE CURRENT CONTROL LOOPS
Modern wind turbines are equipped with negative sequence current control loops which
enhance their dynamic performance during unbalanced AC faults. In this paper, a nega-
tive sequence current control loop as it is presented in figure 3.10 is applied. A variety of
negative sequence current control strategies can be followed for the control of the neg-
ative sequence current during unbalanced grid faults. Similar to the onshore HVDC sta-
tion case, two strategies are tested here for offshore AC grid unbalanced faults. The first
strategy applies negative sequence current suppression and the second strategy negative
sequence current injection proportionally to the negative sequence offshore voltage.

3.8. NEGATIVE SEQUENCE VOLTAGE DEPENDENT ACTIVE CUR-
RENT REDUCTION

During unbalanced faults at the mainland AC transmission grid, the onshore converter
HVDC station is loaded with positive and with negative sequence currents. The negative
sequence current depends on the applied negative sequence current control strategy, as
discussed in the previous section. The zero sequence current does not flow in the phase
reactor due the delta side of the step-up transformer. It has been discussed, that positive
sequence current priority is applied as current limitation strategy. In order to increase
the share of the negative sequence current in the total onshore converter fault current
injection, the positive sequence active current is reduced using the module in figure 3.13.
We call it negative-sequence-voltage-dependent (NSVD) active current reduction.

This control module is used especially in case when the reactive positive sequence
current injection is active during unbalanced faults. The negative sequence voltage com-
ponent is an incremental quantity, typically zero or very small under normal conditions,
producing no pre-fault restraining bias. With purpose to avoid unnecessary active cur-
rent reduction during switching transients, a dead-band of 0.3 p.u is used. A quadratic
function is applied to reduce the active current component. Hence, when the negative
sequence current injection is selected as an option, the reduction of the positive se-
quence active current (id+), enables the share of the VSC current capacity only by the
positive and the negative sequence reactive currents. It is worth to mention that if the
grid code does not require for reactive positive sequence current injection during unbal-
anced faults, only the negative sequence current is injected following 3.14 and 3.15.
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3.9. SIMULATION RESULTS FOR ONSHORE FAULTS
The response of the enhanced FRT control strategy and the negative sequence current
control loops are demonstrated for balanced as well as for unbalanced onshore faults.
The benchmark test system as presented in chapter 3 is used. The response of the VSC-
HVDC system and the connected wind power plants will be observed for three fault
cases, namely:

1. A three phase fault in the middle of the 380kV transmission line onshore.

2. A line-to-line fault at the mid of the 380kV transmission line onshore.

3. Line-to-ground fault at the mid of the 380kV transmission line onshore.

3.9.1. THREE PHASE FAULT AT THE ONSHORE TRANSMISSION LINE
A 250ms, self-cleared, three-phase-to-ground fault is applied at the mid-point of the
380kV-HVAC transmission line. The fault duration represents the stricter FRT period
observed in typical grid connection requirements. During the fault period, the onshore
VSC-HVDC station provides a fast positive sequence reactive (iq+) current injection, uti-
lizing a reactive current boosting gain k1 equal to 2. The voltage-drop FRT strategy, pre-
sented in figure 3.6 is applied in order to protect the HVDC link from high direct over-
voltages. The onshore HVDC converter station utilizes its maximum fault current ca-
pacity as positive sequence reactive current (iq+) injection during the fault period. The
latter leads to the reduction of the active current (id+) to the zero value by the current
limitation strategy. During the post-fault period, as soon as the fault is cleared and the
voltage has recovered, the active current is ramped up following a pre-selected ramping
rate as presented in figure 3.14 and figure 3.15 (defined as in the state S4).

The ramping of the active current ensures a smooth recovery of the VSC during the
post-fault period. As it can be observed in figure 3.14, the disadvantage of the active
current current ramping is the delay of the direct voltage (Udc ) recovery to its pre-fault
steady state value. Furthermore, it prolongs the duration of the imposed offshore island
voltage drop beyond the duration of the onshore fault, as it can be seen in figure 3.16.
With regard to the negative sequence current control loop, it can be observed in figure
3.15 that it does not affect significantly the positive sequence current injection. The os-
cillation observed at the instant of time the fault is applied and the fault is cleared is due
to the notch filters response.
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The low voltage ride-through HVDC controller (LVRT-HVDC) presented in figure 3.6
reduces the d-axis component of the filter voltage of the offshore HVDC converter sta-
tion, while the q-axis component is controlled to be zero. In this way the amplitude
of the instantaneous voltage at the offshore VSC-HVDC station terminal is reduced as
presented in figure 3.16. In addition, a positive sequence active current reduction is per-
formed by the offshore wind turbines as it is presented in figure 3.17. This supports the
power balance in the HVDC link, hence reduces the observed over-voltage. During the
LVRT period, no reactive current injection is provided from the wind turbines to the is-
land grid as the wind turbines operate in the state S2. Figure 3.17 presents the response
of the active and reactive current of the wind turbine model which represents the dy-
namic response of PPM1.

It is worth observing, that the voltage drop strategy using the control block "LVRT-
HVDC" does not reduce the voltage at the offshore HVDC station terminal below the
0.5p.u value. This is intentionally selected so as the offshore HVDC converter station
does enter its FRT mode. This is a design property of the enhanced scheme proposed in
this chapter. It distinguishes from the case where a fault is applied in the offshore island
grid from the case that the voltage is reduced as a result of coordinated FRT strategy. The
case of three phase offshore faults is especially covered in the next paragraph.
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Figure 3.17: The response of the offshore wind PPM1 after the reduction of the AC island grid voltage trig-
gered by a fault in the onshore converter station terminals. (a) the instantaneous voltage of the wind plant,
(b) the instantaneous current, (c) the dq components of the voltage (d) the dq component of the PPM1 cur-
rent.

3.9.2. SELECTED SIMULATION CASES FOR UNBALANCED FAULTS
Five different control options which influence the response of the onshore VSC-HVDC
station and the external HVAC transmission line are tested. Namely:

1. Negative sequence current suppression at the onshore station (reflected with k2 = 0,
in figure 3.18) without the positive sequence reactive current boosting (k1 = 0).
This represents a situation where the grid code does not require for reactive cur-
rent injection during unbalanced faults.

2. The VSC provides positive sequence reactive current boosting (k1 = 2,) similar to
the balanced fault case. At the same time, the negative sequence current is sup-
pressed (k2 = 0).

3. Activation of simultaneous positive and negative sequence current injections
(k1 = k2 = 2). The bottlenecks of this approach are addressed.

4. As a solution to the previous bottlenecks, the proposed negative-sequence-voltage-
dependent (NSVD) active current reduction control module at the onshore con-
verter station is illustrated. Similarly the applied gains are (k1 = k2 = 2).
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3.9.3. LINE-TO-LINE ONSHORE FAULTS
The first case for a line-to-line fault applied at the AC transmission system are studied.
The equivalent circuit of the onshore transmission system is discussed in order to ex-
plain the selected control options.

EQUIVALENT CIRCUIT FOR LINE-TO-LINE (LL) ONSHORE FAULTS

The equivalent circuit of the external 380kV transmission line including the onshore
VSC-HVDC converter station is presented in figure 3.18. When the negative sequence
current is suppressed (reflected with k2 = 0 in figure 3.18), the fault current contribu-
tion of the VSC station consists of the positive sequence current component. This term
includes the steady state value positive sequence current and the positive sequence re-
active current boosting term provided by equation (3.10).
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Figure 3.18: Positive, negative and zero sequence equivalent circuits of the onshore converter station and
the external grid for the line-line fault case study. The circuit helps to understand the EMT simulations
presented below.

During unbalanced faults, when the reactive current boosting gain (k1) is selected
to be zero, the fault current injection of the VSC consists only of the steady state value
current. The later depends on the operating point of the VSC. Some national level grid
codes require for positive sequence reactive current injection (iq+) using equation (??)
explicitly during balanced faults. Other grid codes does not differentiate the balanced
from the unbalanced fault conditions.

In any of these two cases, the fault current contribution of the onshore VSC station
during line-to-line faults can be increased by the injection of a negative sequence cur-
rent. The latter choice enables the converter to behave as a current source both in the
positive as well as in the negative sequence circuit. Finally, the presence of negative se-
quence current in the AC transmission line terminals, enhances the unbalanced fault
detection capability at the VSC side terminals of the AC line, especially during line-to-
line faults.
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CASE 1
Figure 3.19 presents the simulation results for a 250ms self-cleared line-to-line fault at
the mid-point of the 380kV transmission line. As it can be observed, the negative se-
quence dq-current components (id q−) are suppressed to zero while, the positive se-
quence dq-currents (id q+) are kept constant during the fault period given that the active
and reactive current control loops are set to freeze state. Observing the instantaneous
value of the current at the PPC point, it can be seen that the fault current injection of the
VSC station is equal to the steady-state value current. It consists mainly of the positive
sequence current component. The negative sequence current is suppressed while there
is no zero sequence current in the external grid during line-to-line faults.

CASE 2
The next selected option is the injection of a positive sequence reactive current (iq+),
while simultaneously suppressing the negative sequence current of the onshore HVDC
station (k2 = 0). The simulation result is presented in figure 3.20. The positive sequence
reactive current is provided proportionally to the rms value of the line-line voltage as it
is measured at the filter of the VSC. It is performed in a similar way as for balanced faults
utilizing a gain (k1) equal to 2.

CASE 3
With the purpose to increase the negative sequence fault current measured at the on-
shore HVDC station terminal, we utilize a combined positive and negative sequence
current injection. The negative sequence current is injected during the unbalanced fault
period proportionally to the negative sequence voltage following the equations (3.14)
and (3.15). This negative sequence current injection is bounded by the limited fault cur-
rent capacity of the HVDC station. One such case is simulated and presented in figure
3.21. Due to the limited over-current capacity of the HVDC station, a combined positive
and negative sequence reactive current boosting cannot be achieved. Since the current
priority is given to the positive sequence current, there is no available fault current for
negative sequence although the fault is line-to-line fault. Hence, a negative sequence
current injection by the onshore converter station cannot be achieved unless the posi-
tive sequence current (either the active or the reactive current component) is reduced.
The latter explains the need for the proposed control module of figure 3.13.

CASE 4
In this paragraph, the active current reduction based on the negative sequence voltage
is presented. Figure 3.22, shows the response of the system for the same disturbance.
As it can be seen, the reduction of active current as a function of the negative sequence
voltage, provides additional space for the negative sequence current to be injected into
the grid.
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Figure 3.19: Response of the VSC-HVDC link during a line-to-line fault at the onshore 380kV transmission
system (Case 1). (a) the instantaneous value of the onshore PCC voltage, (b) the instantaneous value of the
onshore PCC current, (c) the active positive and negative sequence d-axis currents, (d) the reactive positive
and negative sequence currents (iq) of the onshore station.
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Figure 3.20: The response of the VSC-HVDC link during a line-to-line fault at the onshore 380kV transmis-
sion system (Case 2). (a) the instantaneous value of the onshore PCC voltage, (b) the instantaneous value
of the onshore PCC current, (c) the active positive and negative sequence d-axis currents, (d) the reactive
positive and negative sequence currents (iq) of the onshore station.
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Figure 3.21: The response of the GSVSC during unbalanced fault for case 3. (a) the instantaneous value of
the onshore PCC voltage, (b) the instantaneous value of the onshore PCC current, (c) the positive sequence
dq-currents (d) negative sequence currents dq currents.
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Figure 3.22: The response of the GSVSC during balanced fault for case 4. (a) positive sequence active cur-
rent, (b) negative sequence reactive current, (c) the positive sequence dq-currents (d) negative sequence
currents dq currents.
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THE EFFECT OF THE STUDIED CASES ON THE VOLTAGE AND CURRENT SEQUENCE COMPO-
NENTS

The response of the positive and the negative sequence components of the current and
the voltage at the PCC as defined in figure 3.18 are presented in figure 3.23 for the dif-
ferent examined cases. Comparing these simulation results, it can be observed that the
case 4 presents a better response in terms of the positive sequence voltage drop. In the
case 4, the positive sequence active current of the HVDC station is reduced as can be
seen in figure 3.22. In addition, positive sequence reactive current is injected. The later
two actions, have resulted in a higher positive sequence voltage at PCC as it is observed
in figure 3.23. Observing the response of the negative sequence voltage component in
figure 3.23, a higher negative sequence voltage is observed at the PCC for the case 4.
Since in line to line faults, positive and negative sequence voltages are very close (see
the circuit of figure 3.18), the increase of the positive sequence voltage has increased the
negative sequence voltage components as it shown in figure 3.23. The combined posi-
tive and negative sequence voltage component constitute the total voltage amplitude at
the PCC. The instantaneous value of the latter is shown in figure 3.22 a.

From these results, it can be concluded that the injection of negative sequence re-
active current by the onshore HVDC station followed by the reduction of the positive
sequence active current as performed in the case 4, enables negative sequence current
flow in negative sequence circuit while supporting also the positive sequence voltage at
the PCC. From the instantaneous value of the PCC voltage, no significant over-voltages
are observed during the fault period.
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Figure 3.23: Response of the external HVAC network for the different simulation cases of section 3.9.3.
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3.9.4. SINGLE-LINE-TO-GROUND ONSHORE FAULTS

EQUIVALENT CIRCUIT

Figure 3.24 presents the positive, negative and the zero sequence circuits of the onshore
transmission grid for the case of SLG fault as applied as in figure 3.1. The step up trans-
former of the onshore converter station, which is a star/grounded-delta configuration,
decouples the zero sequence current component between the external AC transmission
system circuit and the phase reactor. Hence, the onshore VSC-HVDC station is capable
to control only the positive and the negative sequence currents between the converter
and the externals circuit (380kV line and the infinite grid). The positive sequence fault
current is determined primarily by the positive sequence reactive current boosting gain,
k1. However, from the equivalent circuit, the control of positive and negative sequence
current affects the zero sequence current in the external HVAC transmission line. In
order to study and evaluate the effect of different negative sequence current control ap-
plied at the GSVSC, the same cases (as for the LL fault) are now tested for the SLG fault.
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Figure 3.24: Positive, negative and zero sequence equivalent circuits of the onshore converter station and
the external grid for the single-line-to-ground fault case study. The circuit helps to understand the EMT
simulations presented below.
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THE EFFECT OF THE STUDIED CASES ON THE VOLTAGE AND CURRENT SEQUENCE COMPO-
NENTS

For the same evaluated cases as in section 3.9.3, the response of the sequence voltage
and current components is presented in figure 3.25 and figure 3.26. From these results,
it can be observed that the injection of the negative sequence current by the GSVSC sta-
tion proportionally to the negative sequence voltage leads to an increased zero sequence
current component. Observing the negative sequence voltage profiles, a reduced nega-
tive sequence voltage is observed in the case 4, when negative sequence current is in-
jected. The increased zero sequence current flowing in the external grid, increases the
amplitude of the zero sequence voltage at the PCC. So between the cases 1 and 4, there
is a lower negative sequence voltage in case 4, an a higher zero sequence voltage. Of
course, the variation of the sequence components depends strongly on the sequence
circuit impedance (positive, negative and zero).
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Figure 3.25: The response of the onshore converter station sequence voltage and current components for
the SLG fault at the middle of the AC line.
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Observing the simulation result for the sequence components of voltage after the
Zg r i d in figure 3.24 it can be concluded that the zero sequence current component at
the infinite grid is increased when the negative sequence current is provided by the VSC-
HVDC station. The presence of zero sequence current component could facilitate the
detection and isolation of SLG faults.
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Figure 3.26: The response of the VSC-HVDC link for the SLG onshore fault at the middle of the AC line.

Finally, it could be concluded that both for line-to-line and single-line-to-ground
faults at the onshore HVDC converter station terminals, the injection of negative se-
quence current as in the case 4 has shown the best results for the unbalanced response
of the external HVAC transmission system.



3

58 3. FAULT RIDE THROUGH COMPLIANCE FOR BALANCED AND UNBALANCED FAULTS

3.10. SIMULATION RESULTS FOR OFFSHORE FAULTS

3.10.1. THREE PHASE FAULT AT THE OFFSHORE VSC-HVDC STATION TER-
MINALS

The response of the offshore island grid is presented in figure 3.27 for a three phase to
ground fault at the 150kV offshore transformer terminal. The active current reduction
block is activated at the wind turbines. As it can be be observed, the offshore converter
station using the enhanced control scheme presented in figure 3.8 is capable of provid-
ing the fault current injection limited to the maximum current capacity off the offshore
HVDC station. In these results, uw pv sc is the instantaneous voltage of the converter and
iw pv sc its current. Moreover, the sequence voltage components of the VSC-HVDC off-
shore station, its modulation index and the dq voltage and current components are pre-
sented in figure 3.28. Finally, figure 3.29 presents the response of the PPM1 wind turbine
equivalent model. As it can be seen, the positive sequence voltage of the offshore wind
turbine terminal PPM1 uppm1 drops during the fault period while the wind turbines pro-
vide reactive fault current injection. During the post-fault period, the voltage is recov-
ered to its pre-fault value. From these results it can be seen that the proposed enhanced
control scheme is capable to ensure FRT and fault current injection for a three phase
fault at the 150kV terminal.
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Figure 3.27: The instantaneous value of (from top to bottom): the WPVSC voltage, WPVSC current, PPM
voltage, PPM current, and circuit breaker CB current a point FD1.
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Figure 3.28: The positive (1), negative (2) and zero sequence (0) voltage components, the modulation index,
the dq-currents and the dq-voltages of the offshore VSC-HVDC station.

 

Figure 3.29: The positive (1), negative (2) and zero sequence (0) voltage and current components, the dq-
currents and the dq-voltages of the offshore wind PPM1.
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RESPONSE OF THE ISLAND GRID WITHOUT REACTIVE CURRENT INJECTION FROM PPMS

In this section, the response of the island grid is assessed for the same fault under the
condition that no reactive current is injected from the wind power plants during the
fault. The active current reduction block is also activated as in the previous case. From
the results in figure 3.30 it can be seen, that only the offshore VSC-HVDC station provides
fault current injection. The wind turbines do not inject reactive current while their active
current is reduced from the active current reduction block.

Comparing figure 3.29 and figure 3.30 its worth to observe the voltage boosting achieved
in the case the wind turbines provide reactive current injection. Furthermore, the cur-
rent observed at the circuit breaker CB is zero in the second case. From these results
it can be concluded that the proposed enhanced fault ride through strategy at the off-
shore VSC-HVDC station in combination with the reactive fault current injection from
the wind power plants during offshore faults ensures improved voltage response and ad-
equate fault current levels at the offshore island grid. Finally, figure 3.31 and figure 3.32
provide the remaining results for completeness.
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Figure 3.30: From top to bottom the instantaneous value of: the WPVSC voltage, WPVSC current, PPM volt-
age, PPM current, and circuit breaker CB current (FD1 point). Case without reactive current injection from
the wind turines.
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Figure 3.31: The positive (1), negative(2) and zero (0) sequence voltage components, the modulation in-
dex, the dq-currents and the dq-voltages of the offshore VSC-HVDC station. Case without reactive current
injection from wind turbines.
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3.10.2. THREE PHASE FAULT AT THE 33KV SYSTEM
Next, a three phase fault is applied at the offshore wind turbine PPM1 terminal. Figure
3.33 presents the instantaneous values of voltages and currents in the offshore island.
The voltage drop at the terminal of the offshore VSC-HVDC station is not big enough so
that the HVDC station do not enter the fault current injection state. Hence, the block of
figure 3.9 only reduces the converter internal voltage in such a way that the fault current
is limited to the maximum capacity.

From these result, it can be observed that for a three phase faults at the 33kV termi-
nals, the VSC-HVDC station is capable to ensure FRT compliance without experiencing
high fault currents. The wind turbines inject reactive current supporting locally the volt-
age. The active and reactive voltage and current components are presented in 3.34 and
3.35.
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Figure 3.33: The instantaneous value of (from top to bottom): the WPVSC voltage, WPVSC current, PPM
voltage, PPM current, and circuit breaker CB current.
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Figure 3.34: The positive (1), negative (2) and zero (0) sequence voltage and current components, the dq-
currents and the dq-voltages of the offshore wind PPM1.
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3.10.3. LINE-TO-LINE FAULT AT THE 33KV
Besides the assessment of three phase faults, this paragraph provides the analysis for
line-to-line faults applied at the 33kV offshore collector grid. The effect of the negative
sequence current control at the offshore wind turbines is assessed. In that content, three
cases are addressed, reflecting different options for negative sequence current control.

CASE1: NEGATIVE SEQUENCE CURRENT SUPPRESSION AT THE WIND TURBINES

A line-to-line fault is applied at the 33kV terminal of the power plant module 1 (PPM1 in
figure 3.1). The PPM1 utilizes the negative sequence current suppression control strat-
egy. Furthermore, it is assumed that no positive sequence reactive current is injected
into the island grid from the offshore PPMs during the unbalanced fault period. Fig-
ure 3.36 presents the instantaneous value of the voltage and the current at the PPM1
AC terminals, at the location FD1 of the circuit breaker (CB) and at the offshore HVDC
converter station terminals (point of HN0).
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Figure 3.36: The response of the offshore AC island to a line-to-line fault in the PPM1 terminals. From
top to bottom, the instantaneous voltage at the wind park VSC (WPVSC) HVDC converter terminal, the
instantaneous voltage at PPM1 terminal, the current at WPVSC terminal, the current at the PPM1 and the
current at the FD1, 33kV point.
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The dq-components of the voltage and the currents of the PPM1 can be seen in fig-
ure 3.37. The wind turbines before the fault is applied provide their maximum power
generation (with rated current 4kA per each PPM). As it can be observed in figures 3.36-
3.37, the fault current injection of the wind turbine is equal to the steady state active
current. This depends on the operating point of the wind turbine, hence on wind speed.
Observing the sequence components of the voltage and the current at the offshore VSC-
HVDC station (WPVSC), it can be seen that a positive and a negative sequence exist. In
addition, an adequate fault current level is measured at the FD1 (CB) point, where the
breaker is installed.
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Figure 3.37: The response of the offshore AC island to a line-to-line fault in the PPM1 terminals. Upper sub-
figures: the sequence components of WPVSC terminal. Lower subfigures: the dq-positive, the dq-negative
sequence currents of the PPM1, and the sequence voltages at the PPM1 terminal.

CASE 2: NEGATIVE SEQUENCE CURRENT SUPPRESSION WITH FRT ACTIVE CURRENT RE-
DUCTION METHOD APPLIED

In this case, the proposed positive-sequence-voltage-dependent (PSVD) active current
reduction at the offshore wind turbines is assumed to be in operation. The presented
results aim to demonstrate that the PSVD loop in figure 3.12 does not jeopardize the
fault detection capability at the FD1 point where the fault needs to be cleared. Similarly
to the previous case, no reactive current injection is performed during the unbalanced
fault period by the wind turbines.
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As it can be observed in the figure 3.38 and 3.39, the total fault current injection from
the offshore PPM1 is smaller in this case given that neither reactive positive sequence
current is provided nor negative sequence current (see figure 3.38). Observing the fault
current measured at FD1 (iC B ), it can be seen that the application of the proposed active
current reduction module for the FRT enhancement of the HVDC link, does not affect
the fault detection capability in the island grid. The fault current level at the FD1 is at the
same value as in the previous case where the active current is not reduced. Furthermore,
not much difference is observed compared to the base case, with regard to the positive
and the negative sequence voltage profiles of the offshore island grid. From these re-
sults, it can be concluded that under unbalanced faults at the 33kV grid, the operation
of the proposed enhanced FRT scheme for the HVDC link does not deteriorate the fault
detection capability of the island grid nor the voltage profiles during the fault period.
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Figure 3.38: The response of the offshore AC island to a line-to-line fault in the PPM1 terminals. From
top to bottom, the instantaneous voltage at the wind park VSC (WPVSC) HVDC converter terminal, the
instantaneous voltage at PPM1, the current at WPVSC, the current at the PPM1 and the current at the FD1
point.
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Figure 3.39: The response of the offshore AC island to a line-to-line fault in the PPM1 terminals. Up the
sequence components of WPVSC terminal, down, the dq-positive and dq-negative sequence currents of the
PPM1, and the sequence voltages at the PPM1 terminal.

CASE 3: NEGATIVE SEQUENCE CURRENT SUPPRESSION AND POSITIVE SEQUENCE REACTIVE

CURRENT INJECTION

So far, it has been assumed that no positive sequence reactive current is provided to the
offshore AC island. This paragraph addresses the effect of the reactive current injection
during line-to-line faults on the unbalanced fault response of the offshore island AC col-
lector grid. In that prospect, figures 3.40 - 3.41 present the line-to-line fault case, where
the wind turbines suppress the negative sequence current and inject positive sequence
reactive current proportionally to the positive sequence voltage.

As it can be seen in figure 3.40 - 3.41, the PPM1 fault current injection is symmet-
rical since only positive sequence is provided. The active current in the wind turbines
is reduced to zero, because all the fault current capacity is provided as reactive current.
The positive and the negative sequence voltage at the PPM1 is presented in 3.41. Com-
pared to the case 2, in case 3 it can be seen that the reactive positive sequence current
injection leads to lower positive sequence voltage levels at the PPM1 (12.1kV instead of
15.56kV). Hence, during unbalanced faults, the reactive positive sequence current injec-
tion for the power electronic based offshore island does not bring the expected benefits
in the offshore system concerning the voltage support. It would have been expected
that the injection of reactive current during unbalanced faults, would boost the posi-
tive sequence voltage. Finally, the same fault levels are measured at CB compared to the
previous cases.
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Figure 3.40: The response of the offshore AC island to a line-to-line fault in the PPM1 terminals. From
top to bottom, the instantaneous voltage at the wind park VSC (WPVSC) HVDC converter terminal, the
instantaneous voltage at PPM1, the current at WPVSC, the current at the PPM1 and the current at the FD1
point.
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Figure 3.41: The response of the offshore AC island to a line-to-line fault in the PPM1 terminals. Up the
sequence components of WPVSC terminal, down, the dq-postive and dq-negative sequence current of the
PPM1, and the sequence voltages at the PPM1 terminal.

3.11. CONCLUSION
In this chapter the fault ride through response of offshore wind power plants with VSC-
HVDC transmission is assessed for onshore and offshore AC faults. An enhanced volt-
age drop fault ride through control strategy is proposed and its response is presented
by means of time domain simulations. The use of the new positive-sequence-voltage-
dependent (PSVD) active current reduction control module at the offshore wind tur-
bines, ensures improved fault ride through compliance for the HVDC link. Although
during offshore AC grid faults the application of the active current reduction at the off-
shore wind turbines reduces their fault active current injections, it does not affect sig-
nificantly the fault current levels at the 33kV feeder. The fault current is primary fed by
the VSC-HVDC. The chapter presented also an improved control scheme which enables
the fault ride through compliance of the offshore VSC-HVDC station during severe three
phase faults at offshore HVDC station terminals. With respect to the reactive current in-
jection from the wind turbines, it is recommended to be applied only during balanced
offshore faults.

In addition, the chapter investigates the unbalanced fault response of the VSC-HVDC
link during onshore transmission system faults. It is demonstrated that the suppression
of the negative sequence reactive current by the onshore HVDC converter station leads
to steady state value fault current levels. The latter depends on the operating point and
does not always utilize all the fault current capacity of the HVDC converter station.

In that context, a variety of control strategies are tested for the onshore VSC-HVDC
station. It is presented that due to the limited fault-current capacity of the onshore
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HVDC station, the combined positive and negative sequence reactive current injection
is not achievable when reactive positive sequence currents are provided simultaneously
during unbalanced faults. With purpose to solve this bottleneck, a new control module is
proposed which reduces the positive sequence active current during unbalanced faults
proportionally to the negative sequence voltage. Since, the negative sequence current is
provided proportionally to the negative sequence voltage, the injection of negative se-
quence substitutes the positive sequence active current. In this way, negative sequence
reactive current next to positive sequence reactive current can be provided in order to
enhance the protection of the AC transmission lines where VSC-HVDC systems are con-
nected.
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AN EMT-ENABLED ITERATIVE

PROCEDURE FOR OPTIMAL FAULT

RIDE THROUGH COMPLIANCE

4.1. INTRODUCTION
The majority of offshore HVDC connections up-to-date utilise the DC-Chopper method
as fault ride-through (FRT) compliance strategy [154]. In order to use the high controlla-
bility of the HVDC link and the wind plant, various coordinated FRT control strategies are
proposed in the literature [155], [27], [78], [156], [157]. Two are the most common tech-
niques, the controlled offshore voltage drop method and the offshore frequency mod-
ulation technique. The controlled offshore AC voltage drop strategy is studied in [155],
[27], [158] and further improved in [159] for the case of wind power plants with double
fed induction generator type wind turbines. In chapter 3 of this thesis, the offshore AC
voltage drop strategy has been enhanced with the participation of the wind turbines in
the process. Moreover, it has been assessed for the case of balanced and unbalanced, off-
shore and onshore faults. Recently, the voltage drop method has been extended to the
multi-terminal HVDC grid connection case of the offshore wind power plants in [133],
[157], [160].

However, still research gaps exist in the literature. So far the compliance of the wind
turbines with their own reactive current boosting requirements at the offshore AC island
grid is neglected in the previous references. Furthermore, the post-FRT active current
dynamic behavior of the wind turbines which is affected by the choice of the active cur-
rent ramping rate, is omitted. The latter influences the power restoration in the HVDC
link during the post-fault period.

Badly tuned control blocks would prolong the duration of the controlled AC voltage
drop as a result of the extended direct over-voltage in the VSC-HVDC link. Furthermore,
it could lead to the trip of the wind plant if the voltage profile at their terminals exceeds
the offshore FRT envelopes given in the grid code. Currently, the calculation of the FRT
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control parameters of HVDC link is carried out on a trial and error basis using detailed
electromagnetic transient(EMT) type models which is a very time consuming process
without always ensuring that the best values are selected. A methodology to effectively
calculate the best control parameters for the coordinated FRT strategies has not been yet
presented in the literature. The optimal tuning of the coordinated FRT control modules
becomes challenging for two main reasons. Initially, the coordinated FRT strategy shall
take into account the interactions among the offshore VSC-HVDC converter station and
the wind turbine control modules. Furthermore, the non linear dynamic response of the
associated current control limiters and state machines integrated in the control loops
of the wind turbines and the VSC-HVDC system cannot be captured by linear models,
making classical design methods non-applicable. In that frame, the concept of EMT-
enabled tuning as introduced in [161] is adopted and further developed in this chapter.
The problem will be formulated and solved in this chapter for various control schemes.
The variables to be optimized are the control parameters of the coordinated FRT scheme
of the offshore HVDC station, the control parameters of the wind turbine which assist the
FRT compliance process and the post-fault ramping rate of the wind turbines. The FRT
grid code profiles are considered in the process.

4.2. EMT-ENABLED ITERATIVE PROCEDURE FOR OPTIMAL FRT
COMPLIANCE TUNING

4.2.1. ITERATIVE PROCEDURE
The EMT-enabled iterative procedure used in this chapter is based on a sequence of time
domain simulation runs. It is driven by an evolutionary optimization algorithm which
iterates the vector of control parameters in order to define the best set which satisfies
a well defined objective function. The flow chart of the algorithm is presented in figure
4.1. The objective function is mathematically formulated with aim to reach the design
goal (i.e minimize the direct over-voltage, hence the stresses in the HVDC link in conju-
gation with the imposed AC voltage drop at the offshore island). The iterative procedure
begins with a set of random FRT control parameters. An EMT type simulation is exe-
cuted for a given fault. The time-domain response of key metrics (AC and DC terminal
variables) are used in order to define the fitness function. As long as the problem has
not yet converged, new control variables are generated by the optimization algorithm.
The EMT model is updated with the new control variables and a new simulation run is
executed. The iterations are terminated either when the upper boundary limit of itera-
tion numbers is reached or the acceptable tolerance in the error of the fitness function
is found.
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Figure 4.1: Iterative procedure for optimal FRT compliance tuning of the offshore wind plants with VSC-
HVDC connection.

4.2.2. MEAN VARIANCE MAPPING OPTIMIZATION ALGORITHM FOR THE IT-
ERATIVE PROCEDURE

The iterative procedure uses the mean variance mapping optimization (MVMO) algo-
rithm [162]. Figure 4.1 presents the algorithmic steps of the MVMO. The blue blocks
highlights the steps involved in the evolutionary mechanism. The procedure starts with
the generation of an initial population, which constitutes a vector comprising random
samples of the optimization variables, each one drawn within the corresponding [min,
max] bounds. The sampled values are normalized to the range [0, 1]. The optimization
variables are de-normalized only in the stage where the optimization problem is evalu-
ated.

The core of the iterative procedure involves the inner loop of the flow diagram. In
this loop the evaluation of the fitness function for a given solution is performed updat-
ing the solution archive (i.e. memory of the success achieved by evolving the solution
throughout the search process) followed by the creation of a new solution. The later
is based on the best ranked solution in the archive (i.e. parent) and by applying the
mapping function to generate new values for a set of selected optimization variables.
From the later a subset of optimization variables is sequentially selected throughout the
optimization search and subsequently mutated to have new values by applying a map-
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ping function, which accounts for the statistical performance measures derived from
the solution archive. The procedure ends once the termination criterion, defined as a
maximum number of function evaluations, is met. Remarkably, the mapping function
allows to adaptively switch the search emphasis from exploration (greedy search across
the search space) to exploitation (intensified search within an attractive region of the
search space). A thorough comparison between MVMO and other types of optimization
algorithms is out of scope of this chapter [162].

The ranking of the solutions in the archive is based on a fitness measure, which is
defined based on the HVDC link performance and penalized due to violation of tech-
nical constraints (e.g. maximum allowed HVDC link over-voltage). The penalization is
computed as the sum of a penalty factor, which is chosen as a high value (i.e 4 p.u). It
is defined from a sensitivity based assessment of the quality of the solution as affected
by considering penalty factors of different magnitudes, and the sum of the constraint
violations. This kind of penalization is known as static penalty scheme.

4.3. AVERAGE VALUE EMT MODEL OF OFFSHORE WIND POWER

PLANT AND VSC-HVDC SYSTEM

4.3.1. TEST SYSTEM CONFIGURATION
In order to test the formulation and solution of the optimization problem, a point-to-
point offshore VSC-HVDC link connecting two offshore wind power plants is used as it is
presented in the figure 4.2. The link is rated at +/-320kV, with a 200MW transmission ca-
pacity. The AC terminal voltage of the onshore converter station is 230kV. It is interfaced
to the 380kV AC grid via a step-up transformer. The length of the HVDC cable is 100km.
The AC terminal voltage of the offshore converter station is 150kV. It is connected to the
110 kV HVAC offshore cables with step-down transformer. The wind plant consist of two
areas, power plant module 1 (PPM1) and power plant module 2 (PPM2) connected at the
33kV voltage level.

4.3.2. MODEL AND CONTROL OF THE GRID SIDE VSC-HVDC STATION
Compared to the model of chapter 3, where a detailed switch model was used in PSCAD,
a time-average EMT model is used in this chapter for the HVDC link [27]. The model is
developed in Matlab/Simulink in order to enable coupling of the simulations with the
optimization algorithm. It includes full representation of the inner and the outer current
control loops, synchronized to the AC grid voltage using a typical synchronous reference
frame phase-lock-loop (SRF-PLL). The convention used here is that the d-axis voltage is
aligned with the voltage vector at the PCC point while the q-axis grid voltage is controlled
to the zero value. The outer loops utilize PI regulators for setting the inner controller
current references. Figure 4.3 presents the onshore VSC-HVDC station model and its
associated control modules as it is used in this work.
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Figure 4.2: The point-to-point VSC-HVDC link and the connected offshore wind power plants as it is used
in this chapter.
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Figure 4.3: Average value EMT model of the onshore VSC-HVDC station. In the figure it can be seen the
inner, the outer loop and the average value EMT modeling approach used.
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4.3.3. MODEL AND CONTROL OF THE OFFSHORE VSC-HVDC STATION

The offshore wind power plant side VSC-HVDC (WPVSC) station is controlled as a power
sink for the generated offshore wind power. The block diagram of the model is presented
in figure 4.4 along with two FRT controllers. The per unit direct voltage value is used in
order to impose a controlled voltage drop at the offshore AC island as first presented in
[160]. In this way, it is ensured that the AC voltage drop will be applied only when the
direct voltage rises above the U th

dc threshold value. At the same time the offshore AC volt-
age reference is coupled proportionaly to the direct voltage variations. The advantage of
such approach compared to the PI-based solution presented in [27] is that a simple con-
troller is linking the direct over-voltage of the HVDC link to the offshore voltage control.
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Figure 4.4: Time average model of the offshore VSC-HVDC station and its associated control loops. In the
model it can be seen the two fault ride through strategies, namely the voltage drop method and the fre-
quency modulation method. These two methods are applied separately at the offshore HVDC station.
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The second FRT control module, uses similar approach in order to change the refer-

ence of the frequency controller as presented in figure 4.4. A proportional gain K f
LV RT is

used in order to link the direct voltage variation to frequency reference. The selection of
these control parameters will be formulated and solved as an optimization task.

4.3.4. STATE MACHINE FOR FRT COORDINATION OF THE HVDC LINK
The coordination among the normal operation, the AC fault condition and the post-fault
state of the onshore HVDC converter station is performed using the state machine pre-
sented in figure 4.5. The input variable is ud

s which accounts for the positive sequence
d-axis voltage at the onshore converter station in per unit value. As soon as the voltage
drops below U th,mi n

s (which in our case we assume to be 0.9 p.u) the converter enters
the low voltage ride through (LVRT) state. It shifts its current limitation priority from
active to reactive current current priority. It also follows the equation 3.10 with the PI
controller set to "freeze". If the voltage drops further below the 0.5 p.u threshold, the
converter enters the FRT mode. In this mode of operation,the total current capacity is
used as reactive current. Furthermore, the direct voltage control loop of equation 3.9 is
set to the freeze state.
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Figure 4.5: Proposed state machine for pre-fault, fault and post-fault period coordination for the onshore
VSC-HVDC station.

In the FRT mode, the active current is reduced to zero as a result of reactive cur-
rent injection given that the minimum reactive current boosting gain, k, is selected to be
equal to 2. As soon as the voltage recovers above the 0.5 p.u threshold, the onshore con-
verter enters the post-fault state (S4), where the active current id is ramped up from the
zero value (during the state S3) to the pre-fault value id0 with a predefined rate R given in
p.u/s. The duration of the ramping period is calculated from equation (4.1) where T f aul t

is the time the fault is applied, Tr is the time the ramping is ended and i f aul t
d is the value

of the active current in the FRT mode, which is zero. During the states S3 and S4, the DC
voltage control loop remains blocked.
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Figure 4.6: Type-4 aggregate offshore wind power plant model and the associated control modules. Namely
in the diagram it can be seen the inner controller, the current limiter, the FRT logic, the ramp-up block and
the active current reduction blocks.

R = ∆id

∆t
=

id0 − i f aul t
d

Tr −T f aul t
(4.1)
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4.3.5. OFFSHORE WIND POWER PLANT AGGREGATE MODEL
The offshore wind power plants connected to the offshore VSC-HVDC station are mod-
eled by an aggregate equivalent model connected to the 33kV terminal. Full converter
interfaced wind turbine generator technology (type 4A) is assumed represented by an
EMT average value model. Since the wind turbine generator is completely decoupled
from the offshore AC grid voltage by means of the AC/DC/AC conversion, only the AC-
DC converter at the offshore grid side is modeled considering its DC bus. The later model
includes detailed representation of all the control loops as it can be seen in figure 4.6.
The model presented here is different from the chapter 3 model, in the sense that it does
not have negative sequence current control and it uses additional functions for reduc-
tion of the active current. In that context, for completeness it was considered necessary
to present it in this section.

When faults occur in the AC offshore collector grid, the wind turbines as typical grid
codes require provide reactive current injection to the isolated AC offshore collector sys-
tem. This is performed proportionally to the reactive current boosting gain, Kw t . The
control loop utilized is the same to the equation 3.10. A current limiter control module
ensures that the injected currents do not exceed the over-current capacity, which is here
1.0 p.u.

4.3.6. STATE MACHINE FOR FRT COORDINATION OF THE WIND POWER PLANT
The operation of the offshore wind power plant module (PPM) is guided by the state
machine presented in figure 4.7. The state machine follows the same approach as in the
case of the GSVSC station with different thresholds. The normal operation is defined for
voltage levels at the offshore terminals above the U l i m1

o f f sh value. Once, the voltage drops

below U l i m
o f f sh , the wind turbine enters the LVRT range where it injects reactive current

following reactive current priority. If the voltage drops below the level U l i m2
o f f sh , the wind

turbine enters the FRT mode.
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Figure 4.7: State machine that describes the operating modes of the type 4 wind turbine. The state machine
is used to coordinate the fault and post-fault control loops of the PPM. The signals associated with state
machine can be seen in figure 4.6.
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The value of voltage theshold U l i m1
o f f sh is selected to be 0.8 p.u in order to ensure that

the normal operation voltage variations are covered. The value of U l i m2
o f f sh is selected to

be 0.5p.u. The choice is made assuming that the minimum reactive current boosting for
the wind plants is 2. Hence, if the voltage is below 0.5 p.u, the PPM enters the state N2,
providing all its current capacity as reactive fault current. Once, the voltage recovers, the
PPM enters state N3 which enables the active current ramp up. If the voltage drop at the
wind turbine is above the 0.5p.u, the wind turbine returns to state N1 without applying
ramping.

4.3.7. CONTROL MODULES AT THE WIND PLANT FOR ENHANCEMENT OF

THE VSC-HVDC LINK FRT COMPLIANCE

This paragraph introduces two control modules at the wind turbines for the enhance-
ment of the coordinated FRT capability of the VSC-HVDC link. The first is a voltage de-
pendent active current reduction block, presented in figure 4.8. It is used in the case that
a controlled voltage drop is imposed by the offshore HVDC station. As it can be seen,
the module utilizes the per unit d-axis voltage component in order to impose an active
current reduction at the wind turbines. It is important to note that the block is activated
when the wind turbine enters state N1 in figure 4.7. In this way it is ensured that the
active current reduction is not performed during normal offshore voltage conditions.

1

1 vT sacrk
( . )sdu p u
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0.0

If (FLAG=1) or (FLAG=2)
S=1 
Else S=0

1

0

0.0

1.0S
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-
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Figure 4.8: Block diagram of the voltage-dependent-active-current (VDAC) reduction method as it is used
in the PPM model of figure 4.6.

The second control module which is installed at the offshore wind PPMs uses the
available frequency by the PLL in order to impose an active current reduction at the wind
turbines. The control block is given in figure 4.9. As it can be seen, the per unit frequency
variation is used in order to impose the active current reduction. A lead-lag block with
a proportional gain is used in order to provide flexibility in the tuning and ensure the
best result without imposing instabilities. In both cases, the reduction is performed by
multiplying the output signal of the control modules to the active current reference of
the wind turbine as it can be seen in figure 4.6.
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Figure 4.9: Block diagram which presents the control module used by the wind turbines to impose a fre-
quency dependent active current reduction at the wind plant.

4.4. OBJECTIVE FUNCTION FOR THE STUDIED FRT COMPLI-
ANCE STRATEGIES

4.4.1. OBJECTIVE FUNCTION FOR THE VOLTAGE DROP FRT STRATEGY FOL-
LOWED BY REACTIVE CURRENT INJECTION FROM PPMS

The optimal tuning problem is initially formulated for the voltage drop FRT strategy. The
expected qualitative time domain response of the VSC-HVDC link and the connected
offshore wind power plants during the FRT and the post-FRT period is illustrated in Fig-
ure 4.10. The direct voltage variation in the HVDC link is restricted by the U mi n

dc and
the U max

dc values. These selected boundary conditions are defined based on the manu-
facturer specifications and depend on the electrical stresses that the components are al-
lowed to withstand during the normal operation as well as during the FRT period. Within
these dynamic limits, we define the (U th

dc ) threshold which is the offshore direct voltage
value where the voltage drop FRT scheme is triggered. The green zone in figure 4.10 de-
scribes the normal operation zone while the orange zone the emergency situation zone.
Direct voltage values below U mi n

dc (red zone) indicates a DC fault condition and leads to
the HVDC link tripping.

During a severe onshore AC grid fault, the onshore converter station provides addi-
tional reactive current injection following the equation 3.10. Due to the limited fault cur-
rent capacity, the active current is reduced to zero by the current limiter control module
in figure 4.3. The direct voltage rises as a result of surplus of power flowing in the HVDC
link with respect to the power flowing out of the link. As soon as the U th

dc is reached, the
controlled voltage drop is applied at the offshore AC grid by the offshore HVDC converter
station. In the presence of this voltage drop the wind turbines inject reactive current.

Let us at recall the two AC voltage thresholds defined in the state machine of figure
4.7 which are U l i m1

o f f and U l i m2
o f f . When the voltage amplitude shifts below the thresh-

old U l i m2
o f f , the wind turbines enter the FRT state. In this case, since the voltage drop is

very deep, all the wind turbines current capacity is provided as reactive current injection
while the active current is reduced to the zero value by the current limitation control
module .
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Figure 4.10: Qualitative expected time-domain response of the offshore wind power plant and the HVDC
link for the onshore fault. From top to down, the direct voltage at the offshore DC terminal, the controlled
offshore AC voltage drop, and the active and reactive currents at the onshore HVDC converter station and
the offshore wind power plant.
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As long as the wind turbines have entered their FRT state, their post-fault active cur-
rent is ramped with a given rate defined as Rw t . In the case that the offshore voltage drop
is such that the PPMs have not entered their FRT mode, the active current will be imme-
diately recovered without ramping. The goal of the optimization task is to minimize the
normalized HVDC link over-voltage defined here as the area E1 in figure 4.10 in conju-
gation with the normalized offshore AC voltage drop area E2. The optimization problem
is solved over the X vector control parameters given in (4.2) for the test system in figure
4.2 where Kw t1 and Kw t2 are the reactive current boosting gains of the two offshore wind
power plants (PPM), Rw t1 and Rw t2 are the ramp up rates of the active current during
the post-fault period of the PPMs and K LV RT

u is the proportional gain of the voltage drop
FRT method controller in figure 4.4.

X = [Kw t1,Kw t2,Rw t1,Rw t2,K LV RT
u ]. (4.2)

The mathematical formulation of the optimization problem is given by the equations
(4.3) to (4.7). The minimization of the areas E1 and area E2 is formulated as the weighted
sum of the two integrals. The values for w1 and w2 can be selected so as priority is given
to one of the two functions over the other. In this case, since we need to ensure that the
direct over-voltage is always bounded within the limits with minimum offshore voltage
drop, we select w1 to be equal to w2. The chosen value is 100 derived from sensitivity
analysis. The calculation of the two integrals is performed using the time domain simu-
lation plots of the direct voltage at the offshore DC terminal, Udc (t ), and the AC voltage
at the offshore 150kV terminal, Uac,o f f (t ) . Finally, Tdur ati on is the duration of the time
domain simulation, and Uac0,o f f (t ) and Udc0(t ) is their time domain response without
the fault being applied , which reflects the system normal operating condition.

mi n J1(X ) = w1F ar ea
dc (X )+w2F ar ea

ac (X ) (4.3)

F ar ea
dc (X ) = A1

∫ t=Tdur ati on

t=0
(Udc (t )−Udc0(t ))d t (4.4)

F ar ea
ac (X ) = A2

∫ t=Tdur ati on

t=0
(Uac,o f f (t )−Uac0,o f f (t ))d t (4.5)

The constants A1 and A2 are given as:

A1 = 1∫ t=Tdur ati on
t=0 Udc0(t )d t

(4.6)

A2 = 1∫ t=Tdur ati on
t=0 U i

ac0,o f f (t )d t
(4.7)

The problem is solved subject to the inequality constraints (4.8) and (4.9). The con-
strain (4.8) ensures that the imposed offshore voltage drop by the offshore HVDC station
will not surpass the FRT grid code voltage envelope, HF RT (t ). This FRT envelope is pro-
vided as an input to the iterative procedure. The constrain (4.9) defines the boundaries
that the control variables are allowed to vary. The constraint (11) is not included in the
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static penalty scheme, because the normalized search space of MVMO always ensures
the fulfillment of the min-max bounds.

Uac,o f f (t ) ≥ HF RT (t ) (4.8)

Xmi n ≤ X ≤ Xmax (4.9)

4.4.2. OBJECTIVE FUNCTION FOR VOLTAGE DROP FRT STRATEGY FOLLOWED

BY ACTIVE CURRENT REDUCTION AT WIND PLANTS
The alternative control approach to the FRT compliance problem of the VSC-HVDC link
is the use of the proposed voltage-dependent active current reduction control block pre-
sented in figure 4.8. In this scheme the wind turbines during the offshore voltage drop
period reduce their active current in order to reduce the HVDC link overvoltage. In this
case no reactive current is provided by the wind plants during the voltage drop period.
The anticipated qualitative response of the PPMs on the imposed offshore voltage drop
by the WPVSC is presented in figure 4.11.

The formulation of the optimization problem is similar to the previous case, given by
equation (4.3) with the only difference that the vector X is given by (4.10). The time con-
stant of the low pass filter, Tv in figure 4.8, is selected to be 20ms for both offshore wind
plants. Hence, the optimization task targets only the best proportional control gains.
The inequality constraints are the same as in (4.8) and (4.9). The weights w1 and w2
used are both equal to 100.

X = [Kacr (w t1),Kacr (w t2),K LV RT
u ] (4.10)
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Figure 4.11: Qualitative response of the wind plant for an applied voltage drop when equipped with voltage-
dependent-active-current reduction block.
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4.4.3. OBJECTIVE FUNCTION FOR THE FREQUENCY MODULATION CONTROL

STRATEGY
The last FRT strategy which is optimized in this chapter is the frequency modulation
method. The control block used at the WPVSC is presented in figure 4.4. The frequency
is allowed to vary between strictly defined boundaries. In addition, given that the plant
consists of full-converter interfaced wind turbines, the dedicated control module in fig-
ure 4.9 is applied in order to impose a frequency dependent active current reduction.
Figure 4.12 proposed the anticipated time domain response of the plant. Two opera-
tion zones are defined for the offshore frequency. The first zone is between fmi n and
fthr eshol d where the frequency is allowed to vary during normal operation. This fre-
quency band shall take into account the variations observed in the offshore plant during
power set-point changes or other control actions.

th

dcU

min

dcU

max

dcU

dcU

( )t s

( )t s

onU

( )t s

Onshore terminal 
LVRT Envelope

0

onshU

0

dcU

E1

_f clT
fT tripT

recT

offshoref

thresholdf

minf

0di

0qi

di

_f clT
fT

maxf

PPM

dqi

 

Figure 4.12: Qualitative result for the case where the frequency modulation is applied followed by active
current reduction at the offshore wind power plants.
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Once the offshore frequency reaches the threshold value fthr eshol d , the control block
of figure 4.9 imposes an active current reduction to the wind turbines. The lead-lag block
of the active current reduction controller can be used in order to compensate the delay
that might occur in the active current reduction process or due to frequency measure-
ment. The depth of the active current reduction is affected by the proportional controller
gain Kw t f in figure 4.9. As soon as the fault is cleared at the onshore side and the direct
voltage recovers, the frequency drops below its threshold value ftheshold and the active
current of the wind turbines returns to normal operation.

Given that the frequency variation is driven by the control module of figure 4.4, the
mathematical formulation of the objective function targets the minimization of the area
E1 in figure 4.12. The objective function is given by (4.11).

mi n J3(X ) = F ar ea
dc (X ) (4.11)

The vector of the optimization variables is given for the test system as in (4.12) sub-
jected to max-min boundaries of the variables. It is worth to mention that since the
frequency limits are set by the WPVSC controller itself as "hard" limits, it is not needed
to impose them as constrains in the optimization problem.

X = [K f (w t1),T1(w t1),T2(w t1),K f (w t2),T1(w t2),T2(w t2),K f
LV RT ] (4.12)

4.5. SIMULATION RESULTS

4.5.1. VOLTAGE DROP FRT WITH REACTIVE CURRENT FROM PPMS
This paragraph presents the results of the optimal tuning for the controlled offshore volt-
age drop method where the offshore wind power plants are assumed to comply with the
reactive current injection requirements at the offshore AC island grid. The voltage drop
control module of figure 4.4 is used. The number of the maximum iterations is selected
to be 500 for this problem. Figure 4.13 presents the evolution of the best fitness function
per iteration. In addition, figure 4.14 presents the control variable iterations.

As it can be seen, the MVMO algorithm converges to the optimal fitness value af-
ter 451 iterations. Additional experiments with higher number of iterations have been
conducted and the same results are found. It can be seen that after 400 iterations the
optimization variables are concentrated around the optimal values. The best results
achieved for the particular case is given in (4.13).

The algorithm has converged to different reactive current boosting gains and post-
fault active current ramping rates for the two plants. The latter is justified due to the dif-
ferent lengths of the cables. In addition, the solution of different ramp up rates reduces
the DC link over-voltage during the post fault period compared to the default case.

Xopt = [2.02,4.29,2.44,3.31,71.94]. (4.13)
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Figure 4.13: Evolution of the best fitness function for the case of the voltage drop followed with reactive
current injection.
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voltage drop and reactive current injection from the wind plants.
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Finally, the best control parameters are validated against the default values in (4.14)
which reflect typical grid code parameters. These default value reflect typical parame-
ters. Figure 4.15 presents the comparison between the optimal and the default case. As
it can be seen, the use of the optimally tuned control variables reduces the HVDC link
over-voltage as well as its duration. The same is also observed for the imposed voltage
drop at the offshore AC island.

Xde f aul t = [2.0,2.0,4.0,4.0,40]. (4.14)

From the simulation results it can seen that the injection of the reactive current by
the wind plants during the voltage drop period is beneficial for the total HVDC link FRT
response. This benefit is mainly due to the inherent active current reduction achieved as
a matter of the over-current limiters at the wind turbines.
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Figure 4.15: Time domain response of the wind power plants and VSC-HVDC link for two subcases of the
voltage drop strategy followed by reactive current injection of the wind turbines during the voltage drop
period. In the first subcase, default values are used at the controllers. In the second subcase, the optimized
values of the control parameters are utilized.



4.5. SIMULATION RESULTS

4

89

4.5.2. VOLTAGE DROP FOLLOWED BY ACTIVE CURRENT REDUCTION FROM

WIND POWER PLANTS

The optimization of the voltage-dependent-active-current (VDAC) reduction method is
presented in this paragraph. Figure 4.16 presents the best fitness evolution per iteration
of the MVMO algorithm. As it can be seen, the algorithm converges to the best solution
for 300 iterations. For this particular case, the iterations of the control variables are pre-
sented in figure 4.17. From the results it can be observed that the algorithm has already
defined the region of the proportional reductions gains K acr 1 and K acr 2 for approxi-
mately 200 iterations while the proportional gain of the voltage drop method is varied in
order to define the best fitness. The optimization problem has been solved for 500 and
1000 iterations and nearly the same optimal values are defined.
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Figure 4.16: Best fitness for the case of voltage drop followed by active current reduction by wind plants.
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from the wind plants.
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The optimized voltage-dependent-active-current (VDAC) reduction strategy is com-
pared in figure 4.18 to the base case as in [147] and [27] where the voltage drop is imposed
without the wind turbines providing neither reactive current injection, nor active current
reduction. Observing the time domain response of the system, it can be seen that the op-
timized by the proposed iterative procedure control variables improves significantly the
HVDC link over-voltage. Additionally, it ensures that the over-voltage in the HVDC link
is below the selected 330kV maximum value. This improvement is achieved mainly due
to the active current reduction by the wind turbines.

Observing the optimized offshore AC voltage at WPVSC in figure 4.18 to the default
parameters cases, it is observed that the voltage drops to values very close to zero. This is
justified since first a voltage drop has to occur before the active current is reduced while
in the previous paragraph case, in figure 4.15, even a small voltage drop would lead to
injection of full current capacity as reactive current and reduction of the active current
to zero. The later explains why the active current reduction methods contributes mainly
in the HVDC link over-voltage and not much in the offshore voltage drop.
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Figure 4.18: Time domain response of the offshore wind power plants and VSC-HVDC system for two sub-
cases of the voltage drop strategy. In the first one the wind turbines do not contribute in the FRT of the
HVDC link (neither by active current reduction nor by reactive current injection). In the second one the
optimized voltage dependent active current reduction controller is applied at the offshore wind plants.
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4.5.3. FREQUENCY MODULATION CONTROL STRATEGY
The evolution of the optimal tuning procedure for the frequency dependent FRT scheme
is presented in figure 4.19. As it can be seen, the iterative procedure is terminated after
300 iterations and the optimal point has been detected for 100 iterations. The vector of
the optimal control parameters is given by figure (4.15) while the time domain response
of the system by figure 4.20.

Xopt = [−111.6,0.06,0.07,−167.7,0.1,0.05,1.0]. (4.15)
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Figure 4.19: Evolution of the best fitness function for the frequency modulation FRT strategy.

4.5.4. COMPARISON OF THE OPTIMALLY TUNED STRATEGIES
Comparing the optimally tuned FRT strategies, the best response with reference to the
HVDC link over-voltage is achieved in the case of the voltage drop method which is as-
sisted by the reactive current injection by the wind turbines. The advantage is not de-
rived directly from the reactive current injection itself but rather from the followed ac-
tive current reduction which is achieved due to the limited fault current capacity of the
wind turbines. Although, the voltage amplitude at the wind turbines PCC terminals is
boosted, the resulted active current reduction enhances significantly the power balance
in the HVDC link, thus reduces the direct over-voltage. Furthermore, since the wind tur-
bines are forced to enter their FRT mode, their post-fault active current ramping when
accurately tuned with respect to the active current ramping of the onshore VSC-HVDC
station, improves the post-fault direct over-voltage at the HVDC link.

Finally, concerning the offshore frequency modulation FRT method, it does not present
as good results as the other two strategies with reference to the achieved over-voltage.
This is mainly attributed to the associated time constant of the frequency regulator of
the WPVSC. Smaller time constant could not be applied in this cases as it resulted in the
controller instability. As long as the best achieved direct over-voltage can be tolerated
by the equipment, the frequency modulation FRT is suitable. In any case, by optimizing
the control parameters of the three FRT strategies improves the dynamic response of the
HVDC link.
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Figure 4.20: Time domain response of the system for the optimized frequency modulation case.
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two subcases of the voltage drop strategy.

4.6. CONCLUSIONS
Large offshore wind power plants connected to the mainland AC grid utilizing VSC-
HVDC transmission shall be fault ride through compliant. The classical chopper based
fault ride through strategy increases the capital investment cost. New state of the art,
coordinated control strategies are becoming nowadays more attractive. Moreover, since
the VSC-HVDC link is mostly shared by different offshore wind power plants, the effi-
cient estimation of the fault ride through control parameters for the wind plants and the
HVDC link becomes an important task in order to ensure robust and stable compliance.

In this work, a method is presented for the optimal tuning of coordinated fault ride
through compliance strategies which treats the VSC-HVDC link and the offshore wind
plants as one power plant entity. The method is based on an iterative procedure that
uses a sequence of electromagnetic transient type simulation runs of the complete plant
(VSC-HVDC link and wind plant) driven by the mean variance mapping optimization
(MVMO) algorithm. It is demonstrated that by optimizing the control parameters of co-
ordinated FRT strategies, the dynamic response of the offshore wind power plants and
the HVDC link is improved during AC grid faults. Moreover, the experienced electrical
stresses and the tripping risk of the plant are minimized.
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5.1. INTRODUCTION
The development of future multi-terminal HVDC grids would evolve in stages [163],[164].
It will first start with the instalation of point-to-point connections and expand gradualy
towards meshed HVDC schemes which would eventually interconnect different control
areas and remote renewable energy resources (i.e offshore wind plants) [165].

Significant research effort has been made with respect to the modeling, the control
and the analysis of HVDC grids [166]. Initially, AC/DC power flow algorithms are pro-
posed [167]. Next, generic time average dynamic models have been introduced in [168],
[169] first for two-level VSC-HVDC systems and recently extended for modular multi-
level converter (MMC) HVDC technology. The main advantage of generic average value
dynamic models is the reduced model complexity and the reduction of the computation
time in grid connection studies. Moreover, generic models remove intellectual prop-
erty concerns between transmission system operators and HVDC system vendors in grid
code compliance studies [164, 169–171].

With reference to the latest ENTSO-E Network Code (NC)-HVDC [135], the Fault-
ride-through capability (followed by the injection of reactive current) is a mandatory
grid code article. Different coordinated FRT compliance schemes have been proposed
in the literature, for the point-to-point [159] as well as the multiterminal DC (MTDC)
connection [157] of the offshore wind power plants. However, for the MTDC grid case,
the effect of the post fault ramping rate of the onshore converter station during the post
fault period and the influence of different operating states (snapshots) of the MTDC grid
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(inversion and rectification) have not been investigated in detail. The selection of the
post-fault ramping rate affects the dynamic behavior of the direct voltage in the MTDC
grid and the response of offshore collector grid, when coordinated FRT strategies are
applied. Furthermore, dynamic interactions between the offshore converter station, the
onshore converter station and the wind power power plants during the FRT period might
lead to a trip of the HVDC grid.

In that context, this chapter evaluates the proposed EMT-enabled iterative procedure
as it is presented in chapter 4 for the MTDC grid connection case of the offshore wind
power plants. This chapter aims to provide insights on the FRT compliance of MTDC
grids and demonstrate the adequacy of the tuning methodology presented in chapter 4
for ensuring robust and optimal FRT compliance of the wind plants in MTDC grid con-
nection with general grid code requirements.

5.2. TEST SYSTEM
A three-terminal, meshed, VSC-Based HVDC grid is used in this study with rated direct
voltage at +/-250kV. It includes two grid side converters (each rated at 200MVA) and one
wind park converter (at 500MVA) which connects two large offshore wind power plants.
The wind plants (200MVA and 300MVA each) are connected to the offshore HVDC hub
by means of HVAC offshore cables, as shown in figure 5.1. The two HVAC cables have
lengths 3 km and 5 km respectively and their rated voltage is 150kV. A 110kV/150kV trans-
former is used to interface the offshore HVDC converter to the HVAC cables. The collec-
tor grid of the wind power plant is assumed 33kV.
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Figure 5.1: One-line diagram of the MTDC Grid test system used in this chapter.
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Different snapshots of the MTDC grid are evaluated in this chapter as shown in fig-
ure 5.2. In the case a, the offshore wind plant is operated in point-to-point connection.
Of course the generated offshore wind power corresponds to the capacity of the onshore
HVDC station (GSVSC2). In the case b, the generated offshore wind power is dispatched
between the two onshore VSC stations (station GSVSC 2 and 3). The two onshore sta-
tions apply direct voltage control at their DC terminal (using a power based droop con-
troller). In the case c, the GSVSC2 operates in constant active power control mode whilst,
GSVSC3 in direct voltage control mode. For the cases b and c the offshore wind power is
flowing radially from the wind plants (Offshore HVDC station) to the onshore grids (on-
shore HVDC station). The case d reflects a snapshot where the onshore HVDC station 2
(GSVSC2) is operating in rectification mode, transmitting power from the onshore grid
302 to the MTDC grid applying a constant power control. Finally, in the cases e and f, it
is assumed that the wind power plants and the offshore converter station are completely
disconnected and the 3-terminal MTDC grid operates as a point-to-point VSC-HVDC
link connecting the two AC systems. All the above cases reflect either a variety of operat-
ing states or different development stages which will be simulated in order to compare
the system performance.
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Figure 5.2: Operating cases of the MTDC grid (snapshots) which are studied in this chapter. With red colour
we represent the converter station where the fault is applied at its AC terminals.
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5.3. VSC-MTDC MODEL

5.3.1. VSC-HVDC STATION
We assume symmetrical-monopole VSC-HVDC configuration with two level converters
for this paper analysis. A time average EMT model with detailed representation of inner
current controller and the outer control loops is followed for the converters, as shown in
chapter 4.

With reference to the outer control loops, typical PI-based control strategies are ap-
plied. The active current (id ) loop is either in direct voltage control mode (using here
power based droop control [169]) or in constant active power control mode using typi-
cal PI controller. The reactive current control loop (iq) provides voltage control during
normal conditions and reactive short circuit current injection during AC system failures,
as described in chapter 4.The model is developed in Matlab/Simulink in order to enable
coupling with the Matlab optimization algorithms.

5.3.2. MODEL OF THE HVDC CABLES IN GRID CODE COMPLIANCE STUDIES
The common methodology to represent HVDC cables in power system stability time
domain simulation studies is by applying lumped π-equivalent models mathematically
given by state space differential equations in time domain [168]. A graphical overview
of the MTDC grid transmission state space model is shown in figure 5.3. In the pro-
posed state space generic form, the state vector (x) and the DC current input vector (u)
are defined in (5.1) and (5.2) respectively. In this model, the information of the DC grid
topology is included in the matrix A according to (5.3) where its submatrix vriables are
given in (5.4) to (5.7). The input of the model is the DC current input vector u, while
the output is equal to the state vector x. Vector u, includes the DC current in-feed as
computed from the converters model by conservation of power at each node.
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Figure 5.3: Graphical representation of the state space model used for the MTDC grid cables assuming π-
section per branch.
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A and B matrices are constant and are defined at the initialization stage of the dy-
namic model. For each DC cable section there are three states: two states referring to
the DC voltage at the sending and receiving end, and one state referring to the direct
current flowing through each HVDC cable section. The HVDC link could be bipolar on
monopolar. In the case of bipolar, assuming that the AC system remains balanced dur-
ing three phase faults in the AC side, the DC circuit remains also balanced. Hence, the
dynamics of DC circuit in the bipolar configuration can be represented by a mono-polar
circuit in power system stability studies with half the total current. It should be noted
here that the DC capacitors of the VSC station are embedded in the DC capacitor of the
HVDC cable model. If at a DC node there is no converter connected (i.e it is junction
node), only the DC cable capacitance is used. Providing the state space model of each
cable, it is possible to extend it to any DC grid topology by making use of the incidence
matrix, which analytically describes the DC network topology.

x =
[
U (1)

dc U (2)
dc U (3)

dc . . . U (n)
dc I (n+1)

cable I (n+2)
cable I (n+3)

cable . . . I (n+m)
cable

]T

1x(m+n)
(5.1)

u =
[

I (1)
dc I (2)

dc I (3)
dc . . . I (n)

dc

]T

1xn
(5.2)

A =
[

a(11)
nxn a(12)

nxm

a(21)
mxn a(22)

mxm

]
(n+m)x(m+m)

(5.3)

a(11)
nxn = [

0
]

nxn (5.4)

a(12)
nxm = (M∗C)T (5.5)

a(21)
mxn = (L∗M) (5.6)

a(22)
mxm = di ag (

Rcable,1

Lcable,1
,

Rcable,2

Lcable,2
, . . . ,

Rcable,m

Lcalbl e,m
) (5.7)

C = di ag (− 1

Cnode,1
,− 1

Cnode,2
, . . . ,− 1

Cnode,n
) (5.8)

L =−di ag (
1

Lcable,1
,

1

Lcable,2
, . . . ,

1

Lcalbl e,m
) (5.9)

For a MTDC grid with n-nodes and m-branches, Rcable i and Lcable i with i = ...m, is
the resistance and inductance of each DC cable section while Cnode ,i is the sum of the
converters and cable capacitance at each DC node. The incidence matrix, M for a DC
grid with n number of nodes and m number of branches is a mxn matrix defined as:

Mmxn(i , j ) =


1, when br anch cur r ent f low s f r om i to j

−1, when br anch cur r ent f l ow s f r om j to i

0, no br anch bet ween i and j

(5.10)
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The B matrix is written as:

B =
[

b(11)
nxn

b(21)
mxn

]
(n+m)xn

(5.11)

Where the sub-matrices are defined as:

b(11)
nxn = di ag (

1

Cnode,1
,

1

Cnode,2
, . . . ,

1

Cnode,n
) (5.12)

b(21)
mxn = [

0
]

nxn (5.13)

5.3.3. DIRECT VOLTAGE AND POWER CONTROL IN THE MTDC GRID
The direct voltage control is very important for the operation of any HVDC grid. Direct
voltage variations are primarily affected by the active power balance between the con-
verter stations during normal and fault conditions. The control of direct voltage in this
chapter is performed by applying a power based, direct voltage droop controller as it is
shown in figure 5.4. The power is measured at the PCC and the direct voltage variation
at the DC side is used as input variable which regulates the active power reference of the
onshore converter station. Practically it is a proportional controller applied to the power
reference of the active power controller. There are also other alternatives of droop di-
rect voltage control, either using as input the direct current measured in the DC side or
applying the proportional controller on the active current component of the converter
station.
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Figure 5.4: The power based droop controller used in this chapter as active current control loop.

5.3.4. EFFECT OF THE GRID CONNECTION POINT SHORT CIRCUIT POWER
Future power systems would host a large share of power electronic based generation ca-
pacity. The connection of a VSC-HVDC station to a grid connection point with very low
short circuit power might lead to instabilities and a complete trip of the HVDC station
during AC grid faults. The instability observed with weak connection points is primarily
caused by the phase-lock loop (PLL) in conjugation with the poor dynamic performance
of the inner current control loop. Different PLL configurations and as well as effective
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tuning techniques have been studied in the literature in order to enable operation of the
power converters even at very low short circuit power levels. The aim of this paragraph
is to present the sensitivity of the grid connection point short circuit power to the VSC-
HVDC station model used in this chapter. The short circuit ratio (SCR) is used here as
grid connection point stiffness metric. The SCR is defined as the ratio of the short circuit
power level at the grid connection point (without the connection of the VSC station) to
the rated power of the GSVSC station (200MW here). Typical values for SCR at transmis-
sion level is ten. In this paragraph we will study and optimize the fault response of the
VSC-HVDC grid to the lowest possible value of SCR that the VSC is stable. It is not the
aim of this chapter to investigate the tuning of the PLL and the inner current controller
for very low short circuit power levels.

Figure 5.5 presents the dynamic response of a point-to-point VSC-HVDC connection
of figure 5.2 for three values of the SCR. The critical value of the SCR for the selected
system parameters is 3. Above this critical SCR value the VSC station remains stable
during a three phase fault at its terminal while providing grid code compliance. The
response of the PLL frequency is plotted for different SCR values. The SCR value of five
is adopted for the following simulations.
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Figure 5.5: The effect of the SCR on the response of GSVSC2. From top to bottom the voltage amplitude at
the PCC, the active current, the reactive current and the response of the PLL frequency.
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5.3.5. FAULT-RIDE-THROUGH RESPONSE FOR THE GIVEN SNAPSHOTS OF

THE MTDC GRID
The FRT response of the MTDC grid is assessed for the test system defined in figure 5.1
under the modelling assumptions presented in chapter 4 and 5. The six operating snap-
shots as defined in figure 5.2 are simulated for a 200ms self-cleared three phase fault at
the GSVSC2. For those set of cases, the DC-chopper fault ride strategy is used (with chop-
pers located at the onshore HVDC terminals). From the presented results in figure 5.6, it
can be concluded that the reactive current injection of the onshore station is not affected
by the state of the VSC operation (injection vs rectification). In addition, the activation
of the DC chopper is performed only for the snapshots b and c. Since, the generated off-
shore wind power is higher than the capacity of the GSVSC3, the power which is injected
to the AC grid by the GSVSC2 is dissipated by the chopper. Case B will be the focus of the
following analysis as it represents the case where the FRT strategy need to be activated.
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Figure 5.6: Simulation results for a three phase fault applied at the GSVSC2 terminal for the selected snap-
shots of the MTDC grid. The DC chopper FRT strategy is used.

The available over-current capacity of the GSVSC2 station (1.1 p.u) is provided as
reactive current injection whilst the active current is reduced during the fault period to
zero by the current limiter. The MTDC grid is balanced partially by the GSVSC2 chopper
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(which dissipates the excess of power) and partially by the GSVSC 3, which being in direct
voltage control mode automatically increases its active current component contributing
in the power balancing of the MTDC converters. Furthermore, the amount of power
injected from the MTDC grid to the un-faulted system (GSVSC3) depends on its pre-fault
operating point and it is limited by the power capacity of GSVSC3.

When the fault is cleared, the GSVSC2 station ramps up its active current (hence its
active power) back to the pre-fault value following a ramping rate of 2 p.u/s. From the
simulation results it can be seen that the chopper solution is a robust FRT method with
two clear advantages. First, it does not affect the response of the offshore island grid.
Second, it enables the FRT compliance without triggering unwanted dynamics in the
MTDC grid and/or the wind plants.

5.4. OPTIMALLY TUNED COORDINATED FRT SCHEMES

5.4.1. OPTIMAL TUNING OF THE VOLTAGE DROP FRT STRATEGY WITH RE-
ACTIVE CURRENT INJECTION BY THE OFFSHORE WIND PLANTS

The three coordinated FRT strategies as presented in chapter 4 are optimized using the
EMT-enabled iterative procedure presented in chapter 4. First the iterative procedure is
applied for the voltage drop FRT strategy. The same three terminal HVDC test system is
used for the same applied fault at the grid side VSC terminal 2 (GSVSC2). It is assumed
that the wind power plants inject reactive current during the imposed voltage drop in
a similar way as they do for offshore AC faults. The mathematical formulation of the
optimization problem is the same to the point to point connection presented in chap-
ter 4 (paragraph 4.4.1). Similar to the point to point case, the direct over-voltage at the
offshore DC terminal is minimized in conjugation with the applied voltage drop.
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Figure 5.7: Evolution of the best fitness function.
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Figure 5.7 presents the evolution of the best fitness function for the voltage drop
strategy. As it can be seen the best fitness value has been detected nearly for 163 iter-
ations. The iterations of the control variables are presented in figure 5.8. As it can be
seen, after 100 iterations the reactive current boosting gains (Kw t1, Kw t2) for the PPM1
and PPM2 are concentrated around the optimal value. Similar is the evolution of the
solution for the voltage drop gain of the offshore WPVSC station, K ul vr t .
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Figure 5.8: The iteration of the optimized control variables for the case of the voltage drop followed by
reactive current injection by the offshore wind plants. With blue are variables referring to the wind power
plant 2, PPM2.

Observing the time domain simulation of the MTDC grid in figure 5.9 for the opti-
mized set of the control parameters, it can be seen that the applied voltage drop is above
the selected 0.5p.u threshold where the ramping is applied (following the state machine
of the wind turbines presented in chapter 4.3.6). We shall recall that for the point-to-
point connection, the applied offshore voltage drop which ensures optimal FRT compli-
ance is below 0.5 p.u value. In this region, the wind plant enters the FRT state injecting
reactive current which as a result reduces to zero the active current. Contrary, for the
MTDC connection the wind turbines do not enter their FRT state for the optimal set of
values. The latter means that the ramping is not applied and obviously does not affect
the dynamic response. The reason for the difference in the applied voltage drop is the
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fact that in the MTDC connection, the MTDC grid power during the fault period is bal-
anced additionally from the remote converter station (beside the FRT scheme). Hence,
smaller amount of wind power needs to be reduced by the offshore converter station
compared to the point to point connection case. Changing the voltage threshold of the
state machine to values above the 0.5p.u would not achieve better response.
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Figure 5.9: Time domain response of the wind power plants and the HVDC grid for the case that the optimal
control parameters are applied.

5.4.2. OPTIMIZED FREQUENCY MODULATION FRT STRATEGY WITH ACTIVE

CURRENT REDUCTION BY THE OFFSHORE WIND PLANTS
Next to the voltage drop strategy, the frequency modulation FRT technique is optimized.
The frequency modulation strategy has been regarded as a rather slow in its dynamic
response for being used as a FRT strategy. The advantage of the frequency modula-
tion technique is that it is possible to be applied for longer than the fault-time periods.
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This would give the ability to signal a reduction in the active power of the wind power
plants (by adequate control) not only during the FRT period (usually 150ms) but extend
it for other balancing reasons in the AC grid during primary frequency response or emer-
gency power control. Emergency power control is considered valuable for cases of over-
frequency events. The chopper itself cannot be applied in this case since it has a time
duration operation limit (2sec).

The mathematical formulation of the optimization problem for the multi-terminal
HVDC case is exactly the same as presented in the section 4.4.3. The evolution of the best
fitness function is presented in figure 5.10. As it can be seen, the algorithm converges to
the best fitness value for 195 iterations of total 200 iterations used. The best fitness value
as defined in section 4.3.3 is 0.1325p.u and is close to the results found for the point to
point connection in figure 4.19.

The iterations of the optimized control variables are presented in figure 5.11. It is
worth to observe that the optimizer has converged to the result of the zero value for the
gains T2 (lag block time constant) in both wind plants, which means that the lag block of
controller in figure 4.9 can be removed. The time constant T1, associated with the lead
block is different for the two plants. The gain of the frequency modulator at the offshore
station (see figure 4.5), K f ,l vr t , is 1.6 which it is higher than in the point to point case
(which is 1.0 as in (4.18)). This is because for the MTDC case, the rated direct voltage
selected is 250kV (compared to the 320kV in the point to point case). Finally, the gains
K w t1 f and K w t2 f of the controller in figure 4.9 have converted by the optimizer to high
value similar to the the point-to-point connection case.
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Figure 5.10: Best fitness evolution for the frequency modulation strategy.
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Figure 5.11: Iterations of the control variables during the solution of the optimization problem.

The time domain simulation of the complete plant and the HVDC grid for the opti-
mized set of control parameters is given in figure 5.12. As it can be seen, the direct over-
voltage in the three terminals is kept close to the 1.1p.u value as is the base case of the
chopper. The remote converter which does experience the fault, provides its maximum
power capacity during the fault and post-fault period in similar way as in the previous
two strategies. Finally, it is worth to observe that the offshore frequency response for
the optimized parameters does not deviate much from the 50Hz. The reason is that no
dead-band in the frequency control is used for the sake of simplicity.
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Figure 5.12: Time domain response of the MTDC grid and the wind plants connected for the case of the
optimized frequency modulation strategy.
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5.4.3. OPTIMIZED VOLTAGE DROP WITH ACTIVE CURRENT CURRENT REDUC-
TION BY THE OFFSHORE WIND PLANTS

Finally, the voltage drop strategy augmented by the active current reduction of the off-
shore wind plants is optimized (as shown in figure 4.9). The evolution of the best fitness
function is presented in figure 5.13. whilst, the control parameters iterations are shown
in figure 5.14.
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Figure 5.13: Best fitness function evolution for the case of the optimized voltage drop strategy with active
current reduction by the wind plants.
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From the results, it takes 136 function evaluations (EMT simulation runs) before the
best fitness function is obtained. It can be seen, that after 136 iterations, the gains Kacr 1

and Kacr 2 converge to the value 1. The same gain values are calculated also both for the
the point to point (see figure 4.17) and for the multi-terminal HVDC connection case.
The converged value of the offshore HVDC station voltage drop controller is different
between the point to point and the multi-terminal connection, given the different DC
voltage rated values between the test systems. Finally, the time domain response of the
system for the best set of control variables is presented in figure 5.15. As it can be seen,
a voltage drop of approximately 0.6p.u is applied offshore, which results in an active
current reduction of 0.7p.u for both wind plats. The latter reduces the offshore HVDC
station power to the same value as the maximum capacity of the un-faulted converter
station.
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Figure 5.15: Time domain response of the MTDC grid and the wind plants connected for the case of the
optimized voltage drop strategy followed by reduction of active current by the wind plants.
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5.5. CONCLUSIONS
In this chapter, three different coordinated FRT strategies have been optimized for the
multi-terminal HVDC connection of the offshore wind power plants. The chapter is an
extension of chapter 4 for the multi-terminal HVDC connection. The first strategy refers
to the case of the offshore voltage drop followed by the injection of reactive current by
the wind plants. In this approach, it is shown that the injection of reactive current leads
to the reduction of the active current which supports the power balance in the DC grid.
In the second strategy, a different approach is followed for the voltage drop strategy. In
this case, the active current is reduced by the wind plants when the offshore voltage drop
is detected. Finally, as a third strategy, the frequency modulation method followed by the
reduction of the active current at the offshore wind plants is studied. It has been shown
that the obtained response of the HVDC grid and the wind plants is comparable to the
DC chopper based scheme.
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EFFECT OF THE FAULT RIDE

THROUGH COMPLIANCE ON THE

POWER SYSTEM TRANSIENT

STABILITY

6.1. INTRODUCTION
The previous chapters have presented and optimized various coordinated control strate-
gies which enable fault ride through compliance for the point-to-point and the multi-
terminal HVDC connection of the offshore wind power plants. The research question to
be addressed in this chapter is in which way does the reactive short circuit current in-
jection from VSC-HVDC systems affects the short term voltage and rotor angle stability
of the AC transmission systems during AC grid faults. Critical parameters are evaluated
and their effect on the power system short term voltage and the rotor angle stability is
assessed. Attention is paid to the following issues:

1. The effect of reactive current boosting gain applied to the onshore VSC station
(known as ‘k’ gain or ‘k’ factor in most of the grid codes). This is a grid code related
variable, which TSOs need to specify.

2. The choice of the current limitation strategy applied during the FRT period by the
VSC-HVDC system. This is not explicitly defined in the grid codes and should be
selected based on the power system needs.

3. The over-current capacity of the VSC-HVDC onshore converter station. The latter
affects the voltage profiles and the rotor angle stability of the transmission system.
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6.2. ASSESSMENT OF SHORT CIRCUIT CURRENT INJECTION US-
ING LINEAR CIRCUIT ANALYSIS

Let us consider a VSC-HVDC onshore station that is connected to an equivalent grid as
presented in figure 6.1 (a). A three phase symmetrical fault is applied at the grid con-
nection point (PCC) and is represented by the reactance X f as in figure 6.1 (b). Z "

k is the

short circuit impedance of the grid connection point and U "
s the sub-transient voltage

of the grid Thevenin equivalent during the fault. We assume, that the system remains
symmetrical during the fault and the post-fault period so as it can be represented ad-
equately by positive sequence components. Negative and zero sequence components
are thus zero in this case. We assume that the active and the reactive power are positive
when injected to the grid from the converter station. During the fault period, the fault
current injection by the HVDC converter is saturated (limited) to the maximum current
capacity I cm (normally 1.1p.u) by the applied current limiting control module. The cur-
rent injection of the converter during the fault period is controlled by the outer loop
based on local measurements as presented in previous chapters. From the equivalent
circuit of figure 6.1 (b), the fault current I "

f is the sum of fault current contribution from

the infinite grid and the fault-current injection from the VSC-HVDC converter station,
as in 6.1.
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Figure 6.1: (a) Single line diagram of the VSC-HVDC station connected to an infinite grid, (b) equivalent
circuit when fault is applied at the grid connection point.
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I "
f = I cm + I "

s . (6.1)

Reformulating the equation (6.1), the equation (6.2) is obtained as,

U f

{
1+ j X f

Z "
k

}
= j X f I cm + j

X f

Z "
k

U "
s (6.2)

Given that the X/R ratio value is typically high at high voltage transmission system
grid connection points, we can neglect the resistance of the short circuit impedance Z "

k .
Thus the short circuit impedance is now given by (6.3).

Z "
k = Rk + j Xk ' j Xk (6.3)

Combining equations (6.2) and (6.3), the equation (6.4) is derived as:

U f = j

{
X f Xk

X f +Xk

}
I cm + X f

X f +Xk
U "

s (6.4)

Let as define the reactance Xa and the per unit variable “b” such as:

Xa =
{

X f Xk

X f +Xk

}
(6.5)

b =
{

X f

X f +Xk

}
(6.6)

Substituting (6.5) and (6.6) into (6.4), we derive (6.7) as:

U f = j Xa I cm +bU "
s (6.7)

From equation (6.7) it can be seen that the voltage phasor at the fault location U f is

affected by two terms. The first term depends on the external network voltage U "
s multi-

plied by the voltage divider factor b. The variable b reflects the effect of the fault location
since different values represent different voltage drops. The second term depends on the
short circuit current injection phasor of the VSC-HVDC station. The short circuit current
injection (I cm) provided by the converter consists of the active and the reactive current
component. Depending on the current limitation control strategy applied, a different
phasor U f at the PCC can be observed. In order to quantify the effect of the grid con-
nection point to the achieved voltage boosting by the converter, we rearrange (6.7) with
I "

k defined as the fault current provided by the equivalent grid when X f is zero.

U f =U "
s b

{
1+ j

I cm

I "
k

}
(6.8)

Equation (6.8) defines the voltage support achieved at the grid connection point by
means of the short circuit current injection from the onshore converter station of the
VSC-HVDC transmission. From (6.8), it is worth to observe that the higher the short
circuit current level at the grid connection point (I "

k ), the smaller the voltage boosting
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achieved by the converter station during the fault period. Furthermore, the variable b is
also affecting the achieved voltage boosting. Let us now define the phasors as in (6.9) -
(6.11).

U "
s =U "

s (6.9)

I cm = Icme jθ (6.10)

I "
k = j Ik (6.11)

Where θ is the angle of the converter current defined with reference to the grid volt-
age. It is important to note that this does not reflect any dq-frame since all the analysis
is based on phasors. Substituting equation (6.9) - (6.11) into (6.8), the voltage boosting
achieved during the fault period can be given by (6.12).

η=
U f

U "
s

= b

{
1+ j

I cm

I "
k

}
= b

{
1+ Icm

I "
k

e jθ

}
(6.12)

Defining the short circuit ratio (SCR) as in (6.13), we finally obtain (6.14) from which
we quantify the voltage boosting η as a function of the SCR for different values of b.

SC R = S"
k

Scm
= I "

k

Icm
(6.13)

η= b

{
1+ e jθ

SC R

}
(6.14)

6.3. THE EFFECT OF THE VSC CURRENT INJECTION ON VOLT-
AGE ANGLE STABILITY

In the previous section, it was shown how the fault current injection from the HVDC
station affects the voltage boosting during faults. The present section investigates on the
effect of the converter short circuit current on the voltage angle stability.

Let us assume a quasi-static symmetrical condition after the fault is applied in order
to allow the drawing of the phasor diagram as it is presented in the figure 6.2. We assume
that the variable “b” is non zero. From the equivalent circuit of figure 6.1, equation (6.15)
is derived as:

U cm =U f + j X c I cm (6.15)

From the geometry of the phasor diagram in figure 6.2, we can write equation (6.16).
Next, by making use of common expressions for the active and the reactive power, equa-
tion (6.17) is derived, which accounts for the angle deviation between the phasor of the
voltage at the fault location and the phasor of converter’s internal voltage (see figure 6.2).
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Figure 6.2: Phasor diagram of the equivalent circuit during the fault period under the assumption of quasi-
static condition. The diagram adopts a generator convention, with the VSC delivering lagging current (in-
jecting reactive power) to the faulted system (or else overexcited operation during the fault).

In equation 6.17, δV is not an angle but reflects the change of U cm in the q-axis. By
rewriting the active power (P) and the reactive power (Q) of the converter as a function
of active (id ) and reactive (iq ) component of I cm in the dq reference frame, expressions
(6.18) and (6.19) are obtained. In this way one can observe how the active (id) and the
reactive current (iq) affect the internal angle δc during grid faults. This is not related at
all to the equation 6.14. The angle we observe is between U cm and U f . It is important
to note that under the quasi steady state assumption, the d-axis is perfectly aligned with
the voltage vector U f .

U 2
cm = {

U f +Xc Icm sinφ
}2 +{

Xc Icm cosφ
}2 (6.16)

U 2
cm =

{
U f +

XcQ

U f

}2

+
{

Xc P

U f

}2

= {
U f +∆U f

}2 + {δV }2 (6.17)

δV = Xc P

U f
= 3id Xc

2
(6.18)

∆U f =
XcQ

U f
= −3iq Xc

2
(6.19)

Hence, from (6.18) and (6.19) it can be observed that by increasing the reactive cur-
rent component iq during the fault period, for the same active current component id ,
a high δV would be expected, increasing the angle δc between the voltage phasors U f
and U s . In this case, the variable ∆U f defines the voltage support by the converter sta-
tion during the fault period as a result of the reactive current injection. If during faulted
conditions the voltage angle δc exceeds the well-known 90 degrees value, it will lead to
local voltage angle instability.
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Local voltage angle instability will trigger the loss of the PLL synchronization and
would trip the converter. On the other hand, when the active current component id , is
reduced during the fault period, for the same reactive current component iq , the angle
δc will be decreased while at the same time we would achieve higher voltage levels at
the fault location. Hence, the active current reduction of the converter station during
severe faults, decreases the tripping risk of the converter station during AC faults since
it decreases the risk for local voltage angle instability. Such a case will be presented in
the next paragraphs by means of time domain dynamic simulations. It is worth to re-
call that the reduction of active current has been also discussed for it’s benefits during
unbalanced grid faults.

6.4. EFFECT OF SHORT CIRCUIT RATIO ON THE ACHIEVED VOLT-
AGE BOOSTING

The voltage support (or voltage boosting) due to the effect of the fault current injection
from the VSC-HVDC station for different short circuit ratio (SCR) values is estimated in
this paragraph using equation 6.14 for the simple equivalent circuit of figure 6.1. Al-
though this is a simplified case, it provides a good insight of the voltage support mecha-
nism and the expected behavior of the voltage in real systems.

Figure 6.3 presents the calculated profile of the voltage support achieved as a func-
tion of the SCR value at the grid connection point. The b factor is equal to 0.5 for this
case. In order to further simplify the analysis, it is assumed that the term e jθ is equal to
1. Practically it means that an adequate current limitation strategy is used, which makes
the angle θ zero. Of course this is hard to be achieved, but it serves here the purpose of
presenting the best possible boosting. From the results, it can be observed that for typi-
cal 380kV transmission networks where the SCR is high (between 15 to 25), the achieved
voltage support is smaller compared to a relevantly weak grid connection points where
SCR is small.
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Figure 6.3: The effect of SCR on the voltage boosting by the onshore converter during faulted conditions.
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Figure 6.4: The effect of the SCR on the voltage drop at the grid connection point of the VSC-HVDC station
for b=0.5.

Finally, figure 6.4 shows the voltage boosting for different values of the sub-transient
voltage levels and SCR using equation 6.14. All the cases are compared to the base case
where there is no fault current injection from the converter station (hence Icm is zero).

It is important to mention that the graphs are calculated for the simple equivalent
circuit of figure 6.1 under the assumption of quasi-steady state approach. In order to
derive safe conclusions for multi-machine systems dynamic simulations are presented
in following paragraphs.

6.5. VSC-HVDC CURRENT LIMITING STRATEGIES
Three are the common current limitation strategies applied for VSC-HVDC connections,
namely: the active current priority, the reactive current priority and the equal current
priority. In the active current priority, the active current is allowed to take any value
between Imax and −Imax while the reactive current is calculated so as the total current
capacity Imax is not violated. In the reactive current priority, the reactive current is al-
lowed to vary between Imax and -Imax while the active current is calculated accordingly.
Finally, with the equal current priority the angle between the active and reactive current
is kept constant, and the active and reactive currents are thus equally reduced.
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6.6. THE EFFECT OF REACTIVE CURRENT BOOSTING GAIN
The provision of the reactive current by the onshore VSC-HVDC station is applied pro-
portionally to the residual voltage at the PCC with a reactive current boosting gain "k".
For different voltage drops at the AC terminal of the converter station, a different reactive
current is injected. Figure 6.5 presents the influence of the reactive current boosting gain
“k” on the active and the reactive current injections of the onshore converter station for
different values of voltage drops as calculated by the presented analytical model. Reac-
tive current priority is applied here. The phase reactor reactance Xc is assumed 0.15p.u
for this analysis. The pre-fault operating point of the converter is assumed to be in zero
reactive current injection and 1.0 p.u active current injection. Since, the over-current
capacity is limited, the active current is reduced depending on the applied current limi-
tation strategy.
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Figure 6.5: The influence of the reactive current boosting gain k on the active current (id), reactive cur-
rent(iq), voltage drop across the phase reactor (∆U f ) and the internal voltage angle of the converter for
reactive current priority and for different voltage drops.
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As it can be observed, an increased “k” value (k=6) will lead to high provision of reac-
tive current by the converter station and the reduction of the active current component
of the converter to zero value even for small voltage drops (i.e voltage levels of 0.8p.u).
The active current reduction will reduce the internal converter voltage angle delta to
zero. The drawback is that the fault ride through scheme will be triggered even at small
voltage drops as the active current is reduced to zero. If we now assume that the active
current is prioritized the results of figure 6.6 are derived. Active current priority although
it is not common, it might be a choice for low inertia power systems where frequency sta-
bility is a concern.

Voltage at PCC in p.u
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D
d[

p.
u]

0

0.1

0.2

Voltage at PCC in p.u
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

id
[p

.u
]

0

0.5

1

Voltage at PCC in p.u
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

iq
[p

.u
]

0

0.5

1

Voltage at PCC in p.u
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

ip
cc

[p
.u

]

0.9
1

1.1

Voltage at PCC in p.u
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D
U

f[p
.u

]

0

0.05

0.1

Voltage at PCC in p.u
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

de
lta

[d
eg

]

0

50

100

k = 2

k = 6

k = 2

k = 6

k = 2

k = 6

X: 0
Y: 90

X: 0.98
Y: 8.702

Figure 6.6: The influence of the reactive current boosting gain (k) on the active current, reactive current,
voltage drop at the phase reactor and the internal voltage angle of the converter for active current priority.
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From the calculations it can be observed, that by prioritizing the active current, the
reactive current injection is limited to 0.5 p.u due to the limited converter capacity. Hence,
the voltage support is “sacrificed” in order to provide active current injection. The most
interesting point here is to observe the internal voltage angle value of the converter sta-
tion in Figure 6.6 (bottom sub-figure). As it can be seen, the combined active and reactive
current injection, leads to an increased internal voltage angle of the converter station.
More specifically, when the PCC voltage reaches values close to zero, the internal angle
reaches the critical point of 90 degrees which means that local voltage angle instability
may occur if the voltage angle surpasses the 90 degrees threshold.
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Figure 6.7: The influence of the Imax on the active current, reactive current, the voltage drop at the phase
reactor and the internal voltage angle of the converter for reactive current priority.
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6.7. THE EFFECT OF OVER-CURRENT CAPACITY
Finally, figure 6.7 demonstrates the effect of the over-current capacity of the converter
station on the PCC voltage for the case of a k equal two. Two over-current capacities are
selected, 1.1 and 1.5p.u respectively. The high over-current capacity of the converter is
utilized with purpose to provide reactive current injection by the VSC-HVDC link during
network disturbances without reducing the active current. However, as it can be seen
from the response of the angle delta between the U f and the internal converter voltage
U c , high values of voltage angle delta are observed between the two selected capacities.
The latter increases the risk of voltage angle instability. In order to avoid this, the increase
in the over-current capacity of the converter station should be followed by an increase
in the reactive current boosting gain k selected. In this way, when the reactive current
priority is followed, it will reduce the active current and prevent reaching the instability
limit.

6.8. DYNAMIC SIMULATIONS FOR POINT-TO-POINT VSC-HVDC
CONNECTION

6.8.1. TEST SYSTEM
A modified version of the original IEEE 39-bus test system is used in this paragraph in
order to demonstrate the effect of the VSC-Based HVDC systems on the short term volt-
age and rotor angle stability. It is presented in figure 6.8. The model is developed in
PSS®E. Two offshore VSC-HVDC links are used, connected at buses 2 and 9 respectively.
The models of the HVDC systems are developed in visual Fortan and integrated in the
PSS®E simulation engine. The VSC-HVDC link models use identical control parameters
and they apply the same control strategies. A step up transformer with short-circuit volt-
age uk equal to 10% is used for the grid connection. Both onshore HVDC converters are
rated at 650 MVA while the load flow operating point is 400 MW. The HVDC system in
both cases is connecting two offshore wind power plants.

Furthermore, in order to increase the share of wind power generation in the IEEE 39
bus test system, two onshore wind power plants have been added at the buses 25 and
21 respectively. The onshore and offshore wind power plants are modelled following
standard RMS models available in PSS®E. All synchronous generators have been mod-
elled using IEEE standard models, using IEEE SEXS type excitation system and TGOV1
type governor with standard parameters. The total load in the test system is 7467.2MW
with 5202.4MW generated by conventional units, 1600MW by onshore wind plants and
800MW by offshore wind plants. Different faults will be studied, namely faults at the
terminals of the onshore VSC-HVDC stations, faults at the AC transmission system and
faults at conventional generation units.
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Figure 6.8: Modified IEEE 39-bus test system and the connected to it offshore wind plants with VSC-HVDC
system in point-to-point connection.

6.8.2. RMS MODEL OF THE VSC-HVDC SYSTEM
A positive sequence, RMS modeling approach has been used to represent the dynamic
response of the VSC-HVDC system in large system stability type studies [172]. The VSC-
HVDC model used here is validated in [147] against EMT model. The test system is de-
veloped in the PSS®E simulation environment. Figure 6.9 presents the model of the on-
shore VSC-HVDC station and figure 6.11 the model of the offshore VSC-HVDC station.
The time constants of the inner current controller are very small compared to the larger
outer controller and AC system time constants. Moreover, since the rms value dynamic
models are bounded by the 50Hz frequency of the phasors, larger frequency phenomena
cannot be represented. The dynamics of the inner current controller could be neglected
and replaced by algebraic equations. The outer controllers since they involve larger time
constants are represented in detail. Figure 6.10 presents the active and reactive control
loops as used here for the point to point and in the next section for the multi-terminal
HVDC connection of the onshore HVDC converters. Finally, it has been assumed that the
PLL can perfectly track the voltage angle at the point of common coupling (PCC)under
the assumption of stiff grid connection point (short circuit ratio higher than 10) and X/R
high.

The DC side of the converter is modelled as a DC current source, while the DC cables
by a lumped pi section DC circuit. State space equations have been used to represent the
dynamic behaviour of the DC cables as mathematically formulated in chapter 5. Figure
6.12 presents the model used. The necessity to represent DC cables with dynamic mod-
els is because of the need to represent the dynamic response of the DC voltage, especially
under faulted conditions.
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Figure 6.9: (a)The RMS model of the onshore VSC-HVDC station as used in this chapter dynamic simula-
tions. (b) the part of the VSC dynamic model, which has been neglected.
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Figure 6.10: Outer control loops for the active and reactive current of the onshore converter station as used
in this chapter analysis.
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Figure 6.11: (a)The RMS equivalent model of the offshore VSC-HVDC station as used in this chapter.
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Figure 6.12: The HVDC cable model as used in this chapter analysis.
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6.8.3. FAULT RIDE THROUGH COMPLIANCE USING A DC CHOPPER

A three phase fault is applied at the onshore VSC-HVDC station (bus 301). The response
of the two VSC-HVDC links is presented in figure 6.13. The two onshore converters are
using a reactive current boosting gain k equal to 2 (figure 6.10). During the fault period,
the VSC station 301 injects all its fault current capacity as reactive current(iq ), reducing
the active current (iq ) to zero since reactive current priority is followed. The fault current
injection capacity of the station VSC 301 is 1.1 p.u. The voltage drop experienced by the
VSC 302 is 0.8 p.u and the injected reactive current is 0.4 p.u. The dynamic response of
the dq-current components and for the given voltage drop corresponds to the response
estimated by the analytical equations of figure 6.5.
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Figure 6.13: The response of key metrics for the two VSC-HVDC links for a fault applied at the VSC 301.

The onshore DC terminal voltage response for the same fault is presented in figure
6.14. The classical DC chopper fault ride through strategy is applied here. As it can be
seen, for the fault at VSC 301, the power drops to zero and the DC chopper dissipates all
the generated offshore wind power (400MW) during the fault period. The DC link 301
direct voltage is controlled at 1.15p.u. The DC link 302 power is not significantly affected
due to the smaller AC voltage drop (0.8 p.u). The VSC 302 does not reach its over current
capacity, although reactive current in injected. Finally the angle of selected generators
defined from the reference generator (G39) in the modified IEEE 39-Bus system is pre-
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sented in figure 6.15. As it can be seen, the system is transiently stable and returns to the
pre-fault operating point. The following paragraphs will present the way that different
values of the gain k affect the power system faulted response with the focus on the short
term voltage and rotor angle stability.
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Figure 6.14: The time domain response of the DC link voltage and the dissipated power in the chopper of
the two VSC-HVDC connections for a fault at bus 301.
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6.8.4. THE EFFECT OF THE REACTIVE CURRENT BOOSTING GAIN K
Figure 6.16, shows the voltage profiles at buses 301 and 302 for a self cleared (150 ms)
symmetrical three phase fault at bus 39. In this set of simulations no dead-band is ap-
plied at the reactive current boosting whilst reactive current limitation strategy is ap-
plied. From the voltage profiles at VSC 301, it can be observed that a relevantly high gain
(k=6) leads to a lower voltage drop at the grid connection point, during the fault period.
This is explained by the increased reactive current component of the HVDC converter
station compared to the low gain (k equal two). However, the over-current capacity of
the VSC-HVDC station is limited to 1.1 p.u. Thus, when the maximum over-current ca-
pacity is reached, the reactive current is saturated. This is the simulated case for VSC
302. As it has been presented in figure 6.5, for voltage drops below 0.45p.u, the converter
output current is saturated to the maximum over-current capacity, Imax, and the same
reactive current is injected between the gains 2 and 6. This means that no difference is
observed for faults close to the converter station. Finally, figure 6.17 demonstrates the
effect of the reactive current boosting gain k on the dissipated power by the DC chop-
pers. In the high gain case, due to the reduction of the active current in the VSC 301 to
zero, all the offshore wind power is dissipated.
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Figure 6.16: The simulation result for the IEEE 39-bus test system which shows the sensitivity of the k-factor
on the onshore AC terminal of the VSC-HVDC station.
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Figure 6.17: The effect of reactive current boosting gain k on the DC chopper response.
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Furthermore, the test system is simulated for four values of the gain k in order to
demonstrate its effect on the power system voltage response. Figure 6.18, summarizes
the simulated voltage drop at selected buses. From the results, it can be concluded that
an increased gain k leads to smaller voltage drops in the system (higher residual volt-
age) during faults especially at busses which are by means of large impedance remote
from the fault location. The latter is derived from the higher injection of the reactive
current. For k gains higher than 6, the injected fault current is saturated and no effect is
observed on the voltage response. In general, it can be commented that for faults close
to the HVDC stations, where the voltage drops below 0.45p.u, no difference is observed
for values of k above 2.

In addition, the effect of the k gain on the critical clearing time (CCT) for two se-
lected generators is demonstrated in figure 6.19. As it can be observed the short circuit
current contribution of the VSC-HVDC system improves the rotor angle stability of the
online synchronous generators in the test system. For each generator the CCT is defined
by means of dynamic simulations for a symmetrical fault applied at the low voltage side
terminal of the step up transformer of the generator unit. The observed improvement on
the CCT is justified mainly by the improved post-fault voltage response and the smaller
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rotor angle variation between the online generators. Finally, the results present the im-
provement in the power system dynamic response as a result of the grid code compli-
ance compared to the no compliance case where no reactive current injection is applied
(k=0).
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Figure 6.19: The effect of the selected reactive current boosting gain k applied at the two VSC-HVDC links
on the CCTs of two selected generators.
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Figure 6.20: The effect of the selected reactive current boosting gain k at the two VSC-HVDC links on the
angle response of selected generators. Angles difference from the reference generator G39.

Finally, figure 6.20 presents the simulated rotor angle response of four selected gen-
erators in the system. Two are the reasons for the improved rotor angle deviation. First,
the higher residual voltages at the generator terminals during the fault. Second, the ac-
tive current reduction from the VSC-HVDC stations which occurs due to the reactive cur-
rent injection. Since, the loads in the simulated test system are static, the reduction of
the injected active current from the VSC-HVDC links during the fault, reduces the gener-
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ation and demand imbalance during the fault. Hence, it provides a damping effect in the
speed of the generators, which also contributes to the improved rotor angle variation.

6.8.5. THE EFFECT OF THE CURRENT LIMITATION STRATEGY ON ROTOR AN-
GLE STABILITY

So far, reactive current priority has been followed by the VSC-HVDC stations. In this
paragraph, the effect of the applied current limitation strategy on the dynamic response
of the test system will be assessed for the same fault. The additional reactive current
injection is applying a high gain (k=6). Such a high gain is selected in order both VSC-
HVDC onshore converters to reach their maximum over-current capacity during the
fault period and thus allowing for the current limitation strategy to be applied. No dead-
band is assumed for this analysis. The four current limitation strategies as presented
are tested here. Figure 6.21 presents the rotor angle time domain response of the test
system generators for the four current limitation strategies. All the examined cases are
compared to the no reactive current injection case (k equal zero).
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From the simulation results, it can be observed that the worst rotor angle response
is achieved in case of no reactive current injection by the VSC-HVDC links. The case of
active current priority is the worst one out of the current limitation strategies. The rea-
son of such a response is that an injection of the active current (active power) during the
fault period by the VSC-HVDC links, would increase the imbalance between the gener-
ation and the load in the system, thus it will increase the speed deviation and the rotor
angle during the fault period. On the contrary, for reactive current priority, since the ac-
tive current is reduced as a result of limited fault current capacity, the power imbalance
between the load and the generation is smaller, leading to a damping effect of the syn-
chronous generators. The latter is further justified for the case of active current blocking.
In this strategy, when the voltage drops below a certain level, the active current is set to
zero. From the above results, it is demonstrated that the reactive current limitation pri-
ority during voltage sags leads to an improved AC system response both in terms of short
term voltage stability but also rotor angle stability. It is worth to mention, that the loads
are static in this test system. So voltage dependent dynamic loads, need to be added in
the future work in order to examine their effect on the drawn conclusions. The later was
out of this thesis scope.
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Figure 6.22: A simulation result of the voltage angle instability case for a fault applied at bus 9. This insta-
bility is not related to the generator but to the voltage angle separation between the converter voltage and
the grid voltage. This result supports the analysis of section 6.3 where voltage angle stability is discussed.
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6.8.6. THE RISK OF VOLTAGE ANGLE INSTABILITY

In paragraph 6.3 it has been discussed the risk of voltage angle instability when active
current priority is applied at the onshore VSC-HVDC station. As presented in the figure
6.6, for faults close to the converter terminal, where the voltage becomes zero, the inter-
nal converter voltage angle drifts to values above the 90 degrees theshold. One such case
is simulated in figure 6.22 for a fault applied at bus 9. As it can be seen, the injection of
active and reactive current leads to the instability of the voltage angle. Contrary when
reactive current priority is applied, the voltage angle is stable.

6.9. DYNAMIC SIMULATIONS FOR MULTI-TERMINAL VSC-HVDC
CONNECTION

The contribution of this section is assessment of the influence of different grid code re-
lated control strategies on the short term voltage and rotor angle stability of a multi-
machine power system as well as on the dynamic performance of the MTDC grids by us-
ing RMS type dynamic simulations. A five terminal high voltage MTDC grid connected to
the modified New England test system is used as case study. Furthermore, the response
of the MTDC grid itself is assessed and emphasis is given on the DC voltage variations
and the response of the FRT strategy.

6.9.1. TEST SYSTEM USED

A five terminal VSC-Based MTDC grid is used as shown in figure 6.23 developed in PSS®E.
In addition, the IEEE 39-bus tesst system (NE system) is connected via the MTDC off-
shore grid to a seven-generator benchmark power system with 60 GW generation in-
stalled capacity. The second 7-generator benchmark system was first used in [173] to
represent the inter-area mode of 0.5 Hz of the Great Britain power system. All network
parameters and dynamic parameters of the 7-generator system are taken from [173].

Same as in the previous paragraph, the modified version of the IEEE 39-bus (New
England) system has been used for the purpose of this study, including both onshore and
DC-connected offshore wind power plants. Round rotor 6th order model of synchronous
generator equipped with SEXS type excitation system and TGOV1 governors are used.
Standard models of the generators available in PSS®E are applied. Two onshore wind
power plants each operating at 800MW have been added at bus 25 and 21 respectively
using standard moldes [174]. This is done in order to increase the penetration level of
wind power generation in the system. Each onshore wind power plant is modelled by
an aggregate full converter direct drive wind turbine using standard dynamic models of
PSS®E. The MTDC grid is used for the connection of three offshore wind power plants.
In the load flow case studied, the total offshore wind generation is 1200 MW (400MW,
200MW and 600MW). The HVDC system is monopolar rated at 250kV. The HVDC grid is
meshed as it is shown in figure 6.23. DC choppers are installed at the onshore HVDC sta-
tions. The two onshore HVDC converters connected at IEEE 39-bus system inject a total
of 800MW generation in the evaluated load flow case. The third converter is connected
to the second system as shown figure 6.23. The total generation becomes 7.6 GW (with a
share of 21% onshore, 10.5% offshore wind, and 68% conventional generation). Finally,
the total load is scaled to 7.47 GW in this modified New England test system. The three
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onshore HVDC stations utilize the power based direct voltage droop control using the
outer control loops as it is shown in figure 6.10. The AC and the DC grid are initialized
using a DC grid load flow. Another study for the interested reader using the same model
can be found in [175].
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Figure 6.23: Single Line diagram of the modified IEEE 39-bus test system connected to the multi-terminal
HVDC grid test system.
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6.9.2. FAULT RIDE THROUGH COMPLIANCE OF THE MTDC GRID
A 150ms three-phase self cleared fault is applied at the AC terminal of the VSC-HVDC
station 301. Figure 6.24 presents the results of the HVDC grid converters. The VSC-HVDC
station 301, experiences a severe voltage drop since the fault is applied at its terminal. It
provides its fault current capacity (1.1 p.u) as reactive current injection (i q), reducing
the active current (i d) to zero. The results of the MTDC grid case with respect to the AC
voltage response are similar to the point to point case presented in figure 6.13. It is worth
to observe the active current injection at the remote terminal 303 due to the response of
the DC voltage droop controller.
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Figure 6.24: FRT compliance of the offshore MTDC grid for fault at the onshore VSC 301 connected to the
IEEE 39-bus system. From up to down, the RMS voltages at the onshore converters, the dq-currents, the
PCC current and direct voltages.
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Figure 6.25: Dissipated power in the choppers as a result of the FRT compliance of the MTDC grid.

Finally, for the fault case on the VSC301, the response of the three DC choppers in the
HVDC grid is presented in figure 6.25. As it can be seen 300MW of power is dissipated
in the chopper out of 400MW that VSC301 is injecting to the grid. The remaining power
is injected in the VSC302 and VSC303 as can be seen from the response of the active
current (id) for the VSC 302 and 303 in figure 6.24. It is worth to observe that by means
design principle, the active current is not allowed to go above 1.0p.u value. This is why
the id (hence Ipcc) is 1.0 and not 1.1p.u. As a result the maximum active power that can
be injected in the remote un-fault system is the rated power of the converter.

6.9.3. THE EFFECT OF THE FAULT RIDE THROUGH STRATEGY
In this paragraph, the effect of the applied fault ride through (FRT) strategy on the re-
sponse of the MTDC grid system is assessed using RMS time domain simulations. In the
analysis presented in chapter 5, the voltage drop strategy is discussed and optimized. It
is shown that the injection of reactive current is not affected by the applied FRT strategy
as long as the direct voltage is maintained between given well defined boundaries. Fig-
ure 6.26 and 6.27 presents the response of the MTDC grid for the case where the voltage
drop FRT strategy is applied. As it can be seen in 6.27, the fault at VSC301 has triggered
the reduction of the offshore voltage by the offshore station to 0.7p.u. The latter has re-
duced the power injected by the wind plants to the DC grid (and the power of the VSC
201 and 202. The remaining of the power is balanced by the VSC station 303. Figure 6.26
presents the active power response of the onshore, and the offshore stations. As it can
be observed, the HVDC station VSC303 in the un-faulted system providing balancing of
the MTDC grid during the fault period.

Finally, figure 6.28 compares the active power profiles of the three onshore stations
for the chopper and voltage drop FRT strategy. As it can be observed, during the fault pe-
riod the almost identical response is observed when DC chopper or offshore AC voltage
drop FRT is used. During the post-fault period, there is a slight difference mainly due to
the dynamics which are associated with the wind turbines.
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Figure 6.26: The response of the active power in the onshore and the offshore HVDC stations. Case with the
voltage drop strategy. Sb=100MVA.

 time[s]
0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5

U
dc

[p
.u

]

0.95

1.05

1.15

1.2
DC Voltages

Udc 1 
Udc2
Udc3
Udc4
Udc5

 time[s]
0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5

U
ac

[p
.u

]

0

0.25

0.5

0.75

1
1.2

Onshore AC Voltages

301

302

 time[s]
0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5

U
ac

,o
ff[p

.u
]

0.5

0.7

0.9

1.1
1.2

Offshore AC Voltages

201
202

Figure 6.27: AC and DC voltages at the onshore and offshore terminals of the MTDC grid. Case with the
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Figure 6.28: The impact of fault ride through strategy on the active power response of the onshore stations.
Comparison between chopper and voltage drop strategy. Sb=100MVA.

6.9.4. THE IMPACT OF THE REACTIVE CURRENT BOOSTING GAIN ON THE

AC-DC TRANSMISSION
Similar to the point to point connection, let us observe the dynamic behaviour of the
New England test system for a 150ms symmetrical three phase fault at bus 39. Figure 6.29
demonstrates the voltage and current phasors of the converters measured at their grid
connection point. The active and reactive current components id q of the VSC-HVDC
stations 301 and 302 demonstrate the same dynamic response between the point-to-
point and the MTDC connection. Since the VSC302 has reached its current saturation
for both cases k equal to 2 and 6, the voltage response is the same. For VSC 301, the
voltage drop is improved since in the case of k equal 6, higher amount of reactive current
is injected.

Observing the MTDC grid metrics (direct voltage and power dissipated by the chop-
pers), it can be concluded that when a small reactive current boosting gain is used (k=2),
the power dissipated by the choppers is significantly lower compared to the case of (k=6).
This occurs due to the reduction of the active current component (id). Hence, in the
multi-terminal connection case, the increase of reactive boosting gain would lead to the
higher balancing effort from the DC chopper.
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Figure 6.29: The effect of reactive current boosting gain on the MTDC grid metrics, including AC and DC
voltages of the onshore converters.
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Figure 6.30: The effect of reactive current boosting gain on the choppers of the MTDC grid.
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6.10. CONCLUSIONS
This chapter studies the effect of the short circuit current injection from VSC-HVDC sys-
tems connecting large offshore wind plants on the AC power system voltage and rotor
angle stability. The main conclusions drawn are summarized as follows:

1. During AC grid faults, the injection of additional fast reactive short circuit current
proportionally to the residual voltage at the grid connection point has improved
the voltage and the rotor angle stability of the examined test system. The increase
of the proportional reactive current boosting gain k to values above 2 (possibly
6), would enhance the voltage and rotor angle stability of the system under the
condition that reactive current priority is followed. Both the CCTs and the voltage
levels achieved are enhanced. The drawback from the use of increased reactive
current boosting gain k is the higher electrical stresses on the HVDC link and the
more frequent activation of the FRT strategy. Finally, the chapter has analyzed
the effect of the short circuit ratio (SCR) on the voltage boosting. It was shown
that for grid connection points with SCR above 15, the voltage boosting (or voltage
support) achieved is marginal compared to lower SCR cases (5-10).

2. During severe voltage drops, the combined active and reactive current injection
from the onshore HVDC converter station increases the risk of local voltage angle
instability. The injection of reactive current during voltage drops shall be followed
by the reduction of the active current component. In this frame, reactive current
priority is advised for the onshore VSC-HVDC converter station during AC faults.

3. With regard to the selection of the over-current capacity of the VSC-HVDC onshore
station, it is shown that the applied values above 1.1p.u should be followed by an
increase of the reactive current boosting gain k and the extension of the reactive
current profiles above 1 p.u value. The latter would increase the voltage support
and improve the rotor angle stability of the onshore power system. The increase of
the over-current capacity could create risk for voltage angle instability when both
active and reactive currents are injected simultaneously.

4. In the multi-terminal HVDC grid connection, there is a wide area effect during the
FRT period but also during post-fault period. The application of higher reactive
current boosting gains places an additional burden to the FRT control scheme and
the effect on the MTDC grid dynamic response. Finally, the applied FRT strategy
(i.e chopper solution versus the offshore voltage drop) has limited effect on the
rotor angle stability of the system.





7
CONCLUSIONS AND

RECOMMENDATIONS

The focus of this thesis was the modeling and fault analysis of offshore wind power plants
with VSC-HVDC transmission assuming state of the art grid code compliance strategies.
The topic has been assessed using Elecro-magnetic transient (EMT) and RMS simulation
models. Three phase balanced as well as un-balanced grid faults at the onshore and the
offshore AC terminals were studied. Coordinated fault-ride through control schemes
were introduced and optimally tuned. Finally, the thesis provided insights on the effect
of VSC-HVDC connected wind power plants on the voltage and rotor angle stability of
the AC transmission grids assuming typical grid connection requirements.

The general conclusion that could be drawn is that the compliance with typical fault
ride through grid connection requirements enhances the fault response of the transmis-
sion grid boosting the voltage profiles and the rotor angle stability in the transmission
system. Moreover, optimally tuned coordinated fault-ride through schemes could im-
prove the dynamic response of the offshore wind power plants and the VSC-HVDC sta-
tion during AC grid faults. Furthermore, the offshore wind plants and the VSC-HVDC
transmission can be regarded in this case as unified power plant entity where specific
grid code requirements could be imposed at the onshore VSC-HVDC system terminals.
With respect to unbalanced faults, the decoupled control of the positive and the neg-
ative sequence current could enhance the unbalanced power system faulted response.
As far as faults at the offshore AC island grid were considered, it was shown that ade-
quate control schemes could ensure fault-ride through capability even for severe faults
applied at the offshore VSC-HVDC station terminals. In addition, given the small size
of the offshore AC island system, it is recommended that grid codes for offshore grids
should not be too strict providing the opportunity to the vendors for the best and cost
effective offshore system design.
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7.1. SCIENTIFIC CONTRIBUTIONS

7.1.1. OPTIMAL TUNING OF THE COORDINATED FRT STATEGIES

Power system stability and security with high penetration levels of wind power is in-
fluenced by the ability of the wind power plants and their HVDC transmission system
to provide power system support functionality. Fault ride-through (FRT) is nowadays a
mandatory requirement for all offshore wind power generation units. So far in the liter-
ature, advanced coordinated fault ride-through strategies have been studied for point-
to-point and for multi-terminal HVDC grid connection of offshore wind power plants.
Although well reported, it has not been yet shown how to select the best set of grid code
related control variables associated with the wind power plants and the HVDC transmis-
sion system which would enable optimal grid code compliance. The application of such
coordinated methods would ensure optimal grid code compliance without the need of
a DC chopper at the HVDC link but only by using the choppers available at the offshore
wind turbines which are by default installed in state of the art wind turbines.

This thesis proposed an iterative procedure based on meta-heuristic optimization
algorithms which enables the optimal tuning of coordinated fault ride-through (FRT)
compliance strategies applied to offshore wind power plants with VSC-HVDC transmis-
sion. The optimal tuning is achieved using a sequence of electromagnetic transient
(EMT) type simulation runs driven by a meta-heuristic optimization algorithm. Due to
the highly non-linear nature of the problem, EMT time domain simulations are used in
order to capture all the relevant dynamics and non-linearities of the HVDC transmission
and the wind turbines. Analytical or theorerical approaches lack of this ability since they
assume linearization of the system at a given operating point.

State of the art fault ride-through strategies have been assumed for this work, namely
the controlled offshore voltage drop and the offshore frequency modulation technique.
The objective function of the optimization problem aims at minimizing the electrical
stresses experienced by the HVDC link during onshore AC grid faults (namely the expe-
rienced over-voltage of the HVDC link). The iterative procedure is solved for the point-
to-point and for the multi-terminal HVDC connection case using the voltage drop and
the frequency modulation fault-ride through strategy. The grid code fault ride through
profiles at the onshore and at the offshore VSC-HVDC terminals and at the wind tur-
bines is provided as input. The application of the optimally tuned control parameters
have improved the dynamic response of the wind turbines and the VSC-HVDC system
during the FRT and post-FRT period.

7.1.2. ENHANCED NEGATIVE SEQUENCE CURRENT CONTROL FOR OFFSHORE

VSC-HVDC LINKS

The control of the VSC-HVDC transmission during unbalanced AC grid fault has gain
importance in the last years as reflected by their insertion in national level grid codes in
Europe. The second contribution of this thesis deals with the control of the VSC-HVDC
system during unbalanced faults.

It was shown in this thesis that the negative sequence current suppression applied
by the onshore VSC-HVDC station is beneficial for the protection of the power electronic
components of the converter station from high unbalanced fault currents. It ensures that
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the converter current is symmetrical for unbalanced grid voltages. On the other hand,
the suppression of the negative sequence current by the onshore converter station leads
to very low fault current levels during unbalanced grid faults. The later could create
difficulties in the detection of line-to-line faults especially for weak grids with high grid
impedance and high penetration of power converters. It was recommended in this thesis
that the onshore converter station of the VSC-HVDC system injects a negative sequence
current proportionally to the negative sequence voltage during unbalanced grid faults.
This negative sequence current injection can be implemented in the same manner as
the positive sequence reactive current injection (using a proportional controller). The
constrain is that the positive and negative sequence current injections shall respect and
not violate the maximum current capacity of the VSC-HVDC station. It was proposed
in this thesis to apply current limiting scheme, with positive sequence current priority.
In order to increase the share of the negative sequence current during unbalanced grid
faults the latter current limiting scheme performs reduction of the positive sequence ac-
tive current, leaving additional current space for the negative sequence reactive current.

7.2. ANSWERS TO THE MAIN RESEARCH QUESTIONS
1. How do the reactive current boosting profiles applied at the onshore VSC-HVDC sta-

tion affect the voltage and rotor angle stability of the power system. What is the effect
on the VSC-HVDC system? What is the effect of the grid connection point?

Reactive current boosting is defined as the additional injection of reactive current
(in the positive sequence) proportionally to the grid residual voltage during AC
grid faults. Based on the modeling assumptions and the simulated test cases, it
is shown that a reactive current boosting gain k (or k-factor) with values above 2
or even 6, followed with reactive current priority, is beneficial for the rotor angle
and voltage stability of the transmission system. However, it has the drawback
that it places additional electrical stresses to the VSC-HVDC station since the con-
verter would reach its over-current capacity even at very small voltage drops (i.e 0.9
p.u). Moreover, the automatic reduction of the active current applied by the cur-
rent limitation strategy would demand for additional balancing effort from the FRT
scheme during small voltage drops. For VSC-Based HVDC connected wind power
plants and embedded VSC-HVDC systems connected to the high voltage trans-
mission system, a choice of reactive current boosting gain of 2 would be an ade-
quate trade-off for the transient stability enhancement without over-engineering
the HVDC link or the wind power plants.

For very stiff grid connection points, with short circuit ratio (SCR) above 15, and
for a high X/R ratio (above 10), the voltage boosting (or voltage support) which is
achieved is marginal compared to lower SCR cases (5-10).
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2. Would an over-sized VSC-HVDC station enhance the power system stability during
AC grid faults?

It has been shown that by increasing the AC fault-current capacity of the onshore
VSC-HVDC station (above the 1.1p.u value) followed by an increase in the reactive
current boosting gain k and the extension of the reactive current boosting profiles
above 1 p.u value (with application of reactive current priority), would lead to im-
proved transmission system faulted response.

3. Could typical reactive current boosting grid code requirements lead to the trip of the
VSC-HVDC link?

During severe voltage drops, where the residual voltage at the VSC-HVDC station
terminals is very close to zero, the combined active and reactive current injection
from the onshore VSC-HVDC station increases the potential risk of local voltage
angle instability. This occurs due to the large angle separation between the inter-
nal converter voltage and the grid voltage. In that context, the injection of reactive
current during voltage drops shall be always followed by the reduction of the ac-
tive current component. In this way, the tripping risk of the VSC-HVDC system as
a result of the grid code compliance can be eliminated.

4. What are the observed differences between the point-to-point and the multi-terminal
HVDC connection of the offshore wind power plants with regard to the FRT grid code
compliance?

Based on the cases described in this thesis, the same fault ride-through and re-
active current boosting profiles could be applied for onshore VSC-HVDC stations
which are either in point-to-point or in MTDC grid connection. The application of
higher reactive current boosting gains in the MTDC grid case places an additional
burden to the FRT control scheme and effects the MTDC grid dynamic response.
When the current capacity of HVDC stations is used as reactive current injection,
additional measures need to be take to balance the DC grid power (i.e chopper
or coordinated schemes). In the multi-terminal HVDC case, there is a DC side
dynamic coupling of the converter stations. The later could propagate dynam-
ics between AC grids coupled via HVDC grids or trigger small signal stability phe-
nomena. With reference to the injection of reactive current during grid faults and
its effect for the power system voltage and rotor angle stability, no difference are
observed between the point to point and the multi-terminal HVDC connection.

5. What undesired interactions and risks could be observed when coordinated fault-
ride through strategies are applied to offshore wind power plants with VSC-HVDC
transmission?

The application of coordinated fault-ride through strategies provides the advan-
tage of the elimination of the need of the DC chopper at the HVDC link which
would reduce the capital cost. The most common coordinated FRT schemes are
the controlled offshore voltage drop and the frequency modulation of the offshore
island grid followed by the active power reduction of the the wind plants.
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However, the use of such FRT strategies involve risks of unwanted control interac-
tions at the offshore side. The weak grid connection point offshore in conjugation
with the presence of high concentration of power electronic based units (wind tur-
bines and VSC-HVDC station), increase the instability risk. When coordinated FRT
strategies are applied, the grid code compliance risks are associated with sustained
activation of FRT strategy and unwanted interactions between the offshore VSC-
HVDC station and the wind plants. In that frame, the application of coordinated
schemes shall be applied with very careful assessment of the plant controllers.

6. Could the dynamic response of the offshore wind power plants and the VSC-HVDC
system be optimized such as reduced electrical stresses are observed during AC grids
faults?

For offshore VSC-HVDC links, the compliance with fault ride though grid code ar-
ticles (at the onshore terminals) leads to over-voltages in the DC link. Either by us-
ing a DC chopper or by means of coordinated fault-ride through control schemes,
these over-voltages can be mitigated to the degree that they do not damage the
power converter equipment. For the particular case of coordinated schemes, the
selection of optimal control parameters could minimize the HVDC link over-voltages.
The method presented in this thesis has enabled the estimation of the optimal pa-
rameters that ensure reduced over-voltages. The achieved over-voltages are com-
parable to the DC chopper case. Moreover, the methodology is tested not only for
the point-to-point case but also for the multi-terminal HVDC connection, provid-
ing improved results.

7. How does the negative sequence current control strategy applied to VSC-HVDC links
affect the unbalanced fault response of transmission systems?

This thesis has presented that the injection of negative sequence current during
unbalanced grid faults proportionally to the negative sequence voltage amplitude
has two benefits. First, a higher in amplitude negative sequence current during
line-to-line faults as measured at the point of common coupling. Second, a higher
in amplitude zero sequence current components at the point of common cou-
pling during single line to ground faults. A proportional controller similarly ap-
plied as for the positive sequence reactive current injection would be adequate
control scheme. Moreover, the reduction of the positive sequence active current
and the injection of only negative sequence reactive current during unbalanced
faults is considered as the best approach for future implementation in grid codes
for VSC-HVDC links.

8. Is it meaningful to apply fault ride-through and fault current injection grid code
requirements at offshore AC islands formed by wind power plants and the offshore
VSC-HVDC station?

The offshore AC island grid formed by the offshore VSC-HVDC station and the off-
shore wind power plant, constitutes a weak grid connection point with potentially
zero inertia. Based, on the proposed in chapter 3 grid forming control scheme
applied to the offshore HVDC station, it is possible for the offshore VSC-HVDC
station and the wind turbines to provide fault ride-through capability and short
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circuit current injection. The injection of reactive short circuit current by the wind
turbines and potentially by the VSC-HVDC station could have a twofold benefit. It
could maintain the residual voltage in the offshore AC island grid to higher levels
during the fault period. The latter would allow for the better synchronization of
the wind turbines phase-lock loops (PLL). Secondly, it could help the protection
schemes to detect and isolated permanent offshore AC grid faults.

7.3. RECOMMENDATIONS FOR FUTURE RESEARCH WORK

7.3.1. UPGRADE OF THE RMS MODEL TO MMC-HVDC TOPOLOGY
In this thesis two level VSC-HVDC topology has been assumed. As a result, the RMS
model of the HVDC grid is developed based on this assumption. Future work could up-
grade the existing RMS models for MMC-HVDC topology investing potential differences
and limitations. Furthermore, the effect of the phase-lock loop (PLL) has not been in-
cluded in the RMS model, assuming instantaneous synchronization. Finally, in the the-
sis, the DC circuit is modeled assuming a pi-section represented with differential equa-
tions in state space form. Future work could examine the effect of this assumptions in
the presented results.

7.3.2. VSC-HVDC LINKS WITH GRID FORMING CONTROL SCHEMES
The main assumption of this thesis is that the onshore VSC-HVDC station and the wind
turbines apply current control schemes (grid following operation) synchronized to the
grid voltage via phase-lock loops (PLL). Although, such grid following schemes present
certain advantages, they are prone to unstable operation in weak grids or systems with
no conventional generation at all. As a follow up of chapter 3, future research work could
investigate the feasibility of grid forming control schemes, especially for MMC-HVDC
links connecting large wind plants to the main transmission grid.

The application of grid forming control to the onshore converter MMC-HVDC sta-
tion would enable stable operation with 100% converter based generation. Such case
is realistic during cases of system split. The fault ride-through capability of grid form-
ing control schemes needs to be investigated thoroughly in future research considering
MMC converter topology which is not done in this thesis. Current limiting is an addi-
tional concern in such control schemes and more research is needed.

7.3.3. ASSESSMENT OF THE TRANSIENT STABILITY OF AC-DC TRANSMIS-
SION USING CO-SIMULATION OF PSSE AND PSCAD

In this thesis the effect of grid code compliance on the power system stability is ad-
dressed using offline RMS time domain dynamic simulations. The use of RMS time do-
main simulation models is an effective way for the assessment of the transient stability
of the power system.

The use of detailed EMT type models for large scale power system studies has the
drawback of very high computation time and difficulty to initialize at a given power sys-
tem operating point (load flow case). In that direction, future research work could inves-
tigate on the development of a co-simulation environment which could efficiently solve
these bottlenecks. In that platform, the large scale grid (i.e the European network) could
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be simulated in PSSE while the HVDC transmission in PSCAD.

7.3.4. ASSESSMENT OF SUB-SYNCHRONOUS TORSIONAL INTERACTIONS IN

AC-DC TRANSMISSION GRIDS
In this thesis the interactions of VSC-HVDC stations with the AC grid is performed un-
der the transient stability time frame of interest (phenomena between 0.1-1.2Hz). An-
other topic which needs to be investigated thoroughly and has not been addressed in
this thesis is sub-synchronous torsional interactions between generator units and HVDC
links. Torsional interactions refer to the interactions between electrical systems and the
turbine/generator torsional mechanical modes of oscillations. These vibrations trig-
gered by the electrical characteristic of the power systems might cause cumulative fa-
tigue damage to the turbine/generator when they exceed the material fatigue limits. A
known electrical environment that can trigger such Torsional interactions is the pres-
ence of series capacitors in transmission lines in combination with the presence of MMC-
HVDC converters stations or other power electronic interfaced renewable generation
plants. Although the topic is well studied in the 70s for LCC-HVDC systems, it becomes
again important in future grids dominated by converter based MMC-HVDC generation
and transmission.
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