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Summary
Green energy transition is the most urgent need of the hour to curb the rising impact of global warming.
The carbon-neutral energy system of the future will have electricity as its backbone, which requires a
domination of renewable sources and long distance interconnections. However, such a transformation
brings forth a massive penetration of power electronic converters to allow for flexibility in operation
that is essential for efficient and cost-effective grid usage.

This paradigm shift will make future power grids very different from the current system resulting in
a highly dynamic environment that poses a risk to power system stability. Coupled with the declining
strength of the network, it has the potential to increase the impact of severe network disturbances and
give rise to challenges for the containment of voltages and frequency excursions, ultimately triggering
wide-area blackouts. Since conventional synchronous generation is being phased out, the responsibility
to maintain power system stability and provide network restoration services must be taken up by
alternate sources of generation. Being one of the fastest growing renewable energy sources in the world,
offshore wind is deemed a prime candidate.

Today wind turbines are controlled as grid following units in that they behave as current sources
feeding in maximum power while depending on a stiff external voltage for their stable operation. Al-
though already capable of providing ancillary services like low voltage ride through and fast frequency
response, more responsibilities in maintaining stable and robust grid operation requires grid forming
control. This enables wind turbines to create the system voltage and thus not only not wait for comple-
tion of the network reconstruction, but also ensure continuity of power supply in an island facilitating
bottom-up grid recovery. The main findings from literature review on the potential of wind power in
power system restoration and the main technical challenges to overcome to enable their capabilities for
facilitating early stage participation, highlight, among others, grid forming control as the key enabler
in the interests of both the system operator and the wind farm developer.

The complete energization sequence or ‘greenstart’ of an HVDC-connected offshore wind farm has
been simulated in this thesis, sub-divided into target states to study the technical challenges of each
separately. Firstly, the energization of the HVDC transmission link including the large transformer and
converter submodules is presented. Potential solutions that allow offshore wind turbines to deal with
the demanding transients in a controlled manner while maintaining stable voltage and frequency of the
offshore island have been investigated. Then the focus switches to grid forming control. Four of the most
common strategies from literature have been implemented in the offshore wind power plant and their
transient response has been compared during the different stages of the energization sequence. This also
provides insight into the sensitivities to instability for each, which signifies the importance of tuning
the control loops and challenges in adopting to the case of large offshore wind turbine control. Finally,
based on the performance above, a grid forming control has been chosen to study the energization
transients inside the offshore network, mainly focusing on turbine transformer inrush, synchronization
of sequentially starting wind turbines, and voltage control with load sharing during the energization of
a string. Detailed studies have also been performed to investigate the limitations of grid forming wind
turbines in energising a large offshore cable network while maintaining stable parallel operation and
synchronism with traditional grid following wind turbines.

The main findings of this work are seen as a stepping-stone to facilitate the development of grid
forming wind turbines for ensuring stable voltage and frequency control with synchronized parallel
operation in the face of demanding energization transients of the large offshore network and HVDC
transmission link, ultimately providing restoration service to the grid.
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Resume på dansk
Den grønne omstilling er presserende i forhold til at bremse den stigende effekt af global opvarmning.
I fremtidens kulstofneutrale energisystem vil elektricitet danne rygraden, hvilket kræver en dominans
af vedvarende energi ilder og langdistanceforbindelser. Midlertidigt, kræver en sådan transformation
massiv penetration af elektriske kraftomformere til at sikre fleksibilitet, hvilket er afgørende for en
effektiv og omkostningseffektiv brug af el-nettet.

Dette paradigmeskift vil gøre det fremtidige forsyningsnet meget forskelligt fra det eksisterende
system, hvilket resulterer i meget dynamiske forhold, der udgør en risiko for el-nettets stabilitet. I
kombination med den faldende kapacitet af netværket er der risiko for at øge effekten af forstyrrelser
i netværket og give anledning til udfordringer i at kontrollere spændings- og frekvenseudsving, hvilket
i sidste ende kan udløse vidtrækkende strømafbrydelser. Da konventionel synkron generering er ved
at blive udfaset, skal ansvaret for at opretholde stabilitet i el-nettet og levere netværksgendannelsest-
jenester bæres af alternative produktionskilder. Som værende en af de hurtigst voksende vedvarende
energikilder i verden, betragtes havvind som en hovedkandidat til dette.

I dag styres vindmøller ved individuelt at følge el-nettet, idet de er strømkilder, der leverer maksimal
effekt, mens de afhænger af en stiv ekstern spænding for at sikre stabil drift. Selvom vindmøller
allerede er i stand til at levere supplerende tjenester som lavspænding og hurtig frekvensrespons, skal
vindmøllerne i fremtiden være i stand til at opretholde stabil og robust drift af el-nettet. Dette gør
det muligt med vindmøller at skabe systemspænding og dermed ikke kun vente på gennemførelsen af
netværksgenopbygningen, men også sikre kontinuitet i strømforsyningen i en isoleret enhed, der muliggør
genoprettelsen af el-nettet nedefra og op. Blandt hovedkonklusionerne på baggrund af litteraturstudie
om vindkraftens potentiale i genopretning af el-nettet og de vigtigste tekniske udfordringer der skal
overvindes for at muliggøre deres evner til at lette deltagelse i tidlige faser, fremhæves blandt andet
netværksdannende kontrol som nøglen for både systemoperatøren og vindmølleparkudvikleren.

Den komplette energiforsyningssekvens eller ‘grønstart’ af en HVDC-tilsluttet havmøllepark er blevet
simuleret i denne afhandling, opdelt i delelementer for at studere de tekniske udfordringer for hver enkelt
separat. Initialt præsenteres energiforsyningen af HVDC-transmissionsforbindelsen inklusive de store
transformer- og konverterundermoduler. Potentielle løsninger, der muliggør havvindmøller i at håndtere
de krævende transienter på en kontrolleret måde og samtidig opretholde en stabil spænding og frekvens
på offshoreøen er blevet undersøgt. Herefter flyttes fokus til kontrol af el-nettet. Fire af de mest an-
vendte strategier fra litteraturen er blevet implementeret i havvindsmølleparken, og deres transiente
respons er blevet sammenlignet i de forskellige faser af energisekvensen. Dette giver også indsigt i
følsomheden over for ustabilitet for hver, hvilket viser vigtigheden af at indstille kontrolsløjferne og ud-
fordringerne ved at benytte metoderne ved kontrol af store havvindmølleparker. Endelig, er der baseret
på ydeevnen af de ovenstående metoder valgt én el-netværkskontrol metode til at studere energiforsyn-
ingstransienterne i havvindmølleparken, primært med fokus på mølletransformatoren, synkronisering
af sekventielt startende vindmøller og spændingskontrol med belastningsdeling under energiforsyning
af en række havvindmøller. Slutteligt, er der udført detaljerede undersøgelser af begrænsningerne ved
netværksdannende vindmøller til energiforsyning af et stort offshore-kabelnetværk, samtidig med at der
opretholdes en stabil parallel drift og synkronisering med traditionelt el-net der følger vindmøller.

De væsentligste resultater af dette arbejde skal ses som et springbræt for at facilitere udviklin-
gen af netværksdannende vindmøller til sikring af stabil spændings- og frekvensstyring med synkro-
niseret parallel drift i lyset af krævende energitransienter af det store offshore-netværk og HVDC-
transmissionsforbindelse, der i sidste ende leverer genstartstjeneste til nettet.
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CHAPTER1
Introduction

This chapter consists of the general motivation behind this work followed by a description of the project
scope and thesis objectives. Then the major research questions have been listed along with the publications
that form the basis of this work. A brief summary of the main contributions have been presented followed
finally by an outline of the structure of this thesis.

1.1 Motivation
Global warming is on the rise and the highest levels of both ambition and effort on a global scale are
essential to avoid its irreversible impact on the natural ecosystems, water resources and food security
— all of which have profound consequences for the world economy and human well-being. Although a
45 % reduction in global greenhouse gas emissions from 2010 levels is required by 2030 to achieve the
1.5 °C Paris Agreement goal, emissions have continued to increase, excluding the dramatic economic
slowdown in 2020 due to the Covid-19 pandemic [1].

Driven by the rapidly growing population and a robust global economy, the worldwide energy con-
sumption is not showing any signs of slowing down — in 2018 its average growth rate was nearly twice
that in 2010. Despite solar and wind growing at a double-digit pace, fossil fuels accounted for nearly
70 % of the growth in energy demand since renewables were not able to catch up. This resulted in a his-
torically high 33.1 Gt of global energy-related CO2 emissions in 2018, with the power sector accounting
for nearly two-thirds of emission growth [2].

�� �

Figure 1.1: Annual net CO2 emissions 2021–2050 in Gt/yr: Planned policies will yield only stabilisa-
tion of global emissions by 2050 but if not fully implemented, a 27 % Baseline rise is likely;
reproduced from [3].

�
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Green energy transition is thus the need of the hour, and although great strides have been made in
the past decade, the speed of transition if far from what is needed in the 1.5 °C scenario, as highlighted
in Figure 1.1.

Over 170 countries in the world have set up ambitious targets and far-reaching commitments — 30
of which are already set to achieve net zero in the coming decades with strategic action plans. The
main components of the energy transition strategy are decarbonization of power systems dominated
by renewables, stabilised energy demand through increased energy efficiency and circular economy
measures, electrification of end-use sectors (transport, industry and buildings), and system enhancement
with green hydrogen, bioenergy, carbon capture and storage technologies [3].

Electricity continues to assert itself as the fuel of the future, being responsible for almost half of the
increase in total energy demand in 2018. It is clear that the energy system of the carbon-neutral world
of the future will have electricity as its backbone — with a total share exceeding 60 % by 2050 compared
to 20 % today due to electrification of building and transport sectors [3].

This three-fold expansion of power generation requires a domination of renewable sources for the
most efficient, cleanest and cost-effective way to electrify the world. Wind and solar are estimated to
supply 63 % of total electricity needs by 2050 in the 1.5 °C scenario [3].

Renewable energy sources are thus being integrated on a large scale into power grids all around
the world. For example the European Union (EU) has recently proposed a target of at least 32 %
renewables in its total energy consumption by 2030 [4]. A recent example of a significant milestone
in a country’s energy system can be seen in Denmark, where 50 % of the electricity consumption in
2019 was supplied by wind and solar — with the former contributing a staggering 47 %. In the last
few years China has led the way for renewable capacity addition, while India is also expected to be the
largest contributor to the renewables upswing in 2021. Overall, cost reductions and sustained policy
support will drive strong renewables growth beyond 2022 leading to a 95 % net share in the global power
capacity increase through 2025 and supplying one-third of the world’s electricity [5].

Interconnections have an undeniable role to play in realising the dream of making a unified electric
network a reality. Today conventional thermal plants are being phased out and being replaced by
renewable sources distributed across time zones and climates, located far from consumers. Thus, to
ensure efficient, reliable and resilient flow of clean energy without significantly upgrading the current
transmission grid infrastructure, interconnections across borders and over long distances are essential
for a flexible and robust power system.

HV interconnection are of two types:

• High Voltage Alternating Current (HVAC) — currently more common, they enhance grid stability
when integrating large power plants and facilitate reserve sharing to reduce operating costs. How-
ever, special reactive power compensation is required to prevent capacity drop-off which becomes
costly at longer distances and for submarine cables used to connect large offshore wind farms1 far
from the shore.

• High Voltage Direct Current (HVDC) — a more economic alternative for efficient long-range bulk
power transmission (overhead/subsea) between countries, islands and offshore resources. Con-
trollability allows higher utilization of HVDC links than HVAC, while connecting asynchronous
grids without the complexity, vulnerability and cost of expanding a synchronously interconnected
system [6].

The EU has set an interconnection target of at least 10 % by 2020 and 15 % by 2030 [8] with
the growing density of HVDC interconnections highlighted in Figure 1.2. Recently, seven European
Transmission System Operators (TSO) have joined hands to interconnect offshore wind platforms and

1interchangeably referred to as offshore wind power plants



Chapter 1 Introduction 3

�� �

Figure 1.2: Evolution of interconnections in pan-European power system and potential future devel-
opments; reproduced from [7].

�

prospectively create a busbar-like system facilitating inter-operability through standardization of inter-
faces and technology [9].

1.2 Scope
It is clear that electrifying the globe — powered by large scale integration of renewable generation
and densely interconnected via HV corridors — is key to achieving the climate-neutrality target. How-
ever, such a transformation in the grid infrastructure and operation philosophy brings forth a massive
penetration of Power Electronic Converters (PEC) for efficient grid usage [3]:

• Firstly, flexibility in power system is essential to manage the widely distributed and less predictable
renewable energy sites. This is enabled by the PEC interface of modern renewable generation.

• Secondly, expansion of grid capacity and transmission to cope with a doubled electricity energy
demand includes optimal utilization of current networks through capacity boosting using FACTS2

or new HVDC corridors that both rely on PEC and digital technologies.

Future power grids will thus be very different from the current system due to a paradigm shift in
generation, transmission, distribution and demand. This follows since the behaviour and operational

2Flexible AC Transmission System
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characteristics of the power system are largely a function of the type of generation and demand con-
nected to it. While allowing faster decision making and advanced control functionalities, the massive
penetration of PEC introduces control interactions with faster time constants, resulting in a highly
dynamic environment and posing a risk to power system stability.

The Horizon-2020 MIGRATE project investigates in detail the stability challenges faced by the grid
due to massive integration of power electronic devices and displacement of synchronous generation in
future [10]. This mainly includes:

• a decrease in inertia resulting in frequency stability issues due to to higher RoCoF3 and dynamic
frequency nadirs or peaks during power imbalance. The most critical is a system split scenario
likely to occur across highly loaded weak transmission corridors, where RoCoF can be so high
that under-frequency load shedding is unable to arrest the frequency drop, ultimately leading to
wide-area blackouts.

• a reduction in short-circuit power, reactive power reserve and voltage control capabilities in the
transmission grid leading to local/regional voltage stability issues and a reduced transient stability
margin. This leads to larger propagation of voltage dips caused by faults, exposing a greater
proportion of PEC-interfaced units to sudden under-voltage trips that can trigger blackouts if
large generation like offshore wind power plants are involved.

Moreover, harmonic stability has recently become more relevant with increasing share of PEC-
interfaced renewable generation due to impact on power oscillation mode damping and introduction of
new interactions between controllers and filters of nearby converters, which change the grid dynamics.
Additionally, the increasing share of HV cables introduces large capacitances and resonances, which may
be excited by the harmonic content of PEC, especially for longer lengths where the resonant frequencies
are in range of the controller bandwidth. Lastly, the reduced system strength also impacts the rotor
angle stability of the remaining conventional synchronous generation units in the system.

All this has the potential to increase the impact of of severe network disturbances in the future. The
declining strength and stability of the network may not only give rise to challenges for the containment
of voltages and frequency excursions, but also make the worst-case scenario of re-energising the network
more difficult following a blackout [11]. Thus, the responsibility to maintain power system stability and
robustness must be taken up by alternate sources of generation.

Offshore wind is one of the fastest growing renewable energy sources and at the core of Europe’s
policy to be the world’s first climate neutral continent by 2050. Recently, the European Commission
has proposed a staggering 450 GW of offshore wind in the EU by 2050 with the aim to meet 30 % of
the then electricity demand that is expected to grow 50 % due to electrification [12].

Higher capacity factors and full load hours due to steady wind conditions together with the absence
of onshore constraints present a good business case for offshore wind when compared to photovoltaics or
onshore wind. Despite higher capital and operational costs to cope with the rough sea conditions, efforts
of the industry to overcome the challenges coupled with technological innovations through research and
strong policy support has boosted the rise of offshore wind. Economies of scale along with longer
lifetimes at sea has helped reduce the global LEC4 for offshore wind to an expected 6-7 €c/kWh by
2025 –– coming close to 5-6 €c/kWh for onshore wind in 2018, which is the cheapest generation source
in majority of places in the world [13].

Moreover, a recent study has shown that wind power has a 99 % lower carbon footprint than coal-
fired plants and generates on average 4 times lower CO2 emissions compared to solar. Today the world’s
largest offshore wind power plant is the 1.2 GW Hornsea-1 (UK, 2019) compared to the world’s first
— the 4.95 MW Vindeby wind farm (Denmark, 1991) with many more and larger ones in pipeline.
Wind Turbine Generator (WTG) size has also grown significantly with the GE Haliade-X 12 MW as
the largest installed offshore turbine today. With offshore wind turbines and plants becoming enormous

3Rate-of-Change of Frequency
4Levelized Electricity Cost

https://www.h2020-migrate.eu/
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as highlighted in Figure 1.3(a), their carbon footprint could get as low as 6 g/kWh — beating even the
original large-scale zero-carbon source, nuclear power [14]. Thus, huge volume of energy from offshore
technologies with wind leading the way will allow an estimated 315 Mt reduction in CO2 emissions by
2030 [15].

� ���� ��
(a) Evolution of yearly average newly installed capacity of offshore wind turbines and farms.

� � ���� ��
(b) Average water depth and distance to shore of bottom-fixed offshore wind farms: the overall site capacity (indicated
by bubble size) is moving to deeper waters and further away from shore.� �

Figure 1.3: Trends in offshore wind; reproduced from [16].

�

The fast growing capacity of the overall site and the individual turbines is pushing offshore wind
farms into deeper waters and further away from the shore, as indicated in Figure 1.3(b). This makes
HVDC the suitable transmission system for the large Offshore Wind Power Plants (OWPP). The
true power of HVDC is however released through the advanced functionalities provided by the fully
controllable and flexible Voltage Source Converter (VSC). Although more expensive, it provides various
dynamic grid support services to enhance system stability and resilience like fast independent real
and reactive power control and short circuit current limitation. State-of-the-art PEC control allows
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advanced frequency and voltage regulation through inertia emulation, reactive current injection and
power oscillation damping. Moreover, self-commutation and no-load startup enables VSC-HVDC to
help restore supply following system-wide blackouts [6, 7, 15].

InnoDC of which this thesis is a part of, focuses on the development of the future electric system
of Europe to play its part in realising the climate-neutrality goals. This Horizon-2020 funded project
targets the large-scale integration of offshore wind in the existing grid including the use of HVDC and
the operation of future hybrid AC-DC power system [17].

1.3 Objectives
Wind turbines and wind power plants in operation today are all Grid Following (GFL), in that they
depend on an externally controlled grid voltage of sufficient strength for their stable operation. While
already contributing to system stability through provision of ancillary services like low voltage ride
through, fast frequency response and reactive current injection, large scale grid integration of OWPP
and VSC-HVDC makes offshore wind one of the prime candidates to take up the responsibilities of
conventional thermal plants that are being phased out. This includes not only more active participation
in advanced voltage and frequency control through their PEC interface to ensure stable and robust grid
operation, but also eventually participate alongside VSC-HVDC interconnections in providing blackstart
and participate in early stages of power restoration [17].

A new or extended class of Grid Forming (GFM) power generating modules and HVDC converters
is required to ensure stable operation with a high penetration of non-synchronous generation and PEC
devices [18]. Such control allows them to create the system voltage, counter harmonics and unbalance in
system voltage while contributing to short circuit power and system inertia — limited by the boundaries
of energy storage capacity and available power rating. The ability to take the lead in creating the system
voltage rather than following a stable voltage delivered by sychronous generation is key to ensure flexible,
efficient and reliable operation of future decentralised grids.

Not only does GFM control allow an HVDC-connected OWPP to provide non-frequency ancillary
services like steady-state voltage control, fast reactive current injection, inertia emulation for local grid
stability and short-circuit current, but also enables controlled islanded operation to ensure survival
during system splits and provides blakstart capability to leapfrog areas of more problematic network
restoration, thus energising large geographic areas more rapidly for a faster and more flexible approach
to restoring demand [11]. This thesis investigates the blackstart and islanding capabilities of HVDC-
connected OWPP, which are deemed as necessary for wind energy to be a cornerstone of the electricity
supply in future power systems without having to rely on services from synchronous generation.

Specifically, the thesis attempts answering the research questions:

1. Can wind turbines control the offshore voltage while dealing with the energization transients of
the offshore network including transformers and cables? Wind turbines must behave as controlled
voltage sources to safely deal with the inrush currents of transformers and charging currents of
cables while damping the transient over-current peaks and any harmonic resonances.

2. Can wind turbines maintain synchronised parallel operation to emulate a voltage source and operate
a stable offshore power island? The energization of long cables generates a large amount of reactive
power which must be offset by the wind turbines to prevent over-voltages and saturation of the
connecting transformers. The sole responsibility of transient stability of the offshore network lies
with the wind turbines in absence of an external grid and it must be ensured at each stage of
switching in a component.

3. Can an offshore wind farm deal with the energization transients of its HVDC-transmission in a
controlled manner? While an HVDC link doesn’t require shunt compensation to deal with the
large reactive power generated by long HVAC cables, the synchronised offshore wind turbines
jointly emulating a voltage source must be able to deal with the large inrush from the converter

https://innodc.org/
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transformer and the pre-charging transients of the HVDC converter submodules while maintaining
stable voltage and frequency of the offshore network.

4. How do different GFM controls behave in a challenging blackstart scenario and what are their
limitations? There exist many different GFM control schemes each with certain advantages and
disadvantages, thus applying them to offshore wind power plants may require some modifications.
Moreover, testing them in the specific case of blackstart and energization can reveal certain
transient characteristics to help understand their behaviour better and gain insight into limitations
of each.

1.4 List of Publications
The following journal articles and conference papers are a product of the PhD project work. They
constitute the basis of this thesis and are appended at the end. The author has also contributed to
other relevant publications in the field that are listed in Section 1.4.3.

1.4.1 Journal Publications
[J1] A. Jain, J. N. Sakamuri, and N. A. Cutululis, “Grid-forming control strategies for black start

by offshore wind power plants,” published in Wind Energy Science, vol. 5, no. 4, pp. 1297-1313,
2020.

[J2] A. Jain, O. Saborío-Romano, J. N. Sakamuri, and N. A. Cutululis, “Blackstart from HVDC-
connected offshore wind: Hard versus soft energization,” published in IET Renewable Power
Generation, vol. 15, no. 1, pp. 127–138, 2021.

[J3] A. Jain, O. Saborío-Romano, J. N. Sakamuri, and N. A. Cutululis, “Virtual Resistance Control
for Sequential Green-start of Offshore Wind Power Plants,” submitted to IEEE Trans. Sustainable
Energy, 2021.

[J4] A. Jain, O. Saborío-Romano, J. N. Sakamuri, and N. A. Cutululis, “Energization and Islanded
operation of Offshore Wind Power Plants,” under preparation.

1.4.2 Conference Publications
[C1] A. Jain, K. Das, Ö. Göksu, and N. A. Cutululis, “Control Solutions for Blackstart Capability and

Islanding Operation of Offshore Wind Power Plants,” in proc. 17th International Wind Integration
Workshop, Stockholm, 2018.

[C2] A. Jain, J. N. Sakamuri, K. Das and N. A. Cutululis, “Functional Requirements for Blackstart
and Power System Restoration from Wind Power Plants,” in proc. 2nd International Conference
on Large-Scale Grid Integration of Renewable Energy in India, New Delhi, 2019.

[C3] J. N. Sakamuri, Ö. Göksu, A. Bidadfar, O. Saborío-Romano, A. Jain, and N. A. Cutululis,
“Black Start by HVdc-connected Offshore Wind Power Plants,” in proc. IECON 2019 - 45th
Annual Conference of the IEEE Industrial Electronics Society, Lisbon, 2019.

1.4.3 Other Relevant Publications
1. A. Arasteh, A. Jain, Ö. Göksu, L. Zeni, and N. A. Cutululis, “Fault ride through capability

of Grid forming Wind turbines: A Comparison of Control Schemes,” accepted for IET Renew-
able Power Generation Special Issue: Selected Papers from the 9th International Conference on
Renewable Power Generation (Dublin), 2021.
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2. A. Jain, “Technological developments in offshore wind farms,” in Europe—Energy—Climate: The
quest for the clean energy transition in the EU, (Upcoming). A. E. Rządkowska, ed. European
Solar Network Press, ch 4.5.

1.5 Contributions
The major contributions of the thesis are highlighted in the following.

Firstly, state-of-the-art literature has been reviewed summarising the limited role of wind power in
current power system restoration and how GFM control can close the gap enabling its potential for early
stage participation, as discussed in [J1]. Based on this an energization sequence of HVDC-connected
OWPP has been proposed and the main technical challenges in each target stage have been identified
in [C1]. Preliminary results of this simulation are presented in [C3]. Such a structural decomposition
of the bigger problem has also helped guide the work in this thesis in a more organized way.

Further review of the technical requirements in network restoration codes and blackstart service
recommendations was also performed. Comparing with state-of-the-art capabilities of wind turbines,
the major gaps in enabling blackstart and islanding capabilities of OWPP have been uncovered focusing
on GFM control as the main change required in operational philosophy, as mentioned in [C2]. This
shall facilitate a dialogue between the system operator, turbine manufacturers and farm developers to
open up the market for a more active role of wind power in maintaining power system stability and
security of supply.

Secondly, the HVDC link energization has been studied and different methods for reducing the
impact of the transients mainly related to the offshore transformer inrush and converter pre-charging
have been compared in [J2] and [J3]. This has helped identify the advantages and disadvantages of
each. Moreover, the performed sensitivity analysis has guided parameter design in accordance with the
requirements.

Since GFM control has been realised as one of the key enablers for blackstart and islanding capa-
bilities of OWPPs, a review of existing GFM controls provided a better understanding of the overall
control philosophy and structure, as explained in [J1]. The most common ones in their simplest forms
were then implemented with modifications necessary for adopting to large offshore wind turbines, which
includes tuning considerations and impact of different parameters on the transient stability, as focused
on in [J1] and Chapter 6.

The transient response of the implemented GFM control schemes was also analysed in the challenging
scenario of energization of an HVDC-connected OWPP, results of which are presented in [J1]. This has
generated insight into the limitations and sensitivities of each control strategy, while simultaneously
showcasing the performance of GFM OWPP in maintaining voltage and frequency during the different
stages of energization. Based on this performance evaluation, a GFM control scheme was chosen and
appropriate enhancements have been made to study the synchronization transients during sequential
startup of the offshore network in Chapter 5.

Finally, a detailed technical study of the energization transients in a large OWPP with real data
was also performed, results of which are shown in Chapter 6. Transformer inrush, cable charging
current and reactive power demand related voltage control challenges have been highlighted, along with
an insight into the synchronised parallel operation of GFM and GFL wind turbines and how certain
control parameters can impact the transient stability and load sharing, especially since only few sources
are online. This is critical to optimise the number of GFM units required.

1.6 Outline
The remaining thesis is organised as follows.

Chapter 2 presents a summary of the main findings from the literature review. This includes the
motivations for blackstart and islanding capabilities of OWPPs in the interests of both the system
operators and wind farm developers, highlighting GFM control as the key enabler. The energization
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sequence of an HVDC-connected OWPP studied in this thesis has been structured into different target
states and the challenges of each have been identified, which are addressed separately in the remaining
chapters.

Chapter 3 showcases the main results from the energization of the HVDC transmission link including
the large offshore transformer, converter submodules, long DC export cable and pickup of the onshore
block load. Different methods for the GFM OWPP to deal with the transient have also been studied.

Chapter 4 then focuses on GFM control and implementation of different schemes in the wind turbine
converter. Their transient performance has been compared and analysed during the different stages of
the energization sequence.

Chapter 5 mainly looks into the energization transients inside the offshore network including wind
turbine transformer inrush and cable reactive power demands. The synchronization of sequentially
connecting GFM wind turbines followed by stable parallel operation has also been investigated.

Chapter 6 then presents the results from a detailed energization study of the offshore network based
on real wind farm data. This highlights the importance of tuning control parameters to ensure transient
stability during parallel operation of GFM and GFL wind turbines, while dealing with the changing
network configuration during long cable energizations.

Chapter 7 finally summarises the thesis with concluding remarks based on the results from the
studies performed and lists some recommendations on future work in this area.
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CHAPTER2
Background

This chapter provides a summary of the literature review done. It focuses on the main technical moti-
vations for requirement of blackstart and islanding capabilities in OWPP, both from a TSO perspective
and in the interest of wind farm developers. This highlights the need for grid forming control as the
key enabler. An energization sequence for HVDC-connected OWPPs to participate in power system
restoration has then been proposed and the major technical challenges of each target state have been
identified. The contents of this chapter are mainly based on [C1], [C2] and [J1].

2.1 Blackstart — the TSO perspective
As highlighted in Section 1.2, the massive penetration of PEC in the grid due to the prevalence of
renewable energy sources (like wind and solar) and inverter-based resources (encompassing FACTS,
batteries, HVDC links and PEC-regulated loads like electric vehicle battery chargers and variable speed
motor drives) has increased the risk of power system instability.

This is primarily due to inertial decoupling of the WTG’s rotating mass by its PEC interface
along with decrease in self-regulating effect of frequency-dependent load such as electric pump drives
[10]. Additionally, increasing distance between load centres and PEC-interfaced generation leads to
over-burdened reactive power reserves, especially during system contingencies. Since reactive power
cannot be transported over long distances, severe local voltage instabilities can arise. On the flip
side, increasing number of cables leads to an excess of reactive power in the system, especially during
low loading. The decreasing voltage control capabilities in the transmission grid thus can cause over-
voltage issues in regions with high-share of PEC-interfaed generation, especially offshore wind [10].
Finally, displacement of synchronous generators with PEC based sources reduces the transient stability
margin and fault current contribution which causes protection system maloperation, increasing the risk
of cascaded tripping of larger portion of PEC-interfaced units. Thus, the probability of system-wide
blackouts is higher now, especially if a large generation like OWPP is involved.

Blackouts have thus increased in the recent decade, especially in areas of high renewable penetration,
as summarised in [11]. In September 2016 nine wind farms in South Australia disconnected due to
a protection function responding to a preset limit of the number of ride-through events, leading to
reduction of 456 MW in just 7 s. Recently, the unexpected reduction of 737 MW from Hornsea-1 OWPP
in the UK is cited to be one of the main causes of the system failure in August 2019. Both of these
affected about 1 million people and disrupted their livelihood and the economy on a large scale.

Traditionally, a bottom-up strategy is used for power system restoration in most countries. Normally,
pumped-hydro storage and gas-fired generators restart immediately and energise the skeleton network
to provide cranking power to the large thermal/nuclear plants that are required for energising the
network and other plants, and for base load recovery due to their capability to meet all the technical
requirements, as summarised in [C2].

However, rising fuel costs coupled with ageing assets and decreasing load factors due to large scale
integration of renewable energy has increased the cost of warming up large fossil-fuel based generators
and consequently of blackstart services. Since conventional synchronous generators are being phased
out, maintaining the status quo for blackstart and power system restoration is not an option. Thus,
considerable changes are needed in the power system restoration strategy to facilitate the participation
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of alternate sources and non-traditional technologies — some TSOs have recently confirmed to poten-
tially include VSC-HVDC interconnectors, sites with trip-to-houseload operation and aggregated units
including wind and solar [C2].

Top-down restoration tests with VSC-HVDC links such as Skagerrak 4 (between Norway and Den-
mark), EWIC (between Ireland and Great Britain) and NEMO (between United Kingdom and Belgium)
show that HVDC interconnectors can succesfully operate in islanded mode as a controlled voltage source,
and provide blackstart service to energise transmission network, supply non-blackstart generators and
pickup real and reactive power loads. Notably, the Cross-Sound HVDC link in New York was used to
restore power to Long Island during the North American blackout of August 2003 [11].

The changing generation profile due to increasing integration of renewables provides a choice of
many alternate sources that can assist with blackstart and take up responsibilities of conventional
large thermal power plants. This adds more resilience against dependence on a single technology and
alleviates reliance on specific transmission routes for energization and load pickup. Moreover, larger
number of blackstart sources means a smaller restoration time and thus reduces the impact of blackout.
Large OWPP are suitable candidates to deliver the technical requirements of blackstart and participate
in the early stages of power system restoration by replacing fossil-fuel based sources. The steady wind
conditions far from the shore and fully controllable PEC interface allows the provision for high-power,
environment-friendly blackstart service with high availability and faster startup times [C2].

2.2 Islanding — interest to Developers
Apart from the relevance to TSOs as discussed above, blackstart capabilities not only refer to the
network restoration service for the onshore grid, but also include islanded mode operation of the offshore
grid. This mainly means that in case of an outage or grid disconnect situation, the wind turbines can
maintain (or restart in the worst case) the flow of electricity to the facility’s auxiliary systems (including
WTGs and HVDC substations) without the support of an external power supply. Although the trip-to-
houseload operation capability of a plant is not currently used in the restoration strategy, OWPPs that
can operate in islanded mode and supply a regional onshore-zone stably have the potential to defend
against frequency instabilities following major loss of generation and provide short term early stage
power system restoration support [C2].

Today diesel generators are used on the offshore platform for supplying auxiliaries. This not only
occupies space which is extremely costly offshore, but also requires annual refueling, special fire pro-
tection, personnel safety protocols and maintenance that adds to the challenges of operating offshore.
Moreover, a backup diesel generator is present as insurance to combat the startup issues. Together
all these factors add significant capital and operational costs, not to mention the high emissions —
especially when the diesel generator is operating at full-load during unscheduled outages that can last
upto 4-6 months.

A blackstart-ing WTG can produce produce power to sustain itself and keep warm, thus avoiding
the risk to its health due to moisture damage, icing up of electronics and equipment, bearing deforma-
tion, standstill marks and vibrations due to unfavourable yaw-axis orientation — of course as long as
the wind blows. This can provide significant economic and reliability benefits, especially when offline
for long durations due to a transmission line outage or a regional blackout. Moreover, the need of a
diesel generator offshore is minimised or even completely eliminated since such WTGs can energise the
offshore cables and supply the the auxiliaries (controls, switchgear, climate units, station startup) that
are necessary for the offshore HVDC converter. In addition, CO2 displacement ensures a smoother/-
faster granting of permits. Finally, such self-reliant wind turbines can operate without a VSC-HVDC
connection offshore and instead allow use of thyristor-based LCC1 resulting in significant cost benefits
from reduced filter size, increased efficiency and higher system reliability and robustness [C2].

It is anticipated that blackstart and islanding capabilities of offshore wind turbines will also come in
handy in the future to supply the charging stations offshore essential for maritime vessel electrification,

1Line Commutated Converter
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thus displacing a significant amount of marine fuel with green electricity. This is a key part of the
strategy to achieve climate-neutral goals. A prototype is already being developed by Maersk Supply
Service and Ørsted, which is applicable as a mooring point outside ports, in offshore wind farms, and
near vicinity to other offshore installations. This will help limit the increasing vessel congestions and
remove air pollution in port areas.

2.3 Closing the Gap with Grid Forming
Grid code requirements have been a major driver for the development of WTG technology. At present,
island grids and countries with high share of renewable penetration like Denmark, Germany, Spain,
Ireland, Australia and the United Kingdom specify many steady-state and dynamic requirements for
WTGs. These include fast frequency response, independent real and reactive power control, local voltage
and power factor control, ramp rate constraints and supportive behaviours under grid disturbances
including voltage dip tolerance and power quality requirements. However, more advanced services
such as reactive current injection, compulsory inertia emulation, power oscillation damping are being
increasingly demanded by new grid codes. These are critical especially to defend against blackouts and
enable blackstart and islanding capabilities of WTG and OWPPs. Blackstart and islanding operation
requirements are now included as options in ENTSO-E network codes for the relevant TSO to request
these functions from HVDC-connected WPP to support grid recovery [C2].

The current WTGs are controlled as current sources to extract maximum power from the wind. They
depend on a pre-existing voltage point (that can be the main onshore grid or the offshore grid formed
by the HVDC converter) to which the WTG control latches using a Phased Locked Loop (PLL), thus
referred to as grid following. However, in the absence of an external grid voltage point of connection
WTGs must be able to produce their own voltage signal. This requires grid forming control of the PEC
interface and can allow the outward energization of the network of inter-array cables and transformers,
form an offshore power island to supply local auxiliary loads, and energise the HVDC link converters
and export cable with the ultimate aim to supply onshore block load. A comprehensive literature
review of participation of different topologies of wind power in power system restoration is presented in
[J1]. It highlights the need for a change in control philosophy from conventional GFL to GFM as the
connection of current WPPs in the early stages can lead to second blackout due to the small restored
network being incomplete and weak.

Grid Forming WPPs thus not only not have to wait for completion of the network reconstruction, but
can also ensure continuity of power supply in an island by switching to trip-to-houseload, and participate
in sectionalising strategy for defense against blackouts in future converter rich power systems. This
reduces restoration time and facilitates bottom-up grid recovery, as discussed in Section 2.1. Moreover,
GFM WTGs can potentially minimise the use of an offshore auxiliary diesel generator thus reducing
the cost of warming and yield economic benefits with a greener footprint over the project’s lifetime, as
discussed in Section 2.2

Recently, National Grid has proposed non-mandatory technical specifications for GFM to the grid
code that will enable any connecting power module utilising PEC technologies e.g. wind farms, solar
parks and HVDC interconnectors to offer an additional grid stability services. This will provide the
opportunity to take part in a commercial market-based system and circumvent the circular problem due
to challenges faced by manufacturers and TSOs [19]. Moreover, Scottish Power Renewables in collabo-
ration with Siemens-Gamesa Renewable Energy has successfully demonstrated —– for the first time –—
the ability of onshore GFM WTGs to operate in island condition supplying local loads while supporting
GFL WTGs and ultimately energising the HV transmission network [20]. Although GFM WTGs can
provide stability support during frequency events and phase steps, there are certain limitations that
need to be overcome by some hardware changes, notably additional energy storage to deal with the
most extreme events and protection settings redesign to ensure resilient and autonomous startup post
blackout [21, 22].
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2.4 Target States of Greenstart
Traditional power system restoration comprises of different stages viz.:

1. Preparation, that includes defensive actions like sectionalising strategy and restoration path plan-
ning.

2. System build-up by blackstart units, HV transmission backbone energization and base load recov-
ery in power islands.

3. Load restoration that consists of block loading, meshing and synchronization of the islands to
enhance the resilience of the recovered network before connecting to the grid.

Similarly, before an offshore GFM WPP can provide onshore voltage for energization of the transmis-
sion and pickup block loads to restore supply, there are different target states — each with their own
associated challenges — that the OWPP must deal with, as shown in Figure 2.1. They have been
described in detail in [C1]and constitute the energization sequence considered in the studies performed
in this thesis.

��
�

Figure 2.1: Proposed target states in the energization sequence of HVDC-connected OWPP; repro-
duced from [C1].

�

Self Start: The first stage of course is the startup of the WTG by using an internal backup supply.
Currently, an industrial grade UPS2 that can survive in harsh conditions is used to power the WTG
auxiliaries. This includes central control units for braking, yaw and pitch, dehumidifiers and heating
units, grease lubrication system, fire protection, relays, hub computers, distribution boards, and the
SCADA3 interfaces, which are essential to continuously transmit data from the CMS4 to ensure safe and

2Uninterruptible Power Supply
3Supervisory Control and Data Acquisition
4Condition Monitoring System
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reliable operation of the WTG offshore. Moreover, positioning and warning lighting system is critical
to avoid collisions with ships and aeroplanes.

However, a UPS can survive a grid outage not more than a few days after which the WTG is
shutdown that is not good for its health, especially due to damage from moisture, icing up of electronics
and equipment, bearing deformation, standstill marks and vibrations due to unfavourable yaw-axis
orientation. This impacts the lifetime and efficiency and can lead to high O&M5 costs. For longer
outages an external auxiliary supply like diesel generator is required. Additional energy storage at the
turbine DC link may also be investigated in the future as market for more services opens up.

Self Sustain: As long as wind is blowing, the WTG can produce power without depending on an
external power supply once the rotor is oriented to the wind direction by the UPS and thus sustain its
own houseload and even re-charge the UPS.

However, appropriate control changes are needed to ensure stable operation. This mainly includes
GFM control of the Grid Side Converter (GSC) to provide voltage at the wind turbine terminal in
the absence of an external voltage source. Moreover, since total auxiliary load is about 1 % of the
WTG rating, de-rated operation is required that can be achieved through different strategies like power
curtailment using pitch controller, over-speed control or sub-optimal operation [23]. At high wind speeds
a balance between blade loading due to pitching and over-speeding may be possible with changes in the
turbine controller but the mechanical impact of this mode on the WTG loading must be investigated to
determine the limits [24]. Lastly, since the Rotor Side Converter (RSC) must now control the converter
DC link voltage, it can be pre-charged from the machine back emf by ramping up the generator in speed
control mode and then deblocking the RSC.

Synchronised Parallel Operation: Just like in power system restoration during bulk transmission
energization where load pickup is done to maintain stability, once few GFM WTGs have started up and
are able to sustain themselves, inter-array cables in the offshore network can be energised to connect
the transformers of other GFL WTGs and supply their auxiliary loads.

However, it can be challenging to operate several WTGs in harmony in the absence of a strong
external grid, and maintain stability while dealing with transients such as over-voltage and harmonic
distortions due to the magnetic inrush and sympathetic interaction of transformers along with filter
banks, especially due to low damping in the initial stages. Additionally, long unloaded inter-array
cables impose significant reactive power demands on the WTGs, which in a weak grid scenario can
present challenges to maintain synchronization and cause maloperation of protection, posing a risk of
disconnection of WTGs triggering a re-blackout. Thus, well planned and clearly defined guidelines for
energization of the network are needed.

Offshore Grid Forming: With the ultimate aim being connection of the OWPP to the onshore grid
and facilitate restoration, many WTGs in a wind farm or multiple WPPs in a cluster need to operate
in a coordinated manner to form the isolated offshore grid voltage. An effective emulation of a stiff
voltage source at the Offshore Grid Entry Point (OGEP) is required to ensure stable energization of
the large HVDC substation transformer, converters and export link, while maintaining stability of the
PEC rich offshore network and supplying the substation auxiliary load, especially the air conditioning
units that ensure proper environmental conditions for the converter electronics, protection controls for
safety of personnel and equipment, and the SCADA interfaces.

Controlled Islanded Operation: Before the wind farm can provide onshore blackstart service and
participate in power system restoration in the early stages, stable islanded operation of the OWPP
must be ensured. The main challenge for the GFM WPP is to maintain stable voltage and frequency of
the offshore network, especially during network changes like large load pickups and WTG connection-
s/disconnections. Moreover, cross-coupling between electro-mechanical dynamics and electro-magnetic

5Operational and Maintenance
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transients due to the wide ranging control timescales of PEC can lead to negative damping in the
control output admittance. Additionally, resonances between long unloaded cables, transformers and
filters poses a risk of harmonic instabilities in the PEC-rich weak offshore grid and must be thoroughly
investigated to enable GFM OWPPs in providing network restoration services. Finally, resilience to
faults in the offshore grid and HVDC transmission must be ensured to allow robust operation and
reduce the risk of a re-blackout.

All of these stages are of more concern to the wind farm developer and thus, hereinafter the energiza-
tion sequence up to the onshore terminal or Transmission Interface Point (TIP), as shown in Figure 2.1
shall be referred to as greenstart to differentiate from the traditionally used ‘blackstart’ of the main
onshore grid.



CHAPTER3
HVDC link energization

This chapter highlights the main results from studies on energization of the greenstart sequence from
OGEP to TIP, which includes the large offshore HVDC transformer energization, converter pre-charging
and block load pickup. The contents of this chapter are mainly based on [C3] and [J2].

In general, electro-magnetic transients are caused by planned operating procedures like energising
or de-energising equipment, and by random events like faults due to equipment insulation failure. The
characteristics of transients depend on the collector system topology, cable cross-section and length,
compensation equipment, electro-magnetic characteristics of the power transformers, circuit breakers,
type and electrical characteristics of the transmission technology connecting to the onshore grid, etc.
These transients are well known and the methods of their analysis are well established [25].

Energization of transformers generates inrush currents with peak magnitude upto 13 times the rated
line current for a 3-phase unit. This induces stress in the transformer windings and the associated switch-
gear along with significant dip in the RMS1 grid voltage and TOV2 in the phase voltages due to harmonic
distortions [26]. TOVs can cause surge arrester failures and damage transformers and reactors due to
over-fluxing that leads to over-heating. Voltage dips can cause tripping of power electronic devices if
they exceed the normal operating limits.

Charging currents during energization of lightly loaded transmission lines or long cables with open
ends can lead to sustained SFO3 due to Ferranti effect that grows quadratically with cable length. SFOs
can result in arrester failures, overexcite and heat-up transformers, generate harmonic distortions and
damage equipment installed near the cable. This is a challenge especially for HVAC-connected OWPPs
that require compensation using shunt reactors at optimal locations, however for HVDC-connected
OWPPs the challenge instead is to deal with the pre-charging of the Modulat Multi-level Converters
(MMC) VSCs located at the offshore and onshore terminals of the HVDC link [25].

3.1 Offshore terminal
The GFM OWPP operating as a controlled voltage source must first energise the offshore transformer
and pre-charge the offshore converter submodule capacitors so that it can be deblocked to control the
HVDC link voltage, as shown in Figure 3.1. There are two main approaches of energization used in
power system restoration viz. hard-switching and soft-start, details of which are discussed in [J2].

In soft-start of the offshore terminal, the main and auxiliary breakers (MB, AB) as shown in Fig-
ure 3.1, are closed from start to energise the HVDC transformer, filter banks and converter capacitors all
together in one step, starting at low voltage and smoothly ramping up the voltage of the entire network.
As shown in Figure 3.2(a), this can greatly reduce the inrush and charging currents thus minimising
the risk of over-voltage problems while speeding up the restoration process. The benefits of soft-start
of a network in avoiding significant harmonic TOVs and inrush effects have been shown in blackstart
tests using VSC-HVDC interconnectors like the INELFE link between France and Spain, Skagerrak 4
(between Norway and Denmark) and the NEMO Link (between the United Kingdom and Belgium),
thus reducing reducing the probability of system re-collapse. Moreoever, the recently demonstrated
blackstart test by a GFM onshore WPP shows that WTGs can ramp their terminal voltage from zero

1Root Mean Square
2Transient Over-Voltage
3Slow Front Over-voltages
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��
�

Figure 3.1: Schematic of the implemented PSCAD model of the system used for this study. This
figure shows (a) the 1200 MW ±320 kV two-terminal point-to-point HVDC link with GFL
offshore VSC and islanded GFM onshore VSC, (b) the 400 MW GFM OWPP with 66 kV
cable network and modelled with partial aggregation, and (c) the 8 MW GFM WTG
represented by an average model voltage source; reproduced from [J2].

�

to 1 pu, softening the transformer inrush effects and cable charging currents and thus allowing a small
number of turbines to energise a relatively large upstream network [20]. However, it should be noted
that faster ramp-rates may lead to oscillations due to interaction between long unloaded cables and
transformer saturation due to remananent flux and thus accurate modelling of the system is essential
[27].

However, soft-start is not commonly used in practice due to practical complexities. Apart from the
increased requirement of auxiliary power while reduced voltage energization is done, low short circuit
levels due to few generators fully online means fault clearing is dependent on the backup protection in
the form of distance or under-voltage trip relays, thus requiring a change in protection settings. This
decreases the selectivity for critical faults and increases the risk of delayed fault clearance. Thus, hard-
switching is preferred traditionally in the typical restoration approach in which all critical transmission
network components like cables and transformers are connected in a step-wise manner via breakers and
energised at rated voltage. This ensures full control from a system operation point of view and the
sequential and bounded nature allows easier fault detection due to a failed component.

However, a low impedance path in the beginning of energization of transformers and long cables
results in large inrush and charging currents being drawn from the generator leading to a voltage dip
in the system. There are different ways of mitigating this issue as described in [J2], out of which the
simplest and most cost effective way is to artificially increase the impedance of the energising path
using a Pre-Insertion Resistor (PIR) and bypassing it after a certain Pre-Insertion Time (PIT) once
the transient is complete. This is also shown in Figure 3.1 where the PIR helps reduce the inrush and
charging currents of the HVDC transformer and converter cells.

The choice of PIR and PIT value depends on a tradeoff between voltage dip and peak power transient.
As shown in Figure 3.2(b), a higher PIR4 value reduces the transient active power peak due to increased
damping to the inrush and charging currents. However, the WPP terminal voltage dips are larger except
at lower PIT values. Although smaller PIT values lead to lower transient power peaks when the PIR is

4PIR value is at 155 kV, located between WPP and HVDC transformer. Typical range of PIR is 100 Ω to 300 Ω at
220 kV [28].



Chapter 3 HVDC link energization 19

inserted, the peak at bypass is higher but the voltage dip is lesser since the energy dissipated is lower
in smaller time intervals resulting in a larger voltage disturbance.
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(a) WPP RMS voltage, WPP active and reactive power output and HVDC link voltage for different voltage ramp-rates
in soft-start energization.
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(b) WPP RMS voltage, WPP active power output and active power dissipated by the PIR during the PIT interval for
different value pairs for hard-switching energization.� �

Figure 3.2: Sensitivity results showing the difference in transients during soft-start and hard-switching
energization methods; reproduced from [J2].
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In practice however, in addition to the voltage dip and peak power transient, the energy dissipated
by the PIR during the PIT interval is also important, since that determines the duty cycle, ultimately
driving its cooling needs and volume/size. Results of a simple sensitivity analysis are shown in Figure 3.3,
however for a detailed design statistical simulations are needed to cope with the worst-case scenario.
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Figure 3.3: Sensitivity results for hard-switching energization showing energy dissipated for different
value-pairs of PIR and PIT; reproduced from [J2].
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3.2 Onshore terminal
Once the offshore MMC cells are energised, it can be deblocked to control the HVDC link voltage that
is then used to pre-charge the onshore MMC cells before it can be deblocked to control the onshore
voltage, energise upstream infrastructure and pickup block load. However, unlike the straightforward
AC-side uncontrolled pre-charging of the offshore converter, the DC-side pre-charging of the onshore
converter requires an extra step. This is because only 50 % charging of the submodule capacitors is
achieved through the uncontrolled DC-side pre-charging of the entire leg, while when the converter is
deblocked only half of the total number in a leg are inserted at any time drawing large charging currents
to reach full capacity. Additionally, simultaneous discharging between switched in submodules some
of which are fully charged and some only partially, leads to circulating currents further complicating
the capacitor energy balance. Thus, controlled pre-charging sequence before deblocking the converter
is necessary to avoid an energy imbalance in the HVDC link which may lead to large transients in cell
voltages and valve currents, and a significant dip in the HVDC link voltage, as shown in [C3].

Different methods for MMC pre-charging have been proposed in literature, a brief summary of which
is given in [J2]. However, in the scope of this thesis a very simple open-loop strategy was implemented
without relying on any external resistances or complex algorithms for capacitor balancing and reference
generation. This consists of the following steps, explained in detail in [J2]:

1. Inserting the upper arm and bypassing the lower arm to fully charge all the cells in the upper
arm. The charging current is limited by bypassing the lower arm cells in small steps controlled
by a ramp instead of all at once.

2. Bypassing the upper arm and inserting the lower arm to fully charge all the cells in the lower arm
while the upper arm cells hold their charge. A ramp-controlled bypass as in the previous step is
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disadvantageous here since it will lead to discharging of inserted fully charged cells, thus undoing
step 1.

3. Blocking both the arms to hold their charge before the converter is deblocked to control the
onshore voltage.
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Figure 3.4: Transient responses with (green) and without (red) controlled DC-side pre-charging of the
onshore MMC; reproduced from [J2].
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The controlled pre-charging stage for the onshore MMC prevents the significant disturbance in the
offshore MMC cell voltage, as shown in Figure 3.4(a). This is compared with results (in red) from
[C3], where the onshore converter is deblocked during the uncontrolled DC-side pre-charging, which
results in an energy imbalance in the HVDC link leading to discharge of the offshore converter cells to
supply the rapid charging current drawn by the onshore cells. The offshore MMC tries to control this
drop in HVDC link voltage leading to oscillations/unbalance in the offshore MMC cell voltages and
valve currents, which causes transients in the output active and reactive power of the GFM OWPP and
associated significant distortion in the offshore network voltage, as seen in Figure 3.4(b). The controlled
pre-charging stage of the onshore MMC helps reduce these transients in the offshore converter and
HVDC link voltage, thus also limiting the stress on the OWPP to provide a surge of power to cater to
the offshore cells charging and maintain the offshore network voltage.

3.3 Complete sequence
Thus, the complete energization sequene from OGEP to TIP with hard-switching of the offshore network
can be summarised into the events as listed in Table 3.1. Assuming that the GFM WTGs are operating
in synchronism, the OWPP first forms the offshore grid voltage to energise the HVDC transformer and
pre-charge the offshore MMC cells using a PIR to damp the transients. A value of 120 Ω with 0.3 s PIT
is chosen to minimise the voltage dip and transient power peak, based on the discussion in Section 3.1.
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Once the offshore converter cells are charged, it can be deblocked to control the HVDC link voltage,
which is followed by a controlled pre-charging sequence as discussed in Section 3.2, for the onshore
converter cells to charge without significant transient disturbances in the HVDC link and offshore grid.
Then the onshore converter can be deblocked and operated in islanded grid forming mode to energise
the upstream network and pickup block loads to participate in power system restoration.

Stage Time Event
[s]

1 0.0 GFM WTGs are started up simultaneously.
2 1.3 OWPP begins controlling voltage and frequency at OGEP and

MB is closed to energie the offshore transformer and pre-charge the offshore MMC
through a PIR.

1.6 AB is closed to bypass the PIR after PIT of 0.3 s.
3 2.1 Offshore MMC is deblocked to control the HVDC link voltage;

HVDC link is energised
4 2.5 (a) Controlled pre-charging of onshore MMC’s upper arm cells with lower arm by-

passed.
2.8 (b) Controlled pre-charging of onshore MMC’s lower arm cells with upper arm by-

passed.
3.1 (c) Controlled pre-charging of onshore MMC finished; both arms blocked.

5 3.3 Onshore MMC is deblocked to control the onshore AC network voltage;
TIP is energised.

6 4.0 Onshore 30 MW block load is connected.

Table 3.1: The hard-switching energization sequence for the HVDC link from OGEP to TIP.

Figure 3.5 shows the results for the complete energization of a two terminal HVDC link connecting a
GFM OWPP to an onshore block load as modelled in Figure 3.1. While the onshore block loading step
is not a problem for the OWPP to deal with, the offshore voltage and frequency transients during the
previous stages are more demanding, and different GFM controls will impact the overall stability of the
offshore network. Thus, the transient behaviour of different GFM control schemes in this challenging
energization scenario has been investigated in the next chapter.

3.4 Limitations
It is important to note in the results presented above that the GFM WTGs are all started up simultane-
ously to emulate an OWPP operating as a voltage controlled island since the scope of the study focuses
on the energization from the OGEP to the onshore grid TIP. However, the controllers were tuned to
ensure equal load sharing between the WTGs for a stable operating point. The synchronization of GFM
and GFL WTGs inside the OWPP has been focused upon in Chapters 5 and 6.

Moreover, the WTG GSC is represented by an ideal voltage source as shown in Figure 3.1, which
assumes an infinite DC link behind it or ideal DC link voltage control by the RSC. In practice however,
this would be ultimately limited by the power ramp-rate of the generator, although the RSC can
extract/supply electrical power much faster. Such a coupling between the eletro-magnetic transients
and the electro-mechanical dynamics will undoubtedly result in DC link voltage transients, and thus
adjustments may be needed to enable the WTG to deal with especially the fast real power energization
demands, as shown in Figure 3.5. Potential solutions include but are not limited to supercapacitors,
integrated battery storage, temporary higher ramp-rates with turbine controller changes assuming de-
rated operation, soft-start and combinations of these.
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Figure 3.5: Complete hard-switching energization sequence from OGEP to TIP, stages of which are
given in Table 3.1. This figure shows (a) WPP instantaneous (blue) and RMS (orange)
voltage, (b) WPP frequency, (c) WPP real (blue) and reactive (orange) power output, (d)
offshore MMC sum of capacitor voltages (upper/lower arm of each phase-leg), (e) HVDC
link voltage, (f) onshore MMC sum of capacitor voltages (upper/lower arm of each phase-
leg), and (g) instantaneous (blue) and RMS (orange) onshore voltage; reproduced from
[J2].

�



24



CHAPTER4
Grid Forming Control

This chapter sheds some light on the GFM control philosophy and highlights the differences in behaviour
of an OWPP controlled with different GFM schemes during the energization transients of greenstart
sequence from OGEP to TIP, as described in the previous chapter. The contents of this chapter are
mainly based on [J1].

4.1 What’s in a name?
The concept of GFM in converter control is not new having been considered first for marine applications
in the mid 1990’s [19]. Simply speaking a GFM converter acts as a controlled AC voltage soure behind
an impendace. In principle this can be thought as somewhat similar to electronic oscillators used
for example in clock generators. GFM in the power system context has so far been researched and
established mainly in microgrid applications where it is necessary to ensure a stable system operation
already today [29]. State-of-the-art PEC-interfaced distributed generation is already required to provide
standard grid supporting features such as voltage ride through and frequency response capabilities
in inverter based microgrids. Thus smart features like plug and play, autonomy, self-awareness and
cooperativeness are already demanded from converters in microgrids [30].

Traditionally, the first generation PEC-interfaced sources connected to the grid to supply real and
reactive power. These grid feeding converters have basic survivability over a range of frequency and
voltage [18]. However, with the displacement of synchronous generation due to increased renewable
energy penetration, advanced control functionalities like low voltage ride through and fast frequency
response are being requested more and more from second generation PEC devices classified as grid
supporting units [18]. Both of these depend on a PLL to stay synchronised to the grid and so are
referred to as as grid following units. Since the assumptions valid for control and synchronization in
stronger, traditional grids may no longer hold with the massive penetration of PEC, the influence of
PLL on inverter output impedance, cross-coupling, and controller behavior can have a negative impact
on power sharing and system stability [31]. Thus, the high integration of renewables and inverter based
resources is increasing the risk of transient voltage, frequency and harmonic instability, as already
discussed in Section 1.2 and investigated in detail in [10].

As such, the next generation of converters shall be capable of more actively supporting the grid
operation under normal, alert, emergency and blackout states without having to rely on services from
synchronous generators. These grid forming units include capabilities such as creating the system
voltage, prevent adverse control interactions, counter harmonics and unbalances, and support system
survival [18]. Their proactive nature with respect to frequency, contrasting with the reactive conver-
sion process of the synchronous generator results in an overall order reduction and decoupling of the
traditional larger RoCoF and frequency nadir. Thus, the ability of these systems to remain broadly
stable at 100 % penetration and greatly reduce the severity of nadirs and frequency settling time may
outweigh the potential issues due to higher RoCoF [32, 33].

A practical example is a standby UPS, which disconnects from the grid in case of line-failure and
operates in stand-alone mode. Line-interactive UPS systems operating in parallel with virutal output
impedance control and droop-based load sharing demonstrate the grid supporting behaviour of multiple
paralleled power converters [34]. A very high level representation of the three classes is shown in
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Figure 4.1. Although experience with GFM PEC is currently limited to battery facilities in South
Australia, more participation from VSC-HVDC, solar and wind is expected in the future [18].

�� �

Figure 4.1: Working philosophy of (a) Grid feeding, (b) Grid Supporting and (c) Grid forming units.
Together (a) and (b) are reffered to as Grid following.

�

4.2 What’s really in a name?
Simply speaking a GFM converter is required to control the magnitude and frequency of its output
voltage. This is commonly achieved through a cascaded voltage–current controller, in which a faster
inner current control loop is used to limit over-currents during transients and faults which can damage
the semiconductor devices in the converter. It is well known from the field of switched-mode power
supplies and electrical drives that the controllers are implemented in the (dq) synchronous reference
frame that uses an angle generated by the synchronization block for the abc to dq transformation.

Convetionally, a PLL is used as the synchronization block in GFL units. This is a voltage-based
synchronization method as the grid voltage is measured to estimate its phase which is then used with the
vector current controller for regulating the active and reactive power exchanged with the grid. However,
enhancements are needed to ensure stability under unbalanced and distorted voltage conditions such
as voltage sag, weak grids, or off-grid operation [35]. Outer real and reactive power control loops are
used for grid feeding converters to generate the dq-axes current references, with additional voltage and
frequency based power droops for grid-supporting converters that mimic the self-regulation capability
of synchronous generators and allow communication-less power sharing [J1].

In contrast the synchronization block in a GFM unit dictates the phase of the converter voltage,
and is supposed to work as an oscillator in islanded mode and maintain synchronism in grid connected
mode. For this purpose power-based synchronization is used which apart from presenting a more stable
solution also acts as an active power controller[35]. It is inspired from the swing equation that governs
the electro-mechanical dynamics of synchronous generators and acts as a self-synchronising block since
even the simple droop scheme is intrinsically and demonstratively similar to a PLL with appropirately
tuned gains [36]. Instead of the inertial behaviour from the swing equation different implementations of
the power-based synchronization loop exist, ranging from the simplest droop control with or without low
pass filters to using PI and lead-lag controllers for enhanced electro-mechanical dynamics, independently
adjustable inertia, damping and steady-state droop, or highly non-linear behaviour during grid faults
and connection–disconnection processes [35, 37].

Finally, outer loops are required to control the reactive power flow and ensure proper sharing between
parallely operating GFM units by adjusting the voltage magnitude for which too different implemen-
tations are possible [35, 38]. In addition to the necessary loops, additional enhancements also exist
to improve the transient stability with active damping such as virtual impendance, feed-forward and
cross-coupling compensation solutions [35]. The overall GFM control structure in general is shown in
[J1].
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4.3 Transient characteristics
There exists a vast amount of literature on different GFM control strategies. Since it is impractical to
change the entire philosophy of operation and control of the entire power system, the most obvious solu-
tion is to make converters integrated into the grid behave like synchronous machines. Different methods
have been proposed for this Virtual Synchronous Machine control to emulate the inertial response with
varying degree of reduction models as reviewed in [39]. Additionally, the power-synchronization con-
trol loop has been enhanced and implemented in different ways over the simple droop scheme, leading
to a many different control schemes with a range of transient stability performance [35]. Another
synchronous machine inspired control with different implementation is the Synchronverter, a detailed
review of which is given in [40].

Morevoer, control schemes that make use of the duality between converters and synchronous machine
for robustness like the matching control have also been proposed [41]. Some recent advances in GFM
controls include the Virtual Oscillator Control that uses a sinusoidal time domain implementation and
promotes dynamic load sharing and minimal frequency/voltage deviations through synchronizatin due
to the intrinsic electrical coupling [42]. Finally, non-linear controls such as Hybrid Angle Control that
combines the advantages of the above for robustness and superior transient performance ensuring almost
global stability are being researched upon [32]. An overview of the main different kinds of GFM controls
has been given in [38].

For the purpose of this study, four main different controls were implemented in the GFM WTG
to study their responses to the HVDC link energization transients of the greenstart sequence from
OGEP to TIP, as presented in Section 3.3 from the previous chapter. These are Virtual Synchronous
Generator (VSG), Power Synchronization Control (PSC), Distributed PLL-based (dPLL) and Direct
Power Control (DPC), as described in detail in [J1]. The voltage source and frequency control behaviour
of the OWPP to the energization transients, as shown in Figure 4.2 with the aforementioned GFM
controls implemented is shown in Figures 4.3 and 4.4. While all four methods are able to deal with
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Figure 4.2: Real (solid line) and reactive (dotted line) power output of the GFM OWPP with zoomed
insets to show transients in the different stages of the energization sequence; reproduced
from [J1].
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the energization transients in a controlled manner maintaining stability of voltage and frequency at the
offshore terminal, some key insights into their transient characteristics were obtained from the study in
[J1] and are discussed below.
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Figure 4.3: Response of instantaneous WPP output phase voltage (in pu) for different GFM control
schemes implemented in OWPP energising the HVDC link; reproduced from [J1].
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The structure of VSG and PSC uses power-based synchronization that also acts as a real power
controller, and a cascaded voltage-current control loop to control the voltage magnitude using an outer
reactive power droop just reversed as that for synchronous generators. While power-based synchroniza-
tion loop enhances the stability of GFL units in weak grids, the voltage regulation with GFM units
tends to be more difficult if two voltage sources are electrically close to each other [35]. Both VSG and
PSC show an oscillatory behaviour during Stages 3 and especially 4, with a coupling between the volt-
age amplitude and frequency likely attributed to low R/X due to virtual resistance in VSG and active
damping in PSC. Additionally, from the power curves a delay in peak for VSG and PSC as compared
to DPC and dPLL can be seen which is likely due to the right half plane zero in the power-angle char-
acteristics [J1]. Although large only in some stages, VSG shows an overall oscillatory response in the
frequency curve which is attributed to the reduced damping from the control loop tuning, commented
on in Section 4.3.1. PSC on the other hand seems to benefit from the lack of decoupling feed-forward
terms in the voltage control structure showing a better damped response. Moreover, the active damping
term in its current reference generating block along with the first-order power-angle synchronization
law delivers a better transient voltage and frequency response than VSG in all stages [43]. However, it
is noted that the frequency nadir tends to be the lowest for PSC due to lack of inertial and damping
terms like in the second-order power-angle control of VSG [J1].

The control structure of dPLL also uses a cascaded voltage-current control similar to VSG but since it
was developed and implemented for GFM WTGs connected to an offshore Diode Rectifier based HVDC
link, it uses a reactive power based droop on frequency. This is opposite to the PSC and VSG power-
synchronization control law that in structure is similar to a PLL and suffers from a higher voltage and
frequency transient during non-inductive loading resulting in crosss-couplings [36]. In addition, dPLL
has a frequency control loop using an embedded PLL which adjusts the grid frequency to control the
q-axis voltage reference to 0, as is conventionally the case for GFL units irrespective of having power
or voltage-based synchronization. This provides a stiffer frequency and voltage response than PSC and
VSG, as indicated by the lower frequency nadir and smaller voltage dips during the inductive loading
stage. However, 50 Hz oscillations seem to be triggered during Stage 4 that is most likely attributed to
the reduced damping from the voltage control loop similar to VSG, as discussed in Section 4.3.1 since
the overall frequency control loop includes the q-axis voltage and current control loops [J1].

Finally, it is clear from the smallest voltage dips and highest frequency nadir that DPC maintains
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Figure 4.4: Frequency at offshore PCC2 with zoomed insets to show transients in different stages of
the energization sequence; reproduced from [J1].
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a stiff control on the voltage magnitude and frequency due to the open loop structure with limited
bandwidth feedback controls [44]. This stiff behaviour results in higher power peaks in comparison to
VSG and PSC methods that allow the voltage to dip leading to a reduced transient peak. It is noted
that this behaviour is reversed in Stage 3 most likely related to change in coupling during charging
of the long HVDC cable, thus impacting the power-based synchronization methods. The real and
reactive powers in DPC are controlled through the converter virtual flux [45] in a structure identical
to the standard dq current control of GFL units, thus DPC doesn’t suffer from the instability issues
in VSG and dPLL related to the outer voltage control loop. However, it is important to note the lack
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of a synchronization loop in the implemented structure since no retarded voltage vector positioning is
included [38]. While this was not needed in the islanded operation and simultaneous starting of all
GFM WTGs in the OWPP studied here, it has been addressed later in Chapter 5.

4.3.1 Discussion
The controls implemented for this study have been tuned as discussed in [J1]. While the inner voltage
and current control loops along with the frequency control loop (in case of dPLL) were tuned analytically,
the parameters for the outer loops were chosen heuristically ensuring that the WTGs share the load
equally in all stages of energization without any circulating powers.

Here we focus on the oscillatory response of VSG as shown in the voltage and frequency curves shown
previously due to the complexity of tuning the control loops, especially in a multi-parallel system [37].
It was found that a low bandwidth of the voltage control loop reduces the system damping and phase
margin, moving it closer to instability. Literature has shown that the proportional gain of the voltage
control loop contributes to certain eigen values close to the imaginary axis that is worsened at lower
frequencies [35]. Additionally, the decoupling terms in the voltage control structure can introduce
complexities, especially since large load swings can lead to coupling of the d and q axes depending on
the energization stage. This problem is not present for PSC which seems to show a better performance
overall, however transient instability issues may arise since the voltage-magnitude controller cannot be
decoupled from the power-angle control [46].

It is well known from small signal modelling of power-based synchronization control that the induc-
tive impedance results in a 50 Hz resonance peak, which is damped by the line resistance, thus being
a more severe issue in systems with low R/X [35]. A virtual resistance has been implemented only in
VSG to increase the damping, which PSC achives through its high pass filter in the inner current con-
trol block. However, a high resistance value introduces coupling between the real and reactive powers
resulting in complexity associated with tuning for stability of all the different oscillation modes.

Moreover, the swing equation based control with inertia and damping terms introduces a sub-
synchronous mode which requires appropriate tuning for stable operation unlike the higher transient
stability of a first-order droop control like PSC [35, 43]. However, parameters for a single unit system
may not guarantee stability for multiple units and it is to be noted that low effective frequency and
voltage droops with high inertia signifying stiffer sources are required to damp the inter-oscillations
[37, 43]. This is corroborated by the heuristically tuned parameters used for this study, especially the
high damping coefficient that results in a lower frequency droop and the 0 voltage droop. It was also
found that similar to the transient stability of synchronous generator in a weak network, an outer loop
automatic voltage regulator with a less stiff inner droop or integral control for reactive power increases
the stability at lower values of the voltage control proportional gain, thus enhancing damping and phase
margin of the system.

It is important to note that improving one oscillation mode can trigger another and there exist many
enhancements for active damping in literature to deal with these issues in power-based synchronization
control like cross feed-forward compensations and lead lag controllers, just to name a few [37]. However,
this was outside the scope of this study.



CHAPTER5
Offshore network

energization
This chapter highlights the main results from studies on energization transients of the offshore network
upto the OGEP, focusing on transformer inrush and synchronization control for parallel operation
during sequential startup. DPC GFM control has been chosen based on the results from Chapter 4. The
contents of this chapter are mainly based on [J3] and [J4], the latter currently under preparation.

The previous Chapters 3 and 4 focus on the higher level target states of the greenstart sequence,
as described in Section 2.4, namely offshore grid forming and controlled islanded operation, mainly
looking into the transient response of the GFM OWPP during energization of the HVDC transmission
link including converter transformer, submodules pre-charging and export cable connection ending
ultimately with onshore block load pickup. While the OWPP modelled with partial aggregation consists
of 50 GFM WTGs, the energization transients inside the offshore network have not been considered in
the studies before. This is because all the GFM WTGs were started up simultaneously, thus emulating
a voltage source connected to the OGEP. However, a sequential startup is more practical, involving
inrush from the WTG transformers, over-voltage related to the reactive power demand of the long
cables in the offshore network, and of course synchronization transients between the GFM WTGs.

Thus, this chapter focuses on the lower level target states of the greenstart sequence, as described in
Section 2.4, namely self-sustain mode and synchronised parallel operation of GFM WTGs. As regards
the first step of self-start, it is assumed that the WTG DC link is pre-charged using either the UPS
backup or externally if the WTG has been shutdown for longer periods. It is to be noted that the
current generation of WTGs are already capable of using the generator speed to pre-charge the DC link
and thus facilitate the self-sustaining mode. Moreover, having more than one GFM WTGs increases
redundancy but operational optimization depending on the local wind conditions would be required
to assess the availability of each unit for deciding which should act as the leading source. Since this
engineering challenge is out of the scope of this thesis, the focus of the studies in this chapter are
mainly on the transformer inrush after deblocking of the GFM GSC and synchronization of multiple
units followed by load sharing in the greenstart sequence.

5.1 Transformer inrush
During the WTG startup the inrush currents drawn by its transformer need to be limited else there is a
risk of over-current trip of the converter. This is especially important for the first WTG since subsequent
energizations are likely to be easier due to more sources connected. The most straightforward method to
limit inrush currents during Direct On-Line (DOL) energization is using a PIR, as already demonstrated
in Chapter 3. However, this requires additional circuitry and components inside the WTG. It is clear
that directly limiting the converter current in the inner current control loop leaves the converter voltage
uncontrolled, resulting in control errors in the outer loops. So an effective current limiting scheme can
be accomplished by using a virtual impedance control, commonly used in inverter based distributed
generation in microgrids, as explained in detail in [J3].

For this study a detailed switching model for the GSC and a current source model for the RSC was
used with appropriate ramp-rate limit on the reference generated by the DC link voltage controller, as
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�� �

Figure 5.1: Model of the islanded open-circuit GFM WTG used in this study consisting of average
model RSC with DC voltage control, switching model of GSC and transformer with inrush
and saturation; reproduced from [J3].
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shown in Figure 5.1 and described in [J3]. The virtual resistance has a high initial value to reduce the
peak at the start and then gradually its value decreases to 0 for a smooth transient decay. Figure 5.2(b)
shows that virtual resistance control is able to reduce the transient real and reactive power peaks
compared to the DOL and similar to the PIR case. Additionally, the associated DC link voltage drop is
lesser for virtual resistance method. This is corroborated by the significant reduction in inrush current
by the virtual resistance — both peak amplitude and settling time — similar to a PIR, as shown in
Figure 5.2(a). It is also to be noted that while both PIR and virtual resistance reduce the 3-phase AC
voltage distortion due to harmonics in the inrush current, the transient dip recovers faster for virtual
resistance control. The initial value and time constant of the virtual resistance can be tuned according
to the sensitivity analysis done in [J3]. It is clear that a higher initial value will provide more damping
and thus lower energization peaks and less severe voltage dips. Moreover, a lower time constant means
a faster decay of the virtual resistance curve which means that the circuit damping is removed quicker
and thus the transients are closer to the DOL energization base case.
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Once the WTG transformer has been energised, the next step is to deal with the energization
transients of the transformers of other WTGs in the string since their inrush results in sympathetic
interaction with the already connected transformers that can last long, especially in the worst case of
residual flux, as shown in Figure 5.3(a). It is clear from Figure 5.3 that virtual resistance helps reduce
the inrush transients during the downstream WTG transformer energizations — both in peak amplitude
and duration for both best and worst case residual flux. However, while there is a reduction in peak
amplitude of the inrush current transients from the subsequent transformer energizations, little impact
is seen in decay of the sympathetic interaction, especially for the worst case residual flux. This may
be improved by using higher virtual resistance time constant values for the downstream transformer
energizations that is easy to change since it is only a software setting.
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Figure 5.3: Comparison of transients during DOL and virtual resistance based energization of WTG
transformersin a string by a GFM GSC for best and worst case residual flux; reproduced
from [J3].

�

The virtual resistance method can also be used to reduce inrush transients during energization of
the large offshore HVDC transformer, as done using a PIR in the sequence described in Chapter 3. Fig-
ure 5.4 shows that virtual resistance is effective in limiting the inrush currents and associated transients.
However, unlike the PIR across which the main voltage drop occurs with a relatively small variation in
the WPP terminal voltage, in case of virtual resistance the voltage drop is seen at the WPP terminal
since it occurs (virtually) inside the WPP acting as a voltage source, as corroborated in Figure 5.4(b).
It is clear that protection settings would need to be changed to avoid under-voltage trip of the WPP
during energization, relying on a virtual voltage calculated using the local measurements and virtual
resistance setting.



34 Chapter 5 Offshore network energization

1.2 1.4 1.6 1.8 2.0
0.0

0.2

0.4

P/
Q W

PP
 [p

u] P
Q

1.2 1.4 1.6 1.8 2.0
Time [s]

0.0

0.5

1.0

Vrm
s  [

pu
]

WPP
PCC-2

PIR Rv

(a) Active and reactive power output of WPP and 3-
phase RMS AC voltage at WPP and offshore PCC2 ter-
minal.

1.2 1.4 1.6 1.8 2.0
1

0

1

V W
PP

 [p
u]

1.2 1.4 1.6 1.8 2.0
Time [s]

1

0

1

V W
PP

+
I W

PP
R v

 [p
u]

a b c

(b) 3-phase instantaneous AC voltage for virtual resis-
tance energization: the top signal is measured at WPP
terminal while the bottom signal is the calculated GFM
voltage at WPP terminal without the drop across vir-
tual resistance.

Figure 5.4: Comparison of transients during energization of offshore HVDC transformer using PIR
and virtual resistance; reproduced from [J3].

�

Figure 5.5: (a) Schematic of test system used for the transformer energization case study presented in
Section 5.1; reproduced from [J3]; (b) Schematic of test system used for synchronization
and sharing study presented in Section 5.2. A WTG rating of 8 MW and 66 kV inter-array
cable connection has been used.

�

5.2 Synchronised Parallel operation

Having studied the impact of inrush transients during transformer energization and how a GFM WTG
can mitigate this using virtual resistance control in the previous section based on the test system in
Figure 5.5(a), the next step is to focus on the synchronization transients of GFM WTGs in parallel
operation during sequential startup of the offshore network, as modelled in Figure 5.5(b). This is a
more realistic scenario as opposed to the assumption of simultaneous energization in Chapter 3.

The conventional GFL DPC control in its original implementation has neither any internal current
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control loop nor a PWM1 block and instead uses a switching table to select the converter switching
state. Thus, while DPC provides fast and accurate power control several enhancements have been made
over time to address its different drawbacks [47, 48]. First is the use of rotating frame PI controller and
SVM2-PWM instead of the originally used hysteresis comparator for the instantaneous power errors
that not only requires a high sampling frequency and fast microprocessors (costly at the time of its
invention around three decades ago), but also results in variable switching frequency complicating the
filter design. Secondly, the use of virtual flux estimation instead of the line voltage through sensors and
PLL for current vector orientation improves the performance during distorted conditions.

While conventional Voltage Orientation Control (VOC) based on PLL guarantees high dynamics
and static performance via the internal current control loops, it suffers from instabilities in weak grids
and distortions or when decoupling is not exact [49]. Grid Voltage Modulation has been proposed as
an alternate which improves performance due to the lack of PLL delay but doesn’t also have its benefit
of harmonic perturbation filtering. Moreover, the use of a filter for weak grid operation reintroduces
said delay [38]. Recently, Virtual Flux Orientation Control (VFOC) has been popularised where both
the grid and converter’s line filter are supposed to behave as an AC motor with a fictitious virtual
flux related to the converter phase voltage [48]. This integrator action provides line-voltage retardation
similar to a slow PLL.

Figure 5.6: GFM DPC control modified with VOC and VFOC based synchronization loop for stability
in a sequential startup scenario.

�

The DPC control adapted for GFM islanded operation in the scope of this thesis has already been
explained in [J1] and is shown in Figure 5.6. The real and reactive power is controlled by regulating the
dq components of the converter virtual flux linkage [45, 50], with the measured line voltage (feed-foward
terms) traditionally used for GFL application being replaced with the voltage reference to behave as
a voltage source. Taking inspiration from [45], a virtual phase angle is generated from the frequency
reference instead of using a PLL (in GFL mode). Additionally, a reactive power based droop has been
added to the voltage reference since it has shown to improve the steady-state performance and dynamic
behaviour during the synchronization transients and reactive power load switchings.

As highlighted in Chapter 4, the GFM DPC control implemented in the previous studies lacks any
synchronization loop or orientation control. Although this wasn’t an issue in islanded operation with
simulateneous energization before, it is essential to ensure stability in a more realistic case of sequential
startup of the GFM WTGs in the offshore network. Figure 5.5 shows the test system used for this study
where each 8 MW GFM WTG is modelled as a voltage source controlled with DPC connected to filter
and transformer impedance. Cables of two different kinds and different lengths with parameters from
real wind farm data are used, as discussed in Chapter 6. Finally, the 66 kV offshore substation busbar
is connected to the auxiliary transformer and load, also based on data from a real wind farm. The
energization sequence begins with WTG-1 starting up in master mode with its synchronization loops

1Pulse Width Modulation
2Space Vector Modulation
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disabled. This is then followed by the connection of cable sections and once voltage is available at the
HV side of downstream WTGs, they can be deblocked in slave mode with their synchronization loops
enabled. In practice, this is similar to the sequence with multiple GFM WTGs using a synchronizer
to ensure safe breaker closing. However, the scope of this work is to study the capabilities of the
control during the synchronization transients without an extra device. Thus, taking inspiration from
the previously discussed methods existing in literature for GFL DPC, two different orientation controls
viz. the PLL-based VOC and the PLL-less VFOC have been implemented here, as shown in Figure 5.6:

• VOC uses PLL to synchronise the slave WTG to the master. This is similar to a GFL WTG or
using a synchronizer that provides an offset to the voltage and frequency reference for ramping
the orientation. It is noted that the PLL can be disabled once synchronization has been achieved.

• VFOC does not use a PLL and retains the virtual phase angle used for GFM islanded operation.
Based on the definition of virtual flux as ψ =

∫
v dt [47], the line-side virtual flux is estimated

as ψf = ψc − Lfic [48]. Orientation is then achieved by advancing the original voltage vector
generated with the angle tan−1(ψf,q

ψf,d
), as shown in Figure 5.6. For the purpose of this study, a

first-order low-pass filter is used as a very simple implementation of the integration function [47],
although a pure integrator can be replaced by three cascaded first-order inertial links [51].

The two synchronization methods have been tested in the sequential startup of two WTGs, as
modelled in Figure 5.5(b). Results of the simulation study are shown in Figure 5.7. While both methods
achieve successful synchronization with transient differences, the reactive power load demand is supplied
by the master WTG till references are changed at 8 s, 10 s and 12 s resulting in the slave WTGs tracking
the reference reactive power and the master WTG supplying the remaining load. The main parameters
that affect the transients during synchronization and load sharing are the PLL bandwidth for VOC and
integrator time constant for VFOC along with the power controller gains. For this study, the VOC PLL
gains and the VFOC filter time constant have been tuned for a bandwidth of 0.5 Hz.
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Figure 5.7: Synchronization transients between two DPC GFM WTGs for no deblock delay. 66 kV
AC RMS voltage, real and reactive power outputs, and frequency of WTG are shown.
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It is to be noted that the results shown in Figure 5.7 are for the two WTGs being deblocked with
a delay that is an integral multiple of the fundamental time period. This results in no phase difference
between the voltages and the two voltage sources are already oriented, thus the transients observed
are related only to power sharing. However, by delaying the deblocking of WTG-2 with a time that is
not an integral multiple of the fundamental time period, there is a phase difference between the two
voltage sources and thus without the synchronization loop, stable operation cannot be achieved due to
large circulating powers and voltage oscillations resulting in WTG tripping, especially for large phase
angle differences. Figure 5.8 shows that both the VOC and VFOC control loops help achieve stable
synchronization successfully having been tested for different deblocking delays.
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shown.

�

5.3 A test sequence
After comparing the two synchronization control methods in the previous section, they have been tested
in a sequential energization of a string with three GFM WTGs based on the model in Figure 5.5(b)
(n = 3). WTG-1 is first started up as master (i.e. synchronization loop disabled) at 0 s followed by
connection of the cable section-1 at 1 s. Then WTG-2 is enabed at 2 s resulting in a synchronization
transient at 2.5 s when its breaker closes (0.5 s delay after deblock). The next cable section-2 is then
connected at 5 s followed similarly by WTG-3 being deblocked at 6 s and synchronising with the already
operating WTGs 1 and 2. After this the longer cable section-3 is switched in at 9 s. Since the next
step is the sharing of the reactive power demand of the energised string, the reactive power references
— same for all the WTGs — are increased at 12 s, 14 s and 16 s. Once the entire string-1 has been
energised, its breaker is closed at 18 s to form the voltage at the OSS followed by connection of the
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Figure 5.9: Transients during sequential startup of three GFM WTGs and section-wise synchroniza-
tion followed by reactive power demand sharing, auxiliary transformer and load connec-
tion, and next string energization. 66 kV 3-phase and RMS AC voltage along with real
and reactive power outputs of the WTGs are shown.
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2.5 MV A 66/0.4 kV auxiliary transformer and 0.5 MW 0.85 PF3 load after a delay of 1 s. Lastly, a
second string is connected at 25 s. The results for both VOC and VFOC synchronization controls are
shown in Figure 5.9.

It is clear that as the master unit, WTG-1 leads to meet the load demands, as indicated by the
reactive power absorption when cable sections 1, 2 and 3 are connected at 1 s, 5 s and 9 s, respectively.
The slave WTGs participate in the reactive power demand sharing when their references are changed
at 12 s, 14 s and 16 s. This is similar to GFL WTG behaviour due to the control loop implemented.
The remaining load is automatically supplied by the the master WTG-1, as shown at each step change
instant in Figure 5.9. This of course requires communication from the park-level supervisory controller
due to absence of any outer loops in the implemented DPC GFM control. The results show that stable
synchronized parallel operation of the GFM WTGs without loss of controllability of the offshore voltage
and frequency is possible during the cable section connection transients and energization of the offsore
auxiliary transformer and load.

5.4 Summary
The results shown in section Section 5.1 highlight that while the WTG transformer inrush does not
present a significant challenge during energization, virtual resistance control can help reduce the tran-
sient inrush during DOL connection. However, connection of transformers further away may lead to
a slowly decaying sympathetic inrush and a high reactive power demand. Finally, the large HVDC
transformer offshore is more demanding in terms of its inrush transient impact on the OWP, which

3Power Factor
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can be mitigated by using PIR based hard-switching or virtual resistance control and soft-start with
appropriate changes to protection settings, as already discussed in Chapter 3.

It is to be noted that the increase in lagging reactive power due to sympathetic interaction between
transformers partially compensates for the leading reactive power generated by the cables. Energising
transformers against small capacity generators in the presence of a subsea cable network may lead
to over-voltages due to the excitation of a low system resonance frequency by the transformer inrush
currents. Thus, the system must be designed to handle a wide range of resonant frequencies, especially
since damping is low during greenstart when the lines are lightly loaded and limited generation sources
are present in the system [25]. Active damping controls using harmonic specific virtual impedance loops
may be required in the GFM WTG control.

Finally, results presented in Section 5.2 corroborate that while GFM WTGs are able to synchronise
and maintain stable parallel operation to control the voltage of the offshore island, participation from
the park controller to set references for appropriate sharing is needed due to the absence of outer loops in
the implemented control. Moreover, GFM WTGs can succesfully energise the cables sequentially while
maintaining a stable voltage and frequency, as long as there is enough reactive power capacity available
in the master WTG. This means that the energization sequence must consider GFL WTGs and other
slave GFM WTGs to share the reactive power load before the next cable switching is performed, as
shown in the results above. Thus, further developments to the control are required to ensure robust
sharing and transient stability, the latter addressed in the next chapter.
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CHAPTER6
How many GFMers are

needed?
This chapter presents results of the main findings from the energization studies performed at Vattenfall
Vindkraft (Kolding, Denmark) with real wind farm data. The main interest is in the transient stability
of operating GFM and GFL WTGs together, and to investigate how many WTGs would be required to
energise the offshore network, supply auxiliary load and stably operate the offshore voltage island.

All of the studies for greenstart sequence shown in the previous chapters consider only GFM WTGs
in the OWPP. In Chapters 3 and 4 the entire OWPP is modelled solely with GFM WTGs that are
started up simultaneously to emulate a voltage source at the OGEP. The focus was on the offshore
voltage and frequency transients during energization of the HVDC link and onshore block load. Then
Chapter 5 looks into the energization and synchronization transients inside the offshore network for a
sequential startup scenario. The results conclude that GFM WTGs are able to successfully energise
the inter-array cables and deal with transformer inrush while maintaining stable voltage and frequency
control with synchronism between multiple units. However, such islanding capability and blackstart
service is required only in the case of unscheduled downtimes or grid outages. Since such events despite
their high impact are still low probability, having all units as GFM can prove to be costly to the wind
farm developers, althought the lost revenue during such operation may be compensated by the upcoming
markets for GFM stability services.

Given that the system is expected to function normally with conventional control modes most of
the time, meaning GFL WTGs connected to the GFM offshore MMC, it is of economical interest to
evaluate the greenstart and islanding capabilities of OWPPs with a mix of GFM and GFL WTGs.
Additionally, the results from Chapter 5 indicate that a sequential energization of the offshore network
would anyways be facilitated by participation from GFL WTGs to share the load demand. However,
since GFM WTGs controlling the offshore voltage represent a potentially weaker source than the offshore
HVDC converter, it is essential that transient stability of synchronization and parallel operation of GFL
WTGs in the relatively under-damped network during the energization be ensured at all stages of cable
and transformer connection.

Since the main focus of the study is the energization of the 66 kV offshore network, one (out of
four) Collector String Group (CSG) was modelled in detail, as shown in Figure 6.1(a) using pi model
for the cables and a high frequency model (including parasitic capacitances) for the transformers. The
transformer ratings are 0.69/66 kV 16 MVA for the 15 MW WTG and 0.40/66 kV 2.5 MVA for the
Offshore SubStation (OSS) auxiliary. An auxiliary load of 1 % for WTG and 0.1 % for OSS with 0.7 PF1

is assumed. Cables with two different cross-sections are used that have reactive power requirements of
0.63 MVar/km and 0.33 MVar/km resulting in total reactive power demand, as shown in Table 6.1.

String 1 2 3 4 CSG-1
MVar 10.79 6.47 7.49 9.29 34

Table 6.1: Reactive power requirements of each string and total in CSG-1.

1Power Factor; on average between WTGs and OSS
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Figure 6.1: (a) Schematic of offshore CSG consisting of 4 strings each with 6 cable sections and 6
WTGs, along with OSS auxiliary transformer and load. (b) Detailed model of GFL/GFM
WTG with the highlighted (in blue) part being used as an un-detailed version.

�

The WTG is modelled with switching models for GSC and RSC along with the permanent magnet
synchronous generator and turbine controller, as shown in Figure 6.1(b) and based on [52]. Standard
control for GFL WTG is used with RSC controlling the power extracted from the machine and GSC
controlling the DC link voltage along with the reactive power injection into the grid. For GFM WTG
the GSC controls the magnitude and frequency of the AC voltage terminal and thus RSC regulates the
DC link voltage. Droop based control with low pass filters for the measurements has been used for the
purpose of this study [53]. This is equivalent to second-order control with inertia and damping [43]. A
protection module has also been implemented.

6.1 An estimate
Based on the total real power auxiliary load in the offshore network that includes the WTGs and the
offshore substation, a single WTG would be enough for all the 4 CSGs — maximum 2 for redundancy.
However, to supply all the distributed load the entire inter-array cable network must be energised. Thus,
enough WTGs are needed to absorb the reactive power generated by the many kms of cables and control
the voltage of the offshore island. From the given wind farm layout data, the average reactive power
requirement is about 8.75 MVar per string, 35 MVar per CSG, 70 MVar for 2 CSGs grouped together
and in total 140 MVar for the total offshore network consisting of 4 CSGs or 16 strings. So assuming
15 MW rated WTGs, at least 1/string, 3/CSG or 5 for 2 CSGs would be required, i.e. a minimum of 10
and maximum of 16 WTGs to meet the entire offshore demand. Now since GFL WTGs can also provide
large reactive power capability at low loads, they can also be used to offset the reactive power demand
of the offshore network as long as enough GFM WTGs are present to control the voltage of the island
in a stable manner. This can be challenging especially at low loads during the start of energization
since the offshore network is like a converter rich weak grid due to lack of inertia, presence of active
and passive filters, high R/X and cross coupling between converters due to the control loops. Thus,
the transient stability of operating GFM WTGs with GFL WTGs during the startup sequence must be
investigated.
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6.2 LV or HV control
In practice the entire string is energised in one go by a voltage source — GFM WTG-1 in this case —
after which the transformers of the other WTGs are sequentially connected followed by their auxiliary
loads (using the un-detailed model) and then finally the OSS auxiliary transformer and load is supplied,
as shown in Figure 6.2. Figure 6.2(a) shows that for the GFM WTG controlling its LV2 side, there is
a significant over-voltage on the HV3 side reaching upto 1.2 pu due to the large reactive power being
absorbed single-handedly by the WTG-1. Although the converter currents are within limits and the
reactive power is within the WTG capability as shown in Figure 6.2(b), the transformer impedance
between the HV and LV-side leads to a substantial voltage drop. This should be avoided as it may
result in tripping of equipment.
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Figure 6.2: Transients during energization of complete string-1 by GFM WTG-1 in LV-side control
at 0.94 pu reference voltage, followed by sequential transformer switchings.
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Since an extra component on the OSS like shunt reactor for compensation is costly, other WTGs
must be used to share the reactive power demand and help limit the over-voltage. Alternatively, a
lower voltage energization can help reduce the reactive currents and thus limit the over-voltage on the
HV-side. Finally, it is clear that the transformer inrush does not cause any severe transient issues with
the farthest one being most demanding due to sympathetic interaction with those already connected.
However, the WTG is able to deal with the transients safely.

Figure 6.3 shows that energization with WTG controlling the HV-side results in lower steady-state
power flows and reduced transients in the DC link voltage and real/reactive power peaks associated with
transformer inrush, as compared to previously when the transformer was energised with over-voltage.
This is because the WTG now adjusts accordingly its LV-side voltage depending on the drop due to the
absorbed reactive power, and since the transformer impedance is included in the source, this method
emulates a stiffer behaviour. It is to be noted that the LV-side voltage drops to about 0.8 pu which may

2Low Voltage
3High Voltage
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trigger the under-voltage protection and thus settings must be adjusted in the start of the energization
sequence or more WTGs must first be connected before switching in the long cables so as to share the
total reactive power demand. The latter is preferred since it also allows a higher fault level due to more
sources being online.
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Figure 6.3: Transients during energization of complete string-1 by GFM WTG-1 in HV-side control
at 0.94 pu reference voltage, followed by sequential transformer switchings.
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6.3 Transient stability
Once the string and other WTG transformers are energised, a GFL or GFM WTG can be connected
to to help offset the reactive power demand and thus allow better voltage regulation. Moreover, the
GFM WTG can be relieved of its reactive power load to be made ready for the energization of the next
string in the CSG. However, since the offshore network with a single GFM WTG represents a relatively
weak grid, the transient stability of PLL-connected GFL WTGs in such a scenario can prove to be a
challenge.

Figure 6.4(a) shows that while the GFL WTG can synchronise to the GFM WTG after it has
energised the entire cable, there are some oscillations observed when the GFL GSC is deblocked to
control the DC link voltage around 6.3 s. However, this disappears when the GFL WTG starts producing
power and is able to share the OSS auxiliary transformer and load energization with the GFM WTG
at 10 s. Lastly, increasing the reference reactive power (Qref) at 15 s of the GFL WTG allows the GFM
WTG to reduce its load and be ready for the next string’s energization. However, higher |Qref | seems
to lead to a lower damping of the oscillation and finally instability when GFL WTG is consuming
−1.5 MVar out of the total 10 MVar demand, as shown in Figure 6.4(b).While the main cause for this
has been investigated and discussed in Section 6.5, PLL tuning seems to have an impact on the transient
stability of reactive power sharing. Figure 6.4(b) shows that increasing the integral gain of the PLL
worsens the oscillatory response due to an decrease in damping and effectively the phase margin. On
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the other hand, decreasing the proportional gain leads to a lower bandwidth thus increasing the settling
time but improving steady-state filtering [54]. Additionally, changing the loop filter of the PLL also
impacts the transient stability, as indicated by the curve corresponding to 102 (proportional gain of 10
but with a different filter) in the lowest plot of Figure 6.4(b).

These transient instability issues can be attributed to the well known problems of the basic (un-
enhanced) PLL structure in weak grid operation [31, 55]:

• Higher injection current, larger grid impedance and bigger reactive components increase the self-
synchronization effect which is a positive feedback disturbance that pushes the PLL output away
from its steady-state grid input phase.

• Instabilities can also arise due to interactions between PLL and grid impedance with larger gains
leading to a negative resistance at the inverter output and decreasing passivity-based stability.
Moreover, since only the q-axis voltage is used a PLL generates assymetry and cross-couplings in
the impendace matrix.

• Finally, since the filter and droop based GFM scheme as implemented here is intrinsically a
PLL [36], cross-synchronization loops can make PLLs interact with each other through system
impedance leading to cross-coupling related instabilities.

A single GFM WTG in parallel to a GFL WTG can be compared analogously with a PLL synchronised
grid connected converter and thus the transient stability outcomes from such a system can directly be
used to understand the results presented above [55].
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6.4 Increasing the margin

Based on the above initial sensitivity check, the PLL gains were chosen for sufficient damping of the
oscillation and to further corroborate the analysis above impact of the cable length and number of GFM
sources on the instability mode is discussed here. Figure 6.5 shows that the length of the energised
cable before GFL WTG is connected plays a role in the oscillation damping due to issues with PLL
as discussed above. Figure 6.5(a) shows that if the string is 50 % shorter the oscillation at GFL WTG
GSC deblocking is well damped and based on Figure 6.5(b), it is clear that the stability margin is also
higher for when a step change in Qref of the GFL WTG occurs. The sequence of energization is the
same as shown in Figure 6.4(a) except that the length of the string being energised is halved.
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Moreover, energising the full string with two GFM WTGs instead of one provides a stronger voltage
source for the GFL WTG to synchronise to, as shown in Figure 6.6(a) where the oscillations during
GFL GSC deblocking no longer appear anymore along with the system maintaining stable synchronised
parallel operation when Qref of the GFL WTG is increased to −1.5 MVar, unlike the case before with
only a single GFM WTG. Paralleling two voltage sources reduces the effective grid impedance and thus
improves the stability of operation of PLL, as already discussed in the previous section. Thus, it is clear
that having more GFM WTGs does improve the transient stability margin since the system remains
stable even for Qref = −3.0 MVar. However, for a higher reactive power share of the GFL WTG the
damping is still insufficient resulting in instability, as shown in Figure 6.6(b).

6.5 And the culprit is...
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Figure 6.7: Impact of kPθ on transient stability during synchronization (around 6 s) and Qref change
(at 15 s and 20 s) of GFL WTG, in full string energization sequence by a GFM WTG. AC
RMS voltage at 66 kV level along with real and reactive power outputs of GFM and GFL
WTGs, and at OSS busbar are shown here.
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While the droop value and filter time constant — especially the reactive power and voltage droop4

are critical [43, 46] — to ensure stable operation without any inter-oscillations in a multi-unit paralleled
GFM system as discussed in Section 4.3.1 [37], the proportional feed gain kPθ used in the power-based
synchronization to provide active damping and ensure stable parallel operation of GFM WTGs [53] has
been found to be the main contributor to the low-frequency instability mode. Figure 6.7(a) shows that
decreasing the value to 5 helps ensure stable operation even when Qref is changed to −2.0 MVar for the
full length of string being energised, indicating a higher transient stability margin than for the previously
used value of 10 where instability occurs already at −1.5 MVar, as seen in Figure 6.4(b). Figure 6.7(b)
corroborates further that removing this feed-forward loop completely eliminates the instability and the

4a higher value was found to worsen the oscillations
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system remains stable even for a higher reactive power share of the GFL WTG (Qref = −5.0 MVar)
that previously was not achievable even with two GFM WTGs, as shown in Figure 6.6(b).

It is to be noted that although the oscillation mode is not present anymore at WTG GSC deblocking,
the transient voltage dip and power peaks are larger for a smaller value of kPθ with the worst case being
kPθ = 0, as shown in Figure 6.7. This behaviour can be explained by understanding the proportional
feed gain as a droop on the voltage phase angle based on real power exchange, thus resulting in a less
stiff source and hence more sensitivity to the PLL gains and reactive power currents of the GFL WTG,
as discussed in Section 6.3. Thus, an adaptive gain scheduling for kPθ can be adopted to avoid these
issues to ensure stable power sharing between the GFL and GFM WTGs and a reduced transient during
the GFL WTG synchronization. Note that the latter depends on the actual pre-charging sequence in a
real WTG, which in practice could be avoided by using a PIR or soft-start method.

6.6 How many really?
The above findings can be applied to the energization sequence of the offshore network. Results for
CSG-1 are shown in Figure 6.8 with different values of kPθ. As estimated in Section 6.1, a minimum
of 3 WTGs is required per CSG for the given wind farm data. These must be placed closest to the
OSS for maximising their availability in case of cable outage and since longer cables can cause transient
instability issues, the 3 GFM WTGs are placed on string-2 in this particular case. Once WTG-1 has
started up and energised the full string, WTG-2 and WTG-3 are connected and synchronised for sharing
the load demand. Finally, the remaining strings 3, 4 and 1 are connected in order of increasing length
or reactive power demand since higher reactive power jumps can trigger instability, as highlighted in
Section 6.4.

Contrary to the conclusions from Section 6.5 on the synchronization and parallel operation of GFL
WTG with GFM WTG, kPθ = 0 leads to large under-damped oscillations between the parallel GFM
WTGs, as seen in Figure 6.8(a). This instability leads to Loss of Synchronism (LOS) followed by
over-current trip of the WTGs one after the other. On the other hand, Figure 6.8(b) shows that while
a higher gain value kPθ = 10 provides active damping and enhances the synchronization transient
ensuring stable parallel operation of the GFM WTGs during connection of string-3 at 22 s, oscillations
are triggered when string-4 is energised at 24 s resulting in LoS and ultimately tripping of all the
WTGs. The proportional feed gain should thus be tuned carefully as noted in [53] due to the sensitivity
of second-order power-based synchronization GFM controls in a multi-unit system, as discussed in
Section 4.3.1 [35, 37]. A mid-range value of kPθ = 5 allows stable synchronised parallel operation
even during energization of string-4, however the system looses synchronism at 28 s when string-1 is
connected, as shown in Figure 6.8(c). Finally, Figure 6.8(d) corroborates that a lower value of kPθ = 2
keeps the GFM WTGs synchronised and ensures stable load sharing and no WTG trips for the entire
energization sequence including the final string-1. However the synchronization transients when WTGs
2 and 3 are connected to WTG-1 at 8 s and 16 s, respectively are less damped for lower values of kPθ.

Thus, a tradeoff is needed to tune the proportional feed gain depending on the energization sequence
that may be complicated if a mix of GFL and GFM WTGs are to be used to save cost. While higher
values of kPθ lead to better damped sychronization transients, the transient stability margin is reduced,
especially for energizations of long cables and for larger sharing proportion of GFL WTGs.

6.7 Summary
The studies performed in this chapter provide some key learnings in designing an energization sequence
while ensuring transient stability. While it doesn’t matter that a string be energised fully altogether
or in parts, enough WTGs must be connected to offset the total reactive power demand. As such, it
is beneficial to have as many GFM WTGs online before the long cable network is energised since this
also leads to higher fault levels for protection. Moreover, shorter strings must be connected first when
lesser WTGs are available and the WTG closest to OSS connected with the shortest section should be
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Figure 6.8: Impact of kPθ on transient stability during energization sequence of CSG-1 by 3 GFM
WTGs on string-2: startup and energization of string-2 by WTG-1 at 2 s followed by
synchronization of WTG-2 at 8 s and WTG-3 at 16 s, ending with energization of remaining
strings 3, 4 and 1 at 22 s, 24 s and 28 s, respectively. AC RMS voltage at 66 kV level along
with the real and reactive power outputs of GFM WTGs, and at OSS busbar are shown
here in addition to the WTG Trip signals.
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the preferred choice for the leading (master) source. Lastly, GFM WTGs must be closest to the OSS
to have better availability in case of cable outage. Thus, contrary to the case considered here with
three GFM WTGs on string-2, it would be preferable to place one GFM WTG at the first section of
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each of the strings 2, 3 and 4. This however results in a different sequence with all three GFM WTGs
being synchronised first by energising only the first cable sections of the three strings, after which the
remaining part of strings 2, 3 and 4 and the entire string-1 are connected. It is noted that such a
sequence requires the operation of at least the first cable section breakers. Since results for this study
were similar to those presented in this chapter, they have not been included.

Now while the auxiliary load and reactive power demand can provide an initial estimate of the
minimum number of WTGs required, ensuring transient stability of operation of GFM and GFL WTGs
during the energization sequence may be a challenge. As already highlighted in Sections 6.5 and 6.6,
instabilities can be highly sensitive to certain control parameters especially since damping is low in the
early stages of energization due to less generation and load connected. Thus, accurate modelling is
required to assess the stability and tune the paarmeters appropriately for all possible scenarios.

Some recent tests and simulation studies for onshore wind farms show that specifically designed
parameterization can result in a ratio as high as 20 GFL WTGs per GFM WTG, although it is noted
that the combination is robust only when subjected to small load steps [20]. Standard configurations
indicate a ratio of 3:1 as safer, however this depends on the exact layout and size of the wind farm.
Moreover, offshore plants tend to be larger in capacity with longer and higher cross-section of inter-array
cables than onshore farms and thus can lead to more demanding transients for the GFM WTGs. For
example, at least 3 WTGs are required to energise 1 CSG in this specific case study for an offshore park
as estimated in Section 6.1, while only 1 was needed for the entire onshore wind farm in [20].

This is further complicated by the dynamically changing network configuration during the initial
stages of energization and thus to ensure transient stability in all scenarios with GFL WTGs in the mix,
eigen value analysis using small signal models would first be required to provide better insight into the
participation factors of the different control loops and help tune the gains optimally to be tested in all
possible cases, especially during large signal changes. Only then a cost-optimal case-specific number of
GFM and GFL WTGs can be decided.



CHAPTER7
Outlook

7.1 Conclusions
This thesis investigates the different aspects related to blackstart and islanding capabilities of HVDC-
connected offshore wind power plants that are deemed as necessary for wind energy to be a cornerstone
of the electricity supply in future power systems without having to rely on services from synchronous
generation.

Grid forming control of converter interfaced renewable generation has been highlighted as one of the
key technological changes required to ensure system stability and robust operation for maintaining a
resilient supply of power. It is foreseen that such modifications will enable the next generation of offshore
wind power plants to actively participate in network restoration, especially in the early stages through
blackstart services and voltage propogation. While there are obvious techno-economic challenges to
achieve this reality, necessary steps are already being taken by grid operators around the world to
provide a market for such services that will help faciliate the development of the required technology for
a faster uptake of the responsibilities conventionally targeted to large thermal power plants by renewable
sources. Moreover, it is essential to the reliability and security of the future carbon-neutral grid that
alternate non-traditional sources like renewables and distributed generation be included in the power
system restoration strategy since maintaining the status-quo is not an option anymore.

However, apart from the potential value to system operators by contributing to system stability
and to grid recovery through blackstart, grid forming offshore wind turbines are expected to provide
benefit to developers through their self-sustaining islanding capabilities. This can help minimise the
dependence on diesel generators for houseload operation during grid outage or cable failures, thus
keeping the turbines and converter station warm to energise the offshore network including cables
and transformers and supply the distributed auxiliary loads throughout. Such a greenstart sequence
though, presents a range of technical challenges due to the offshore grid being converter dominated and
low in inertia with a large resonance-rich network of cables, transformers and filters, complicated by
the complex control interactions between the online converter units. This requires modifications to the
wind turbine control, which come at a cost but can help unlock their potential in playing a more active
role in providing ancillary services and making the wind farm more self-reliant.

In the first stage of the studies performed, the energization transients of the HVDC link and their
impact on the control of the voltage and frequency by the offshore wind power plant was investigated,
assuming synchronised parallel operation between the offshore wind turbines. This focused primarily on
the inrush due to the large transformer in the offshore substation and the pre-charging of the converter
submodules in the VSC-HVDC link. The most common method to reduce the inrush related transients
is by using a pre-insertion resistor for increasing the system damping, and a tradeoff between the peak
power surge and voltage dip is required to choose the optimal values of the resistance and bypass time.
Moreover, energy dissipation constraints need to be taken into consideration for appropriate sizing in
relation to the offshore substation design. Another approach, although less popular in practice is to
soft-start the network by slowly ramping up the offshore voltage using the grid forming wind turbines
keeping all the components connected from the start. While this shows significant reduction of the
inrush transients and thus lesser stress on the turbine controls, protection settings must be re-adjusted
for safe implementation of such an energization sequence due to low fault levels. Grid forming offshore
wind power plants are able to deal with the energization transients without significant loss of voltage and
frequency controllability offshore, however the ramp-rate limitations of the generator due to mechanical
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constraints may need support from additional storage to deal with the fast energization transients.
Obviously, the transient response of the offshore wind power plant’s voltage and frequency control

to the demanding transients during HVDC link energization depend on the actual control implemented.
As such, a review of grid forming control in literature was done to understand the existing vast variety
of control schemes, especially researched upon in the recent years in microgrid applications. Four of the
main different types were chosen in their simplest forms to be adopted in the wind turbine converter
control. However, the much larger number of assets and higher power and voltage levels makes it
relatively not straightforward to implement the control strategies to the case of large wind turbines
in a large offshore network. While tuning of a single grid forming unit is relatively simple, this set
of parameters may not always ensure stable operation of a many such sources operating in parallel.
This has been found challenging for some control schemes, especially the Virtual Synchronous Machine
based in particular. Moreover, sensitivity of unstable modes to certain parameters was observed during
the tuning process and thus small signal models for appropriate stability analysis would be needed,
especially for a large number of grid forming wind turbines operating in parallel.

Despite the transient differences between the different control schemes implemented, all of them
allow the grid forming wind power plant to control the voltage and frequency offshore in the face of
the demanding energization transients. Based on this comparison, Direct Power Control based strategy
was selected due to its stiff behaviour and investigated further in detail to study the transients inside
the offshore network, focusing on turbine transformer and synchronization of sequentially connecting
wind turbines. Since it is essential to limit the converter currents, a virtual resistance loop was imple-
mented, which effectively reduces the inrush related transients during direct on-line energization of the
transformers by increasing damping transiently similar to a pre-insertion resistor. However, its impact
in decaying the sympathetic interaction between energising transformers was found to be limited, espe-
cially in the worst case of residual flux. This can be easily enhanced though since the virtual impedance
loop is only a software setting.

In the next stage of studies, orientation control based on line voltage and calculated virtual flux was
added to the grid forming control scheme to ensure stable synchronization without an external device
like synchronizer. This allows the grid forming wind turbines to maintain synchronism during the more
realistic sequential startup of the offshore network and then participate in sharing of the reactive power
demand of the cables and real power demand of the auxiliary loads. Finally, detailed models were
also used with real wind farm data to investigate the minimum number of grid forming wind turbines
required to energise the offshore network, supply auxiliary loads and operate the offshore island while
maintaining stable parallel operation with traditional grid following wind turbines in the mix. Although
the offshore load can be easily met by using grid forming units, ensuring transient stability during the
initial stages of energization, especially during large load steps like the connection of long cables and
uptake of reactive power demand by the grid following units for sharing can be a challenge depending on
the implemented control scheme. This has highlighted sensitivities of the instability to certain specific
control parameters and thus optimised parameterization is further required to assess the large signal
stability of operating a mix of grid forming and grid following units in parallel, while maintaining
synchronism in each network configuration change during energization of the offshore network and load
sharing.

To conclude, we find that from a controllability point of view modifying conventional grid following
wind turbines to behave as grid forming units is not a major challenge, courtesy of their power electron-
ics converter interface, which already allows them to provide advanced grid-supporting functionalities
today. These are expected to grow with the upcoming grid codes since an active participation from
renewables and inverter based resources is essential to ensure grid stability and robust operation in the
future power system when conventional synchronous generation has been phased out. The changing
paradigm is pushing the grid to its limits, resulting in larger voltage and frequency excursions due to
network disturbances that can trigger blackouts, especially in areas of high renewable penetration. This
necessitates the use of alternate sources in the power system restoration strategy with large offshore
wind power plants deemed suitable candidates. Grid forming control of wind turbines is indeed essential
to facilitate their role as early stage blackstart units and this thesis shows that they can support the
initial stages of block load pickup without significant challenges. However, dependence on the fluctuat-
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ing nature of wind requires forecast-based capability assessment and coordination with other energising
sources available to execute the fastest possible cost-effective environment-friendly plan for restoring
the supply, thus minimising the impact of a blackout event. Anyhow the complex nature of power
system restoration demands the highest levels of optimization even now and smartness of converter
based resources will not impede but only facilitate this process, as demonstrated in microgrid applica-
tions. Moreover, inclusion of such services in the grid codes is opening up new markets for developers
to optimise operational costs and consider hybrid solutions for increased flexibility where the mechan-
ical limitations of wind for example can be compensated with co-located solar and battery. Thus, the
recognition of the potential of aggregated units as blackstart service providers is an encouraging step
to further the development and integration of the next generation wind turbines with grid forming
capabilities.

While a dialogue between system operators, developers and manufacturers to make wind power one
of the key players in maintaining the stability and security of the future power system is already gaining
momentum, there are many obstacles to overcome before this can be a reality. However, setting aside
the scope of onshore services, this thesis highlights that grid forming wind turbines can also succesfully
energise the offshore network dealing with the transients and ensuring stable islanded operation with
complete control over the voltage and frequency. This is an essential intermediate step before the
offshore wind farm can be considered ready to deliver any restoration service to the main grid and
thus has been termed as greenstart. Such a capability makes the wind farm more self-reliant that
can potentially provide operational cost benefits while also contributing to the green footprint over
the project’s lifetime, especially during grid outages. Having said that, challenges related to transient
stability do exist since the offshore network is a converter-dominated resonance-rich network unlike
the strong onshore grid with high inertia. Nevertheless, many enhancements have been made and
are ongoing for overcoming these problems taking inspiration from microgrid applications, and so wind
farms in the coming years are foreseen to comprise of both grid forming and grid following wind turbines.
This of course depends on the specific functional requirements of the project and the business case
for it whether it be steered by onshore stability and blackstart services and/or offshore energization
and islanding capabilities. Thus, grid codes as always have an important role to play in imposing
requirements and creating new markets for facilitating the development and integration of the next
generation of power plants with grid forming provisions, that will help meet the climate goals while
ensuring high reliability and resilience of electricity supply with the most cost-effective and efficient
usage of grid infrastructure.

7.2 Recommendations
There is significant potential in green and blackstart-ing offshore wind power plants but still many
challenges need to be overcome to increase the technology readiness level. Based on the work in this
thesis, some of the suggested areas for future research are highlighted below.

Control interactions between the different control loops of the converter rich offshore network makes
it complicated to tune the parameters and ensure stability and robustness of operation in all scenarios
especially with changing network configuration during large load changes, WTG connection/disconnec-
tion and energization sequence involving long cable switchings. Thus, eigen value based analysis is
essential for an optimised parameterization of GFM and GFL WTGs to ensure synchronised parallel
operation in different stages of energization. This also impacts the choice of GFM control strategy
and how many such WTGs are needed for a given purpose such as offshore network energization and
controlled islanding, while catering to the grid code requirements in normal operation that may prefer
a different scheme.

Harmonic stability is also critical to assess in such a converter dominated environment since the
combination of transformers, filters and long HV cables provides a very resonance-rich spectrucm of
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transients, complicated by the various configurations of cables and WTGs in service. These resonances
are prone to be excited by the injection of harmonics generated by the WTG converters and thus
sufficient damping must be designed for to handle a wide range of resonant frequencies. The lack
of online generation and low loading in the early stages of energization can lead to sharp resonant
points even at high frequencies which can be triggered by slight changes in the grid configuration.
Such sustained low damped over-voltages can result in accelerated ageing, insulation degradation and
component failure due to dielectric and thermal stress on the equipment [25].

Moreover, GFM controls can lead to new interactions due to the changing output impendance of
the WTG resulting in a different power ripple spectra than traditional GFL WTGs. Additionally, the
coupling between the machine and grid side due to the prime-mover (wind in this case) being required
to follow the load in GFM control can lead to higher levels of vibrations at frequencies close to natural
resonant modes of the generator, rotor and tower [21]. This may have a measurable impact on the
turbine lifetime in the long run.

Fault performance of GFM controlled WTGs is also essential to study in the case of blackstart and
islanding operation of the offshore network. The lack of fault current especially when only few sources
are online in the start means that the normal over-current protection may not be able to pickup several
fault scenarios and so a safe operation would rely on voltage protection schemes. Some studies have
shown GFM WTGs to show marginally worse behaviour than conventional GFL WTGs due to the
power ripple related oscillations during fault recovery [21, 22]. Thus, composite testing with impact on
the mechanics and turbine controller in the face of fluctuating wind conditions is also needed for robust
operation.
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Generic assumptions
Apart from the detailed study-specific assumptions used in the modelling which can be seen in the
respective publications, the more general assumptions used in this thesis work and publications are
described below.

Wind speed variation and its impact on the DC link control is not considered since the electro-
magnetic transients during energization have a much smaller time constant than the timescales of wind
speed variation. Additionally, large OWPPs are spread across huge areas across that smoothens out
the fluctuations.

De-rated operation is required for islanded operation of GFM WTG supplying only auxiliary loads
and energization requirements. Thus it is important to note that this lost revenue would be compensated
in the future by upcoming GFM service markets [19].

Mechanical impact of GFM operation on the turbine (pitch) control, especially in de-rated islanded
mode is out of the scope of this study since the mechanical time constants are much higher than the
electrical. However, it is important to mention that changes in the turbine controller are needed and a
detailed study of the rotor-side loading is required to investigate the additional costs of GFM mode of
operation of WTG [24].
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Abstract. Large-scale integration of renewable energy sources with power-electronic converters is pushing the power system

closer to its dynamic stability limit. This has increased the risk of wide-area blackouts. Thus, the changing generation profile in

the power system necessitates the use of alternate sources of energy such as wind power plants, to provide blackstart services

in the future. However, this requires grid-forming and not the traditionally prevalent grid-following wind turbines. This paper

introduces the general working principle of grid-forming control and examines four of such control schemes. To compare their5

performance, a simulation study has been carried out for the different stages of energization of onshore load by an HVDC-

connected wind power plant. Their transient behaviour during transformer inrush, converter pre-charging and de-blocking, and

onshore block-load pickup, has been compared and analysed qualitatively to highlight the advantages and disadvantages of

each control strategy.

Nomenclature10

dPLL Distributed PLL-based Control

DPC Direct Power Control

DRU Diode Rectifier Unit

GFL Grid Following Control

GFM Grid Forming Control

GSC Grid Side Converter

(O)WPP (Offshore) Wind Power Plant

PCC Point of Common Coupling

PEC Power Electronic Converter

PIR Pre Insertion Resistor

PIT Pre Insertion Time

PLL Phase Locked Loop

PSC Power Synchronization Control
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VSC Voltage Source Converter

VSG Virtual Synchronous Generator Control

WT Wind Turbine

1 Introduction

Environmental problems like global warming, coupled with increasing fuel prices and the global drive towards sustainable

development with energy security, has accelerated the integration of renewable energy sources into power systems all around

the world. Many countries have set out several energy strategies for a more secure, sustainable and low-carbon economy like15

the European Union’s (EU) 2018 (RED II) directive on the promotion of the use of energy from renewable sources that sets

an overall goal across the EU for a 32% share of renewables in the total energy consumption by 2030. Among the different

renewable energy sources, wind energy has seen a rapid growth in the installed capacity worldwide, from about 6.1 GW in

1996 to about 591.5 GW in 2018 (Tavner, 2012), showing huge promise as one of the major electricity sources in the future.

High volume integration of renewable energy into the power system makes it harder to maintain reliability and stability20

of power supply in the grid due to introduction of variable power flows and thus complicating grid operation (De Boeck

et al., 2016). Moreover, the decrease in reactive power reserve due to replacement of conventional synchronous generation

destabilizes the long-distance transmission corridors between load-centres and large-scale renewable energy systems—such

as offshore wind power plants (OWPP)—during system contingencies (Sarkar et al., 2018). Additionally, inertial decoupling

from the grid by the power electronic converter (PEC) interface results in decreased transient stability, increasing the risk of25

wide-area blackouts, especially in strongly linked networks (De Boeck et al., 2016). For example, as per Australian Energy

Market Operator, the failure of WPP owners to comply with performance requirements to ride through major disruptions and

disturbances led to blackout of the South Australia system in 2017, affecting about 850,000 people and causing large scale

disruption to their livelihood and the economy. Another very recent case is the unexpected reduction of 737 MW from Hornsea

1 OWPP in the UK, that is cited to be one of the main causes of the system failure in August 2019, affecting about 1 million30

customers and causing travel chaos in and around London, according to the technical report by National Grid (2019a).

1.1 The changing paradigm

Traditionally blackstart service has been provided mainly by coal or gas-fired generators and pumped-hydro storage due to

their capability to meet all the technical requirements (Elia, 2018; National Grid, 2019b). However, due to the societal decar-

bonisation aims, rising fuel costs coupled with ageing assets and decreasing load factors, large conventional generation plants35

are being phased out in favour of renewables and non-traditional technologies which increases the cost of warming-up large

generators, and consequently of blackstart services (National Grid, 2019b). Since maintaining the status quo for blackstart and

restoration is not an option, considerable changes are required to facilitate the participation of alternate sources like renew-
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able energy and non-traditional technologies in the blackstart-market given the modern evolving energy landscape. Elia and

National Grid for example, have recently confirmed that there is a potential to open up the delivery of blackstart-service to40

interconnectors, sites with trip to houseload operation and aggregated units including variable generation (like wind, solar),

especially with support from energy storage systems.

Blackstart and islanding operation requirements have been included as options for WPPs in the ENTSO-E network codes,

where the relevant system operator is allowed to request these functions to support grid-recovery (Göksu et al., 2017). Driven by

grid codes, state-of-the-art wind turbines (WT) are already capable of providing some services that are a part of the restoration45

process—e.g. Fast Frequency Response and Low Voltage Ride Through (LVRT)—and are expected to deliver more advanced

requirements like Inertia Emulation, Power Oscillation Damping and Reactive Current Injection, which are increasingly being

demanded by grid-codes (Jain et al., 2019). This is possible due to the advanced functionalities of the full-scale PEC interface

of modern WTs, as mentioned in Chen et al. (2009). Seca et al. (2013) show that WTs owing to their fast start-up times, can

be included earlier in the restoration process to provide reactive-power support and pickup load, thus decreasing the impact50

of a blackout event by reducing the restoration time and unserved load. However, connection of the currently prevalent grid-

following (GFL) WTs in the beginning of the restoration procedure can cause a recurrence of blackout as the grid is generally

not stable enough (El-Zonkoly, 2015). The early participation of WPPs in successful bottom-up network energization can be

facilitated instead by grid-forming (GFM) control of WTs, allowing them to operate together as an AC voltage source without

relying on an external grid, and supply load in a power island.55

GFM control of converters to integrate renewables at the distribution level, has been extensively researched upon for mi-

crogrids. However, only recently has it begun being applied to high-power applications. To the authors’ knowledge, there are

not enough in-depth studies addressing blackstart energization by high-power GFM renewable sources, connected at the trans-

mission level. Since even at the distribution level, it is only recently—due to risks of uncontrolled islanding—that research

has been conducted on microgrid islanding capabilities provided by GFM converters, for defence against blackouts in future60

power systems (Rocabert et al., 2012). Moreover, most existing microgrids are AC-systems, with DC-systems only now gain-

ing momentum as they allow higher operational and control flexibility of the microgrid, enhancing its role in maintaining the

reliability of future power grids (Arbab-Zavar et al., 2019).

1.2 Contribution

This study investigates the blackstart capability of a GFM OWPP, connected via HVDC—a challenging scenario due to not65

only faster energization transients but also more active components—and controlled with different grid-forming schemes, to

compare their transient behaviour in such a challenging blackstart setup. The aim is to characterize the different techniques

and compare their capability to deal with the energization transients in a controlled manner while maintaining stable voltage

and frequency at the offshore terminal. There exist only a handful of such studies—on blackstart by HVDC/HVAC-connected

GFM OWPPs—however, they choose one GFM method and focus on different aspects of the restoration process. In general,70

this paper aims at covering the lack of literature comparing the different grid-forming control strategies—typically developed

for general purposes and driven by microgrid research-—in a specific and demanding task as wind power plant providing
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blackstart services. While non-exhaustive, we think that this comparison can help direct future research in this area. To the

authors’ knowledge, such a study has not been done before.

In the next section of the paper, state-of-the-art on the role of wind energy in power system restoration has been reviewed.75

This is followed by an explanation of the general working principle of GFM control, along with a conceptual comparison of the

four different control strategies considered for this study—on the energization of onshore load by an HVDC-connected GFM

OWPP. Then the PSCAD model of the point-to-point HVDC-connected OWPP is described along with the different stages

in the simulation of the energization sequence. Finally the transient behaviour of the different control techniques during the

various stages of energization are presented and discussed.80

2 Wind energy for blackstart - Literature review

Large OWPPs can provide fast and fully-controlled, high-power, emission-free green blackstart services but there exists a

gap between the present grid-code blackstart-requirements and current WT blackstart-capabilities as identified by Jain et al.

(2019). Technological changes are neeeded to make WTs blackstart-ready/able and the technical challenges associated with

the different stages of energization of an HVDC-connected OWPP, along with control techniques to mitigate those issues have85

been discussed by Jain et al. (2018). A recent report by National Grid (2019b) also summarises the technological capability of

non-traditional technologies like renewables and distributed energy sources to provide blackstart and restoration services. In

the following, literature studies on WPPs—with different topologies—participating in power system restoration are presented,

highlighting the associated research gaps.

2.1 WPP + Voltage source Hybrid90

Traditional GFL WTs can be used with an external power supply (eg. diesel generator or energy storage) and a Synchronous

Var Generator (SVG) or STATCOM, combining services into a joint/hybrid blackstart unit to facilitate WT participation in

blackstart procedure as proposed in Aktarujjaman et al. (2006). The external supply provides startup power and sets the ref-

erence voltage and frequency for the isolated system, the SVG/STATCOM supports the Var requirement of the cables and

transformers and stabilizes the voltage, after which the WTs connect to meet the load power demand. Zhu et al. (2018) shows95

that earlier participation of WTs in the restoration procedure is feasible as GFM control allows blackstart and stand-alone

island operation with better inherent synchronous-machine like inertial response during a transient, that can help absorb the

initial impact of energization and ensure smooth load pickup, thus mitigating large voltage/frequency excursions that might

occur during restoration. However, only the transients during load pickup and resynchronization to the grid have been studied,

while energization of collector lines, export cables and transformers, that present more challenges to transient stability during100

energization, are not shown. Additionally the major energization transients are dealt by the energy storage system and SVG,

while the WTs behave only as passive GFL power-sources to meet the load-demand during the last stages of restoration.
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2.2 HVAC-connected WPP

Recent studies by Martínez-Turégano et al. (2018) and Aten et al. (2019) demonstrate the potential capability of HVAC-

connected OWPPs to blackstart onshore grid using GFM controls in less than 25% WTs and assuming adequate wind resource.105

The results show that it is possible to do sequential energization of the array-cables and WT transformers, starting with one

WT energizing its string followed by others synchronizing to it and then sharing the control of voltage and frequency. Shorter

cable sections are energized first until enough WTs are connected to absorb the Var generated by subsequent cable sections.

However, according to Elia (2018) and National Grid (2019b), a large gap to bridge is the energization of the export link while

meeting grid code requirements.110

2.3 HVDC-connected WPP

HVDC with Voltage Source Converters (VSC) can also be used as a standby facility for blackstart and restoration of the

onshore AC grid, as demonstrated by the excellent voltage and frequency control performance in real system tests done by

Jiang-Hafner et al. (2008), proving for the first time that VSC-HVDC helps reduce restoration time while facilitating a safer

and smoother restoration process with lower investment and maintenance cost. With HVDC transmission gaining momentum as115

the preferred choice for longer distance connections to larger OWPPs, Sørensen et al. (2019) shows that the Skagerrak-4 VSC-

HVDC link between Norway and Denmark (DK) can be successfully used to ramp-up the voltage of an islanded 400/150 kV

DK-network to energize overhead transmission lines, transformers and block load, followed by synchronization to continental

EU. Additionally, a top-down restoration test of the NEMO link between Belgium and the UK also demonstrates the capability

of the VSC-HVDC interconnector to energize a dead Belgian grid from the live UK side (Schyvens, 2019).120

Simulation results by Becker et al. (2017) show, although without any details of the transformer/cable energization tran-

sients, that a VSC-HVDC connected OWPP can respond to onshore load changes and participate in load restoration. Cai et al.

(2017) analyzes the inrush current of transformers and cables (HVAC/HVDC) using electro-magnetic transient simulations,

but with a diesel generator to pre-charge the offshore converter that then energizes the offshore collector grid, and the onshore

converter pre-charged by the onshore AC-grid, contrary to what is expected from an OWPP to provide blackstart service.125

Simulation results presented by Sakamuri et al. (2019) demonstrate, for the first time, an HVDC-connected OWPP with GFM

control, sequentially energizing the offshore AC network including transformer, cables and converter through a pre-insertion

resistor, followed by HVDC link energization and onshore converter pre-charging and de-blocking for picking up block load,

successfully participating in restoration as a blackstart unit. However, the energy imbalance in the HVDC link during the DC-

side uncontrolled pre-charging of the onshore converter leads to a significant dip in HVDC voltage and large transients in the130

offshore and onshore converter cell voltages and valve currents.

In addition to enabling blackstart and islanding capabilities of WTs, GFM control can also allow the use of Hybrid-HVDC

connection with a diode rectifier unit (DRU) instead of the offshore VSC. The application of controls proposed in Blasco-

Gimenez et al. (2010) for an OWPP to ramp-up the offshore AC grid voltage and control frequency, considering it as an inverter-

based microgrid, has shown improved steady-state regulation during islanding when the DRU-HVDC is not conducting, and135
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smooth transition to current-control mode during grid-connected operation. This significantly reduces the cost-vs-performance,

due to lower losses (especially for higher power levels) and lesser capital cost, along with increasing efficiency and reliability

due to a lower probability of commutation failure than a VSC (Andersen and Xu, 2004).

3 Grid Forming Control

The current turbine and converter controls are designed assuming a strong grid connection point which means that the grid-side140

converter of the WT latches onto a pre-existing voltage signal provided by the onshore grid in case of an AC-connected OWPP,

or produced by the offshore HVDC converter operating in voltage-frequency control mode in case of HVDC-connected OWPP

(Bahrman and Bjorklund, 2014). However, to allow outward-energization of the network of inter-array cables and transformers,

create a power island that can supply local loads and energize the HVDC link converters and export cable with the ultimate aim

to supply onshore block load, the WT should be able to produce its own voltage signal. This requires GFM control, traditionally145

referred to as voltage-injecting control, as opposed to the conventional GFL or current-injecting control. The two control

philosophies are very well explained by (Rocabert et al., 2012). GFM WTs can also minimize the use of diesel generators

that are currently employed offshore to supply backup auxiliary power required for energization. Although most modern WTs

have an on-board UPS to power communications, protection and control for a few hours during emergency shutdown (Göksu

et al., 2017), a larger internal backup supply may be required for self-starting the WT for blackstart, especially after extended150

shutdown periods.

GFM control of PECs has been well studied for microgrids, where the role of the converter is to act as an interface between

the small-scale distributed/renewable power generation units and the consumption points, leading to inertial decoupling of the

rotating machines and making the microgrid system susceptible to oscillations caused by network disturbances. GFM allows a

PEC to mimic synchronous generators for droop-based load-sharing, synthetic-inertia emulation, synchronized and stand-alone155

operation and blackstart behaviour, ensuring voltage and frequency stablility in low-inertia microgrids during varying loads,

network disturbances and system configurational changes e.g. islanding⇐⇒ grid-connected (Tayyebi et al., 2018).

An OWPP is like a microgrid rich in power electronics, although very different in that the voltage and power levels are

much higher. Moreover, OWPP operators maintain a large amount (>100s) of WT-assets that are located very far from each

other. Current sharing techniques for low rated inverters like the centralized controllers and the master-slave approach can160

be used only for paralleled systems that are close to each other and interconnected through high-bandwidth communication

channels (Rocabert et al., 2012). These communication-based solutions cannot be used for microgrids spread across several

kilometres, as ensuring globally available, bidirectional, reliable, robust, low-power and secure communication architecture be-

comes increasingly costly. Moreover, longer links increase delays which is undesirable in cases where a fast (high-bandwidth)

communication is required. This gave way to droop control algorithms with a hierarchical structure being used in microgrids,165

especially for islanded operation of many micro-sources located far away from each other (Pogaku et al., 2007). Although

rated at much lower power, these GFM droop-based strategies can be extended to high power WTs for stable distributed op-
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Figure 1. Grid-forming control structure consisting of current control loopCI, the voltage controllerCV and outer real/reactive power control

loops CP,Q.

eration in islanded mode, at variable loads and wind speeds, as demonstrated by Kanellos and Hatziargyriou (2008) and also

Blasco-Gimenez et al. (2010).

3.1 Control Structure170

According to the definition in Rocabert et al. (2012), GFM converters are controlled in closed loop to work as ideal AC voltage

sources (low-output impedance), while GFL converters are controlled as current sources with high parallel output impedance

and can’t operate in islanding/stand-alone mode as they require a GFM converter or local synchronous generator to set the bus

voltage and frequency.

The structure of GFM control consists of different functional blocks, as shown in Fig. 1. The main objective of GFM175

control is to operate the VSC as an ideal AC voltage source of given amplitude V0 and frequency ω0. This requires most

importantly, a voltage control loop CV. The short-comings of the single-loop approach, explained in Zeni et al. (2015), are

already known from switch-mode power supplies and electrical machine drives as over-currents during transients and faults

cannot be limited due to the lack of an explicit closed-loop current controller. Additionally sensitivity to disturbances and

plant-parameter fluctuations eliminates open-loop control as a good choice. The most commonly used alternative thus, is the180

nested/cascaded voltage-current controller, in which a faster inner current control loop CI is added (Zeni et al., 2015). CI

is designed to have a relatively smaller time constant than CV for decoupling the control loops. The controllers are in the

synchronous reference frame that uses an angle θ∗ (for abc
 dq transformation) obtained from the synchronization block

(Green and Prodanović, 2007).
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While grid-feeding converters require perfect synchronism with the voltage at the point of connection to accurately regulate185

the power exchange with the grid, in the case of GFM converters the synchronization system must provide precise signals

for both islanded and grid-connected modes of operation. It works as a fixed frequency oscillator in the former case, while

slowly varies the phase-angle and frequency of the island voltage during the reconnection transient to resynchronize with the

grid voltage, in the latter. The most extended method used in grid-connected operation is a Phase Locked Loop (PLL), also

called voltage-based synchronization as the frequency and phase-angle of the grid voltage vector is used for control. However,190

enhancements are needed to ensure stability under unbalanced and distorted voltage conditions as voltage sag, weak grids

or off-grid operation can lead to instabilities. Alternatively power-based synchronization can also be used as the structure of

the swing-equation that governs synchronous machine dynamics, can be equated to that of a PLL, in the sense that the PLL

structure can be modified to extract the derivative term of the frequency (∼inertia) and the speed variation (∼damping), as

shown in van Wesenbeeck et al. (2009). This presents a more stable solution and allows the power controller to also act as the195

synchronization block.

The outer power control loops CP,Q are required to regulate the real (P ) and reactive (Q) powers exchanged with the grid

(in grid-connected mode) or meet the demand set by the load (in islanded mode), while ensuring communication-less power

sharing between the multiple paralleled inverters. The simplest method for this, by only relying on local measurements, is

the droop control scheme, which was initially introduced for synchronous generators in utility scale grids, and now is well200

incorporated into microgrids (Arbab-Zavar et al., 2019). The primary level of the 3-level hierarchical control, explained in

Guerrero et al. (2011), employs droop control equations, based on interconnecting impedance X/R ratio, to mimic the self-

regulation capability of a grid-connected synchronous generators and allow power sharing in microgrids without using critical

communication links (Rocabert et al., 2012).

Although easy to implement with high reliability and flexibility, traditional droop control suffers from an inherent tradeoff205

between load-sharing and voltage-regulation, load dependent frequency-deviation, slow dynamic response due to filters for

power measurement, and non-linear load-sharing issues due to harmonics. A variable virtual impedance ZV can be used to add

harmonic droop characteristics with additional damping and improve tradeoff between current harmonic sharing and voltage

total harmonic distortion, by adjusting the output impedance seen at different frequencies. Additionally this allows intelligent

mode-switching with soft-start to take advantage of the fast converter response while avoiding large transients (Guerrero et al.,210

2011). In the last decade, several different GFM control schemes have been proposed in literature, of which four have been

chosen for this study and explained in the next section.

3.2 Control Strategies

The traditional droop based power controllers can be replaced with more complex controls to replicate the system-level func-

tionalities of synchronous generators like inertia and damping characteristics, frequency/voltage droop, self-organising parallel215

operation and automatic power sharing. The VIrtual Synchronous MAchine (VISMA) concept, introduced by Beck and Hesse

(2007), uses power-based synchronization with a detailed implementation of the electro-mechanical model of a synchronous

machine in its power control loop. This eliminates the need for PLL and allows conventional and proven grid operation with
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Figure 2. Control structure for (a) Virtual Synchronous Generator (VSG), (b) Power Synchronous Control (PSC), (c) Distributed-PLL based

(dPLL) control and (d) Direct Power Control (DPC) GFM strategies. The coloured boxes match the different blocks with their function

(blue→voltage control, green→current control and purple→power control) in the general GFM control structure, given in Fig. 1.
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the usual static and dynamic properties that are characteristic to synchronous generators (both desired and undesired). Differ-

ent detail levels of the VISMA implementation are listed in D’Arco and Suul (2013) while Lu and Cutululis (2019) gives a220

review of different control methods that mimic the operation of a rotating synchronous machine, for example Synchronverter

(Zhong and Weiss, 2009) and PLL-based swing-equation emulation (van Wesenbeeck et al., 2009). Moreover, improvements

have been made to the VISMA concept for example recently, non-linear control based GFM strategies relying on the duality

between PECs and synchronous machines have been proposed. This includes Machine-Matching (Arghir et al., 2018) and Vir-

tual Oscillator Control (Johnson et al., 2017), that provide steady-state droop-like behaviour with a faster and better damped225

response during transients.

3.2.1 Virtual Synchronous Generator (VSG)

The virtual synchronous machine concept implemented here, shown in Fig. 2(a), is based on D’Arco et al. (2015a). It uses

standard cascaded voltage-current control in the synchronous rotating dq reference frame for voltage control and current lim-

itation. The behaviour of a synchronous machine is mimicked by using the swing equation—see Eq. (1)—for power control.230

This also helps in power-synchronization by generating the frequency reference and synchronization angle to control real

power exchange with the grid, similar to a synchronous generator. The reactive power controller is based on standard inductive

line Q−V droop, that adjusts the voltage amplitude reference for controlling the reactive power exchange with the grid. A

virtual resistance is added to reduce sensitivity to small grid disturbances by providing additional damping and reduce the

synchronous oscillations of droop controlled converters (Sun et al., 2019). The swing equation controller, essentially a low235

pass filter, can be replaced with e.g. PID/Lead-Lag controllers, for enhanced electro-mechanical dynamics, adjustable charac-

teristics like independent tuning of inertia, damping and steady-state droop, or high non-linear behaviour during grid faults and

connection/disconnection processes (Sun et al., 2019).

3.2.2 Power Synchronous Control (PSC)

The power-synchronization law presented in VSG above uses the swing equation where the power difference drives the rotor240

speed dynamics which is then integrated to get the electrical angle i.e. double integration for P -θ transfer function. This can be

simplified using the PSC control structure explained in Zhang (2010), as shown in Fig. 2(b). Here the phase angle is directly

obtained by a single integration of the power difference, as given in Eq. (2). Due to one less integrator, PSC has higher stability

margin. However, no virtual inertia or damping is present due to absence of rotor dynamics.

Pm−Pe = Jω0
d∆ω

dt
+Dω0∆ω,

d∆θ

dt
= ∆ω⇐= Swing Equation (1)245

d∆θ

dt
= kp(Pref −P ) ⇐= Power Synchronization Law (2)

The voltage control is governed by Eq. (3), where an AC Voltage Controller (AVC) is used similarly to the exciter of a

synchronous machine, except with integral control instead of the typical proportional control, as shown in Fig. 2(b), to supress

high-frequency disturbances. Active damping of the grid-frequency resonant poles is additionally implemented using a high-
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pass filter HHP(s), described by Eq. (4), in the Current Reference generating block, given by Eq. (5).250

v∗C = (V0 + ∆V )−HHP(s)iC ⇐= Voltage Control (3)

HHP(s) =
kvs

s+αv
⇐= High Pass Filter (4)

i∗C =
1

αLf
[(V0 + ∆V )− vF− jω0Lf iC−HHP(s)iC] + iC⇐= Current Reference Equation (5)

v∗C = αLf(i
∗
C− iC) + jω0Lf iC + vF, α= BW ⇐= Current Control (6)

Although not included in this study, the PSC uses the current reference generated above—as it gives an indication of the actual255

current—for over-current limitation in the Current Limitation Controller (CLC). A standard dq Current Controller, tuned for

a set bandwidth of α rad/s, as given by Eq. (6), is used. In fault mode, the CLC limits the current output of the converter

to Imax and generates a selector signal CLim, to disable the power-synchronization and switch to conventional PLL-based

synchronization. However, in normal mode (|I|< Imax), Eqs. (5) and (6) simplify to Eq. (3), for voltage control as described

above. The PSC has demonstrated strong performance in weak networks.260

3.2.3 Distributed PLL-based (dPLL) control

Contrary to power-synchronization implemented in VSG and PSC, the dPLL control structure, based on Yu et al. (2018) and

shown in Fig. 2(c), uses voltage-based synchronization by using a PLL for frequency control. Originally developed for DRU-

connected OWPPs, the real power controller is used to generate the d-axis voltage reference as power flow is determined

by offshore voltage, and a droop controller regulates frequency to share the DRU reactive power demand. Instead of the265

conventional approach of setting the q-axis voltage reference to 0, since the PLL output can be used as an indication of

frequency deviation, a Frequency Control loop characterized by Eq. (7), is embedded in the q-axis.

v∗fq = kf(f
∗− f) (7)

Yu et al. (2018) demonstrates frequency controllability with plug-and-play capability providing successful sequential start-up

of the GFM WTs and automatic synchronization of the offline WTs during connection with minimal impact, to supply the270

Var required to energize transformers, filters and finally ramp-up the offshore voltage and start delivering active power to

the onshore grid. However, only the start-up and synchronization of an islanded OWPP to an energized onshore synchronous

power system via a DRU-HVDC link is studied while the energization of export cable and onshore converter, expected from a

blackstart service provider, was not looked into.

3.2.4 Direct Power Control (DPC)275

Lastly, a control scheme based on direct power control, originally introduced by Noguchi et al. (1998) has been implemented.

In DPC, the instantaneous powers are controlled without requiring AC voltage sensors, PLL or an inner current controller, by

using a look-up table and hysteresis comparators on the power errors to select the optimum switching state of the converter.

11

Chapter Publications 73



Since then it has undergone many enhancements to deliver improved performance like using space vector modulation for

constant switching frequency, employing sliding mode control for robustness, and model predictive control for the multivariable280

case. The implementation used in this study is based on an improved DPC described in Gui et al. (2019), in which grid-voltage

modulation allows linearization of the original non-linear system resulting in ease of control design and good transient-response

and steady-state performance. The control structure, as shown in Fig. 2(d), has been derived in Gui et al. (2019) using the

instantaneous pq theory (Akagi et al., 2017) and results in a standard VSC dq current control structure without the need for a

PLL. In the GFM control implementation for this study, the voltage reference is given in place of the grid voltage magnitude285

and a virtual phase angle is used in place of PLL generated voltage phase angle, based on Cheng and Nian (2016).

The block schemes of the four GFM control strategies explained above viz. VSG, PSC, dPLL and DPC, are shown in Fig. 2.

In the figure, vectors are denoted by x= xd + jxq, while scalars by x/X . The controls are implemented in pu. The coloured

boxes in Fig. 2 show how the different blocks of each control scheme fit functionally—blue for voltage control, green for290

current control and purple for power control—into the general control structure presented in Fig. 1 and explained in section

3.1.

4 Model Description

A model of the system schematic shown in Fig. 3 and based on Sakamuri et al. (2019) has been developed in PSCAD. It consists

of a 400 MW GFM OWPP connected to the onshore AC grid by means of a 200 km long 1200 MW ±320 kV symmetrical295

monopole point-to-point HVDC link, as shown in Fig. 3(a).

A Detailed Equivalent Model has been used for the Half-Bridge Modular Multilevel Converters (MMC) of both terminals

of the VSC-HVDC link. This represents each sub-module as an equivalent circuit model for simplification while solving the

network, and then converting back to the sub-modules, thus giving a fast solution along with information about what happens

inside the sub-modules. The offshore terminal (T2) MMC is controlled in GFL mode since the offshore AC network voltage300

is formed by the GFM OWPP, so the converter regulates the HVDC link voltage VDC and reactive power injection Q2 into

T2. At the onshore terminal (T1), the MMC is controlled in GFM mode to regulate the onshore AC voltage magnitude V1

and frequency f1, in the scope of the blackstart case study performed in this paper. The MMC models used have standard

MMC inner control loops, such as cell voltage balancing and circulating current suppression, and the control structure for the

VDC-Q2 (for T2) and V1-f1 (for T1) modes, can be seen in Sakamuri et al. (2019). Frequency dependent (phase) models of305

PSCAD are used for the HVDC export cable. The HVDC converter transformers models include magnetic characteristics such

as saturation and inrush current. Finally a Pre-Insertion Resistor (PIR) that is bypassed after a Pre-Insertion Time (PIT) by

using coordinated Main-Auxilary Breakers (MB-AB), is used for limiting the transient magnetic-inrush current peak during

hard-switching energization of the HVDC transformer.
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Figure 3. Schematic of the implemented PSCAD model of the system under study. This figure shows (a) the 2-Terminal HVDC link, with

GFL offshore-MMC and GFM onshore-MMC, (b) the partial aggregation used to model the OWPP, and (c) the average model of the GFM

WT-GSC implemented with 4 different control strategies operating in islanded mode.

The OWPP consists of 50 Type-4 (fully-rated PEC interface) 8 MW WTs, as a partially-aggregated model shown in Fig. 3(b),310

based on Muljadi et al. (2008). It consists of 9 individual WT1−9 models on the first string, the second string with WT10−18

aggregated into a 72 MW WT model, and the remaining 32 WT19−50 aggregated into one 256 MW model. Coupled π-section

models are used for the 66 kV array cables. Lastly the WT is modelled as a GFM unit operating in islanded mode, and so the

Grid-Side Converter (GSC) is modelled as a voltage source (average model) controlled by the four different GFM strategies,

viz. VSG, PSC, dPLL and DPC, that are explained in section 3.2. This is shown in Fig. 3(c).315

4.1 Assumptions

Several simplifications have been made, mainly removing modelling details deemed not relevant for this study.

Firstly, the WT Rotor-Side Converter (RSC) and changes to the turbine controller that are required for GFM operation,

have not been modelled. In conventional GFL operation of the WT, the RSC is controlled to extract maximum power from

the generator while the GSC maintains power balance to control the DC link voltage of the back-to-back PEC interface of the320

WT and the reactive power output at the AC terminal. However, in GFM mode, the GSC cannot control the WT-DC link and

reactive power anymore with the required generator torque and real power being set by the AC-load, not the turbine controller,

which now has to regulate the speed using pitch control (and especially avoid overspeeding during low AC-load and high
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winds). Hence the RSC control requires changes to be able to maintain the DC link voltage constant by ensuring real power

balance (Pérez et al., 2019). Since the WT rotor and DC-link dynamics are outside the scope of this study, the model assumes325

a constant WT-DC link voltage. Additionally an average voltage source model is used for the GSC with focus on dynamics

not faster than the bandwidth of the inner current control loop. Moreover, the WT transformer is modelled as a pure electrical

impedance r+ jx without any magnetic characteristics as it can be soft-started along with the WT voltage ramp-up, to avoid

magnetic inrush and saturation effects.

Secondly, for this study, although power sharing between the WTs inside the WPP is controlled by including the outer330

power control loops, the WTs are started-up simultaneously as opposed to a more realistic sequential energization e.g. in Yu

et al. (2018), as the study mainly focuses on the capabilities of the GFM OWPP as a whole, to provide blackstart services to

the onshore grid while dealing with offshore network transients due to energization of the large converter transformer, HVDC

converters and export cable—in a controlled manner. This puts any synchronization dynamics of multiple GFM PEC-interfaced

WTs out of the scope of this study.335

4.2 Controller Tuning

In this section, the tuning criteria for the control parameters of the different control schemes are presented. In a cascaded control

structure, the inner loops are designed to achieve a fast response while the outer loops are tuned for regulation and stability.

Assuming a switching frequency of the wind turbine converter of 1 kHz, and with the main objective of the current controller

to have a fast response, a bandwidth (α) of 200 Hz has been selected (Yazdani and Iravani, 2010). A proportional controller340

has been used as any steady state error can be taken care of by the outer voltage controller. This results in the same value (αLf )

of the proportional gain for VSG and dPLL, as that already used in the current control Eq. (6) for the PSC scheme. The voltage

controller on the other hand is tuned to provide zero steady-state error with a bandwidth of 40 Hz and a phase margin of 45◦

(Yazdani and Iravani, 2010).

The outer power control loops are tuned to be sufficiently slower than the voltage and current controls to avoid coupling345

between the control levels. Since the WPP is operating in islanded mode, there is no grid to exchange power with based on a

set reference, rather the real and reactive power demands are set by the load.

For the DPC, the power control loops take the form of standard vector current control, as shown in Gui et al. (2019). Since

p∝ id and q ∝ iq, tuning the DPC power controller is equivalent to tuning a slower current controller—a natural frequency of

4 Hz with damping ratio of 0.74 has been chosen.350

A unique control loop in the dPLL scheme is the Frequency Control loop that includes the cascaded voltage-current controller

dynamics along with PLL, as shown in Yu et al. (2018). This requires tuning of the PLL and the controller gain kf of Eq. (7).

The PLL has been tuned to be critically damped with a bandwidth of 0.5 Hz—slow enough for the slow voltage controller

which significantly reduces damping (∼ phase margin) in the system moving it closer to instability. While increasing kf leads

to a faster response but with reduced damping (Yu et al., 2018), a low value was found to result in oscillations in the shared355

powers. As a trade-off, kf has been tuned for the frequency control loop to have a bandwidth of 0.5 Hz. Overall, these values

ensure a high phase margin (82◦) for stable operation.
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Table 1. Simulation events of the energization sequence.

Stage Time [s] Events

1 0 WTs energized simultaneously and operate in GFM mode.

2 1.3 GFM WPP is connected to energize PCC-2 and

MB is closed to insert PIR for energizing the offshore HVDC transformer and pre-charging the offshore MMC cells.

1.6 PIR is bypassed after PIT (= 0.3s) by closing AB.

3 2.1 Offshore MMC is de-blocked to control the HVDC voltage—HVDC link is energized

4 2.5 (a) Controlled pre-charging of onshore MMC’s upper arm cells with lower arm bypassed.

2.8 (b) Controlled pre-charging of onshore MMC’s lower arm cells with upper arm bypassed.

3.1 (c) Controlled pre-charging of onshore MMC finished; both arms blocked.

5 3.3 Onshore MMC is de-blocked to control voltage and frequency—Onshore AC PCC-1 is energized.

6 4 Onshore 30 MW block load is connected.

Similar to the dPLL, the cascaded voltage-current controller of the VSG moves the system closer to instability at low

bandwidths, due to a significant reduction in system damping (∼ phase margin). This is justified by D’Arco et al. (2013,2015b),

which show that certain eigen values close to the imaginary axis are sensitive to the proportional gain of the voltage controller360

kpv, with higher values improving the stability of the system. Moreover, lower switching frequencies seem to shift the root

locus closer to imaginary axis restricting the range of stable operating points. Sun et al. (2019) shows the complexity associated

with tuning VSG for damping the different oscillations, implicitly caused due to coupling terms in the state-space matrix. While

virtual resistance helps damp the intrinsic synchronous mode of a single droop-controlled VSC, it introduces coupling between

active and reactive powers, especially for multiple paralleled VSCs. The inertia term J can then be tuned to provide further365

attenuation, but this introduces sub-synchronous oscillations which deteriorate with increased inertia. Finally according to Sun

et al. (2019), since smaller droop gains reduce the inter-oscillations, values for D and kq from D’Arco et al. (2015b) have

been taken as initial estimates and then fine tuned for stable operation. It is important to note that improving one oscillation

mode can trigger another, and that the tuning strategy used for a single VSG might not be applicable to multiple VSGs (Sun

et al., 2019). Consequently the VSG control strategy implemented here—with swing equation—has been found to be limited370

in its damping of oscillations. With a slow voltage controller—smaller kpv—the sub-synchronous mode moves closer to origin,

while the synchronous mode improves in damping (D’Arco et al., 2015b). So the voltage controller has been set to as low as

possible a bandwidth (∼ 150 Hz) while ensuring good damping and stable operation, with appropriately tuned outer loops.

The complete set of tuned parameter values are listed in Table A2.
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Figure 4. Real (solid line) and reactive (dotted line) power output of the offshore WPP with zoomed insets to show transients in selected

stages of the energization sequence.

5 Simulation Results375

In this section, the results of the dynamic simulations performed in PSCAD are presented. The energization sequence, events

of which are described in detail in Table 1, is based on Sakamuri et al. (2019), but includes an extra stage of DC-side controlled

pre-charging of the onshore MMC cells along with the outer power control loops enabled for real and reactive power sharing

amongst the WTs inside the WPP. The entire sequence is simulated, however, the main focus is on testing the characteristics

of the different control strategies in enabling the OWPP to deal with the energization transients—so we focus on the real and380

reactive power outputs of the WPP, and the voltage and frequency at the offshore PCC-2. Hard-switching is used here despite

the advantages of soft-start energization, as the former is more demanding on the GFM OWPP in terms of the transients linked

to energization of transformers, cables and HVDC link.

Figure 4 shows the waveforms for the real and reactive power outputs of the WPP during the different stages of the ener-

gization sequence. Since the GFM OWPP is operating in islanded mode, the real and reactive power demand is set by the load,385

which depends on the particular stage of energization. For Stage 2, it is the reactive power required for magnetic energization

of the offshore HVDC transformer and AC-side pre-charging of the offshore MMC cells. A PIR is inserted for PIT duration

to limit the inrush peak. In Stage 3, power is required to energize the HVDC cable when the offshore MMC is de-blocked to
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Figure 5. WPP output phase voltage (in pu) for the different GFM control schemes.

control the HVDC link voltage, while in Stage 4, the DC-side pre-charging of the onshore MMC cells draws power from the

OWPP to maintain the energy balance on the HVDC link. Finally the OWPP supplies power to match the onshore block load390

in Stage 6. It is clear from the PQ waveforms shown in Fig. 4 that there are some differences in the transient behaviour of the

four control strategies, despite having an overall similar profile. PSC and VSG show a delayed response, as indicated by the

delayed peaks, in stages 2 (at 1.6s), 3, 4a and 4b. This is due to the right half plane zero in the closed loop transfer function
∆P
∆θ (s) for the power-based synchronization methods, as shown in Zhang et al. (2010). The dPLL shows a synchronous and

sub-synchronous mode getting excited at Stage 4b probably due to a change in system coupling. However this is damped after395

some time due to the current control. Finally the DPC, due to its overall standard current control structure, shows good damping

of oscillations, as apart from over-current limitation, the current controller’s function is also to damp resonance modes (Zhang,

2010).

Since the scope of this study is to focus on the OWPP behaviour as an AC voltage source during the different stages of

energization, the waveforms for the voltage and frequency at the offshore PCC-2 are presented in Figs. 5 and 6, respectively.400

The GFM WPP, controlled as an AC voltage source, has different characteristics based on the control method used. The V

waveform in Fig. 5 show that the OWPP with the four different GFM controls can successfully energize the transformer, cables

and MMC cells and supply the onshore load, while maintaining a stable voltage at the offshore PCC-2, with the transient

distortions during the different stages being recovered fast by the GFM controls.

An interesting observation in Fig. 5 is that during Stage 4, there is oscillation in the voltage for VSG, which transiently405

increases as the active power increases (Fig. 4) with frequency decreasing at 2.5/2.8 s (Fig. 6). This is linked to the energy

imbalance in the HVDC link as the offshore MMC cells discharge during the charging of onshore MMC cells, to which

the WPP then reacts by producing the required active power and absorbing the reactive power generated from the capacitor

charging, as shown by the negative Var curves in Fig. 4—Stages 4a and 4b. Comparing with synchronous generators, this can

be understood similar to transient rotor-angle instability during large load changes in weak networks, which in our case is due410
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to virtual resistance and a transient change in network coupling during capacitor charging. To enhance stability of the VSG, a

virtual Automatic Voltage Regulator (AVR) can be used like in synchronous generators and is the work of future studies.

Having looked at voltage, the other key aspect of the grid-forming WPP is its frequency response. The frequency waveform

in Fig. 6 shows significant differences in the frequency transients highlighting the frequency control characteristics of the

different grid-forming methods, although overall the frequency swing is in the range of 49.8–50.2 Hz, except in Stage 1.415

At startup (Stage 1), there is a high frequency swing due to simultaneous connection of all GFM WTs. Although this would

be avoided in reality due to sequential connection of WTs, it gives a glimpse into the characteristics of the different control

methods. The VSG and dPLL, with standard cascaded voltage-current control, show reduced damping at such low bandwidths,

as discussed in section 4.2. Although the VSG has inertia that provides additional attenuation, it introduces a sub-synchronous

resonance mode that can be seen in the later stages. The PSC has integral control in its voltage loop to suppress the high420

frequency disturbances along with a high pass filter for damping the resonant modes. Moreover, since the DPC has the standard

vector current control structure, it has a well damped response.

In Stage 2, the event at 1.6 s is quite demanding in terms of the power peak for dPLL and DPC, and is associated with a large

frequency swing, especially for dPLL due to reduced system damping from the low bandwidth cascaded controller. For the

power-synchronization controls viz. PSC and VSG, their active damping characteristic or inertia helps slow down the swing.425

However, looking closely at 1.6 s (Stage 2) in Fig. 6, the effect of the right half plane zero, although well damped, can be seen

in the non-minimum phase behaviour.

In Stages 3 and 4, the power-synchronization based methods viz. PSC and VSG have the largest swing in frequency and

power due to the capacitors in the circuit being charged resulting in negative Var for the WPP and a changed coupling in the

circuit. This shows that power-synchronization based methods are prone to oscillation when the system coupling is changed.430

Lastly the DPC has no closed loop voltage control but just standard current control with a virtual phase angle, and shows

superior performance, compared to the other control schemes. This indicates that having decoupling feed-forward terms in

the voltage loop can deteriorate the performance, especially during energization of capacitive loads that change the networks

coupling in the initial stages of blackstart. However, although DPC works well in islanded mode, future studies are needed to

investigate its behaviour during synchronization transients and faults.435

Overall the VSG control shows oscillatory behaviour in all stages. This is due to the reduced damping in the system for low

bandwidth cascaded voltage-current control. As discussed in section 4.2, although virtual resistance damps the synchronous

oscillations, it changes the coupling leading to more resonance modes. Inertia has been tuned to provide additional damping,

but it introduces a low frequency mode, which is excited in all the different stages in Fig. 6. Sun et al. (2019) shows that

oscillation damping by modifying outer power control loops—using a derivative term for lead-lag controller, or with adaptive440

feed-forward compensation—can avoid requirement of virtual impedance and damp oscillations more flexibly. The frequency

swing is most pronounced in Stage 4b at 2.8 s when the onshore MMC lower arm cells are pre-charged. This event also triggers

a near 50 Hz oscillation for the dPLL due to the reduced damping, again as a consequence of the standard cascaded control

structure with low bandwidths. These oscillations will be more damped for greater values of resistance in the system. It is
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important to note here that no auxiliary load has been simulated and the WT converter equivalent resistance is considered to be445

0. Thus, system damping is limited only to losses and transformer resistance.

6 Conclusions

Recent field tests on HVDC interconnectors have shown that VSC-HVDC can be used for blackstart services. This makes

VSC-HVDC connected offshore wind power plants promising candidates for providing blackstart and islanding operation

capabilities, as conventional generation is being phased out and wind power plants grow bigger to meet the decarbonization450

aims. This paper presents an analysis of the transient behaviour of an HVDC-connected offshore wind power plant participating

in a traditional bottom-up power system restoration procedure and focuses on grid-forming as the main control change required

to enable blackstart and islanding services from wind turbines. The general working principle of grid-forming control has been

explained with the constituent functional blocks, along with conceptual explanation of four different techniques viz. Virtual

Synchronous Generator, Power Synchronization Control, Distributed-PLL based control and Direct Power Control. These455

methods were then implemented and compared in a study of the blackstart of onshore load by an HVDC-connected offshore

wind power plant, focusing on transients due to energization of transformers, cables, MMC cells and HVDC link.

The simulation results show that all the four methods are able to deal with the energization transients in a controlled manner

while maintaining stability of voltage and frequency at the offshore terminal. However, differences in their transient behaviours

were observed and a qualitative discussion was presented. It has been shown that the low bandwidth of standard cascaded460

control structure—in VSG and dPLL—reduces system damping, pushing the system closer to instability. Moreover, the perfor-

mance of power-synchronization based methods—viz. VSG and PSC—depends on the network coupling and can deteriorate

for capacitive loads. Finally the lack of any decoupling terms in the voltage control—for PSC and DPC—results in a superior

performance, as the network is weak, with less clear decoupling between the traditional P − f and Q−V inter-dependencies.

While the results presented in this paper provide an initial comparison between the different grid-forming control strategies,465

further investigation is needed, especially in regards to harmonic load sharing, synchronization transients during sequential en-

ergization of wind turbines inside the wind power plant, and the effect of blackstart and islanded operation on rotor and turbine

DC link dynamics, before concluding on the best control approach for black-starting the wind turbines. Lastly auxiliary load is

expected to improve performance, by enhancing the damping in the system, which is critical in the initial stages of blackstart,

and should be modelled.470

Appendix A: Parameters

Code and data availability. Inquiries about data and requests for access to the simulation models used in this study should be directed to the

authors.
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Table A1. Main circuit parameters of the model [T2 - offshore, T1 - onshore, XL - leakage reactance].

Parameters Values

WT rating 8 MW, 66 kV

WT GSC Filter Lf = 10%, Cf = 5%

WT transformer 0.69/66 kV

R= 1%, XL = 1%

WPP rating 400 MW

HVDC transformers 1200 MVA, XL = 15%

T2: 66/390 kV

T1: 390/400 kV

PIR, PIT 120 Ω, 0.3 s

HVDC link rating ±320 kV, 1200 MW, 200 km

MMC 1200 MVA

225 submodules per arm

Onshore load 30 MW

Disclaimer. This article is part of the special issue “Wind Energy Science Conference 2019”. It is a result of the Wind Energy Science

Conference 2019, Cork, Ireland, 17–20 June 2019.475
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Table A2. Tuned control parameter values in pu.

Control Parameters Values

VSG Pi 0.4

PIv 0.11, 2.55

rv 0.2

J 2x103

D 4x105

kq 0

PSC rv, αv 0.5, 40

ru 0.8

kp 0.004

PIq 1, 0.01

dPLL Pi 0.4

PIv 0.02, 2.55

PIPLL 10, 25

kf 50

PIp 4, 40

kq 0.01

DPC PI 0.012, 0.21
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Abstract:
In recent years renewable energy sources have been integrated on a large scale in power systems all around the world to
address the environmental sustainability concerns. With conventional thermal generators being phased out, large offshore wind
power plants present a viable alternative to provide blackstart services for power system restoration. In this paper, by means of
simulations, grid-forming wind turbines are shown to successfully energize the offshore transformer and the HVDC export link in a
controlled manner, to ultimately supply onshore block load. Two methods for energizing the offshore network have been compared:
the prevalent hard-switching approach and the more complex soft-start method. Additionally, control has been implemented to
mitigate the significant transients in the export link associated with pre-charging of the onshore converter. It is shown that soft-start
can provide faster energization with smaller transients compared to hard-switching. Moreover, the sensitivity analyses performed
in this study illustrate the impact of pre-insertion resistor and voltage ramp-up rates on transients during hard-switching and soft-
start, respectively. The results presented in the paper also show that grid-forming wind power plants can deal with controlled pre-
charging of the onshore converter from its DC terminals that is essential for the safe energization and operation of the export link.

1 Introduction

According to the Global Energy & CO2 Status Report by IEA [1],
worldwide energy demand in 2018 increased at a rate unseen since
2010, driven by the rapidly growing population and a robust global
economy with higher heating and cooling needs. Increase in demand
for electricity was responsible for almost half of such energy growth.
Despite solar and wind growing at a double-digit pace, renewables
were not able to catch up, which led to an increased use of fossil
fuels. This resulted in a historically high 33.1 Gt of global energy-
related CO2 emissions in 2018, with the power sector accounting for
nearly two-thirds of emission growth.

Thus, renewable energy sources are being integrated on a large
scale into power grids all around the world to tackle the challenges
of rising pollution levels and environmental problems related to
global warming, and address sustainability concerns. The European
Union’s 2018 RED II directive on the promotion of the use of energy
from renewable sources [2] sets an overall goal across the EU for a
32% share of renewables in the total energy consumption by 2030.
Along with the EU, China, India, USA and many other countries
have set out decarbonization strategies for the transport and district-
heating/cooling sectors in addition to the power sector, aiming to
achieve a secure economy and a sustainable future. According to
a recent report by IRENA [3], the falling costs of renewables can
unlock the low-cost decarbonization of energy end-use sectors by
extensive electrification of passenger transport and space and water
heating in buildings, increasing the share of electricity in the total
final energy consumption to 68% by 2050, compared to 19% today.
These measures coupled with the phasing out of conventional ther-
mal generation units show huge promise for renewable-generated
electricity as the fuel of the future.

Since its humble beginnings in the early 1990s, wind energy has
seen a rapid growth in its installed capacity worldwide, making
onshore wind, along with hydropower, one of the cheapest sources
of electricity around the world, with associated costs now at the
lower end of the fossil-fuel range [3]. Offshore wind installations
in 2018 totalled 4.5 GW, although almost exclusively in the EU and
China, bringing the global levelized cost of energy (LCoE) to 0.127
USD/kWh, with estimates of around 0.06 – 0.10 USD/kWh by 2022,

at least in the EU [3]. Offshore wind in Europe currently surpases 20
GW (installed capacity) and covers more than 1.5% of its electricity
demand, but the European Commission has recently proposed 230–
450 GW of offshore wind by 2050 to achieve carbon neutrality and
lead the energy mix of the future [4].

However, a high volume of renewable energy in the power sys-
tem poses challenges to maintaining network stability, reliability
and security of supply. The introduction of variable power flows,
inertial decoupling by power electronic converter (PEC) interfaces,
decommissioning of synchronous generators and higher uncertainty
in scheduling coming from forecasting errors can lead to over-bur-
dened reactive power reserves, violent frequency swings and overall
decreased transient stability. These factors increase the risk of wide-
area blackouts due to potential cascaded tripping of large generation
units and system split scenarios [5, 6]. Additionally, due to increas-
ing penetration of renewable energy, gas and thermal plants are now
being used as peaking plants for balancing. The resulting decreased
average load factors raise the costs of warming-up or keeping such
large generators on standby. This has led to a hike in blackstart costs
in recent years and the requirement of blackstart services from other
power plants to increase the operative resources during power system
restoration and create new restoration corridors [7].

Offshore wind power plants (OWPP) can be suitable candidates to
support grid recovery, as modern wind turbines (WT) can meet some
of the blackstart and islanding requirements specified in network
codes [8]. Larger OWPPs with larger WTs are being commissioned
and developed in deeper waters, further away from shore, to harness
superior wind conditions and reduce the LCoE through economies of
scale. As a consequence, HVDC transmission technology is gaining
momentum over the currently more prevalent HVAC. HVDC trans-
mission technology based on voltage source converters (VSC) has
shown excellent voltage and frequency control performance and the
potential to help reduce restoration time while facilitating a safer and
smoother restoration process [9]. Denmark and Ireland already use
their VSC-HVDC interconnections with Norway and Great Britain,
respectively, for blackstart service [10]. Thus, HVDC-connected
OWPPs with blackstart-able or grid-forming[11] type-4 WTs (inter-
faced by fully-rated PECs), can be expected to perform fast voltage
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ramp-up and tackle the challenges in energizing cables, transform-
ers, converters and loads, while maintaining stable, synchronized
parallel operation [12].

Grid-forming control of WTs in OWPPs was originally developed
to enable the use of diode rectifiers (DR) for connecting OWPPs to
HVDC, so as to reduce costs through higher reliability and lower
losses, complexity and footprints. The study in [13] shows that a
DR-connected OWPP can contribute with restoration services for
onshore grids by smoothly energizing the HVDC grid, including
rectifier transformers, reactive compensation and filter banks, sub-
marine cables and onshore converter capacitors without the need of
limiter resistors. Simulations presented in [14, 15] show that it is also
theoretically possible for an HVAC-connected OWPP with droop-
controlled WTs to blackstart an onshore grid through an HVAC
export cable, with the success of the various energization stages
depending very much on the WT grid-side converter grid-form-
ing control and the electrical system design, ensuring that there is
enough turbine capacity to absorb the reactive power generated by
the cable section to be energized.

For an HVDC-connected OWPP to successfully provide green
blackstart service during power system restoration, it must be able
to deal with the reactive power requirements of inter-array cable
energization, withstand the transformer magnetic inrush currents,
especially those from the large HVDC transformer, and stably oper-
ate the offshore island to ultimately cater to onshore block loading
after energizing the HVDC export link. A 400 MW OWPP in a
1 GW cluster connected via a 200 km ±320 kV HVDC link is
shown in [16] to blackstart an onshore load after dealing—in a con-
trolled manner—with transformer and cable energization transients
during hard-switching with a pre-insertion resistor (PIR). However,
the energy imbalance in the HVDC link during the uncontrolled
pre-charging of the onshore converter cells from its DC terminals
leads to a significant dip in HVDC voltage and large transients in
the offshore and onshore converter cell voltages and valve currents.
Contrary to hard-switching, restoration tests with HVDC intercon-
nectors between two AC grids, have demonstrated that after ener-
gization from the live-side, the soft-start capability of the dead-side
HVDC-VSC can significantly reduce the transients associated with
transformer inrush and cable charging currents during the network
energization [17, 18].

The main contribution of this paper is the comparison of hard-
switching and soft-start energization methods for the blackstart of
onshore load by an HVDC-connected OWPP with grid-forming
WTs. Parametric sensitivity studies have been performed to quan-
tify the potential impact of the PIR on the transient voltage dips and
power peaks during energization of the offshore network, for the
hard-switching approach—and the capability of grid-forming WTs
to energize the complete network at different ramp-rates, for the soft-
start approach. Finally this paper also investigates the potential of
the OWPP to successfully and safely energize the HVDC export link
by implementing a controlled pre-charging of the onshore converter
from its DC terminals before it starts forming the onshore grid and
picks up block load.

Section 2 gives a brief overview of the two energization
approaches used for this study, viz. hard-switching and soft-start.
This is followed by the description of the model and controls used
along with an explanation of the onshore converter pre-charging
sequence in Section 3. Then the simulation study conducted has
been presented in Section 4 along with a discussion of the results
of the entire energization sequence, onshore converter pre-charging
and sensitivity analyses for the two energization approaches, closing
with the main conclusions.

2 Energization Methods

This section gives an overview of the two main approaches of ener-
gization used in power system restoration in general, for both AC
and DC connected networks.

2.1 Hard Switching

The typical restoration approach is sequential hard-switching in
which all critical transmission network components like cables and
transformers are connected and energized in sections at rated volt-
age via AC breakers in a stepwise manner, ensuring full control
from a system operation point of view. However, energization of
transformers is characterized by a low impedance path in the begin-
ning, drawing in a large inrush current and hence causing a voltage
dip in the system [19]. Charging of lightly loaded AC transmission
lines or long AC cables with open ends causes an overvoltage—the
Ferranti effect [19]. Also it is important to ensure that the gener-
ator(s) can absorb the full amount of reactive power generated by
the un-/lightly-loaded lines to avoid Ferranti effect [20]. Addition-
ally, insufficient load and online generation early on can lead to low
damping of low-order harmonic resonance [21]. All these combined
can lead to significant transient under-voltages (TUV) [21], transient
over-voltages (TOV) [22] and slow front over-voltages (SFO) [19],
which can be difficult on control stability, damage passive compo-
nents like insulators, reactors and arresters, due to higher electrical
stress, and increase the risk of tripping of power electronic devices.

Different methods have been proposed in literature for mitigating
such transients. The most straightforward method is controlled ener-
gization, in which the generator terminal voltage is kept at around
95–97% of its rated value. This reduces the maximum core flux in the
incoming transformer due to core-design reserve [23]. The method
has been demonstrated to limit the inrush current and sympathetic
interaction between transformers during the worst-case scenario of
energization of the farthest WT transformer by the offshore auxiliary
diesel generator in an HVDC-connected OWPP [24].

The most advanced method to mitigate high inrush currents espe-
cially for large transformers is point-on-wave switching (PoWS),
which calculates the proper instant of energization by monitoring
the instant of de-energization and calculating the residual flux in the
core. For three-phase units, a delayed closing strategy is used to con-
nect at an optimal instant by treating the transformer as a single-
phase core, leading to no inrush [23]. The Smart Energize method
has also been proposed in [23], which uses a 5 V DC voltage source
to set the residual flux instead of measuring/calculating it and con-
necting the transformer at a fixed angle. This constitutes a simple,
highly efficient, reliable and cheap solution to limit the inrush cur-
rents to 1 pu. This pre-fluxing technique mitigates the inrush current
to a value lower than PoWS which requires knowledge of the resid-
ual flux in the phase, that can be quite tedious to acquire for a three
phase power transformer [25].

The transient mitigation method considered for the purpose of this
study is to artificially increase the impedance of the source feed-
ing the transformer by switching in a PIR and then bypassing it
after a certain time once the energization is complete. In addition to
reducing voltage dips very efficiently, a PIR—being passive—offers
reduced complexity and savings in maintenance cost compared to
an additional independent pole-operation circuit-breaker—an active
device—required for PoWS, to separately switch and correctly ener-
gize the offshore transformer and converter cells. Moreover, the AC
circuit breaker required in PoWS, is a mechanical equipment which
includes an uncertainty in closing delays. This needs to be accounted
for in a statistical manner in a design study, as shown in [26], to cover
the worst-case scenario.

2.2 Soft Start

A different strategy for restoration is to connect the different parts of
the AC network like cables, reactors and transformers, together with
the black-starting generator at low voltage and smoothly ramp-up the
voltage of the entire network to energize it in one step. Such soft-
start greatly reduces the inrush currents and minimizes the risk of
overvoltage problems while speeding up the restoration process [17].
The first soft-start energization was performed on the INELFE link
between France and Spain, since RTE’s specifications provided such
requirements [27]. Top-down restoration tests with the Skagerrak 4
(between Norway and Denmark) [17] and the NEMO Link (between

IET Research Journals, pp. 1–10
2 c© The Institution of Engineering and Technology 2015

92 Chapter Publications



Fig. 1: Schematic of the implemented PSCAD model of the system under study.
(a) Point-to-point HVDC link, with grid-following offshore terminal and grid-forming onshore terminal.
(b) Partially aggregated offshore wind power plant representation.
(c) Grid-forming wind turbine grid-side network.

the UK and Belgium) [18] VSC-HVDC interconnectors show that
soft-start by VSCs is extremely useful for eliminating transformer
inrush effects, avoiding significant harmonic TOVs and reducing the
probability of system re-collapse.

During hard-switching energization by VSC-HVDC networks,
each switching action creates inrush currents and voltage fluctu-
ations that the HVDC must control, damp and ride through, in
addition to the risk of resonance getting excited and existing pro-
tections tripping. Damping controls on the HVDC VSCs are thus
needed unless other measures are implemented. Contrarily, soft-start
presents no risk of protection maloperation due to negligible inrush
current, but delayed fault clearance is likely, and there is a risk of
resonance getting excited due to sudden post-fault voltage recovery
[28].

The question over which method is more advantageous does
not seem to have an answer yet. While hard-switching, with its
sequential and bounded nature, allows for an easier detection of a
failed component, high transient currents drawn during energiza-
tion of islanded offshore networks can cause high electromagnetic
torque oscillations and high torsional stresses in wind turbine gen-
erator shafts, which could lead to fatigue and failure [19]. On
the other hand, recent results presented in [29] validate—from
a generator perspective—control aspects of self-energization and
blackstart capability of a type-4 grid-forming WT in turbulent/
extreme wind conditions, through test benches using co-simula-
tion and hardware-in-the-loop methodologies, showing that soft-start
significantly reduces the current and voltage stresses on electrical
equipment. However, careful design and testing is needed for a prac-
tical implementation as soft-start increases practical complexity due
to increased requirement of auxiliary power while reduced-voltage
energization is done [19]. Moreover, due to the low short circuit lev-
els during energization, fault clearing is dependent on the backup
protection in the form of distance or under-voltage trip relays, and
so different protection settings are required during soft-start. This
results in no selectivity for some critical faults and increases the
likelihood of delayed fault clearance with the risk of resonance exci-
tation due to sudden/fast post-fault voltage recovery. Such risk may

be acceptable, as the blackstart sequence can be restarted if/once
such faults are cleared, although resulting in longer restoration times.

3 Model Description and Control

Figure 1 shows an overview of the system under study. The model
has been developed in PSCAD and is based on those described in
[16, 30, 31]. It consists of a 400 MW OWPP with grid-forming WTs,
connected to an onshore AC grid by means of a 200 km long 1200
MW ±320 kV symmetrical monopolar point-to-point HVDC link,
as shown in Fig. 1(a).

Detailed equivalent models [32] are used to represent the half-
bridge modular multilevel converters (MMC) in both terminals of
the HVDC link. A frequency-dependent (phase) model is used to
represent the HVDC export cable and a detailed magnetic model
(including inrush and saturation) is used to represent the 66/390 kV
HVDC transformer. Finally a PIR is used for limiting the transient
magnetic inrush current peak during hard-switching energization of
the HVDC transformer. The PIR is inserted by closing the main
breaker (MB) and bypassed by closing the auxiliary breaker (AB)
after a given pre-insertion time (PIT). For soft-start MB and AB are
kept closed from the beginning.

The OWPP consists of 50 type-4 (fully-rated PEC interface) 8
MW WTs, represented with the partially aggregated model shown
in Fig. 1(b), using the method described in [33]. It consists of WTs
1–9 represented individually in the first string, WTs 10–18 in the
second string aggregated into a 72 MW equivalent WT model, and
the remaining WTs 19–50 aggregated into a 256 MW equivalent
WT model. Coupled π-section models are used to represent the 66
kV array cables. Lastly, each WT is modeled as a grid-forming unit
operating in islanding mode. The WT grid-side network is depicted
in Fig. 1(c). Each WT grid-side converter (GSC) is modeled as a
voltage source (average model) controlled by the grid-forming con-
trol strategy shown in Fig. 2. This control is based on that in [16, 34]
and consists of an outer frequency control loop based on the phase-
locked loop (PLL) with cascaded voltage and current control loops
in a synchronous rotating (dq) reference frame, commonly used in
converter control.
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Fig. 2: Grid-forming wind turbine grid-side converter control with
cascaded voltage (VC) and current (CC) control loops and PLL-
based frequency controller (FC).

3.1 Assumptions

The model described above has certain simplifications. Firstly, the
WT rotor-side converter (RSC) and changes to the turbine controller
that are required for grid-forming operation, have not been mod-
eled. In conventional grid-following operation of the WT, the RSC
is controlled to extract maximum power from the generator while
the GSC maintains power balance to regulate the DC link voltage
of the back-to-back PEC interface of the WT and the reactive power
output at the AC terminal. However, in grid-forming mode, the GSC
can not control the DC link and reactive power anymore, and the
required generator torque and real power is set by the AC-load, not
the turbine controller, which now has to regulate the speed using the
pitch controller—and especially avoid over-speeding during low AC
load and high winds. Hence, the RSC control requires changes to
be able to maintain the DC link voltage constant by ensuring active
power balance [29]. The implications of this redesign required in the
rotor speed controller—to operate stably at very low active power
levels, cope with sudden changes in generator torque during large
load steps, and to prevent transient over-speeding of the WT dur-
ing load disconnections in the weak grid conditions of a blackstart
scenario—are discussed in [35].

Since the WT rotor and DC link dynamics are outside the scope
of the study, constant WT DC link voltage (ideally controlled by
the RSC) is assumed. An average voltage source model is used for
the GSC and dynamics faster than the bandwidth of the inner cur-
rent control loop, designed to 200 Hz, are out of the scope of this
study. Moreover, each WT transformer is represented by its equiva-
lent leakage impedance (no magnetic characteristics), as it is much
smaller than the HVDC transformer and can be soft-started along
with the WT voltage ramp-up, to avoid magnetic inrush and satura-
tion effects. Furthermore, since dynamics inside the OWPP are not
the main focus, outer power sharing loops in the WT controls are not
considered, and the WTs start operation simultaneously. Addition-
ally, no auxiliary loads are considered, resulting in minimum system
damping and more demanding energization transients.

3.2 HVDC Converter Control and Pre-charging

The converter at the offshore terminal (‘Rectifier’) is controlled
in grid-following mode, since the offshore AC network voltage is
formed by the grid-forming WTs in the OWPP. Such converter thus
regulates the HVDC link voltage VDC and reactive power injection
Q2 into the offshore AC network, as described in [16]. The con-
verter in the onshore terminal (‘Inverter’) is controlled with a simple
grid-forming scheme, shown in Fig. 3, to regulate the onshore AC
network voltage magnitude V1 and frequency f1, in the scope of
the blackstart case study performed in this paper. The MMCs use
standard inner control loops, such as cell voltage balancing and
circulating current suppression.

Conventionally, the onshore MMC cells are pre-charged from
the onshore AC grid, and the offshore MMC cells are pre-charged
uncontrollably by a diesel generator, once the HVDC link voltage
is stabilized [36]. This diesel unit is typically co-located on the
offshore HVDC substation as backup emergency supply and for sup-
plying auxiliary load to be ready-for-energization [36]. However,
in the scope of this study, the WTs are supposed to energize the
offshore AC network and HVDC link to supply the onshore block
load, without relying on other components or networks for MMC

Fig. 3: Onshore MMC AC voltage control for islanded operation.

cell pre-charging. Since the startup direction is reversed to that in
[36], the offshore MMC is pre-charged from the AC voltage formed
by the OWPP, while the onshore MMC from its DC terminals con-
nected to the HVDC link. An onshore diesel generator—as shown
in Fig. 1—is assumed to provide the auxiliary power, which if off-
shore, is very costly in terms of space occupied, maintenance and
safety requirements, and insurance.

In [16] onshore MMC cell charging starts only when the con-
verter begins forming the onshore AC network voltage (with its cells
de-blocked) due to the lack of a pre-charging control. This results in
an energy imbalance in the HVDC link during the DC-side charg-
ing of the onshore MMC cells, which leads to large transients in cell
voltages and valve currents, and a significant dip in the HVDC link
voltage. The reason for this is that, at the end of HVDC link ener-
gization by the offshore MMC (Stage 3), the 640 kV HVDC link
voltage is divided equally between 450 capacitors (225 per arm) in
the whole leg, charging them uncontrollably to 1.42 kV, which is
only half of the nominal 2.85 kV (= 640 kV / 225). So, when the
converter is de-blocked, its submodules (now only 225 inserted in
total in a leg, at any time) charge uncontrollably from 1.42 kV (total
inserted voltage of 320 kV) to the desired nominal cell voltage of
2.85 kV from the DC side 640 kV, drawing large charging currents
with simultaneous dis-charging due to submodules being switched
to form the onshore AC network voltage. In quest of improving such
transient responses, open-loop controlled pre-charging, illustrated in
Fig. 4, has been implemented to charge the onshore MMC submod-
ule capacitors to the nominal 2.85 kV before the converter is de-
blocked and begins forming the onshore AC network.

Different methods for MMC pre-charging have been proposed in
literature. While some rely on an external DC voltage source and
additional switches increasing cost and complexity [37], others use
the main DC link with an external resistance to limit the charging
and discharging currents [38]. More complex strategies have also
been proposed, where the duty cycle of one pulse width modulation
mode module and the number of inserted submodules is gradually
decreased [39]. This allows simultaneous charging of the upper and
lower arm cells with no impact from the AC-load and effectively
suppresses the surge current. Finally, a generalized AC/DC-side soft-
startup method has been proposed in [40] that controls the charging
current by adjusting the rate of number of blocked and bypassed
capacitors, in conjunction with the conventional capacitor voltage
sorting algorithm.

In this study, however, a simple pre-charging strategy—without
any current-limiting resistance and based on [38, 40, 41]—has been
used and is described as follows:
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Fig. 4: Controlled pre-charging of onshore MMC cells.
(a) Pre-charging of upper arm, with ramp-controlled bypass of lower arm cells.
(b) Simplified equivalent circuit for (a).
(c) Submodule operating states depending on switching configuration: the cell capacitor charges (green), discharges (red) or holds the charge (blue) depending on the operating state
and current direction.

1. At first, the upper arm is inserted and the lower arm bypassed,
so as to fully charge all 225 cells in the upper arm. To control the
charging current (and the resulting transients in the HVDC link), the
lower arm cells are bypassed in small steps, instead of all at once. i.e.
a ramp (n : 0→ 225). The 225 upper arm cells are thus charged in
a smooth manner, from 1.42 kV to the nominal 2.85 kV, as the par-
tially-charged not-yet-bypassed lower arm cells add to the insertion
voltage and limit the charging current. This is explained in Fig. 4(a),
while a simplified equivalent circuit diagram is shown in Fig. 4(b).
2. Then the upper arm is bypassed and the lower arm inserted, so
that the upper arm cells hold their charge while the lower arm cells
charge fully.
3. Lastly, both the upper and lower arms are blocked (the now fully
charged cells hold their charge), before the converter is de-blocked
to control the onshore AC network voltage.

Figure 4(c) shows the cell capacitor charging status for the differ-
ent submodule switching states viz. blocked, bypassed and inserted,
as a function of the switching configuration and the current direction,
similar to in [39]. The aforementioned approach is open-loop, which
can be replaced with closed-loop control to regulate the AC/DC-side
pre-charge current for reduced start-up time and no inrush peak [42].
However, not only does this require complex and specially designed
algorithms for capacitor balancing and reference generation, but also
a fast transition between startup and the normal operation to avoid
capacitors overcharging. Alternatively, averaging capacitor voltage
control with feed-forward has been shown to achieve a fast dynamic
response without compromising the system stability margin and the
implementation complexity [43].

4 Simulation Study and Results

The offshore network is energized using the two different
approaches, viz. hard-switching and soft-start.

The hard-switching energization sequence is summarized in
Table 1. In this sequence the HVDC transformer and converter are
connected to the grid-forming OWPP at rated voltage with a PIR
that is bypassed after a PIT to limit the inrush currents. The offshore
MMC (‘Rectifier’) is pre-charged from its AC side while the onshore
MMC (‘Inverter’) from its DC side with an additional controlled pre-
charging stage (Stage 4) that is explained in Section 3.2. Finally, the
onshore MMC is de-blocked to control the onshore grid voltage and
pick up a 30 MW block load. For the hard-switching case, a sensi-
tivity analysis has been done for PIR = {100, 200, 300}Ω and PIT
= {0.01, 0.1, 0.2} s.

In the soft-start energization sequence, summarized in Table 2,
the WTs smoothly ramp-up the voltage of the entire offshore AC
grid, with the HVDC transformer and offshore MMC (‘Rectifier’)
connected. The onshore MMC (‘Inverter’) is pre-charged from its
DC side, as in the hard-switching case, and is then de-blocked to
control the onshore AC network voltage, ultimately picking up a 30
MW block load. For the soft-start case, a sensitivity analysis has
been done for the ramp-rate expressed in time to ramp-up from 0 to
1 pu, tramp = {0.5, 1, 2} s.

In the following, first the simulation results for the complete hard-
switching energization sequence are presented. Then the transients
during the controlled pre-charging of the onshore converter cells are
focused upon and compared with those in [16]. Finally, the results of
the sensitivity analyses, with different PIR and PIT values for hard-
switching and different ramp-rates for soft-start, are discussed.
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Table 1 Simulation events of the hard-switching energization sequence.

Stage Time [s] Events

1 0 WTs are energized simultaneously and operate in grid-forming mode.
2 tMB = 1.3 MB is closed to insert PIR for energizing the offshore transformer and pre-charging the offshore MMC cells.

tMB + PIT PIR is bypassed by closing AB.
3 2.1 Offshore MMC is de-blocked to control the HVDC link voltage; HVDC link is energized
4 2.5 (a) Controlled pre-charging of onshore MMC’s upper arm cells with lower arm bypassed.

2.8 (b) Controlled pre-charging of onshore MMC’s lower arm cells with upper arm bypassed.
3.1 (c) Controlled pre-charging of onshore MMC finished; both arms blocked.

5 3.3 Onshore MMC is de-blocked to control the onshore AC network voltage; PCC1 is energized.
6 4 Onshore 30 MW block load is connected.

Table 2 Simulation events of the soft-start energization sequence.

Stage Time [s] Events

1 0 All WTs are started simultaneously and operate in grid-forming mode; MB and AB are closed from the start.
2 tramp WTs ramp-up the offshore AC network RMS voltage from 0 to 1 pu.

3-6 — (same as for hard-switching in Table 1)

4.1 Complete Energization Sequence

The waveforms during the complete hard-switching energization
sequence are shown in Fig. 5 with the time instants marking the dif-
ferent stages as listed in Table 1. These results are based on those
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Fig. 5: Complete hard-switching energization sequence, stages of which are given in Table 1. This figure shows (a) WPP instantaneous (blue)
and RMS (orange) voltage, (b) WPP frequency, (c) WPP real (blue) and reactive (orange) power output, (d) offshore MMC sum of capacitor
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in [16] using PIR= 120 Ω and PIT= 0.3 s, with the additional con-
trolled pre-charging of the onshore MMC descibed in Section 3.2.
At 1.3 s the offshore HVDC transformer is energized, visible from
the transient power peak along with a steady rise of the HVDC link
voltage that is associated with the uncontrolled AC side pre-charging
of the offshore MMC cells. After this the DC link voltage control by
the offshore MMC is started at 2.1 s. Then HVDC link voltage dips
are seen at 2.5 s and 2.8 s, associated with the controlled pre-charg-
ing of the onshore MMC. Finally, the onshore AC voltage control by
the onshore MMC begins at 3.3 s and a 30 MW onshore block load
is picked up at 4 s.

4.2 Onshore MMC Controlled Pre-charging

The controlled DC-side pre-charging stage for the onshore MMC
prevents the significant HVDC link voltage dip and the disturbance
in the offshore MMC cell voltage, as shown in Fig. 6. The results
from [16], without any pre-charge control, are also presented for
comparison. In such a case, when the converter is de-blocked, the
onshore MMC cells start charging uncontrollably from 1.42 kV to
the nominal 2.85 kV while they are being switched to form the
onshore AC network voltage. The resulting energy imbalance in the
HVDC link causes the discharge of the offshore MMC cells to sup-
ply the charging current drawn by the onshore MMC cells, as shown
in Fig. 6(a). This leads to a significant drop in the HVDC link volt-
age, down to 320 kV, as shown in Fig. 6(b). The offshore MMC, in
VDC-Q2 control mode, then reacts to such disturbance so as to bring
the voltage back to the reference 640 kV, causing large oscillations
in the HVDC link voltage (with a peak of up to 1000 kV) and the
offshore MMC cell voltages and valve currents. Such disturbances
in turn cause large dips/distortions in the offshore AC network volt-
age and oscillations in OWPP active and reactive power output, as
can be seen in Fig. 6(b).

As illustrated in Fig. 6(a), when the controlled pre-charging stage
of the onshore MMC is included, the oscillations in the offshore
MMC cell voltages and valve currents along with the HVDC link
voltage dip are greatly reduced. The HVDC link voltage drops to
550 kV but then recovers quickly as a result of the offshore MMC
controls. From 2.5 s to 2.7 s, the upper arm is charged in a ramp,
which limits the disturbance in the voltage of the offshore MMC

cells, as they are discharged to supply the onshore MMC cell charg-
ing currents. This is accompanied with a power surge from the WPP,
to maintain the offshore network voltage, as is shown in Fig. 6(b). A
similar response is observed when the lower arm cells are charged,
between 2.8 s and 3.1 s. Once pre-charging is complete, both arms
are blocked at 3.1 s.

4.3 Sensitivity Analyses

4.3.1 Hard Switching: Figure 7(a) shows the WPP RMS volt-
age, WPP active power output, and active power dissipated by the
PIR during the PIT interval, for different values of PIR (indicated by
different line styles) and PIT (indicated by different colours). As can
be observed, a transient active power peak and associated voltage
dip occur when the MB is closed to energize (with the PIR inserted)
the downstream network. A second transient active power peak and a
much more significant voltage dip then ensue, when the AB is closed
to bypass the PIR after the PIT interval. The values of the transient
WPP output power peaks and WPP voltage dips are listed in Table 3
in pu. The simulation results show that:

• The WPP terminal voltage dip when the PIR is inserted is not
significant.
• Higher PIR values reduce the transient active power peaks by
providing increased damping during the inrush. However, the WPP
terminal voltage dips are larger, except at lower PIT values, for
which the PIR doesn’t influence the voltage dip.
• Smaller PIT values lead to lower transient active power peaks at
insertion but higher ones at bypass. Additionally, the WPP terminal
voltage dips to lower values, as smaller time intervals mean lesser
energy dissipated, resulting in a higher voltage disturbance.

PIR and PIT values of 120 Ω and 0.3 s, respectively, have been used
in [16] to limit the voltage dip due to the transient active power peak
during energization, as shown in Fig. 7(a) in grey. However, in prac-
tice, the energy dissipated by the PIR during the PIT determines its
cooling needs and duty cycle, and ultimately drives its volume/size.
The energy dissipated by the PIR during the PIT interval (starting at
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Fig. 6: Transient responses with (green) and without (red) controlled DC-side pre-charging of the onshore MMC.
(a) Upper and lower arm maximum cell voltages and valve currents in the onshore (PCC1) and offshore (PCC2) MMCs.
(b) WPP instantaneous (solid) and RMS (dashed) voltage, HVDC link voltage and current, and WPP active (solid) and reactive (dashed) power output.
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Fig. 7: Results of the sensitivity analyses.
(a) Hard-switching: WPP RMS voltage, WPP active power output, and active power dissipated by the PIR during the PIT interval.
(b) Soft-start: WPP RMS voltage, WPP active and reactive power output and HVDC link voltage for different energization/voltage ramp-rates.

Table 3

Transient WPP active power output peak, P peak
2 , and associated ter-

minal voltage dip, V dip
WPP, in per unit (base values: 400 MW, 66 kV),

for different PIR and PIT values, when PIR is inserted / bypassed,
respectively.

PIR [Ω] PIT [s] P
peak
2 [pu] V

dip
WPP [pu]

0.01 0.19 / 0.78 0.97 / 0.37
100 0.1 0.42 / 0.78 0.97 / 0.77

0.3 0.42 / 0.38 0.97 / 0.98

0.01 0.10 / 0.77 0.98 / 0.35
200 0.1 0.24 / 0.79 0.98 / 0.59

0.3 0.24 / 0.70 0.98 / 0.88

0.01 0.07 / 0.77 0.99 / 0.34
300 0.1 0.17 / 0.76 0.99 / 0.51

0.3 0.17 / 0.73 0.99 / 0.77

tMB = 1.3 s) is given by

EPIR = 3

∫ tMB+PIT

tMB

I2phase PIR dt (1)

where Iphase is the phase RMS current flowing through the PIR.
Figure 8 portrays EPIR as a function of PIR and PIT. Due to the lim-
ited space in the offshore platform, the PIR must be sized according
to its operation duty cycle so as to limit the energy dissipated during
the PIT, for example: maximum three operations in 10 s and then
30 min. off for cooling. With that in consideration, values of 100 Ω
0.1 s for the PIR and PIT, respectively, may be a better compromise
between voltage dip and required platform space in this particular
case.

4.3.2 Soft Start: Figure 7(b) shows the WPP RMS voltage,
HVDC link voltage and WPP active and reactive power output for
different soft-start energization/voltage ramp-rates, while Table 4
compiles the corresponding active power peaks. As can be observed
and expected, higher ramp-rates result in higher charging active and
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Fig. 8: Energy dissipated by PIRs of different values during different
PITs. The grey bar corresponds to PIR= 120 Ω and PIT= 0.3 s used
in [16].

reactive power peaks. However, even for a fast 0.5 s ramp to 1
pu voltage, the peak is less than 20% of the WPP rated capacity.
This shows that soft-start using PEC control can in principle pro-
vide faster energization of the offshore networks while reducing
the magnitude of associated transients, thus decreasing the overall
restoration time and consequently the impact of a blackout. Addi-
tionally, plenty of the WPP generation capacity is left to energize
auxiliary loads of other blackstart units, pick up block loads and
operate stable islands before re-synchronizing with the main grid.
However, low short circuit levels during energization and different
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settings of the under-voltage trip protection can result in delayed
fault clearance and reduced selectivity for some critical faults.

Table 4 Transient WPP active power output peak, P peak
2 , in per unit (base

value: 400 MW), for different values of time to ramp-up voltage from 0
to 1 pu, tramp.

tramp [s] P
peak
2 [pu]

0.5 0.17
1 0.09
2 0.05

5 Conclusion

Large grid-forming offshore wind power plants could provide power
system services like blackstart in the future, as the results in this
paper show. The energization of the offshore network can be done
using the traditionally prevalent hard-switching approach or the
more complex soft-start method. However, attention should be given
to the implications due to the very nature of the approaches. Hard-
switching can lead to significant transients, but it provides a clear,
bounded structure of the energization sequence. On the other hand,
soft-start can allow a significantly faster energization process, with
smaller transients, but results in delayed fault detection and clearing,
with all the implications that this entails.

The simulation results corroborate that a separate controlled DC-
side pre-charging stage for the onshore converter is an essential part
of the energization sequence before it can be de-blocked to safely
control the onshore AC network voltage and allow the offshore wind
power plant to stably supply the onshore block load. The sensitiv-
ity analysis conducted for hard-switching energization provides an
overview of the impact of the PIR and PIT on the voltage dip and
the associated energy dissipated by the PIR during the PIT. For a
detailed PIR design, statistical simulations are needed to cope with
the worst case scenario. Compared to the prevailing hard-switching,
the power electronics converters of the wind turbines enable soft-
start of the offshore network elements with benefits of fast ramp-up
rates and smaller smoother associated energization transients.

More studies are needed to investigate fault-related transients
in soft-start energization, especially the risk of resonance excita-
tion due to sudden post-fault voltage recovery after opening of the
breaker. Furthermore, synchronization transients during the sequen-
tial energization of the wind turbines in a string need to be studied.
Additionally, the robustness of islanded offshore wind power plant
operation to events such as the sudden disconnection and re-con-
nection of a wind turbine, that can lead to sympathetic interaction
between the transformers in the offshore collector network, also
needs to be investigated.

6 Acknowledgments

The authors gratefully acknowledge the contributions of Ömer
Göksu, Rui Li and Lie Xu to the discussions leading up to this work.
This work is a part of the InnoDC project that has received funding
from the European Union’s Horizon 2020 research and innovation
programme under the Marie Skłodowska-Curie grant agreements
No. 765585. This work has also received funding from the European
Union’s Horizon 2020 research and innovation programme under
grant agreement No. 691714. Preliminary results have been included
in the PROMOTiON Deliverable 3.7 on Compliance evaluation
results using simulations (2020).

7 References
1 International Energy Agency (IEA). ‘Global Energy & CO2 Status Report

(GECO)’, 2019. Available from: https://www.iea.org/geco/

2 European Parliament and Council of the European Union: ‘Directive (EU)
2018/2001 of the European Parliament and of the Council on the promotion of the
use of energy from renewable sources (recast)’, Official Journal of the European
Union, 2018, L 328, pp. 82–209

3 International Renewable Energy Agency (IRENA). ‘Renewable Power Gen-
eration Costs in 2018’, 2019. Available from: https://www.irena.org/-
/media/Files/IRENA/Agency/Publication/2019/May/IRENA_Renewable-Power-
Generations-Costs-in-2018.pdf

4 Wind Europe. ‘Our Energy Our Future: How offshore wind will help Europe go
carbon-neutral’, 2019. Available from: https://windeurope.org/about-wind/reports/
our-energy-our-future/

5 De Boeck, S., Van Hertem, D., Das, K., Sørensen, P.E., Trovato, V., Turunen,
J., et al.: ‘Review of Defence Plans in Europe: Current Status, Strengths and
Opportunities’, CIGRE Transactions on Science & Engineering, 2016, 5, pp. 6–16

6 Australian Energy Market Operator (AEMO). ‘Black system South Aus-
tralia 28 September 2016 - Final Report’, 2017. Available from:
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Market_Notices_
and_Events/Power_System_Incident_Reports/2017/Integrated-Final-Report-SA-
Black-System-28-September-2016.pdf

7 National Grid ESO. ‘Black Start from Non - Traditional Generation Technolo-
gies’, 2019. Available from: https://www.nationalgrideso.com/document/148201/
download

8 Jain, A., Sakamuri, J.N., Das, K., Göksu, Ö., Cutululis, N.A. ‘Functional require-
ments for blackstart and power system restoration from wind power plants’. In: 2nd
International Conference on Large-Scale Grid Integration of Renewable Energy in
India. New Delhi, India: Energynautics GmbH, 2019.

9 Jiang.Hafner, Y., Duchen, H., Karlsson, M., Ronstrom, L., Abrahamsson, B.
‘HVDC with voltage source converters - A powerful standby black start facil-
ity’. In: Transmission and Distribution Exposition Conference: 2008 IEEE PES
Powering Toward the Future (PIMS 2008), 2008.

10 Elia. ‘Study on the Review of the Black Start Ancillary Services’, 2018. Available
from: https://www.elia.be/en/public-consultation/20181005-review-of-the-black-
start-ancillary-service

11 Rocabert, J., Luna, A., Blaabjerg, F., Rodriguez, P.: ‘Control of Power Convert-
ers in AC Microgrids’, IEEE Transactions on Power Electronics, 2012, 27, (11),
pp. 4734–4749

12 Jain, A., Das, K., Göksu, Ö., Cutululis, N.A. ‘Control Solutions for Blackstart
Capability and Islanding Operation of Offshore Wind Power Plants’. In: Proceed-
ings of the 17th International Wind Integration workshop. Stockholm, Sweden:
Energynautics GmbH, 2018.

13 Añó.Villalba, S., Blasco.Gimenez, R., Bernal.Perez, S., Belenguer, E.: ‘Wind
power plant integration in voltage source converter HVdc grids with voltage droop
control’, Mathematics and Computers in Simulation, 2018, 146, pp. 186–199

14 Martínez.Turégano, J., Año.Villalba, S., Bernal.Pérez, S., Peña, R.,
Blasco.Gimenez, R. ‘Mixed Grid-Forming and Grid-Following Wind Power
Plants for Black Start Operation’. In: 17th International Wind Integration
Workshop. Stockholm, Sweden: Energynautics GmbH, 2018.

15 Aten, M., Shanahan, R., Mosallat, F., Wijesinghe, S. ‘Dynamic Simulations of
a Black Starting Offshore Wind Farm Using Grid Forming Converters’. In: 18th
Wind Integration Workshop. Dublin, Ireland: Energynautics GmbH, 2019.

16 Sakamuri, J.N., Göksu, Ö., Bidadfar, A., Saborío.Romano, O., Jain, A., Cutululis,
N.A. ‘Black Start by HVdc-connected Offshore Wind Power Plants’. In: IECON
2019 - 45th Annual Conference of the IEEE Industrial Electronics Society. Lisbon,
Portugal, 2019.

17 Sørensen, T.B., Kwon, J.B., Jørgensen, J.M. ‘A live black start test of an HVAC
network using soft start capability of a voltage source HVDC converter’. In:
CIGRE 2019 Aalborg Symposium. Aalborg, Denmark, 2019.

18 Schyvens, T. ‘Interactions Between Transmission System Connected Converters’.
In: IEEE Power and Energy Society General Meeting. Atlanta (GA), USA, 2019.
presentation

19 Cigré, WG B3. 36: ‘Special Considerations for AC Collector Systems and Sub-
stations Associated With Hvdc- Connected Wind Power Plants’, CIGRE Technical
Brochure, 2015, 612

20 Sidhu, T.S., Tziouvaras, D.A., Apostolov, A.P., Castro, C.H., Chano, S.R.,
Horowitz, S.H., et al.: ‘Protection issues during system restoration’, IEEE Trans-
actions on Power Delivery, 2005, 20, (1), pp. 47–56

21 Turner, R.A., Smith, K.S.: ‘Transformer Inrush Currents’, IEEE Industry Applica-
tions Magazine, 2010, 16, (5), pp. 14–19

22 Nagahama, N., Furukawa, K., Funakoshi, T., Kawachino, T., Takasaki, S., Shi-
mojo, T., et al. ‘Transformer overvoltages and countermeasures during blackstart’.
In: 2003 IEEE Bologna Power Tech Conference Proceedings. vol. 2. Bologna,
Italy, 2003.

23 Gomes, V., Dill, P., Quitmann, E. ‘Inrush Currents: One Less Thing to Worry
About; An innovative solution’. In: 4th International Hybrid Power Systems
Workshop. Crete, Greece, 2019.

24 Arana, I., Hernandez, A., Thumm, G., Holboell, J.: ‘Energization of wind tur-
bine transformers with an auxiliary generator in a large offshore wind farm
during islanded operation’, IEEE Transactions on Power Delivery, 2011, 26, (4),
pp. 2792–2800

25 Kotak, P.J., Thakur, A.: ‘Comparative Analysis of Point on Wave Switching Tech-
nique & Prefluxing Technique to Mitigate In-rush Current in Three Phase Power
Transformer’, International Journal of Scientific & Engineering Research, 2014,
5, (11), pp. 831–836

26 PROMOTiON WP3. ‘Deliverable 3.7: Compliance evaluation results
using simulations Part I: WPP/WTG control for Self-Start and Black Start
Part II: WPP/WTG control for DRU Operation’, 2020. Available from:
https://www.promotion-offshore.net/fileadmin/PDFs/D3.7_Compliance_
evaluation_results_using_simulations.pdf

IET Research Journals, pp. 1–10
c© The Institution of Engineering and Technology 2015 9

Chapter Publications 99



27 Ferrer, A.D., Enjuanes, J.A., Castejón, G.D., Loncle, J., Hondaa, P., Bénard, L.,
et al. ‘Feedback on INELFE France-Spain HVDC project’. In: CIGRE 2016 Paris
Session. Paris, 2016.

28 The National HVDC Centre, Electric Power Research Institute (EPRI Europe
DAC). ‘Black Start from VSC HVDC and its impact on AC Protection Coordi-
nation’ [Webcast], 2020

29 Pérez, A.N.F., Sun, Y., Burstein, A.W., Harson, A., Tang, B. ‘Co-simulation Hard-
ware in the Loop Test bench for a Wind Turbine: Validation of a wind turbine
black start capability’. In: 18th Wind Integration Workshop. Dublin, Ireland:
Energynautics GmbH, 2019.

30 PROMOTioN, WP 3. ‘Deliverable 3.1: Detailed functional requirements to WPPs’,
2016. Available from: https://www.promotion-offshore.net/fileadmin/PDFs/D3.1_
PROMOTioN_Deliverable_3.1_Detailed_functional_requirements_to_WPPs.pdf

31 PROMOTioN, WP 3. ‘Deliverable 3.2: Specifications of the con-
trol strategies and the simulation test cases’, 2017. Available from:
https://www.promotion-offshore.net/fileadmin/PDFs/D3.2_Specifications_
Control_strategies_and_simulation_test_cases.pdf

32 Cigré, WG B4. 57: ‘Guide for the development of models for hvdc converters in a
hvdc grid’, CIGRE Technical Brochure, 2014, 604

33 Muljadi, E., Pasupulati, S., Ellis, A., Kosterov, D. ‘Method of equivalencing for a
large wind power plant with multiple turbine representation’. In: 2008 IEEE Power
and Energy Society General Meeting - Conversion and Delivery of Electrical
Energy in the 21st Century, 2008.

34 Yu, L., Li, R., Xu, L.: ‘Distributed PLL-based Control of Offshore Wind Turbine
Connected with Diode-Rectifier based HVDC Systems’, IEEE Transactions on
Power Delivery, 2018, 33, (3), pp. 1328–1336

35 Shan, M., Shan, W., Welck, F., Duckwitz, D.: ‘Design and laboratory test of black-
start control mode for wind turbines’, Wind Energy, 2019, pp. 1–16

36 Cai, L., Karaagac, U., Mahseredjian, J.: ‘Simulation of Startup Sequence of an
Offshore Wind Farm with MMC-HVDC Grid Connection’, IEEE Transactions on
Power Delivery, 2017, 32, (2), pp. 638–646

37 Xu, J., Zhao, C., Zhang, B., Lu, L. ‘New Precharge and Submodule Capacitor
Voltage Balancing Topologies of Modular Multilevel Converter for VSC-HVDC
Application’. In: 2011 Asia-Pacific Power and Energy Engineering Conference
(APPEEC), 2011.

38 Das, A., Nademi, H., Norum, L. ‘A Method for Charging and Discharging Capaci-
tors in Modular Multilevel Converter’. In: IECON 2011 - 37th Annual Conference
of the IEEE Industrial Electronics Society. IEEE, 2011. pp. 1058–1062

39 Shi, K., Shen, F., Lv, D., Lin, P., Chen, M., Xu, D.: ‘A Novel Start-up Scheme
for Modular Multilevel Converter’, 2012 IEEE Energy Conversion Congress and
Exposition (ECCE), 2012,

40 Zhang, L., Qin, J., Wu, X., Debnath, S., Saeedifard, M.: ‘A Generalized Precharg-
ing Strategy for Soft Startup Process of the Modular Multilevel Converter-Based
HVDC Systems’, IEEE Transactions on Industry Applications, 2017, 53, (6),
pp. 5645–5657

41 Yu, Y., Ge, Q., Lei, M., Wang, X., Yang, X., Gou, R. ‘Pre-charging Control
Strategies of Modular Multilevel Converter’. In: 2013 International Conference
on Electrical Machines and Systems (ICEMS), 2013.

42 Li, B., Xu, D., Zhang, Y., Yang, R., Wang, G., Wang, W., et al.: ‘Closed-loop
Precharge Control of Modular Multilevel Converters during Start-up Processes’,
IEEE Transactions on Power Electronics, 2015, 30, (2), pp. 524–531

43 Shi, X., Liu, B., Wang, Z., Li, Y., Tolbert, L.M., Wang, F.: ‘Modeling, Control
Design, and Analysis of a Startup Scheme for Modular Multilevel Converters’,
IEEE Transactions on Industrial Electronics, 2015, 62, (11), pp. 7009–7024

8 Appendix

Table 5 Main circuit parameters.
[T1 - onshore, T2 - offshore, XL - leakage reactance].

Parameters Values

WT rating 8 MW

WT GSC Filter Lf = 10%, Cf = 5%

WT transformer 0.69/66 kV
R = 1%, XL = 1%

WPP rating 400 MW

HVDC transformers
1200 MVA, XL = 15%
T2: 66/390 kV
T1: 390/400 kV

HVDC link ±320 kV, 1200 MW, 200 km

MMC 1200 MVA
225 submodules per arm

Onshore load 30 MW
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Virtual Resistance Control for Sequential
Green-start of Offshore Wind Power Plants

Anubhav Jain , Oscar Saborı́o-Romano , Jayachandra N. Sakamuri and Nicolaos A. Cutululis

Abstract—The changing energy landscape due to the large scale
integration of renewable energy and shutting down of conven-
tional thermal plants has opened up the potential of alternate
sources in the blackstart services market. Grid forming wind
turbines can do controlled islanded operation independent of an
external grid voltage and thus, participate in network restoration
from the start. However, it is necessary to study the capability of
wind turbines to deal with the demanding energization transients
in a controlled and stable manner. This work investigates the
feasibility of using virtual resistance in the wind turbine converter
control to reduce transients during self-transformer inrush and
sympathetic interaction from downstream string transformers.
This can eliminate the need for pre-insertion resistors during
sequential energization. The sensitivity of the AC current and
voltage output along with DC link transient to the virtual
resistance parameters has also been analyzed using PSCAD
simulations. Finally the effectiveness of the proposed method for
offshore network energization by a grid forming wind power
plant has been tested by comparing to results for a pre-insertion
resistor.

Index Terms—Wind, HVDC, Grid forming, Energization,
Transformer, Inrush, Virtual, Resistance.

I. INTRODUCTION

ONE of the major strategies for sustainable development is
the large-scale integration of renewable energy sources

in the electrical power system. According to a 2025 renewables
forecast [1], the global installed capacity of coal-fired plants is
set to peak in 2022 before starting to decline in the following
years and be overtaken by solar and wind energy by 13% in
2025. However as traditional synchronous generators are being
replaced with power-electronics interfaced variable generation
(like wind and solar), maintaining stable and reliable grid
operation becomes more complex due to the changing the
power system dynamics [2], [3]. This has increased the risk
of wide-area blackouts — for example most recently in South
Australia (2016) and UK (2019) -— both initiated by a rapid
unexpected decrease in wind power plant generation [4], [5].
Given the changing energy landscape, cost of warming-up
large thermal plants and consequently, of blackstart services is
increasing. Thus, considerable changes are required to facili-
tate the participation of alternate sources including aggregated
units like large offshore wind power plants (WPP), in the
blackstart market [6], [7].

This work is part of the InnoDC project that has received funding from the
European Union’s Horizon 2020 research and innovation programme under
the Marie Skłodowska-Curie grant agreement No 765585.

A. Jain, O. S.-Romano and N. A. Cutululis are with Department of Wind
Energy, Technical University of Denmark, 4000 Roskilde, Denmark.

J. N. Sakamuri is with Vattenfall Vindkraft A/S, 6000 Kolding, Denmark.

Many studies have been done on power system restora-
tion with WPPs — a comprehensive review is presented in
[8], where it has been highlighted that a change in control
philosophy from conventional grid-following to grid-forming
(GFM) is essential to facilitate early stage participation of
WPPs in bottom-up network energization. Such GFM wind
turbines (WT) can operate — albeit with changes to the turbine
and converter control [9]–[11] — as a controlled AC voltage
source without relying on an external grid and supply load in
a power island [8], [12]. This also enables them to provide
short term defense against imminent instabilities preceding a
blackout by switching to trip-to-houseload and ensuring stable
controlled islanded operation (CIO) — potential strategies for
restoration procedures in the future decentralized converter-
rich power system [13].

In addition to reducing the blackout impact, GFM WTs
producing power to sustain themselves can avoid health risks,
reduce cost of warming and minimize the dependence on
backup diesel generator for auxiliary power. This can po-
tentially yield economic benefits, save offshore space, reduce
downtime, increase reliability and result in a greener footprint
(due to CO2 displacement) — especially during unscheduled
events like long duration grid outages or loss of connection
due to cable failures [14].

However before a GFM WPP can pickup onshore block
load for grid restoration, there are different target states and
associated demanding transients that it must deal with while
maintaining stable voltage and frequency. These include self-
start of WTs and self-sustained houseload operation, followed
by magnetization of transformers and charging of offshore
cables, ultimately ending with the export link energization as
explained in detail in [14]. These stages are of more concern
to the WPP operator and stable CIO must be ensured before
providing any onshore blackstart service. Thus, hereinafter the
energization up to the onshore terminal as shown in Fig. 1,
shall be referred to as greenstart to differentiate from the
traditionally used ‘blackstart’ of the main grid.

Recently Scottish Power Renewables in collaboration with
Siemens-Gamesa Renewable Energy and Iberdrola Renew-
ables has successfully demonstrated — for the first time
— the ability of GFM WTs to operate in island condition
supplying local loads while supporting conventional current-
control WTs and ultimately provide blackstart service to the
grid by energizing the transmission network [15]. That being
said, the protection and control systems need to be redesigned
and adapted for suitable islanding and blackstart operation to
ensure resilient and autonomous startup post blackout [16].
Although controlled voltage ramp-up by the WTs allows for
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Fig. 1: Target states in the greenstart energization sequence of
an HVDC-connected offshore WPP, reproduced from [14].

‘soft’-start of the entire offshore network with reduced inrush
effects, direct on-line (DOL) or sequential ‘hard’-switching
increases available fault current to protection schemes and
offers enhanced robustness. However, transformers draw sig-
nificant inrush currents which must be limited to prevent the
converter from tripping. This is especially important for the
first turbine connection as subsequent energizations are easier
because more WTs are up and running [15].

The most straightforward method to limit inrush currents
during DOL energization is a controlled reduction in gen-
erator voltage as demonstrated in [17]. Alternatively, a pre-
insertion resistor (PIR) is also commonly used for larger
HVDC transformer on the offshore substation and is bypassed
after a certain time as shown in recent studies on greenstart
of an HVDC-connected offshore WPP [18]. This paper takes
inspiration from microgrid converter control that uses a virtual
impedance loop to achieve controlled power injection by the
distributed generator when it initiates its energy generation
[19], [20]. The GFM control of the WT converter can similarly
be modified to emulate a virtual resistance (Rv) at start-up to
reduce the terminal voltage during the transformer connection,
mimicking the presence of a real PIR and thus limiting inrush
effects. However, the DC link of the WT converter interface
takes the brunt of the transient and needs to be controlled to
maintain converter controllability as described in Sec. III-A.

The next section introduces the concept of virtual resistance
in converter control followed by a description of the WT model
with the control that has been used in this study. After that
the transformer energization of a single islanded GFM WT is
shown in Sec. IV-A and comparison has been made between
DOL, PIR and Rv methods. Then the sensitivity of the inrush
transients to the Rv parameters is analysed through PSCAD
simulations in Sec. IV-B. The impact of Rv on inrush and
sympathetic interaction from downstream transformers during
string energization has also been studied in Sec. IV-C. Finally
the feasibility of using Rv for offshore network energization
by a GFM WPP is investigated and compared to results for a
PIR in Sec. IV-D before the concluding remarks.

II. VIRTUAL RESISTANCE

A significant amount of research has been done in tack-
ling the challenges of integrating different technologies of

power-electronics, telecommunications, generation and energy
storage into microgrids. State-of-art hierarchical multilevel
control as proposed in [19], endows flexibility and smartness to
microgrid operation by using converters as active thinking and
data-processing components with cutting edge functionalities
like fault-tolerance, load-sharing, soft-start, island-detection,
and smooth mode-switching [20].

The primary level in microgrid hierarchical control is droop
based and mainly used to mimic communication-free power
sharing in synchronous generators. This also ensures a stable
and damped system with energy balance between generation
units and energy storage elements [19]. However, resistive
line impedance at low voltage applications and inner loop
dependent output impedance of converters can negatively
affect power sharing. Thus a virtual output impedance loop
characterized by Eq. 1, is typically added to emulate syn-
chronous generator’s physical inductive behaviour as shown
in Fig. 2.

vo = vref − ioZv for Zv � Zo (1)

Additionally, the virtual impedance loop provides features like
reactive-current sharing, harmonic-load compensation and hot-
swap operation, without any loss in efficiency [19], [20].

The virtual impedance loop can also be used when the
distributed generation unit is connected to the microgrid as
small differences in voltage phase and/or amplitude can result
in overcurrent spikes that can potentially damage the unit
[19]. Moreover when the generator begins injecting power,
unfavourable transient disturbances can result if the start-up
procedure is improper [20].

Large fixed speed wind turbines used external resistors and
thyristors to temporarily increase the output impedance of the
generator and smoothly reduce inrush transients [19]. Since
the virtual impedance can be chosen arbitrarily, it is possible
to mimic such a physical soft-starter by setting a high value
Ri at the start and gradually reducing it to (Rf =) 0 with a
time constant T . Such virtual resistance Rv as characterized
by Eq. 2 [19], [20], can reduce the transformer energization
inrush transient during DOL connection at to and by virtue of
it being programmed into the GFM converter, help elimiate
the need of a physical (fixed value) PIR.

Rv =

{
0 if t < to

Rf − (Rf −Ri)e
− t−to

T if t ≥ to
(2)

Fig. 2: Thévenin equivalent circuit of converter with virtual
impedance loop, reproduced from [19]. This consists of con-
trolled voltage source G(s) · vref with G(s) as the closed-
loop voltage gain transfer function, connected to the grid
through the closed loop output impedance Zo and the virtual
impedance Zv.
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Fig. 3: Model of the islanded open-circuit GFM WT used in this study consisting of: rotor-side-converter (RSC) average model
with DC voltage control, DC link chopper, grid-side-converter (GSC) switching model with GFM control, PIR bypassed after
PIT using coordinated main and auxiliary breakers (MB, AB), and WT transformer (WTTr) with inrush and saturation.

III. SYSTEM MODEL AND CONTROL

The schematic of the 8 MW GFM WT under study is shown
in Fig. 3. The EMT model developed in PSCAD consists
of average model of rotor-side-converter (RSC) and detailed
switching model of the grid-side-converter (GSC) with a
chopper at the DC link. The GSC terminal is connected to the
WT transformer (WTTr) through the main breaker (MB) for
DOL energization. A PIR is also present for inrush limitation
that is bypassed by closing the auxiliary breaker (AB) after a
certain PIT. There is no load connected at the WT terminal
(WTT) i.e. the GFM WT operates in islanded mode open
circuit as this study focuses on the transients during no-load
transformer energization. The WTTr is modelled with inrush
and saturation characteristics as shown in Fig. 12 in Appendix
A. The values of all the circuit parameters are based on [8],
[18] and tabulated in Table I in the Appendix A.

A. Control and tuning

The GSC is a 2-level voltage-sourced-converter (VSC)
switching at 2 kHz with GFM strategy based on improved
direct power control [21] as shown in Fig. 4a and similar to
the implementation in [8]. The controller is tuned according to
criteria as described in detail in [8] equivalent to a slow current
controller with natural frequency of 4 Hz and damping ratio of

(a) Direct Power GFM control for GSC based on [8]. It consists
of real and reactive power controllers for load sharing. The voltage
reference is given in place of the grid voltage magnitude [21] and a
virtual phase angle is used in place of PLL-generated voltage phase
angle [22]. Virtual impedance (Zv) loop has been added for the study
based on Eq. 1.

(b) DC link voltage controller that generates reference for RSC
current source.

Fig. 4: Control for GSC and RSC of GFM WT.

0.74. The virtual impedance loop has been added in the GFM
control structure based on Eq. 1 for studying the energization
transient using virtual resistance as shown in Fig. 4a.

Since the GSC controls the terminal AC voltage of the
WT, the RSC is tasked with controlling the WT DC link
voltage. This is modelled with a current source that receives
its reference from a DC link voltage controller as shown in
Fig. 4b. The control loop is tuned for 3 Hz bandwidth [9]
and 55° phase margin for stable operation. Although optimal
control to maximize generator output power ramp rate has
been proposed in [9], a conservative limit of 0.1 pu/s has been
used here as a faster ramp-up can lead to vibrations in the shaft
and excite tower/blade oscillatory modes. The tuned values of
the control loops are tabulated in Table II in the Appendix.

B. Assumptions

Contrary to grid-following WT, GSC cannot control the DC
link in GFM mode by ensuring power balance as the power
flow is now set by the AC load and not the turbine controller,
which conventionally extracts maximum power from the wind.
However, now it has to regulate the speed — especially avoid
over-speeding during low AC load and high winds. Thus, RSC
is required to maintain constant DC link voltage by ensuring
that the generator output power tracks the load power demand.
This can be achieved by optimally controlling the generator
speed based on the WT power–speed characteristics [9]. Such
a DC link control has much lower bandwidth (maximum
5 Hz [9]) than the inner speed and torque/current control
loops, and has been shown to perform well with changing
wind speeds and for seamless transition between weak and
strong grid connection modes. Thus, it has been adapted with
some simplification as shown in Fig. 4b, since the mechanical
dynamics are not in the scope of this study.

Moreover, the redesign of the turbine speed controller as
discussed in [11], allows for stable operation over an extended
operational range (including strongly de-rated and negative
power values), cope with sudden changes in generator torque
during large load steps, and prevent transient over-speeding of
the WT during load disconnections in weak grid conditions.

IV. SIMULATION STUDY AND RESULTS

Most modern WTs rely on an internal backup UPS for aux-
iliary power during idling operation to supply house-load [14].
Moreover, energy storage required to handle the transient load
variations has been shown to be acceptable with the potential
to be reduced further using advanced technologies in future
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[9]. Additionally, pre-charging control has been proposed in
[10] which allows charge retention on the DC bus following a
blackout, thus enabling terminal voltage build-up for network
energization and load pick-up, if wind energy is available. A
synchrophasor-enabled algorithm is also proposed in [10] for
autonomous synchronization and ‘hot-swap’ operation without
resetting of controller dynamic states or requirement of energy
storage.

With the above in consideration, the energization sequence
for this study consists of the following three steps:

1) Pre-charging – a controlled DC link voltage is necessary
for GSC to operate. This is regulated by the RSC as
described in Section III-A using the control loop shown
in Fig. 4b. The power ramp-rate limit is disabled during
this stage as it is assumed that proper control such as that
presented in [10] allows charge retention on DC bus after
a blackout, or the backup UPS is sufficient to sustain the
auxiliary requirements of the WT for a critical period of
time. In the worst case, the DC voltage would be built up
by first spinning the generator up to a minimum voltage
and then deblocking the RSC (operating the switches for
rectification with backup power from UPS) to charge the
DC link capacitor, similar to the AC side pre-charging
of the offshore MMC as shown in [18] (Stage 2). This
is however out of the scope of this study.

2) Grid forming – once the DC link voltage is controlled,
the GSC can be deblocked in GFM mode to control the
AC voltage and frequency at the filter output.

3) Connection – after the DC bus initialization by RSC and
terminal AC voltage and frequency control by GSC, the
WTTr is connected by closing MB. The inrush transients
during energization of the WTTr are the main focus of
this study.

A. Proof-of-concept

In this section the inrush transient and its associated DC link
dynamics along with the impact on AC terminal voltage are
compared for three energization methods namely, direct on-
line (DOL), using PIR that is bypassed by closing AB after
PIT delay, and implementing a virtual resistance (Rv) in the
GFM control of GSC. For DOL and Rv methods AB is closed
together with MB to bypass the PIR from start. Figure 5 shows
a comparison of the results for DOL, PIR and Rv methods
when WTTr is connected at 2 s.

The DOL energization is shown here as the base case
scenario. The values for the PIR case and Rv methods has
been chosen only as an example to demonstrate that the virtual
resistance emulation can indeed reduce inrush transient and its
associated dynamics. PIR/PIT and Rv parameter values are
chosen to result in about similar inrush current peak (about
0.5 pu) as shown in Fig. 5b. Thus, PIR and Ri of 0.05 Ω
(0.8 pu) are selected with T set to 0.04 s, so that the time
when Rv settles to zero (= 5T ) is equal to the PIR bypass
time (=PIT) of 0.2 s.

From Fig. 5a it can be seen that Rv reduces the transient
real and reactive power peaks to 0.11 MW and 0.93 MVar
compared to 0.42 MW (2.87 MVar) and 0.37 MW (0.7 MVar)
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for DOL and PIR cases, respectively. This is corroborated
by Fig. 5b, clearly demonstrating that Rv reduces the inrush
current/power transient significantly — both in peak amplitude
and settling time — similar to the PIR case. Additionally,
the associated DC link voltage drop is lesser for Rv as it
dips to 0.81 pu, 0.86 pu and 0.95 pu for DOL, PIR and Rv

methods, respectively as shown in Fig. 5a. Moreover while
the RMS AC voltage dip is almost identical for DOL and PIR
cases (0.87 pu), it is smaller for Rv (0.94 pu). Lastly it can
also be observed from Fig. 5b that while both PIR and Rv

reduce distortion in the 3-phase instantaneous AC voltages,
the transient dip is recovers faster for Rv.

B. Sensitivity analysis

Since the parameters in Sec. IV-A were chosen to only
demonstrate the concept, a sensitivity analysis has been done
to study how the inrush transients vary with different values
of the Rv parameters. This can give some insight into how
to choose the virtual resistance parameters. For this study the
values of Ri used are 0.05 pu, 0.5 pu and 1.5 pu, and for T
are 0.05 s, 0.2 s and 1.0 s. The results of the effect of varying
Ri and T on the real and reactive power outputs of the WT,
DC link voltage and the 3-phase RMS AC voltage output of
WT are presented in Fig. 6a. The effect on the inrush currents
is shown in Fig. 6b.

As expected, Figs. 6a and 6b show that the transient power
and current peaks decrease as Ri is increased. Moreoever,
Fig. 6a also shows that larger values of Ri help reduce the
AC and DC voltage dips. Additionally, it can be inferred from
Fig. 6a that the transient settling time and voltage dip recovery
time increases for smaller values of T , especially at lower Ri.
This is also corroborated by Fig. 6b which shows that the
inrush current transient damps faster for larger values of T —
the effect being more visible for smaller Ri.

C. String energization

Once the WTTr of the GFM WT has been energized,
the next step is to energize the WTTrs of the other WTs
connected in the string, as shown in Fig. 7. In this section the
effect of using virtual resistance to reduce inrush transients
of downstream WTTrs in the string has been studied. In the
previous energization studies we assume complete WTTr de-
energization for best case residual flux (ψres = 0). However, in
this section sympathetic interaction between series and parallel
connected WTTrs [23] has also been studied by simulating
for worst case residual flux (70 %) — setting ψres,a =0.7 pu,
ψres,b =0 pu and ψres,c =−0.7 pu in the WTTr PSCAD model
[17]. BRK1 is closed at 2 s to energize Tr-1, BRK2 at 6 s to
energize Tr-2 and finally BRK3 at 10 s to energize Tr-3. The
value of Ri =1 pu and T =0.06 s has been used for each
energization event but may be different for the subsequent
WTTr connections.

It is clear from Fig. 9a that virtual resistance helps reduce
the transient power peaks and voltage dips for both best and
worst case residual flux. Moreover, from the instantaneous
current waveforms in Fig. 9b it can be inferred that although
Rv helps reduce the Tr-1 inrush significantly both in peak
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Fig. 7: Model of the string to study energization of downstream
WTTrs by GFM WT.

amplitude and duration, only a reduction in peak is seen for
the subsequent WTTrs (Tr-2 and Tr-3) with no impact on the
duration of decay of the sympathetic inrush, especially for
worst case residual flux.

D. WPP level energization

In this section the virtual resistance has been implemented
in the GFM WTs of a 400 MW HVDC-connected WPP for
the energization of its 400 MVA offshore HVDC transformer
(HVDC-Tr), based on that in [18] and with aggregation as
shown in Fig. 8. Figure 10 depicts the energization of the
offshore HVDC-Tr at 1.3 s by the GFM WPP using a PIR
versus Rv. The 120 Ω PIR, bypassed after 0.3 s PIT [18], is
used as base case. Ri =4 pu and T =0.06 s have been used in
the Rv case to achieve a similar transient current peak (0.5 pu)
and settling time (5T =PIT) as in the PIR case as shown in
Fig. 10a.

Transients in WPP active and reactive power output, and in
RMS AC voltage at the WPP and PCC-2 terminals are shown
in Fig. 10b for both cases. It is clear that Rv effectively limits
the inrush transient peak by decreasing the voltage in a smooth
manner like in the case of a physical soft-starter. Moreover,
there are no second transient power peaks in the Rv case as
opposed to when the PIR is bypassed at 1.6 s.

In the PIR case the main voltage drop occurs between the
WPP and PCC-2 terminals (i.e. across the PIR), which is
reflected by the relatively small variation in the WPP terminal
voltage in Fig. 10b. In the Rv case in contrast, the main
voltage drop can be said to occur (virtually) through Rv i.e.
inside the GFM WPP acting as a voltage sources (as shown
in Fig. 2), which is reflected by the significant drop in the
the WPP terminal voltage in Figs. 10b (RMS) and 10c (3-
phase instantaneous). This can be corroborated by calculating

Fig. 8: Model of the GFM WPP with average model WTs used
to study the offshore HVDC transformer (HVDC-Tr) inrush
transients using PIR and Rv.
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Fig. 10: Offshore HVDC-Tr energization at 1.3 s by GFM
WPP using a 120 Ω PIR with 0.3 s PIT vs using Rv with
Ri =4 pu, T =0.06 s.

the (virtual) voltage drop across Rv and removing it from the
WPP terminal voltage response (VWPP + IWPPRv) as shown
in Fig. 10c.

It can be inferred from Fig. 10c that although Rv is able
to limit the inrush current transient to a peak similar to that
of the PIR case (Fig. 10a), it does so at the expense of the
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Fig. 11: Sensitivity analysis of real power and 3-phase RMS
AC current and voltage output of WPP during offshore HVDC-
Tr energization at 1.3 s for different values of Rv.

WPP terminal voltage, which can drop significantly — to
levels that can be as low as those characteristic of faults.
Fault clearing during energization is dependent on under-
voltage trip relays due to the low short circuit levels and
thus, the application of the Rv method to the energization
of HV transformers may require different protection settings.
As the bottom plot in Fig. 10c moreover suggests, some of
the protection changes could rely instead on a virtual voltage
calculated using the given Rv and local voltage and current
measurements. Additionally, different Rv initial values and
time constants can be used for different resulting voltage
dips and transient current/power peaks as shown in Fig. 11.
Likewise, other time characteristics/functions (i.e. different
from that of Eq. 2) may also be used for Rv.

V. CONCLUSION

In this paper virtual resistance has been implemented in
the wind turbine converter control during energization of its
transformer. This helps avoid using a pre-insertion resistor
during sequential hard-switching and without any loss of fault
selectivity as in the soft-start case. However, the brunt of the
transient is borne by the wind turbine DC link and thus,
rotor-side control is essential for governing the dynamics.
Simulation results show that the inrush transients during open
circuit energization of transformer can be reduced similar to
using a pre-insertion resistor. Moreover, the sensitivity analysis
gives insight into how the virtual resistance value impacts
the transients in current/power output and DC/AC voltage of
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the wind turbine. Additionally, the study on the energization
of downstream transformers in a string by a grid forming
wind turbine demonstrates that virtual resistance can reduce
transient current peak for both best and worst case residual
flux. However, it is important to note that worst case residual
flux leads to significant sympathetic interaction lasting for a
sustained period of time, with virtual resistance effective only
in reducing the peak amplitude. Finally at the wind power
plant level, the virtual resistance method can also be used
to minimize the inrush transient during the large offshore
transformer energization. However, protection settings need to
be changed to avoid the voltage dip triggering under-voltage
trip relays.
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Fig. 12: Inrush current characteristic of 8 MVA WTTr during
open circuit energization by an ideal 0.69 kV voltage source.

TABLE I: Main circuit parameters of the model.

Parameter Value

WT Rating 8MW
WTTr 0.69/66 kV, X = 0.1pu
WT GSC Filter Lf = 10%, Cf = 5%
WT GSC Switching frequency 2 kHz
WT DC link 1.45 kV, CDC = 30 000 µF

TABLE II: Tuned controller values in pu.

Scope Control Parameter Value

GSC Current control P 0.4
Voltage control PI 0.02,2.55
PLL PI 10,25
Frequency control kf 50

RSC DC voltage control PI 0.09,0.92
Absolute limit Min., Max. ±1.1
Power ramp-rate limit Up, Down ±0.1 s−1
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Abstract—
Environmental sustainability concerns make renewable en-

ergy systems (RES) integrated into the grid crucial for future
power systems. Amongst RES, wind energy especially offshore
wind power plants (OWPP) show huge promise. Increasing
penetration of RES requires re-thinking of critical operation
states that could lead to an increased risk of generation tripping
that ultimately triggers blackouts. Thus maintaining reliability,
robustness and stability of grid operation has become more
complex and so blackstart (BS) and islanded (Is) operation
requirements are being considered as options for WPPs in
the grid codes. Additionally, advanced control functionalities
provided by modern wind turbines (WT) owing to their power
electronics converter (PEC) interface, enables them to provide
fast, high power environment-friendly BS capability that facil-
itates grid recovery & reduces the impact of a blackout. In this
paper, the motivation for BS capabilities in OWPPs has been
presented, and the different stages of restoration using OWPPs
identified. Finally the existing control solutions and potential
challenges for BS&Is using OWPPs have also been investigated.

I. INTRODUCTION

The rising demand for power necessitates an increase
in the installed generation capacity. Moreover, sensitive
and critical loads impose a need for higher reliability in
grid operation. Thus environmental problems like global
warming, sustainability concerns and energy security make
renewable energy systems (RES) crucial for future power
systems.

The European Union’s (EU) 2009 directive on the pro-
motion of the use of energy from renewable sources sets
an overall goal across the EU for a 20% share of RES in
the total energy consumption by 2020 [1]. The European
Commission has now proposed a target of at least 27%
renewables in the final energy consumption in the EU by
2030 to make the EU a global leader in renewable energy [2].
Along with the EU, other international players such as USA,
China and India, are also setting out several energy strategies
for a more secure, sustainable and low-carbon economy.

Amongst RES, wind energy is the fastest growing [3] due
to its abundance and cleanliness [4], and shows huge promise
for the future as the EU has decided to make wind power a
major electricity source. In addition to quick growth in the
total installed capacity, the size of the individual wind turbine
(WT) is also increasing to achieve a lesser price per kilowatt
hour [3]. Moreover, due to onshore space constraints, large
offshore wind power plants with high power WTs have

This work is part of the InnoDC project that has received funding from
the European Union’s Horizon 2020 research and innovation programme
under the Marie Skłodowska-Curie grant agreement No 765585.

gained popularity and this has led to an increase in the share
of offshore wind energy [4], [5].

However, with increasing RES replacing conventional
power plants, maintaining reliability, robustness and stability
of grid operation, has become more complex due to the
introduction of new, variable and more unpredictable power
flows [6]–[8]. Morevoer, inertial decoupling of the rotat-
ing WT generator from the grid by the power-electronics
converter (PEC) interface combined with the unpredictable
line overloads caused by erroneous scheduling due to larger
errors in forecasting over timescale of hours, leads to violent
frequency-swings and over-burdened reserves, resulting in
decreased transient stability [9]. All of the above factors
can result in cascaded tripping of generation and potentially
trigger blackouts, especially if a large generation is involved
and thus future power systems operating with a large volume
of RES might require black-start (BS) capabilities and con-
trolled islanded operation (CIO) to support the transmission
system operator (TSO) in the event of a blackout to restore
the power system [3], [6], [9]–[11].

The next section of this paper presents the main factors
motivating the need for development of blackstart and is-
landing (BS&Is) capabilities in offshore wind power plants
(OWPPs).

II. MOTIVATION

The recent increase in the integration of RES like large
OWPPs far from load-centres, has increased the trans-
national power exchanges and led to the system being
operated closer to its limits due to constraints on expansion
of transmission-assets [8]. Moreveor the shift towards PEC-
interfaced controllable RES is causing the system dynamics
to change which poses a risk to the power system dynamic
stability [8], [9]. Furthermore, the stronger linking of the
national power systems, in combination with the previous
factors, has translated into an increased risk of wide area
blackouts [8]. Thus, with the growing proportion of wind
power in the grid, more advanced grid requirements like
BS, usually targeted to large thermal power plants, can be
addressed by the large OWPPs that are integrated through
voltage source converter (VSC) based high voltage direct
current (HVDC) transmission [3]. Additionally, due to ab-
sence of near-shore wake effects, large OWPPs with cable
distances of 100 km or more have steadier wind conditions
compared to onshore/near-shore OWPPs that typically have
higher availability uncertainty.

During the power system restoration process after a
blackout, plants with black-start units (BSU), usually pump-
storage hydro power plants or small gas turbines, energize
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a network island and generate initial voltage for supplying
auxiliary power to start larger conventional thermal power
plants [12]. However, this is characterized by long start-
up times. In contrast, large VSC-HVDC connected OWPPs,
far from the shore and composed of state-of-the-art WTs,
can provide fast & fully-controlled [4], [6], [7], high-power
environment-friendly BS capability with high availability
[3], [12], [13]. Thus BS&Is operation requirements have
been included as options for WPPs in the ENTSO-E network
codes, where the relevant TSO is allowed to request these
functions to support grid-recovery [4], [13].

The strategies for optimal power system restoration plans
after a complete blackout are highly dependent on the loca-
tion and characteristics of BSUs in the power grid such as
survival & startup power, capacity, prime-mover’s frequency
response etc., and also the network topology of the grid
under consideration [14], [15]. Since the restoration duration
reduces exponentially with the availability of initial sources
of power (BSUs) [16], having BS capability in OWPPs could
significantly reduce the extent, intensity & duration, and
thus the overall impact [16] of blackout events. Wind power
integrated in the system has already been shown to improve
the restoration time and reduce the unserved load energy
during the restoration period [17].

Traditionally, during restoration after a blackout, the main
onshore-grid is used to power the OWPP via the VSC-
HVDC link in which the offshore-VSC, shown in Fig. 1, is
controlled in grid forming [18] mode and the WTs connect
as grid following [18] units [17]. Most WTs normally start
automatically about 10 minutes after getting a stable voltage
following a blackout, which encourages the TSO to include
them earlier in the restoration process to participate in
charging the HVDC-link and contributing in a faster load
pick-up by fast ramp-up [17]. However, at the beginning
of the BS-restoration process, the network is not completed
and the grid is not strong enough to allow large OWPP
restoration as that may lead to a second blackout [17].
Thus, OWPPs equipped with grid forming capabilities will
not only not have to wait for completion of the network
reconstruction, but can also do controlled islanded operation
to ensure the continuity of power supply [11] and participate
in sectionalizing strategy [19] for defense against blackout.
This facilitates bottom-up grid-recovery (build-up or parallel
power system restoration) that reduces restoration time &
the unserved load compared to a top-down (build-down)
approach [19], [20].

Additionally, frequency and voltage support functionalities
of VSCs such as dynamic reactive power control for im-
proved voltage stability, inertia emulation, self-commutation,
indefinite operation at very-low power transfers, under-
voltage ride-through etc. [21] can also be provided by the
modern WT’s state-of-art PEC-interface [3], [6], [9], [12],
enabling them to be controlled as offshore grid-forming
units. Self-starting WTs that can produce power to sustain
themselves, can avoid the risk to their health (moisture
damage, icing up of electronics & equipment, bearing
deformation and vibrations due to unfavourable yaw-axis
orientation) as long as there is wind, especially when off-
line for long durations due to a transmission line outage or
a regional black-out and thus minimize or totally avoid the

use of the backup diesel generator [13]. BS-capable OWPPs
also help minimize the use of the offshore-substation diesel
generator backup-power for supplying the auxiliaries (con-
trols, switchgear, climate units for VSC maintenance, station
start-up) & forming the collector-grid [13]. Since presence
of diesel generator increases the insurance & maintenance
cost considerably, BS&Is capabilties in WTs would be a
preferable economic solution.

Moreover, offshore grid forming WTs allow diode rectifier
unit (DRU) [22]–[24] or thyristor-based line commutated
converter (LCC) with reduced filter size [25], that are
preferred at higher power levels, to be used in place of
the offshore-VSC although it allows more controllability &
flexibility. This reduces installation & operational costs, and
increases efficiency, system reliability and robustness [22]–
[24].

III. CONTROL SOLUTION

This section begins with a brief description of the target
states and the major/significant technical challenges in the
proposed OWPP BS-energization sequence followed by the
control strategies required for BS&Is capabilities in OWPPs.

A. Target States

For complete power system restoration, three stages must
be completed viz. the restoration of generation units, the
transmission system, and the loads with the aim to minimize
restoration time & maximize load picked-up at each moment
[17]. After the decision to implement BS-plan is taken, a set
of defensive actions are carried out to save as many gen-
eration units as possible followed by a clearly defined plan
with the target system-states and the steps to achieve them,
to avoid re-blackout. These mainly inlcude the blackstart
of BSUs, voltage propagation to crank-up non-BSUs (with
islanding), energization of the bulk power transmission sys-
tem, optimal load pick-up while maintaining system stability,
and finally, meshing & island synchronization to enhance the
resilience of the recovered network against contingencies,
before connecting to the grid [11], [14], [16], [19].

Taking inspiration from the grid-restoration procedure as
described above, the OWPP-BS energization sequence can
be separated into target states [21] presented below with a
schematic explanation in Fig. 1.

1) Self-Start: The first step is the self-startup of the WT
using an internal backup power supply for initial energization
of its auxiliaries and yaw & pitch mechanisms, to start
producing power from the wind, without depending on an
external power supply [13].

2) Self-Sustain: Once the rotor is oriented to the wind
direction, the WT can start rotating and producing energy
to sustain itself, assuming steady high wind conditions. This
requires the WT grid-side converter (GSC) to operate in a
power-curtailed [13] grid-forming [18] mode for energizing
the WT-transformer and supplying the auxiliaries & controls.

3) Parallel Operation: Once WTs can sustain themselves,
the next stage requires synchronized parallel startup &
operation of multiple PEC-interfaced WTs in a WPP [13],
as a voltage-controlled island, possibly adapting microgrid
control strategies [26]. During this stage, few BS-capable
WTs can operate in grid forming mode, while others connect
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in grid-following mode to ensure effective & stable islanded
operation followed by parallel power system restoration for
increased voltage-stiffness [27]. The energy extracted from
wind is then used to energize the array cables and the WPP-
transformer, to prepare for the next stage.

4) Offshore Grid Forming: With the ultimate aim being
connection of the OWPP to the main onshore grid to
facilitate restoration and block-load recovery, the next stage
consists of coordinated parallel operation of multiple WPPs
in a cluster to form the isolated offshore collector-grid in
a controlled manner [12]. This is required to effectively
emulate stiff voltage source behaviour for charging the
export cables & energizing the converter-transformers, while
sharing the WPP-substation auxiliary loads, followed by
VSC & HVDC-link energization.

5) Controlled Islanded Operation (CIO): Finally, it is
necessary to ensure the stability & robustness of the is-
landed operation of the OWPP and the offshore grid. The
objective of this stage is thus to maintain voltage & fre-
quency stability especially during large load-pickups & WT-
connetion/disconnection transients, along with robustness to
different fault-scenarios (in offshore & DC grids), harmonic
instabilities due to the PEC-interface [28] and HVDC-link
resonance issues [29]. Once stable CIO of the OWPP is
guaranteed, connection to the main onshore-grid can be
done.

B. Challenges

Most modern WTs can do self-startup using the on-board
(internal) UPS [13], [23], and already include some kind of
local energy storage for control & measurement equipment
power-up, emergency braking, and yaw & pitch actuation.

After start-up, the challenge is to energize the WT-DC
link for VSC-operation and then generate a stiff voltage,
to energize the WT-transformer & deal with the magnetic
inrush currents by controlling the WT-GSC with support
from local energy storage or the backup supply, if required.
Moreover, the WT output power should be limited (power-
curtailment at high wind) to prevent rotor-overspeeding,
because the load is not sufficiently large to consume the
additional active power [13], [30].

The next major obstacle is to operate several WTs in
harmony to control the steady-state & transient voltage
issues such as over-voltage & harmonic distortions due to the
magnetic inrush currents of WPP-transformer energization
and the initial charging currents of long unloaded-array
cables, that impose demands on reactive power capability of
the WTs [11], [15], [16]. At the same time, the PEC control
should deal with WT-connection/disconnection switching
transients, harmonic instabilities & non-linear load sharing,
while managing the on-line WTs in a coordinated parallel-
operation.

Morevoer, a weak offshore grid and the highly non-linear
loading due to energization of long export cables, filter
banks & HV-transformers [31] poses a risk of operation of
protection devices that can trigger re-blackout. Thus well-
planned and clearly defined guidelines for energisation of
the network are needed. Additionally, a large number of
WTs need to be operative in STATCOM mode to provide
the reactive power required during the starting transients by
the LCC/DRU, if used in place of the offshore-VSC [23].

Finally, the biggest constraint faced by WPPs being used
for BS is the inherent fluctuating nature of the wind energy
resource leading to a high availability uncertainty, for which
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energy-storage support along with down-regulated/de-loaded
operation is required [11].

C. Control Strategies

Independent active (P ) & reactive (Q/VAR) power con-
trol, effectively current (I) control, along with direct voltage
(V ) & frequency (f ) control is necessary for BS&Is capa-
bilities in OWPPs [6]. This section gives a brief overview of
the relevant control strategies existing in literature, that can
be used for the BS-energization sequence using OWPPs, as
shown in Fig. 1.

1) Self-Start & Self-Sustain: Currently, WTs rely on an
on-board power supply (UPS) for powering their controllers
for small durations [13], [23], but require a larger energy
storage, connected at the WT-DC link [11], [32], for the
initial energization of the yaw & pitch mechanisms to be able
to continue producing power with the WT’s own auxiliary
loads (1-5% of rated capacity) as the only consumption. The
idling & power-curtailing modes can be used for supplying
the low power internal auxiliaries and charging the DC link.
Additionally, the WT must manage the production of the
minimum and fluctuating power due to fluctuations in its
own loads and varying wind speeds [13].

2) Grid Forming: Unlike the traditional LCC-HVDC
system, the VSC-HVDC system does not require generation
capabilities at both ends of the link for operation, which
allows top-down restoration of remote OWPPs/islanded grids
after a transmission power outage, by importing power from
the healthy onshore-grid [4], [7], [33] and operating the
offshore-VSC in grid forming [18] mode while the WTs
connect in grid-following [18] mode [11], [13]. However,
by controlling the WTs as a voltage source powered by the
wind, it is possible to form the islanded offshore collector-
grid in a controlled manner [12] without dependence on
external grid-forming units, and thus, facilitate bottom-up
restoration of the onshore-grid using BS-capability of OWPP.
WTs equipped with grid-forming capabilities also enable
offshore HVDC-rectifier energization as opposed to the con-
ventional onshore HVDC-inverter energization [10], [23].

During grid-connected operation, the onshore-VSC is
operated in grid-following/supporting mode [18], which
requires an active onshore grid to which the VSC can
synchronize [10], [12]. However, during BS conditions, the
AC network is passive as no generation is connected, so the
VSC must effectively operate as a UPS in phasor-control or
synchronous-machine emulating mode to control the AC-V
(amplitude & phase) and f [21]. This control mode is also
used for operation with a very weak AC network connection,
isolated wind parks, and during quasi-islanded or islanded
conditions with relatively little or no generation online [21].

For BS-capability in OWPPs, the WT-RSC controls the
WT-DC link voltage so that the WT-GSC can be controlled
as a voltage source to control the offshore AC-V & f .
The offshore-VSC (rectifier) then controls the HVDC-link
voltage [10] while the onshore-VSC (inverter) controls the
P,Q injected into the main onshore-grid, when connected.
However, when a DRU replaces the offshore-VSC, the
HVDC-link voltage is controlled by the onshore-VSC [31].
A distributed V, f control is presented in [22]–[24] for grid-
forming operation of WT-GSC, especially in islanded mode

when the main grid is not available.
To avoid dynamic issues associated with V -control, the

WT must be controlled to absorb the generated VAR when
energizing the unloaded lines [11], [16] and do gradual
buildup of the AC-V to minimize the transformer in-
rush current [21]. The PEC-interfaced WT can provide Q-
compensation during steady-state, dynamic and transient
conditions to support the power system restoration proce-
dure, behaving in a way similar to a STATCOM [34], [35].
Moreover, the length of line energized & the size of trans-
fomers needs to be considered to optimize the restoration
process as energizing a small section prolongs it while
a large-section risks damage to the equipment insulation.
Finally, coordination between the HVDC link start-up and
the restored AC system strength is necessary as a certain
strength of the AC transmission system is required to absorb
the startup impact of the HVDC link, else the system can
collapse or even suffer re-blackout [36].

3) Parallel Operation: Control strategies developed for
microgrids can easily be extended to the case of large OW-
PPs, taking into account their specific system characteristics
[22]. In microgrid islanded operation, VSCs are responsi-
ble for f -control & V -regulation. Single-master operation
(SMO) or Multi-master operation (MMO) [27] with a 3-level
hierarchical-control structure [26], can be used to coordinate
multiple WTs in a WPP on the lower level and multiple
WPPs in a cluster on a higher level, to emulate a stiff &
controlled voltage source.

The lowest inner level consists of the inner V/I-control
loops to emulate V/I-source behaviour of the VSC and
provide maximum power point tracking, power limitation,
fault ride-through and power-quality enhancement capabil-
ities [26]. The next primary level consists of the droop-
control to mimic synchronous generator behaviour, add
synthetic inertia & avoid large circulating currents between
paralleled PEC-based sources, without using any critical
communication [26]. Although this scheme provides high
reliability & flexibility, it also has several drawbacks such
as power sharing transients due to output impedance, non-
linear load sharing issues, load-dependent f -deviation and
inherent tradeoff between P/Q-sharing & V/f -regulation
[26].

Thus, secondary & tertiary control levels along with
harmonic current-sharing techniques are required to restore
the deviations produced by the virtual-inertias & output-
impedances and avoid circulating distortion powers [26].
Additionally the virtual-impedance loop helps control the
output impedance and allows intelligent transition between
V -control & PQ-control modes of VSCs, which helps take
advantage of fast VSC-operation while avoiding large tran-
sients due to smaller output impedance [20], [27]. The sec-
ondary & tertiary levels also provide grid-synchronisation
control, low-voltage ride-through and help improve power
quality & V -stability at the point of common coupling
(PCC) with the onshore-grid [26]. Moreover, droop-control
independent of the offshore-grid characteristics, obtained by
using the WT-RSC to control WT-DC link voltage, can
provide robustness to set-point changes, dynamic voltage-
issues and connection-disconnection transients during BS-
energization [22].
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It is also beneficial to have a sectionalizing strategy to pre-
plan the WT-islands in the OWPP during the energization
& synchronization process, based on conditions such as
BS-availability & capability, generation-load matching, grid-
forming capabilities with load-pickup etc., to use the OWPP
optimally for parallel power system restoration (build-up)
[19], [37].

4) Controlled Islanding: Networks with a large number
of PEC-interfaced units face many challenges to maintain
stability [38] due to harmonic-instabilities [28] and sub-
stantial network-configuration changes [20] from moderately
strong AC to weak & extremely-weak AC, islanded &
passive networks.

The wide timescale control dynamics of VSCs can result
in cross couplings between the electromechanical dynamics
of electrical machines and the electromagnetic transients of
power networks, which may lead to oscillations/harmonic-
instabilities (due to negative damping of the control output
admittance) across a wide frequency range, depending on
both the specific controllers of the converters and the power
system conditions [28].

When moving to islanded operation or when a large
load is connected during islanded operation, the initial high
imbalance between local load & generation may lead to
large f -deviations & transient overloads. However, due to
economic reasons, VSC overload capacity is limited and
thus intelligent control is required to mitigate the transients
and maintain stability [38]. Thus, during restoration, the
allowable size of load pick-up should be lesser than the rate
of response of prime movers already on line [16] to keep
the f within acceptable limits, and a minimum load pick-
up time interval should be ensured to allow the system to
come back to a stable operation state. A coordinated virtual-
inertia based control strategy has been proposed in [30] to
utilize the WT to maintain the the isolated system-f , and
thus enhance the f -stability during power system restoration.
Additionally, most studies on VSC-HVDC control strategies
are based on ideal conditions with balanced AC-V and so it
is necessary to improve the VSC-HVDC system performance
when WPP-V is unbalanced since faults are inevitable.

Trajectories of the system eigen-values and the load step-
sizes can be used to assess the stability of the target states,
and the position of the largest eigenvalue gives a measure
of the stability margin of the system [39]. Input-admittance
matrix or impedance-based system modelling can be used
for stability analysis with generality [40] and stability can
be guaranteed by making sure that the VSC dissipates
power (non-negative conductance) at critical frequencies,
particularly poorly damped resonances [41].

Finally, since WTs use wind as the resource for power
production, they have an inherent variability and availability-
uncertainty that lead to inherent reliability issues, al-
though the variability decreases over a larger area and
the availability-uncertainty, farther from the shore. Thus,
energy storage can help improve reliability without having
to increase spinning reserves [21]. Moreover, a capability
assessment is needed to help ensure steady power produc-
tion, strong grid-forming and stable islanded operation by
the OWPP for supporting the TSO in the upstream onshore-
grid BS-process. Thus, ultimately it is important to assess

the variation of V -stiffness with weather fluctuations.

IV. CONCLUSION

The factors discussed in the motivation section show that
equipping OWPPs with BS&Is capabilities is beneficial for
improving the operational reliability, stability and security
of the future power system with a large volume of RES.
An energization sequence to achieve BS-restoration using
OWPPs has been proposed in this paper, along with the
major technical challenges faced during the different inter-
mediate target stages. Finally, the control strategies for grid-
forming, parallel-operation and controlled-islanding of WTs
in OWPPs have been presented. These allow the OWPPs to
be used as BS-units and facilitate grid-restoration after a
blackout, thus helping minimize the restoration time & the
unserved load.
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Abstract—In the recent years, the worldwide grid integration
of renewable energy sources (RES) has grown rapidly. How-
ever, the grid-integration of large volume of renewables like
wind and solar, interfaced by power electronics converters,
is changing the dynamics of the power system and creating
challenges to maintain reliability, robustness and stability
of electricity supply. Morevoer, the stronger inter-linking of
networks poses a greater risk of wide-area blackouts. With
the growing share of wind power in the grid and conventional
generators being phased out, large offshore wind power plants
(OWPP) with state-of-the-art wind turbines (WT) can provide
services of blackstart and power system restoration (PSR) in
the future. This paper provides an overview of the technical
requirements of blackstart units and the current capabilities
of WTs, based on grid-codes, studies on ancillary services and
recent blackout experience. Finally recommendations to the
functional requirements of WTs are made, to make OWPPs
capable of blackstart and help facilitate PSR in the future.

I. BACKGROUND

The rapidly growing world population and the consequent
rising demand for electric-power necessitates an increase
in the installed generation capacity, while maintaining re-
liability of supply. In the face of environmental problems
like global warming, coupled with increasing fuel prices
and the global drive towards sustainable development &
conservation of natural resources, power electronic converter
(PEC) interfaced renewable energy sources (RES), such as
wind turbines (WT) and solar-PV systems have gained wide
popularity and are being adopted in power networks around
the world [1], [2].

The European Commission has recently proposed a target
of at least 27% renewables in the total energy consumption in
the EU by 2030 to make the EU a global leader in renewable
energy [3]. Along with the EU, many countries like USA,
China, etc. have set out several energy strategies for a more
secure, sustainable and low-carbon economy. The Australian
government, for example, has set a RES target of 33000
GWh by 2020, which constitutes approximately 23.5% of
the country’s total power generation [2].

India is running one of the largest and most ambitious
renewable capacity expansion programs in the world, with
the latest target of achieving 227 GW of electrical power
(earlier 175 GW) from RES, including a more than doubling
(to 66 GW) of its large wind power capacity by 2022 [4].

Wind energy, due to its abundance and cleanliness, is the
fastest growing RES, and shows huge promise for the future
to be a major electricity source due to its decreasing price

This work is part of the InnoDC project that has received funding from
the European Union’s Horizon 2020 research and innovation programme
under the Marie Skłodowska-Curie grant agreement No 765585.

per kWh [5]. Moreover, due to onshore space constraints and
poorer wind conditions, large offshore wind power plants
(OWPP) with high power WTs have gained popularity and
this has led to an increase in the share of offshore wind
energy [6]. In India, the wind energy share is almost 50%
of the total grid-interactive RES capacity at present, and in
terms of meeting its ambitious 2022 targets, wind power is
more than halfway towards its goal [4].

The next section of this paper presents the main factors
motivating the need for development of blackstart (BS)
and islanding capabilities in OWPPs, especially in regards
to the future power system given the recent increase in
blackout events. The following section then presents the
current technical requirements for a generator to provide
blackstart service, as enlisted in grid codes or formulated
from studies on ancillary services. Section III then briefly
lists the present WT capabilities to find the technological
gaps in making blackstart restoration (BSR) by OWPPs a
reality, which are then discussed in Section IV, ending with
a short conclusion.

II. MOTIVATION

The integration of a large volume of RES in the power
system introduces new, variable & more unpredictable power
flows, thus complicating the grid operation to maintain
reliability, stability and security of supply [1], [7]–[9].
Moreover, the reacitve power (Var/Q) reserve in network
decreases as conventional synchronous generators (SG) are
replaced, destabilizing the long-distance transmission cor-
ridors between load-centres & large-scale RES (eg. MW-
scale OWPPs) during system contingencies [2]. Additionally,
inertial decoupling from the grid by the PEC interface with-
out proper Var support, leads to violent frequency-swings,
voltage-instability and over-burdened reserves, resulting in
decreased transient stability [2], [9], [10]. Ultimately, this
can cause cascaded tripping of generation and potentially
trigger wide-area blackouts, especially in strongly linked
networks [9]. Thus, future power systems might require
blackstart and islanding capabilities in RES to support power
system restoration (PSR) [5], [7], [10], [11].

A total shutdown leading to a blackstart is a High Impact,
Low Probability (HILP) event, which whilst unlikely has
a significant societal and economic impact since electricity
is a basic need in today’s world [12], [13]. The impact of
a blackout increases exponentially with the duration of its
restoration, which can be reduced by having more available
blackstart units (BSU) and a well planned restoration process
[14].
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In recent years, there has been a rise in the number of
widespread blackouts around the world. For example, the
North American blackout in August 2003 that lasted almost
two weeks, and the European power outage on November
4, 2006 that affected 15 million people. The largest power
outage in the hisotry, by the number of people affected
(670 million), is the Indian blackout of summer 2012 during
which the northern, eastern and north-eastern grids collapsed
on 30 & 31 July [15]. It brought the rail-network, airports
and businesses to a standstill, causing economic-disruption
and chaos all across northern India.

As RES replaces conventional SG, it is being recom-
mended to evaluate BS-capability of other power plants [16]
and create new restoration corridors to increase the operative
resources during PSR [17], [18]. The average running hours
of conventional units is decreasing year after year due to
the increasing penetration of RES, thus making BS-services
from alternate sources more necessary [19]. Currently, after
a blackout, usually pump-storage hydro power plants or
small gas turbines energize a network island and generate
initial voltage for supplying auxiliary power to start larger
conventional thermal power plants [20]. However, this is
characterized by long startup times. In contrast, large VSC-
HVDC connected OWPPs, with steady wind conditions
far from the shore and composed of state-of-the-art WTs,
can provide fast & fully-controlled [7], [8], high-power,
environment-friendly BSR service with high availability [5],
[20], [21] owing to the advanced functionalities of the VSC
interface [22], [23]. Since BS capable OWPPs can help
decrease the impact of a blackout by reducing the restoration
time and the unserved load during the PSR period [24],
blackstart & islanding operation requirements have been
included as options for WPPs in the ENTSO-E network
codes, where the relevant TSO is allowed to request these
functions to support grid-recovery [21].

III. STATUS QUO

The power system restoration process consists of three
stages, viz. re-energization of the network, voltage (V) &
frequency (f ) management and finally re-synchronization
& load pickup [19].Typically a combined zonal-backbone
restoration approach is used in most countries, as this allows
for faster parallel restoration of different regional-islands
while extending auxiliary supplies to non-BSUs through the
skeleton/backbone, and so increasing the stability for large
load pickup to enhance the restoration process [12], [19].

Normally, after a blackout event, non-BSUs (such as fossil
fuel power plant) with large capacity have to be restarted &
re-connected to the grid. Thus, BSUs with limited capacity
(hydro/gas) restart immediately and energize the network
between BS and non-BS units, to send cranking power to
non-BSUs. Large OWPPs capable of houseload operation
can energize the transmission corridor and pick up block
loads directly, given steady wind conditions, which saves
time as a non-BSU doesn’t need to be energized from a
limited capacity BSU.

Historically one large provider has delivered all the tech-
nical BS-requirements that are listed below in Section III-A;
however these can also be met using a combination of
providers to deliver the equivalent BS-service. This adds

more resilience against events which may render one type
of technology unable to startup (eg. gas shortage) and
also alleviate reliance on specific transmission routes for
energization and load-pickup activites [12].

With the changing generation profile due to increasing
integration of RES, there is an increased number & type
of sources that can assist with BSR. This section aims to
identify the technical requirements for BSUs and if WTs
can potentially become new BS-service providers. However,
even if they are not able to deliver BS-service, WTs may
still play a part in the later stages of restoration [12].

A. BS-Service Requirements

Restoring power after the loss of electricity supply can be
difficult, as power stations need to be brought back online,
which normally is done with the help of power from the rest
of the grid. However, in case of large scale power outage or
total shutdown/blackout, a blackstart needs to be performed
to restart a generating station and restore power to the grid
[25].

1) BS-Service Description: A BS-service is defined as
a provider, or combination of providers who can meet the
three basic requirements for BS viz. start-up independent of
external supplies (following a total/partial shutdown), ener-
gize the transmission/distribution network and then provide
block loading of local demand in a stable power island
[12]. The BSU may also be required to provide crank-up
power to other power stations and eventually synchronize to
other power islands [12]. According to the ENTSO-E Grid
Codes [26] Definition 45, BS-capability is the capability
of recovery of a power-generating module (PGM) from a
total shutdown through a dedicated auxiliary power source
without any electrical energy supply external to the power-
generating facility. Not all power generation have, or are
required to have, BS-capability.

2) Asset Components: A BSU used for bottom-up restora-
tion typically consists of 3 components [27]:

1) The black-starter/self-starter: an asset that can startup
without supply from the grid eg. diesel generator or
battery energy storage system (BESS), and then power
the auxiliaries of a larger generating unit.

2) The cranking path between the self-starter & the main
generating unit(s); the self-starter may be located on
the same site as the unit (no cranking path).

3) The main generating site: responsible for re-energizing
the grid and delivering the BS-service. The site may
consist of 1 or more power and storage units, but
overall must be capable enough to deal with the MW
and MVar flows during PSR.

A BS-service provider may even consist of an aggregation
of sites, but operate in a similar way to a single power unit
providing restoration services [12], [27].

3) Minimum Technical Requirements: The main technical
requirements listed here fundamentally describe the three
significant activities undertaken during restoration viz. the
ability to start-up independent of external supplies, the ability
to energize part of the transmission network and the ability to
pick up block load demand, while maintaining V & f within
acceptable limits to maintain system stability. A summary of
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the major requirements and why they are required is given
in Table I.

a) Self-Start: As per the ENTSO-E Grid Codes [26]
Article 15.5, a PGM with BS-capability should be capable
of starting from shutdown without any external electrical
energy supply, within a time frame specified by the relevant
system operator, in coordination with the relevant TSO. To
provide a black start, some power stations are equipped
with small diesel generators which can be used to start
larger generators, that in turn can be used to start the main
power generating units. Gas-fired plants, independent from
industrial processes and large pump-storage plants, with
high inertia & Var absorption capability, can be restarted
quickly and are therefore suitable candidates for PSR [19].
If stored energy eg. BESS, is used to temporarily energize the
auxiliaries of a main BSU that primarily uses another energy
source, the minimum stored-energy should be sufficient to
allow 3 consecutive black starts, and as soon as the main
unit can supply its own auxiliaries, the storage should no
longer be needed [19].

b) Var/Q Requirement: BSUs must be able to absorb
the significant amount of MVar generated by the connection
of grid elements like overhead lines & cables under low
loaded conditions. For example, in Belgium, the current
requirement is 30 MVar absorptive capacity for some re-
gions, although this can be partly covered by shunt reactors
installed by Elia (Belgian TSO) for reducing the requirement
from BSUs [19]. For energizing the 380 kV backbone as
part of the Belgian PSR plan, an absorption requirement
of minimum 50 MVar at the low voltage side of the step
up transformer, during low active power production, for
example, is used as an indicative value [19]. The BS-
Service Description by National Grid in UK requests at least
1000 MVar absorptive capacity for generators connected
at 400/275 kV, although this depends on the local system
configuration [12].

c) V-Management: The ENTSO-E Grid Codes [26]
Article 15.5 states that, a BSU should be capable of automat-
ically regulating dips in V caused by connection of demand,
and control V automatically during the system restoration
phase. The system should be re-energized at as low a V
as possible to reduce the MVAr generation of unloaded
transmission feeders. Soft-energisation is preferred instead
of sequential energisation, as the de-energized transmission
path can be built at a reduced V, in parallel to the BSU
startup. However, the BSU must have the facility to start
at a reduced excitation, else sequential energisation is done,
in which the BSU starts up first followed by 1 transmission
station at a time [28]. Soft-energisation is also used to reduce
the magnetic inrush currents during the energization of the
BSU step-up transformer, which can in theory, be up to
10 times the rated current and lead to V-dips [19], [28].
Once all generation stations are online, the transmission
system & load should be restored feeder by feeder to
limit the increments of MVArs generated by the developing
system. Moreover, long high voltage (HV: 110/220/400 kV)
transmission lines with an unloaded transformer at remote
end should be energized with care as this is a possible
resonant condition with resultant high overvoltages [28].

Fig. 1: Acceptable V-levels after taking up block loads, for
Belgium [27].

d) f-Management: The ENTSO-E Grid Codes [26] Ar-
ticle 15.5 states that, a BSU should be capable of operating in
Limited Frequency Sensitive Mode – Over/Under-frequency
(LFSM-O/U) and control f in case of overfrequency (OF) &
underfrequency (UF) within the whole active power output
range between minimum regulating level and maximum
capacity as well as at houseload level. To minimize V,f -
deviations, the initial load restoration should be carried
out in the smallest steps possible, and once a number of
generators have synchronized, load should be picked up
in steps appropriate to the size of the subsystem, starting
with the nearest loads. The system-f should be controlled
at minimum 50 Hz (preferably higher) before restoring any
load, with one swing generator in the subsystem operating in
isochronous control mode, while others in normal droop set-
point control mode [28]. Moreover, given the uncertainties
about exact consumption after a period of non-supply and to
cope with fluctuations in offtake of reconnected grid users,
BSUs should not be operated near their maximum active
power limit during the early PSR stages to have some upward
reserve capacity in case of f -instabilities. For example, Elia
in Belgium suggests to not exceed 70% of maximum power
production [19], while EirGrid in Ireland suggests a limit of
50% [28]. Additionally, priority should be given to restoring
supply to any generators that have tripped to houseload [28].

e) Block Loading or Active Power (P) Requirement:
The ENTSO-E Grid Codes [26] Article 15.5 states that,
a BSU should be capable of regulating load connections
in block load. The instantaneous block-load demand is for
example, at least 10 MW for Belgium (Elia) [19], [27]
& 35-50 MW for UK (National Grid) [12], with power
factor, PF≥0.8 (inductive). During block-loading, the island-
f should not deviate from a set range even temporarily, for
example, 49-52 Hz for Belgium (Elia) [27] & 47.5-52 Hz for
the UK (National Grid) [12]. Moreover, during load-pickup,
V at the connection point should stay in the shaded operating
range, as indicated in Figure 1 [27]. The BSU aimed at
restoring the backbone has a typically higher requirement
of minimum installed capacity than that covering a regional
zone. For example, in Belgium at least 85-140 MW is
required for restoring the 380 kV backbone, and 65-115 MW
for a zonal restoration [19].

The main goal of a BS-service is to re-energize the critical
connections, including high priority significant grid users
and the auxiliary services for non-BSUs. It is important to
keep available a P-margin to compensate for grid losses and
cope with the fluctuations in offtake of reconnected grid
users [27].
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Technical Capability Need

High availability on both the main & auxiliary generating plant (typically
90%).

System shutdown is an HILP event and could happen at any time.

Ability to start up the main generator from shutdown independently, without
the use of external power supplies.

During BSR, the transmission system is not energized.

Ready to energize part of the transmission system within a certain time after
instruction from TSO.

Faster energization means faster restoration.

Var capability to energize the immediate transmission/distribution system(s)
and to withstand the magnetic inrush & transient voltages associated with
this energization.

Energizing the local system is one of the first steps in restoring the
network.

Capability to
• accept instantaneous block-loading demand, and
• control V/f levels within acceptable limits during block-loading process.

Ultimate aim of PSR is load recovery.

Ability to provide at least 3 sequential blackstarts. To allow for possible tripping of transmission/distribution system as
during PSR, stability is lesser than in normal operation.

Facilities to ensure
• safe shutdown of all generating units without the need for external

supplies, and
• state of readiness for subsequent startups.

Multiple attempts may be required for PSR.

Back-up fuel supplies to enable the provider to run for a minimum duration
following a BS-instruction.

Alternative fuel sources increase resilience in the restoration.

Tab. I: Major BSU technical requirements & why they are needed [12], [19], [28].

4) Fuel Supply: Once V has been restored on the HV-
side of the step-up transformer, the BSU must operate for
at least 24 hours whilst being subject to offtake fluctuations,
and thus, there must be sufficient supply of fuel to start the
service and last in operation [27]. As mentioned in Table
I, some assets included in the BSU may be required to
maintain a minimum stored energy volume at all times else
the service would be unusable at the moment of a blackout.
This is especially important in case of pump-storage units
(sufficient water is needed in the upper forebay) and BESS
(minimum state of charge must be ensured) to execute re-
energization procedure [27]. Backup fuel supplies must also
be present to enable the provider to run for a minimum
duration following a BS-instruction, for example, 3-7 days
in case of UK (National Grid) [12].

5) Synchronization: The ENTSO-E Grid Codes [26] Ar-
ticle 15.5 states that, a BSU should be able to synchronize
within the system’s f -limits and, where applicable, V-limits
specified by the relevant system operator. Also, a PGM with
BS-capability should be capable of parallel operation of a
few PGMs within one island.

6) Islanding & Trip to Houseload (TTH): According to
the ENTSO-E Grid Codes [26] Definition 43, the large
scale island operation capability refers to the independent
operation of a whole network or part of a network that is
isolated after being disconnected from the interconnected
system, having at least one PGM or HVDC system supplying
power to this network and controlling V,f. On the other hand,
houseload operation capability refers to the operation which
ensures that PGMs are able to continue to supply their in-
house loads in the event of network failures resulting in
them being disconnected from the grid and tripped onto their
auxiliary supplies, as stated in the ENTSO-E Grid Codes
[26] Definition 44.

Just before an imminent blackout, protection systems
disconnect the power plant from the grid, dropping produc-
tion for feeding its own auxiliaries in houseload operation.
Houseloaded non-BSU plants can re-synchronize to the grid

and be used to re-energize a busbar as restart is not needed,
and thus, can support the operator by speeding up the restora-
tion process [19]. In order for restoration to be achieved, a
number of BSUs use local demand to energize a pre-agreed
Local Joint Restoration Plan, create small power islands [12],
which when considered stable are resynchronized to pick up
critical loads within target times [19]. The stability criterion
for Belgium for example is, 350 MW load & at least 3 PGMs
for regional islands (150 kV), and 1000 MW load & at least
10 PGMs for the 380 kV backbone [19].

The Tennet Grid Codes for High & Extra-high Voltage
[29] specify in Section 3.2.8, the requirement for a PGM to
be able to switch to houseload operation from any operating
point and to islanded operation when disconnected from the
grid. A PGM rated above 100 MW must be capable of
islanding mode operation for several hours, if it is able to
regulate the f under the condition that the resulting capacity
deficit is not greater than the primary control reserve in the
island, and in case of a capacity surplus, the PGM must be
able to down-regulate to the minimum capacity. Houseload
operation should be maintained for at least 3 hrs, and the
PGM must be able to balance sudden consecutive (minimum
5 mins interval) load connections (10% of nominal load,
maximum 50 MW) in islanded operation.

7) Restoration Times: After an alert has been issued, the
system operator has a list of times that are proposed to
achieve the targets set in the restoration plan. For example,
the Belgian TSO, Elia aims to achieve re-energization of
90% of the connection points within 24 hrs by using target
times as mentioned in Table II [27]. Given approximately
800 substations to supply Elia’s connection points and 6
dispatching consoles in 3 control centres, an intensive par-
allel operation is required to from each console to energize
120 substations in 24 hrs to achieve the 90% target [19].
National Grid, UK has also set up strategies for achieving
an average restoration time across the year of 24 hours to
restore 60% of national demand, provided an economic &
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State Description Max Time (in min)

Diagnosis phase (Time needed to es-
tablish nature & extent of blackout)

30

BSU Startup time (between instruc-
tion to launch the BS-service, and re-
energization i.e. main generating site
is available to accept load)

90 for hot-start1
180 for cold-start2

Restart time of non-BSU (hot state,
houseload failed)

65 (not for nuclear
plants)

Restart time of non-BSU (houseload
operation)

10;
30 (for nuclear plants)

Restoration procedure (energization
of one switchyard)

10

Time per block-load (5 MW; 10 MW
if stable backbone)

2

1 a unit that was operating just before the blackout occurred.
2 a unit that was in shutdown mode just before the blackout

occurred.

Tab. II: Estimated restoration times for Belgium (Elia
[19])

efficient procurement plan, with the following target times
(from plan formulation) [12]:

• 1 hr – stable operation of BSU.
• 2 hrs – BSU ready to energize at least part of total

system.
• 4 hrs – load restored to subsystem.
• 6 hrs – re-synchronization of separate subsystems.
• 12 hrs – restoration of continuous supply to all remain-

ing 400/220/110 kV transmission stations.

B. WT Capabilities

The ENTSO-E Grid Codes [26] indicate that the BS-
capability is technically possible on larger PGMs of type C
& D (Articles 15.5 & 16.1), AC-connected offshore power
park modules (Article 27) and also pump-storage units. The
Network Code on Electricity Emergency and Restoration
[30] broadens the BS/PSR service providers to include
smaller PGMs of type A & B, and energy storage units of the
concerned significant grid users, as part of aggregations of
assets that together deliver the service (Articles 2.1, 2.3, 2.5
& 4.4). The top-down [27] BS-capability of HVDC systems
is also included in the Network Codes on HVDC [31], to
re-energize a busbar on the dead TSO-side, assuming the
other TSO-side is still energized (Article 37).

Today, mainly large thermal or pump-storage units provide
BS-service in most European countries, to meet the severe
technical requirements, as enlisted in Section III-A, which
typically cannot be provided by smaller units or by intermit-
tent units. Currently, due to security reasons, nuclear plants
are considered as critical loads that must be re-energized
as quickly as possible, although they can contribute to the
restoration by absorbing Var and providing stability to re-
energize the backbone [19]. Energinet.dk in Denmark also
uses the VSC-HVDC interconnector to Norway for BS-
service, after assessing the probability of not being able
to import power from Norway in case of a blackout in
Denmark, to be low. Similarly, Ireland uses an HVDC
interconnection with Great Britain for BS as the philosophy
of the Irish BS-services indicates a lower requirement on
availability per service combined with the procurement of
more services [19].

Although for the moment, intermittent production units
(like wind, solar-PV) are not considered as proven tech-
nology for grid restoration, there is a potential to open
up the delivery of the service to alternative configurations
like aggregations of units. Also it is not excluded that
energy storage systems (ESS) could facilitate participation of
intermittent production to restoration services in the future
[19]. This section presents an overview of the advanced
control functionalities provided by modern WTs that can po-
tentially meet the BS-service requirements discussed before
in Section III-A.

1) Grid Codes: Very few countries like Denmark, Ger-
many, UK, Spain and Ireland have WPP specific technical
regulations [32]. Neither the codes of individual countries
nor ENTSO-E define requirements relating specifically to
offshore AC systems separated from the synchronous grids
by HVDC systems, but the requirements are passed through
to the WPP & associated turbines and therefore apply
to offshore AC systems [33]. Except for Germany, the
technical specifications for the connection of WPPs into
the transmission system do not form part of a specific
grid code and can be found in official documents listed
in [25] Table 4.1. According to the Danish Grid Codes
[34] and Tennet Grid Codes for Offshore [29] and High &
Extra-high Voltage [35], WTs are required to have control
functionalities like f -response (like P-reduction during OF),
PQ-control, V-control, PF-control; ramp rate constraints; be-
haviour under grid-disturbances like V-dip tolerance (LVRT),
power-quality requirements (DC content, asymmetry, rapid
V-changes, flicker, harmonics & distortions), and System
protection. However they are exempt from f -stability and
restoration services.

a) Var Requirement: Major blackouts have been caused
due to V-instability as a consequence of insufficient Var
reserve in power networks [2]. Almost all the grid codes
reviewed in [2] like Australia, Denmark, Germany, Ireland,
Spain & the UK, specify steady-state & dynamic Var re-
quirements for WTs. During V-dips, the Fault Ride Through
(FRT) mode of WTs allows them to suspend their normal
steady-state control and perform a sequence of actions to
remain connected to the grid for providing support to V-
recovery at the point of connection (PoC) [36]. The superior
Var-control & stability improvement capabilities of WPPs,
like Voltage Ride Through (VRT) & Reactive Current Injec-
tion (RCI), is increasingly being demanded by grid codes,
as reviewed in [32], [37], [38], to support network stability
under various grid-disturbances [2].

b) V-Management: VSC-HVDC connected OWPPs
can provide advanced V-control & V-support functionalities.
In a study on the use of large scale OWPPs in PSR plans,
the offshore OWPP-VSC has been shown to contribute sig-
nificantly to V-control, by responding very fast to increasing
Var demands due to energization of new lines [13]. Local
Voltage Control requirement for offshore-WPPs is expected
to be included in the future grid codes, of especially Spain
& Germany [32].

c) f-Management: In high wind power generation ar-
eas, f can increase very fast if power system inertia is not
high, which causes the automatic OF protection system to
trip conventional generators leading to f -instability. Thus,
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the fast (down-regulating) P-control capability of modern
WPPs, owing to the PEC interface, can be used for creating
a spinning reserve margin [13] and is a relevant option in
the future defence plans for primary frequency regulation
(PFR) purposes [1], [13]. Fast Frequency Response (FFR)
from WTs by using the kinetic energy of the rotating mass
of the machine, can help reduce initial df

dt (RoCoF) but not
support overall PFR [39]. Compulsory Inertia Emulation &
Power Oscillation (0.15-2 Hz [2]) Damping requirements for
WPPs are expected to be included in the future grid codes,
of especially Spain & Germany [32].

2) WPPs in PSR: The startup time of WTs is about 40 sec
& wind generation power pickup time is 30 sec, compared
to 20 min for thermal units & 5 min for hydraulic units.
However, currently on-shore WPPs do not contribute to
restoration plans due to the operational & control challenges
owing to the intermittency of wind and the difficulty to
cope with wind variation & f -control [19]. Additionally, al-
though commercially available offshore WTs can blackstart
and power their own auxiliaries, intermittent production is
technologically not ready to re-energize the cable between
the offshore platform & the onshore station within V-limits,
regardless of availability at the moment of blackout [19].
However, innovative solutions for BS-services by OWPPs
show potential for the future [27]. Moreover, at the beginning
of PSR, the isolated small network is not complete & strong
enough due to the generators just restored not located in the
stability domain. Thus, if grid following [40] WPPs connect
at this stage, a second blackout can occur when there is a
large fluctuation of wind farm output power. For WPPs to
participate earlier in PSR, grid forming [40] WTs are needed.

Most articles in literature focus on the technical regula-
tions regarding the connection of large WPPs to the HV-
transmission system and the enabling technologies that have
been suggested for various types of WTs, to comply with
the latest international grid code requirements, including P-
control, Var support, V-regulation, f -control, FRT, inertia
response and power system stabilization [37], [38]. However,
there is not much yet on using OWPPs for PSR, especially
in the earlier stages. The next section lists some recommen-
dations based on blackout & system restoration case studies
to help OWPPs support the TSO by contributing to PSR.

IV. FUTURE

1) Main Challenges: According to a survey of operator
needs during PSR, the most common priority was found to
be ensuring stable supply capacity via BSUs or intercon-
nectors/TTH and supply other generators to restore priority
loads (like hospitals, mines, railways, industries, government
institutions, airports, etc.) which stresses the need for some
sort of storage in WTs [17]. A high power density ESS
(supercapacitor/flywheel), located at the WT-DC link, can
provide initial excitation & handle DC link capacitor charg-
ing transients, while a high energy density ESS at the PoC
may be used for long term power management [23].

For onshore WTs, a small diesel generator or a BESS
must be installed to supply the auxiliary loads and the
grid-side PEC must be designed with grid forming [40]
capability to be able to operate in a weak network. For
offshore WPPs, currently backup diesel generators on the

offshore substation platform are used to supply auxiliaries
(air-conditioning, oil pumps, emergency lighting, etc), how-
ever other options should be considered to minimize use of
diesel and provide cost benefits. For example, few blackstart-
able WTs can be used to energize the array/export cables &
power all the auxliaries in the OWPP [33]. This requires
grid forming [40] control of grid-side PEC and changes
to the rotor-side PEC & turbine controls. Note that most
recent WTs are already close to be able to handle the MVars
produced by the array-cables’ energization. Moreover, the
inductance of the WPP transformer offsetting the capacitance
of the cable can make it easier for WTs to blackstart the
offshore-platform [19]. However, a large gap to bridge is
the energization of the cable to the onshore-substation while
meeting the grid code requirements in terms of V,f -control
during PSR, as mentioned in Section III-A. Shunt reactors
or other compensation devices can also be used to mitigate
the Var absorption requirements of the WTs, especially in
case of long electrical distance between BS-station & PoC
(kilometres of cables/overhead lines) [27].

Furthermore, WTs must be able to deal with the inrush
currents and the transient busbar over-V [41], due to over-
excitation of transformers, generator underexcitation, or even
self-excitation, harmonic resonance, etc. [18], in a controller
manner. Additionally, the lines mustn’t be fully compensated
to avoid the risk of resonance at 50 Hz with consequent
over-V [41]. Then there is always the challenge of meeting
block loading demand with an intermittent availability [19].
Lastly, Ferranti effect at HV when energizing large distance
lines between generating stations & load centres can cause
V-surges when energizing power transformers.

An initial study on the use of large scale OWPP within
PSR plans, modelled as grid-following current source (dy-
namic PQ-injector), has been done in [13], while [42] shows
the potential BS-capabilities of OWPPs, if controlled as a
grid forming voltage source. Finally, coordinated control of
WTs must be included in the WPP controller to be able to
control V,f in a weak network. BESSs can be used to mitigate
the intermittency issues of wind energy, however, in absence
of wind, the BS-capability will come only from the BESS
[19].

2) Protection Settings: As an example, based on the study
by Australian Energy Market Operator (AEMO), sustained
damage & tripping of 275 kV transmission lines by 2 torna-
does in South Australia (SA) in September 2016, followed by
a sequence of faults resulted in 6 V-dips over a 2 min period
in the SA grid. This activated the (overspeed) protection
feature resulting in a sustained power reduction of 456
MW from 9 wind farms in less than 7 sec. This ultimately
led to system separation and V,f -instability in Uncontrolled
Islanded Operation (UCIO), causing a blackout. According
to AEMO, changes made to turbine control settings shortly
after the event removed the risk of recurrence given the same
number of disturbances, and AEMO’s modelling indicates
that without the generation deficit, UCIO would not have
occurred and the blackout could have been avoided [36].
This makes it important to redesign the protection settings
for defence against extreme contingencies especially in areas
with high penetration of wind power generation or island
systems like Ireland/Australia [1].
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3) Controlled Islanded Operation (CIO) & TTH: Con-
tinuing with the above mentioned example of the 2016 SA
Blackout, about 700 ms after the wind farm power reduction,
a Special Protection Scheme tripped the interconnector due
to transient instability (loss of synchronism) and caused
islanding (separation) of the SA power system. However,
without any load shedding, the remaining generation was
unable to maintain the islanded system-f leading to UCIO,
ultimately ending in a blackout. AEMO suggests practical
measures to be implemented for stable CIO, like inertia
emulation from WTs to slow down the initial RoCoF and
increase in local f -control services like PFR (spinning re-
serve margin) from WTs [36].

The houseload operation capability of a plant is not used
in the restoration strategy in most cases, except France, due
to the uncertainties on the root cause of a potential blackout
and other risk factors [19]. However, OWPPs that can switch
to TTH mode and do CIO of offshore island or a regional
onshore-zone [12] can provide short term early stage PSR
support and also defend against f -instability following major
loss of generation or imminent instability between areas
(sudden tie-line power changes) [1], [27].

The authors have presented an overview of the control
solutions to tackle the technical challenges for the different
stages of blackstart & islanding capabilities of OWPPs in
[43].

4) Intermittency Risk: The study by AEMO on the 2016
SA Blackout [36], mentioned before, discusses a scenario
(Appendix M.2) with no WPP power reduction due to
multiple V-disturbances, but assuming a loss of 200 MW of
wind generation due to WTs shutting down (protection from
excessive mechanical stress) during high wind speeds (above
90 km/h) immediately afterwards. Simulations carried out by
AEMO demonstrate that the SA power system would have
remained stable and interconnected under these conditions
[36]. Thus, the wind intermittency & excessive speeds was
not a material contributor to the blackout event, as out of
the 456 MW wind power reduction, 35 MW of WTs discon-
nected due to high speeds during the last 5 V-dips. However,
to better manage the risks to power system security, further
investigation is needed of transient (0-6 hrs) power reduction
from multiple wind farms during faults, wind turbine over-
speed cut-outs during high winds, or rapidly changing winds
in areas of high wind farm concentration [36]. This is a
complex prediction in terms of modelling methodology.

It is important to mention here that, since BSUs are
used for kick-starting the PSR from a totally de-energized
state, their impact is limited to only the first 4-6 hrs of the
restoration process. Once the system is kick-started, other
factors, that are outside the influence perimeter of the TSO,
determine rest of the PSR procedure [19].

Moreover, using intermittent generation early in PSR
process will be an option for TSOs familiar with dealing
with a high share of intermittent generation on a daily basis
like Denmark, Germany, Spain, etc., despite the additional
layer of complexity, as it is expected that flexible plants such
as gas or hydro units will be already connected to the system
to provide sufficient inertia and up- & down-ward reserves
[19].

5) Fuel Supply: Currently, diesel generators are used on
the offshore platform for supplying auxiliaries, along with
backup diesel generators in case the first generator is not
able to startup. Moreover, it is costly to ensure a constant
fuel supply on the platform. Similarly, wind resource is
intermittent, but larger MW-scale WPPs farther away from
the shore with steadier wind conditions, can reduce the
availability uncertainty. Moreover, having for example, just
10/20 blackstart-able WTs in a WPP to power up the
auxiliaries, can provide more reliability & cost benefits with
proper planning, compared to only 2 diesel generators, in
the scope of PSR. It is also important to note that the
requirement for maintaining 24 hr operation, as specified
in Section III-A4, is not applicable to pump-storage BSUs,
and soon after their startup, non-BSUs are synchronized
along the restoration path to prevent exhausting the stored
water volumes at the pump-storage plants [27]. A similar
relaxation in the grid-codes can also help develop BS-service
technology in OWPPs.

6) Grid Codes: Grid code requirements have been a
major driver for the development of WT technology [37].
Similar to Var requirements now becoming mandatory for
RES (eg. wind farms) due to Var-compensation & V-stability
being major concerns for operators in case of high share of
RES, restoration grid codes with participation from OWPPs
are also needed [2].

Current WT technology, particularly developed over the
last years, has been heavily influenced by the grid code
technical requirements for the connection of wind farms to
the power systems, to provide them with the control and
regulation capabilities, necessary for the safe, reliable &
economic operation of the power system [32].

In the short term, significant levels of wind generation in
the system are now able to integrate into restoration plans
and for example, National Grid in the UK is liaising with
developers as to how restoration could be facilitated through
services like Islanding & TTH operation by OWPPs [12].
However, an ongoing dialogue between TSOs & the wind
industry is needed to understand how WTs can contribute to
restoration in the long term [12].

V. SUMMARY

The changing network paradigm with increased penetra-
tion of large RES necessitates the change in restoration
procedures also. In the new generation mix, where conven-
tional power stations are frequently out of service in order to
accommodate large amounts of wind power, the number of
generation units for the restoration phase can be limited due
to their startup & grid-connection time constraints. Thus, in
addition to hydraulic or gas turbines, used in initial stages
of PSR, large OWPPs that currently offer enhanced control
capabilities and high flexibility, can be valuable candidates
to facilitate the PSR procedure. In this paper, a review of
BS-service technical requirements has been compared to the
current WT-capabilities, based on which recommendations
are made for wind power to participate in restoration. Finally,
development of standards for testing from the level of the
component up to the entire WPP, is required for grid code
compliance verification.
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[32] M. Altin, Ö. Göksu, R. Teodorescu, P. Rodriguez, B. B. Jensen, and
L. Helle, “Overview of recent grid codes for wind power integration,”
in 12th International Conference on Optimisation of Electrical and
Electronic Equipment, OPTIM, vol. 12, 2010, pp. 1152–1160.

[33] A. Lombardi, A. Hernandez, C. Feltes, D. Ramsay, G. Nichol,
G. Drobnjak, G. Q. Varela, J. Palle, J. MacEnri, M. Dhesi, M. Aten,
M. E. Crespo, M. Ono, N. Singh, P. Knol, T. Schlüter, and
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Abstract— The current practice of power system restoration 
mainly relies on conventional power plants, which can provide 
black start in case of a black out using fossil fuels. HVdc-
connected offshore wind power plants can, on the other hand, 
provide fast and environmentally friendly solutions for power 
system restoration, once their state of the art wind turbines 
are equipped with the grid-forming capability. In this paper, 
the background and existing solutions for wind turbine and 
wind power plant self-energization and onshore grid black 
start are presented, together with simulation results of an 
offshore wind power plant sequentially energizing the offshore 
ac network, offshore HVdc terminal, HVdc link, onshore 
HVdc terminal, and onshore ac terminal and load. 

Black start, energization, grid-forming wind turbine control, 
HVdc transmission, offshore wind energy integration 

I.  INTRODUCTION 

In HVdc-connected offshore wind power plants 
(OWPPs), the current practice for energization of the off-
shore ac network between the offshore HVdc converter and 
the wind turbines (WTs) relies on the black-start (grid-
forming) capability of the offshore HVdc terminal, taking 
the necessary energy from the onshore ac network via the 
HVdc link. Hence, in case of a long-lasting electricity short-
age due to the outage of the HVdc link or an onshore black 
out, other auxiliary power supplies are needed for supplying 
the WT auxiliary loads [1],[2]. This requires either perma-
nently installed diesel generators at the offshore HVdc plat-
form or temporary mobile diesel generators being carried to 
the offshore site, which both increases the operational and 
insurance costs and decreases reliability due to diesel gener-
ator issues. Similarly, diesel generators are needed for the 
supply of auxiliary units in the offshore HVdc platform (e.g. 
controls, switchgear, air-conditioning units).  

State of the art (type-4) WTs with fully rated power elec-
tronics converters can be controlled to function so that they 
can start and operate without the need for external auxiliary 
power supplies (grid-forming/black-start-able WTs [3]). By 
means of such capabilities, such WTs can form the offshore 
ac network, i.e. control its voltage magnitude and frequency, 
for as long as the wind allows [1] [2]. The capability of 
energizing their offshore ac network both for short and long 
periods of time can helps reduce the current need for auxilia-
ry diesel generators. Moreover, it can provide cost-effective, 

fast and environmentally friendly alternatives for offshore ac 
network energization, onshore ac network black start and 
power system restoration in general.  

The current practice of power system restoration mainly 
relies on conventional power plants, which can provide 
black start in case of a black out. The black-start capability 
of conventional power plants, which requires auxiliary units 
to start up and generate the onshore ac network voltage, is 
characterized by long start-up times due to their slow (for 
instance thermal) dynamics, and extended use of fossil fuels 
to keep them ready for service. OWPPs can, on the other 
hand, provide fast and environmentally friendly solutions for 
power system restoration, once their state of the art WTs are 
equipped with the black-start capability. Black start and 
island operation have been included in ENTSO-E’s network 
connection requirements (RfG and HVDC) as optional re-
quirements for (both ac- and HVdc-connected) WPPs, 
which can be requested by the TSOs [4], [5]. Moreover, 
there is an increasing interest from TSOs to have black-start 
capabilities from the HVdc networks connected to their ac 
networks [6]-[9], which implies that the HVdc converters be 
designed for electrical transients during onshore ac network 
black start. Black start by HVdc-connected OWPPs has been 
studied so far in [10]–[12]. Such works, however, have not 
studied the HVdc converter energization in detail, which is 
the aim of the present study. The method presented in [11] is 
applied in [10] to island operation of HVdc-connected off-
shore WTs and onshore black start, analyzing the WT me-
chanical loads during such scenarios. It is assumed that an 
external generator provides auxiliary power to the WPP. In 
[13], frequency control methods of an ac-connected WPP 
are evaluated when the WPP is employed for black start of a 
regional grid, with a diesel generator providing auxiliary 
power.  

In the present study, control schemes for grid-forming 
WTs and HVdc converters are presented together with simu-
lation results of an OWPP sequentially energizing the off-
shore ac network, offshore HVdc terminal, HVdc link, on-
shore HVdc terminal, and onshore ac terminal and load. The 
rest of the paper is organized as follows. The considered 
system model is presented in Section II. In Section III, simu-
lation results are presented and discussed. Finally, conclud-
ing remarks are given in Section IV. 
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Figure 1.  Schematic of HVdc-connected offshore wind power plant energizing a passive load. 

 

II. SYSTEM MODEL 

In this section, the considered system model, shown in 
Figure 1, is briefly described. A symmetrical monopole 
configuration is used for the HVdc connection. The main 
circuit parameters are given in Table I. Each HVdc terminal 
uses half-bridge modular multi-level converters (MMCs). 
The fundamental structure of an MMC is shown in Figure 2, 
together with important measurements, such as voltage at 
the point of common coupling, pccU , converter ac terminal 

voltage and current, cU  and ci , respectively, valve currents 

vi , cell voltage, cellU , and terminal dc voltage, dc-pnU . The 

active and reactive powers are measured at the PCCs. The 
HVdc converter consists of six arms, each having n sub-
modules (SMs) connected in series. 

TABLE I.  HVDC MAIN CIRCUIT PARAMETERS 

Parameters Values 
WPP rating 1000 MW (400, 400, 200) 

WT rating 8 MW, 66 kV 

WPP trasfromer rating 66/155 kV, 415 MVA, 210 MVA 

HVdc converter 1050 MVA, 10% reactance 

HVdc transfromers 155/390 kV (Offshore), 400/390 
kV (Onshore), 12% reactance 

MMC Half-bridge, (n =) 225 
submodules 

HVdc link voltage ± 320 kV 

The offshore HVdc converter uses grid-following con-
trols, oriented on to the offshore ac network voltage formed 
by the WPP. By means of such controls, the converter regu-
lates the voltage on its dc terminals and its reactive power 
output to the offshore ac network. The converter has stand-
ard half-bridge MMC inner control loops, such as cell volt-
age balancing control and circulating current controls. The 
block diagram of the converter outer control loops is shown 
in Figure 3, where PLL, CC, and PI stand for phase-locked 
loop, current controller, and proportional-integral (control-
ler), respectively. The letters shown in bold represent the 
vector variables in the rotating (dq) reference frame, orient-
ed on the converter ac terminal voltage. 

 

Figure 2.  Half-bridge MMC topology 

  

Figure 3.  Offshore HVdc converter control   

The onshore HVdc converter operates as a grid-forming 
converter, meaning that it controls the ac network voltage 
magnitude and frequency. Since there is only one converter 
feeding the passive ac system, the frequency reference is 
kept constant. The block diagram of the corresponding con-
trols is shown in Figure 4. The vector variables are repre-
sented in a rotating (dq) reference frame with angular speed 
given by the frequency reference. 

A 1000 MW WPP cluster having two 400 MW WPPs 
and one 200 MW WPP is considered for this study. Each 
400 MW WPP has 50 8 MW WTs, whereas the 200 MW 
WPP has 25 8 MW WTs. One 400 MW WPP is active for 
the considered case. The WTs use fully-rated converters to 
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connect to the offshore ac network. The WT back-end (gen-
erator-side) converters control the WT dc link voltage, 
whereas the WT front-end (grid-side) converters operate as 
grid-forming units, i.e. they control the magnitude and fre-
quency of their ac terminal voltage.   

 

Figure 4.  Onshore HVdc converter control 

A WT front-end converter (FEC) and corresponding 
grid-forming controls are shown in Figure 5. The control 
scheme, based on those in [14], [15], uses a distributed 
phase-locked-loop-based frequency control, implemented 
for each WT front-end converter in a rotating reference 
frame oriented on the converter ac terminal voltage cu . In 
such scheme, each grid-forming WT FEC controls its ac 
terminal voltage (magnitude) and frequency.  

 

Figure 5.  Wind Turbine Front-End Converter Control 

III. SIMULATION RESULTS 

In this section, the energization sequence, summarized in 
Table II, is described in detail.  The stages of the energiza-
tion sequence can be understood by referring to Figure 1. 

 

  

 

 

TABLE II.  ENERGIZATION SEQUENCE 

Stage Time [s] Events (refer Figure 1) 
1 < 0 WPP energized 

2 

1.3 ac circuit breaker [MB] closed 

1.6 
Pre-insertion-resistor (PIR) bypassed by 

closing the circuit breaker [AB] 

2.1 
offshore HVdc converter deblocked; HVdc 

link energized 

3 2.75 
onshore HVdc converter deblocked; on-

shore ac terminal energized 

4 4 onshore load connected 

 

The energization of the WPP with the grid-forming con-
trol of WTs is explained in [14] and [15], therefore, the rest 
of the energization sequence is explained in this paper. 
Therefore, the impact on the PCC voltage, converter ac 
terminal voltage, valve currents, cell voltage, dc terminal 
voltage and active and reactive powers at each converter is 
presented. 

Stage 2:  offshore HVdc converter energization 

The responses of the offshore and onshore HVdc con-
verters are shown in Figures 6 and 7, respectively. Once the 
offshore HVdc converter ac breaker (MB in Figure1) is 
closed at t = 1.3 s, the converter is charged through the PIR 
in a controlled (limited transients) manner; thus protecting 
the wind turbines and valves from transient overcurrent due 
to the energization of the transformer (magnetizing inrush 
current). Moreover, the controlled ramp in the converter 
voltage limits the charging current of the MMC submodule 
capacitors. 

 

Figure 6.  Offshore HVdc converter response – stage 2 

Once the submodules are charged to around 2 kV, the 
PIR is bypassed (By closing the AB in figure 1) at t = 1.6 s, 
allowing faster charging. Sudden increases in the converter 
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ac terminal voltage, valve currents, maximum cell voltage, 
and dc terminal voltage can be observed. The magnitude of 
such increases is, however, well within the acceptable lev-
els.  

Once the offshore HVdc converter is deblocked at t = 2.1 
s, the HVdc link voltage is increased to 640 kV. The maxi-
mum cell voltage is around 2.85 kV, which is well below the 
limits (4 kV). It is clear that the impact is mainly at offshore 
HVdc converter. The onshore HVdc converter submodules 
are charged to 1.45 kV (half of the offshore HVdc converter 
cell voltage). The reason is that the 450 submodules be-
tween the two valve arms (225 in each arm) share the HVdc 
link voltage (640 kV). The WPP ac terminal voltage and 
active and reactive power outputs during stage 2 are shown 
in Figure. 8. Apart from minor transients in the terminal ac 
voltage, there is no significant transients observed. 

 

Figure 7.  Onshore  HVdc converter response – stage 2 

Stage 3:  onshore ac network energization 

The grid-forming onshore HVdc converter is deblocked 
at t = 2.75 s. As shown in Figures 9 (onshore) and 10 (off-
shore), the onshore HVdc converter submodules start charg-
ing once the converter is deblocked and reach the desired 
cell voltage (2.85 kV) within 300 ms. At the same time, the 
onshore HVdc converter starts forming the ac voltage at its 
terminals. A dip in the HVdc link voltage and disturbance in 
the offshore converter submodule cell voltages can be ob-
served during the charging process. It is due to the energy 
imbalance in the dc system. The submodule capacitors in the 
offshore HVdc converters discharge during the charging of 
submodules of onshore HVdc converter. The WPP then 
reacts to the energy imbalance by producing the required 
active power for charging the onshore converter and form-

ing the onshore ac network. The HVdc system settles within 
300 ms and the onshore converter controls the onshore ac 
network voltage the its desired magnitude (400 kV) and 
frequency (50 Hz). 

 

Figure 8.  WPP response – stage 2 

 

Figure 9.  Onshore  HVdc converter response – stage 3 

Stage 4:  Onshore load connection 

Once the onshore ac network voltage is established, an ac-
tive power load of 400 MW is connected to it at t = 4 s. The 
corresponding onshore and offshore HVdc converter re-
sponses are shown in Figures 11 and 12, respectively. A 
small dip (5 %) is briefly observed in the HVdc link voltage, 
which recovers quickly once the offshore HVdc converter 
and WPP start supplying the required active power to the 
onshore ac network. The PCC voltage, converter bus volt-
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age, valve currents, cell voltages well within limits, both at 
onshore and offshore converters, for a step change in active 
power at onshore AC terminal. 

 

Figure 10.  Offshore HVdc converter response – stage 3 

 

Figure 11.  Onshore  HVdc converter response – stage 4 

 

Figure 12.  Offshore HVdc converter response – stage 4 

IV. CONCLUSION 

In this paper, the energization of an onshore ac network 
by OWPPs connected through an HVdc link has been ex-
plained. The simulation results have shown that the grid-
forming capabilities of WTs can be used to establish the 
offshore ac voltage and thereafter energize the offshore 
HVdc converter, HVdc link, and onshore HVdc converter. 
The pre-insertion resistor connected at the offshore HVdc 
converter ac terminals helps protect the WTs against large 
inrush currents and control the charging of the HVdc con-
verter submodules. 

It is shown that HVdc-connected OWPPs using the 
modern fast-responding WTs can behave as black-start units 
in the restoration of future power systems with high shares 
of converter-interfaced energy resources. The use of WPPs 
as black-start units would require adapting the market for 
this purpose, e.g. considering the wind speed forecast in the 
restoration process. Moreover, it is important to study the 
impact on the MMC HVdc system of energizing the onshore 
ac network by means of the grid-forming offshore WPPs. 
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