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1 | INTRODUCTION

| Jesper Hjerrild' | Frede Blaabjerg” |

Abstract

Power systems are currently experiencing a transition towards decarbonisation through the
large-scale deployment of renewable energy sources. These are gradually replacing con-
ventional thermal power plants which today are the main providers of black start services.
Consequently, in case of a total/partial blackout, conventional black-start resources may
not be ready for operation. Offshore wind farms (OWTFs), with their large capacity and fast
controllers, have potential as innovative black-start units, thus, the need for a new design
for OWFs. Here, challenges and possible solutions in integrating black start services into
offshore wind farms will be presented. The first challenge is represented by the self-start
capability. The self-start unit should be capable of forming the wind farm power island
and withstanding transient phenomena due to the equipment energisation. The investi-
gated solution comprises grid-forming (GFM) converters in the wind farm design, which
could be battery energy storage systems (BESSs) to also increase the service availability.
The challenges are analysed using simulations on a wind farm, and the proposed solu-
tions are discussed. It can be concluded that a hybrid system comprised of a BESS and
an OWE, with GFM control, applying soft-charging, etc., represents a good proposal to
provide black start services by OWFs.

of black start service providers. Integrating black start services
into non-conventional technologies to participate in the black

Power systems are currently experiencing a transition towatrds
the decarbonisation of electricity generation through the large-
scale deployment of renewable energy sources. Industries are
facing a major re-thinking to cut emissions faster since global
warming has to be limited to an increase of 1.5°C by reach-
ing net-zero emissions in 2050, as per the Paris Agreement.
Therefore, conventional power plants which run on fossil fuels
are more and more often taken out of operation to accommo-
date higher shares of renewable energy generation. However,
this weakens the resiliency of the power system after a black-
out, as thete are no black start sources ready to restore the
grid in this scenario. On the other hand, it is not convenient
to maintain conventional power plant systems on stand-by only
for the possible risk of a blackout [1]. Consequently, economic
considerations also point towards the integration of new types

start market could introduce a new revenue stream to opera-
tors and lower costs for electricity consumers, due to increased
competition [1]. Therefore, the integration of a large volume
of renewable energy sources as black start providers offers new
opportunities in power system restoration planning,

High attention has recently been given to the black start,
as it represents a crucial counteraction to the emergency state
introduced by a blackout [2]. The occurrence of a massive
power outage that includes the complete loss of generation,
load and the transmission network serving the system loads,
requires the use of selected generating stations with self-starting
capability, i.e., black start sources, to get the system back into
operation [3]. Power system blackouts are rare, but depending
on how fast the power is restored, blackouts may have a great
impact on the economy and society. Hence, a fast and reliable
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restoration scheme is a major concern to minimise economic
and societal losses. Important organisations such as ENTSO-E
[4] CIGRE [5] as well as the EU Commission [6] have addressed
this concern.

Among renewable energy sources, wind energy is one of the
fastest growing, thanks to its abundance and sustainability [7].
In particular, offshore wind farms (OWFs) represent an attrac-
tive solution at the global [7], European [8] and both Danish
[9] and British levels [10]. In this context, OWFs, with their
large capacity and fast controllers, have potential as innovative
renewable-based black start units. Since the restoration time
reduces exponentially with the availability of black start units,
integrating black start capability into OWFs could significantly
reduce the extent, intensity and duration, and thus the over-
all impact of blackout events [1]. Therefore, OWFs must gain
the ability to participate in the restoration strategy as black start
units. Furthermore, the black start is a crucial and extra service
that is agreed upon separately from ancillary services. Thus, it is
additionally paid, and thereby potentially increases the revenue
for operators of OWFs.

The practical feasibility of successfully providing black start
capability from an OWF still has to be proven, as no OWF is
currently able to restore a black grid. Therefore, more research
needs to be conducted. Some literature around the main topic
can be found in [11-14], where some discussions are made
around OWF system configuration and control for a black start.
However, no research is found, which discusses the challenges
that black start functionality introduces in OWFs and presents
possible solutions which could be taken into consideration and
implemented. Nevertheless, innovative power electronic solu-
tions, in combination with modern energy storage systems
can enable this [15]. The increase and diversification of novel
power-electronic-based devices, such as wind turbines (WTs),
high-voltage direct-current (HVDC) transmission, STATCOMs
and battery energy storage systems (BESSs) in particular, creates
many opportunities for extended functionalities and innovation
in power systems. An attractive novel technology is represented
by grid-forming (GFM) convert control, which may be a viable
option for the self-start of a power-electronic-based power sys-
tem. In [16], the solution to apply GFM converters in OWFs is
presented and lists the advantages of introducing a GFM unit
onshore to reduce the costs and downtime of the OWF related
to offshote equipment. Nevertheless, the GFM unit introduced
onshore for ease of maintenance is a STATCOM, which does
not have the advantages of additional energy storage as a large
BESS has, which is required for system restoration. In [17],
the idea of introducing a BESS in the wind farm design is
presented to improve the performance of the grid-connected
system. However, the battery is not a GFM unit and there are no
discussions on black start operation. In [18, 19], a novel type of
device, consisting of integrated STATCOM and BESS is intro-
duced in the OWF to perform island operation and black start.
The device, defined as IBESS, is a GFM unit, nonetheless, no
discussion on the additional solutions is shown to perform a
real black start. Therefore, the main novelty of this paper is
the overall description of the operation for an OWF with inte-
grated storage to behave as black start source, together with a

discussion to the challenges in current design criteria. Fur-
thermore, the description and discussion are demonstrated by
the simulation results of the study case adopted to prove the
concept of system restoration by OWFs.

The rest of this paper (which is an extension of [20] is organ-
ised as follows: An analysis of black start functionality in OWFs
and transmission systems is given in Section 2, where different
stages are identified in the implementation of black start proce-
dure by OWFs are outlined. Then, the selected challenges and
possible solutions for OWFs as black start service providers are
presented in Section 3. These ate classified and justified accord-
ing to their different aspects. Black start simulation analysis on
an OWF system inspired by and adapted to large projects in the
UK like Hornsea I and IT [21] with integrated GFM battery and
discussions are presented in Section 4. Discussions are made in
Section 5. Finally, concluding remarks are given in Section 6.

2 | BLACK START FUNCTIONALITY
ANALYSIS

A black start comprises of different stages, going from a state of
no power to a state of restored normal operation for the power
system. The OWF operating as a black start unit needs to meet
a certain set of requirements, referred to as black start require-
ments. As shown in [11], these requirements do not apply to
OWTs currently as they are not conventional power plants. Nev-
ertheless, an extended set of requirements has been proposed
by some transmission system operators (I'SOs), for example,
in the United Kingdom (UK) which are considered here [22].
When using an OWF as a black start source, the first stage
represents the energisation of the wind farm without being con-
nected to the main grid, which is shut down, that is, working
in island mode. This stage is referred to as wind farm power
island. Once the island system is energised and stable, the ener-
gisation of the onshore transmission grid and block loads can
start and thus form a black start power island. This is also a
challenging operation, as the transmission grid itself consists of
many transmission lines and large loads, such as substations,
which have to be energised. After the energisation of a part
of the system where the OWT is located, the synchronisation
with other external power islands has to take place until the full
system is synchronised and restored. These stages are shown
in Figure 1. As they have different characteristics, these will be
analysed separately.

2.1 | Wind farm power island

After a total shutdown, the electrical circuits of the OWF are
found in a state of no power, with all WTs disconnected. The
first operation happening instructs the OWF operator that a
black start operation needs to take place. There will be a time
limit to connect to the onshore grid, for example, two hours
for the UK [22] within which the black start unit needs to be
ready to energise the onshore transmission grid and block loads.
The OWF has to have a unit able to self-start, which can deliver
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FIGURE 2  Stage 1 of the black start procedure implemented by an
offshore wind farm and battery system split into two substages

the first energisation power. This self-starter will have to ener-
gise first the OWTF passive system, that is, transformers, export
and array cables, substations and other parts of the system that
are needed for the black start. Afterwards, the energisation and
synchronisation of the WTs can take place, as seen in Figure 2.
This procedure can be challenging due to the different devices
present, that is, reactive components, power electronic convert-
ers, and the switching operations involved. The switching of
the reactive components can trigger transient phenomena such
as inrush currents, which are problematic for power-electronic-
based generation sources in case they exceed established limits
in voltage and/or current especially.

Initially, the wind power island is a dead system, and there-
fore, the location of the self-starter, as well as the energisation
strategy, are fundamental for a resilient black start strategy. Once
energised by the self-start unit, the OWF is working as a wind
farm power island, which is a very weak grid [23]. Once the sys-
tem is stable and ready, the actual black start service seen from
the grid can take place.

2.2 | Black start power island

This stage is the first where an actual system restoration is
occurring as seen from the grid. At this stage, the whole OWF
acting as a black start soutce has to energise both passive com-
ponents of the transmission and distribution network, as well
as block loads. This is schematised in Figure 3. There are spe-

cific requirements for both, and they are different according to
the country. In the UK, the reactive capability of the black start

Stage 2: Black start power island
Wind farm power island energises:

1) Passive components 2) Block loads

<& » <& >
< P < >

FIGURE 3  Stage 2 of the black start procedure implemented by an
offshore wind farm and battery system split into two substages

Stage 3: Power island re-sync
Black start power island synchronises with
other power island and the system is restored

() ‘.ﬁgﬁ

FIGURE 4  Stage 3 of the black start procedure implemented by an
offshore wind farm and battery system

unit needs to be at least 100 Mvar exported from the OWE, and
the block loading capability is set at a minimum of 20 MW. Due
to the variability of the transmission network configuration, the
OWTF as a black start unit needs to be prepared for different
scenarios and flexible in accommodating them. The challenge
to solve at this stage consists mainly in the performance of
the OWE, and all its powet-electronic based sources, during the
energisation of the system where phenomena like high inrush
currents, transient over voltages, resonances and loss of syn-
chronism could jeopardise the black start power island stability.
Once part of the onshore network is restored the OWTF is work-
ing as a black start power island where the OWT is exporting
power to the transmission grid while controlling the frequency
of the island. The actual number of block loads will depend on
the TSO requested service and the OWF power available at the
instant of block loading, Furthermore, the considerations need
to account for the OWF power availability for a minimum of
three days, according to the TSO’s needs in the overall system
restoration.

After this stage, the interconnection with other power islands
will occur to complete the restoration of the network.

2.3 | Power island re-sync

Initially, the OWT is controlling power consumption and fre-
quency of the black start power island. When the TSO is
ready for the energised islands to tre-synchronise into one
synchronous grid, the OWF operator has to initiate the grid
synchronisation processes, as shown in Figure 4. The transition
from islanded to grid connection needs to be seamless, there-
fore the controller settings need to easily pass from islanded to
grid-synchronisation.

The overall process in shown in the flowchart in Figure 5.
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FIGURE 5
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3 | CHALLENGES AND POSSIBLE
SOLUTIONS IN INTEGRATING BLACK
START INTO OFFSHORE WIND FARMS

The main challenge posed by the integration of black start capa-
bilities into OWFs is the fact that OWFs are usually 100%
power-electronic-based systems whose source of power is vari-
able, which is in contrast to the conventional black start sources
that are mainly synchronous generators.

Therefore, different challenges arise as presented in [11].
These challenges and their proposed solutions will now be
analysed and discussed together with solutions.

3.1 | Self-start capability

Firstly, power electronic converters present in usual OWF
designs are grid-following (GFL) converters [24], which do not
have self-starting capability. This is because normally OWFs do
not contribute to restoration strategies, and they are typically
energised by the transmission grid. Hence, in order to integrate
black start capabilities into OWFs, there is a fundamental need
to introduce a device with self-start capabilities.

There are different alternatives and configurations that are
possible [11]. The use of a new-generation power electronic
converters with GFM control is highly interesting. These con-
verters in the OWF could be storage units or GFM WTs.
Another option is represented by the use of a conventional unit
as a synchronous generator, which could be fuelled by diesel
or, as more recently proposed, by biomass [1] or even green
hydrogen. Nevertheless, more and more researches are focused
on the application of novel GFM control strategies to black
start, instead of synchronous generators. This current trend is
mainly due to the fact that many industries ate trying to support
sustainable goals, by implementing carbon neutral solutions in
their operations and supply chain [25, 26] and therefore want
to avoid the use of fossil fuels, such as diesel, as much as pos-
sible. Furthermore, biomass-powered synchronous generators
are typically available on a much smaller scale than conventional
units [1] thus, this may affect their capability. Therefore, the use
of GFM converters remains the main focus.

3.2 | Service availability

Secondly, the availability problem is of high concern. As the
wind is the source of power in an OWLE, the black start ser-
vice availability highly depends on wind vatiability. For the UK,
the first proposal for the black start availability requirement is
90%, which is the same established for conventional black start
sources. As presented in [27] the average amount of procured
wind capacity to secure a sustained 500 MW of power for 24 h
for the 90th percentile is higher than 10 GW. This is certainly an
extreme amount, and it is also stated that a very large diversity in
available power could be found also from two wind farms with
very similar total capacity, depending on their geographical loca-
tion. Nevertheless, the challenge posed by the service availability
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requirement is understood, although it may be that TSOs would
benefit from modifying the requirements to find the optimum
balance between their specific needs and ensure that enough
OWTFs can contribute with a black start. This would surely also
need to be examined thoroughly by the OWF system operator.
Combining energy storage with OWFs could be a potentially
attractive way to boost the contribution that OWFs could make.
Generally, the integration of energy storage can contribute to
a more efficient and stable power system. The choice of ade-
quate energy storage is based on various parameters, such as
accurate technical and economic evaluation of deployed energy
storage and geographical considerations. In [28], an overview of
all existing energy storage systems is carried out.

Out of various types of energy storage systems, BESSs have
recently been considered the most suitable technology due to
numerous advantages. Their scalability, response time and abil-
ity to absorb and deliver power to the system is making them a
good option for smoothening wind power output and increas-
ing power system stability. Moreover, the cost of this type of
technology has been constantly decreasing and it is expected
that the trend will continue in the future [29].

Lately, numerous projects involving BESS technology are
announced, are under construction or are ongoing world-
wide. The most recent one involved the installation of 150
MW /189 MWh Li-ion BESS called Hornsdale Power Resetve,
co-located with the Hornsdale Wind Farm [30] It is consid-
ered the largest Li-ion BESS in the wortld and its purpose is
to provide power system stability services in South Australia.
Moreover, the Dalrymple BESS, also known as the ESCRI-
SA project, is a 30 MVA/8 MWh GFM BESS with microgrid
automation, controlled with the virtual synchronous machine
(VSM) algorithm. This BESS can store excess generation from
Wattle Point Wind Farm to charge and perform the necessary
services [31].

As presented in [32], by the IBESS project, the combina-
tion of OWF and integrated BESS and STATCOM can deliver
a black start with a high level of availability. Nevertheless, this
depends on the OWF capacity and availability level required
by the TSO, as discussed above. Analytical results show that a
partially energised OWF in combination with BESS is able to
provide black start with a level of availability higher than 80%.
Meanwhile, availability higher than 90% can be provided with
a larger BESS and fully energised OWE, which is costly and
depends on wind conditions [33]. As a consequence, it can be
understood that adequate competition in the black start mar-
ket to enable renewable energy sources to participate in this
new service depends on the selected technical requirements.
A lower level of availability required by the TSO allows more
OWF generators to contribute to black start and ensure more
competition.

3.3 | Inertia provision

Inertia provision has been added as a black start requirement.
This is challenging for conventional OWFs as they are 100%
power electronic-based systems. Nevertheless, this requirement

can be fulfilled either by real or virtual inertia. Virtual inertia,
the requirement can be achieved by implementing inertia emula-
tion in the converter control. More specifically, the WTs and/or
BESS in the OWF can be controlled as VSM and deliver iner-
tia emulation when needed. Both GFL and GFM control can
emulate inertia and examples are described in [34, 35]. Practical
applications of VSM GFM in power electronics can be found
for BESSs in [31] and WTs in [30].

Furthermore, VSM algorithms have been proposed for
STATCOMs to emulate inertia [37]. In this context, STAT-
COMs could behave as synchronous condensers without the
drawback of active power losses [38]. Innovative types of STAT-
COMs can support the system with more than just dynamic
voltage regulation. One example is the SVC PLUS with power
intensive energy storage, which is a combined STATCOM with
supercapacitors which is able to provide both voltage and fre-
quency support [38]. These capabilities could be exploited and
used for inertia emulation as well.

3.4 | Control, stability and interoperability
With a whole new service to provide, the control and interopet-
ability of the OWF system also adds a challenge. Depending on
the numbers of self-starters, there will be a need to coordinate
the interoperability, both during the energisation and the opera-
tion of the system. In particular, the challenge gets tougher as
the islanded OWTF system represents a very weak grid, com-
pared to the onshore transmission grid, which is usually the
reference for the power electronic control. Therefore, issues like
energisation sequence and island frequency control are of main
importance. In this regard, the possibility to combine a GFM
BESS together with GFM WTs has the potential to ensure sta-
ble operation also in weak grid conditions. The GFM unit(s) will
have firstly to coordinate the response, which could be primarily
assigned to the BESS, in order to avoid relying on wind condi-
tions, and then be shared with the WTs. During operation, the
interoperability could be guaranteed keeping the system coordi-
nated by a high-level control, which applies communication, or
by droop strategies for example. Moreover, as the system parts
get energised, the need for an adaptive control may emerge in
between these settings. Hence, the complexity of the proposed
solution is increased. After deployment of a black start demon-
stration to show that the implemented solutions are feasible,
also automation and communication settings need a viable solu-
tion to have a faster black start procedure with reduced error in
the case of a real blackout scenario.

BESSs ate considered as one of the prominent solutions for
stability maintenance in a renewable energy system [27]. Thus,
their use is expected to be relevant in OWF black start.

There are many different types of GFM control strategies
that have been presented in the state-of-the-art literature and
that could be applied for OWF black start [39]. In between these
strategies, the VSM type of GEM control has achieved success-
ful application, e.g., in field tests for GFM WTs [36, 40] and
the Dalrymple BESS working in combination with Wattle Point
Wind Farm in South Australia [31].
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3.5 | Transient behaviour

Transient phenomena are involved in every energisation opera-
tion related to OWF black start. Transients due to the switching
operations can be challenging for the system to survive. Tran-
sient over voltages can lead to equipment failure or damage
that may hinder the successful implementation of the restora-
tion plan. Energising equipment during black start conditions
can result in higher over voltages than during times of nor-
mal operation [3]. These transient over voltages originate from
energising operations and equipment non-linearity, for example,
transformer saturation. The first challenge is represented by the
wind farm power island energisation. To contain the energisa-
tion transients, novel energisation methods like soft charging
can be applied with GFM units. After that, another challenge
is the energisation of the transmission system and block loads.
If the load has been de-energised for several hours, the inrush
current upon re-energising the load can be as high as eight to
ten times normal [3]. Hence, a detailed black start strategy and
simulation plan will have to confirm that the OWF system will
be able to cope with a black start.

3.6 |

Harmonic performance

The combination of different power converters, long cables
and other passive elements also introduces issues for the har-
monic performance of the system. This is because power system
resonances may be excited duting the restoration procedure,
potentially leading the system to instability conditions. There-
fore, the analysis of the black start strategy needs to consider
this challenge to mitigate the possible effects of harmonic
distortion.

The main solution to this challenge can be active harmonic
filtering, which is adaptive to topology changes and system
loadings [41]. This represents a flexible harmonic mitigation
measure and can be successfully applied to the OWF during
black start.

4 | BLACKSTART STUDIES

In a real black start scenario where the black start source is an
OWTF with a BESS as the main self-start unit, a general strategy
needs to be implemented. As the integration of BESS together
with WTs represents a hybrid generation system, the main role
of the master could be given to the BESS. In this way, the BESS
is the first element to self-start once the command of black start
is instructed by the TSO, and energises the OWE, forming the
wind farm power island.

According to this procedure, the BESS supplies the initial
power, while the WTs will then charge the BESS to maintain an
optimal state of charge. Forming the black start power island,
that is, energising 20 MW block loads, the BESS will also be the
one providing the initial energy, which will then be passed to
the WTs. This procedure can ensure high resiliency as the main
power supply relies on one single element, where the necessary

energy storage is controlled, and then it is backed up by a large
OWE Some of these presented challenges can be illustrated by a
simplified OWT system. Time-domain simulations of the black
start system have been developed in PSCAD/EMTDC.

4.1 | Offshore wind farm model description
The studied system is shown in Figure 5. The OWF model is
simplified and scaled down from the Hornsea Projects in the
UK, where the large wind farm is very far from shore, that is,
over one hundred kilometres from shore.

In the model, the export system is comprised of 220-kV
cables, for a total length of 100 km. The first section of the
export cable is a 40-km long land cable, which is considered as
a three single-core cable laid Al XLPE 1200 mm? cable in flat
formation. The remaining 60-km long cable is a three-core sub-
marine Cu XLPE 1600 mm? cable, represented as single-core
cables and piped in three-foil. The export system is represented
with frequency-dependent models, as it is useful for studies
wherever the transient or harmonic behaviour of the cable is
important.

Due to the large capacitive behaviour of cables, shunt reac-
tive power compensation equipment has also been considered.
There is a shunt reactor located onshore sized at 190 Mvar, and
one offshore sized 130 Mvar, both at 220-kV level.

The offshore end of the export cable is connected to an off-
shore 220-kV busbar, which in turn is connected to a 220,/66 kV,
240 MVA transformer. Only one WT module is considered
for simplification. This WT module is comprised of one array,
which is connected to the transformers via a 66-kV busbar.
Each array consists of 6 WTs, for a total of 18 WTs in the
model. The WT model has been taken from [42] and adapted
to the studies. This model represents a 12-MW WT operating as
GFL unit (as they normally do nowadays). As a simplification,
WTs are modelled by their grid-side converter model and rela-
tive controls, together with their filters and transformers. The
WT control is implemented in the synchronous reference frame
(SRF), that is, dg frame. The WTs operate in voltage regulation
mode, that means defining

the reactive current reference proportionally to the voltage
deviation from the nominal value, which is 1 p.u. at the 66-kV
transformer bus. A droop frequency regulation of 5% in steady
state is implemented.

To speed up the simulation time, only one array has been
implemented with six separated W'Ts. Array cables connect the
WTs to the 66-kV side of the offshore transformer. These have
been assumed to be 12-km long cables, and have been mod-
elled as T models, to reduce the computational burden of the
simulation.

At the onshore end of the cable the 400/220 kV, 475 MVA
onshore transformer is connected. This connects the OWF to
the onshore grid, which is only considering a 20 MW block
load for simplification. In this way, it is possible to first sim-
ulate the wind farm power island and subsequently the black
start power island and its impact on the self-starter, intend-
ing to consider a BESS for this application. The saturation
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characteristics are considered for the 400/220 and the
220/66 kV transformers.

4.2 | Grid-forming battery model description
As stated, a GFM BESS is implemented in the OWF to integrate
black start capabilities into the system. In this scenario, the GFM
BESS is a large unit connected onshore at the 220-kV bus. This
is mainly since usually the offshore substation of an OWT does
not allow for large equipment such as a BESS. The size could
be lowered to make it feasible to install offshore, however, the
size of a BESS possible to install offshore would probably be
too small for an effective black start procedure. Furthermore,
the resiliency of the system is higher when having the BESS
onshore, as the maintenance and reparations can be faster due
to easy access to the location.

The GFM BESS is modelled as the average model of their
grid-side converter and controller. The unit is imagined to be a
large BESS unit, thus using a converter based on modular mul-
tilevel converter (MMC) technology. This directly connects to
the 33-kV level and only needs one 33/220-kV step-up trans-
former to be connected to the 220-kV bus. Furthermore, thanks
to the MMC technology, only an L filter is needed at the con-
verter output to mitigate it. The model is inspired by [32] and
consists of a 112 MVA unit, where the active power nominal
rating is 50 MW while the reactive power nominal rating is
100 Mvar, to allow for dynamic var regulation. Its controller
is shown in Figure 5, where it is possible to see that the cho-
sen GFM algorithm sets the voltage magnitude #,;,. and phase
angle 8 used in the SRF transformation. The former is made
of the reference voltage, which is compared to the RMS value
of the voltage at the onshore 220-kV bus. This is multiplied by
the gain 4y filtered and then fed to the reference voltage again
which results in the direct voltage 4, while the quadrature volt-
age v, is set and kept constant to 0. The second part of this
GFM converter is made of the power/frequency £/w droop.
This simple controller is used as a preliminary example to show
some meaningful results. On the other hand, its simplicity has
many limitations, as it does not provide additional inertia and
damping, that may be required for a smooth operation, as well as
current or voltage limitations, which on a real power electronic
device will damage the semiconductor switches.

All the main parameters of the model implemented for these
studies are shown in Table 1.

4.3 | Simulation description

In this study, the black start operation of the OWE, starting
from the GFM BESS located onshore will be shown. The main
objective is to demonstrate some of the challenges presented in
this section and discuss the related possible solutions. The black
start strategy starts from the system completely shut down, that
is, de-energised. The BESS is the self-start unit and provides
power to the rest of the system, comprising the WTs. As dis-
cussed, the first step for this black start operation is to form the

TABLE 1 Converter parameters implemented in the studied model

Parameter description Value

Battery energy storage system (BESS)

Nominal apparent power 112 MVA
Nominal active power 50 MW
Nominal reactive power 100 Mvar

Nominal RMS voltage 33 kV (line-to-line)

Filter inductance 0.1 pu.
Filter resistance 0.025 p.u.
Transformer resistance 0.004 p.u.
Transformer inductance 0.1
Nominal angular frequency @ 2-7-50 rad/s
Voltage controller gain &y 10

Power controller droop gain &p 5%

Wind turbine (WT)

Nominal active power 12 MW
Power factor 0.9

Filter inductance 0.1 pu.
Filter resistance 0.005 p.u.
Filter shunt resistance 0.003 p.u.
Filter capacitance 0.075 p.u.
Transformer resistance 0.0054 p.u.
Transformer inductance 0.1 p.u.
PLL proportional gain 0.1

PLL integral gain 2s

PLL filter 500 rad/s
Nominal angular frequency @ 2-71-50 rad/s
Current controller proportional gain 0.2
Current controller integral gain 5s
Voltage controller droop gain 0.05
Voltage controller proportional gain 0.3
Voltage controller integral gain 0.2s

AC voltage controller proportional gain 10~

wind power island. One of the many challenges with energisa-
tion is to deal with the transient behaviout, as stated. Therefore,
the application of the method of soft charging is presented.
Furthermore, the energisation of the array cable and related
WTs is presented, as it is not possible to soft charge due to the
power electronic nature of the WTs. This part of the black start
procedure represents the wind farm power island.

The energisation procedure is schematised in Table 2. Dur-
ing soft charge, the whole passive islanded network is energised,
from the onshore transformer to the offshore transformer with
all the breakers closed and the BESS forming the grid voltage
from O to 1 p.u.in 0.5s.

The WTs are connected with an interval of 3 s in order to
reduce the simulation time, however, it would be longer time in
reality. It would take longer in real life due to the physical time
constraints involved, especially by the mechanical part, in the
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TABLE 2  Energisation procedure with switching instants used in

simulations

Event Instant Stage

Soft charge of the system From 0 to Wind farm power island
from 0 to 1 p.u. voltage 05s

Energisation of WT1 1s Wind farm power island

Energisation of WT2 4s Wind farm power island

Energisation of W3 7s Wind farm power island

Energisation of WT4 and 10s Wind farm power island
WT5

Energisation of WT6 16s Wind farm power island

Block load energisation 19 Black start power island

range of tens of minutes. All the WTs are initialised having as
DC-link voltage reference 1 p.u. and the voltage at the 66-kV
bus at 1 p.u., while the active power reference is left equal to 0
p.u. for the whole simulation to have the BESS as main power
unit. After the passive network and WTs are energised, a 20 MW
block load connected at 400 kV is energised. This represents the
start of the black start power island, when the wind farm enet-
gises parts of the transmission grid. The simulation is run for 25
s. The simulation is run for 25 s. The energisation procedure is
schematised in Table 2.

4.4 | Simulation results

First and foremost, the BESS energisation of the export cable
and shunt reactor system by means of hard switching is shown.
In Figure 6a, the BESS voltage is formed and at 1 s the switch-
ing operation takes place, starting a long transient characterised
by voltage exceeding the +10% threshold and having unbal-
anced phases due to the sudden connection of the long export
cable, which represents a capacitive component, together with
the inductive compensation of the shunt reactors. Furthermore,
Figure 6b shows the current transient which is even more severe
and will violate the current capabilities of the BESS convert-
ers, as it reaches over 2 p.u. which is not acceptable for power
electronic components.

Onshore transformer
475 MVA

Onshore transmission grid

Export cable
100 km

Filter |

DC I
Ry L¢
@ Tane Vabe

v Y

A%

Power
calc.

FIGURE 7 Controller of the grid-forming battery used in this study

As a comparison, the simulation illustrated in Table 2 is pre-
sented. In the simulations, firstly the BESS energises the passive
network via soft charge. In Figure 7a, the ramp-up of the
voltage in 0.5 s is shown. The controller has a small overshoot
in the first 0.1 s, which is also reflected in the voltage and the
current waveforms, while subsequently follows the reference,
settling at 0.994 p.u. with small oscillatory behaviours, an aspect
that could be improved for a real black start implementation.
The voltage and current during this process are measured at
the BESS point of connection and are shown in Figures 7b
and 7c, respectively. While the voltage is increasing smoothly,
the currents have some oscillations, indicating that the system
needs more damping, This energises the export cable system
and the offshore grid. The BESS also provides the active and
reactive power for the system, which are shown in Figures 4d
and 4e, respectively. During the energisation, the BESS supplies
the maximum active power of 6.1 MW while it absorbs the
maximum reactive power of 11.5 Mvar, which is generated by
the high voltage export cables. This is the excess capacitive
power considering that in no load no series inductive power
appears, therefore the capacitive reactive power is in excesses.
Since the BESS is controlled to regulate the HV terminals, the
BESS is absorbing 47.5 Mvar reactive power to decrease the
voltage. Thus, for energising the offshore grid, the active power
requirement is very small, but it needs to absorb also a large
amount of reactive power. This indicates that in a real black
start scenario, the passive var compensation needed should be
kept to a maximum (e.g. by using suitably adjustable reactors

Offshore wind farm 72 MW

Offshore transformer Stage 1.2

270 MVA
220/66 kV

4 Shunt- reactor
l . 190 Mvar

BRK

400/220 kV I
@ >
L

BRK grid BRK i)

BRK
Block load Battery energy storage system (BESS)
Other power 20 MW LRI
= island
1san Stage 2

Stage 3

WT3  WT5
Wind turbines (WT) 12 MW

Shunt reactor
130 Mvar

Stage 1.1

FIGURE 6 Single-line diagram of the offshote wind farm and battery system used as study case
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FIGURE 8 Simulation results from the block loading measured at the
battery point of connection: (a) Voltage from the grid-forming battery, (b)
current from the grid-forming battery

rather than fixed reactors) for the BESS to supply/absorb the
minimum amount of reactive power as possible. This will help
in maintaining the BESS with a lower load during the whole
operation. In the steady state, at 1.0 s, the BESS supplies 2.5
MW and absorbs 11.5 Mvar at 50 Hz, as seen in Figure 8d,e.
After the soft charge, the initialisation and synchronisation
of the WTs take place. The process is synthesised in Table 2 and
the resulting BESS voltage and current are shown in Figure 9.
In Figure 9b, the voltage waveform is shown. It can be seen that
the more WTSs are connected the more oscillatory behaviour on
the BESS is seen. This arises from the more power electronic
unit working in parallel in this islanded network. This is a point
that could also be solved by extra damping and inertia in the
control system. The first WT, WT', is synchronised at 1 s. Con-
sequently, there is a slight rise in the voltage of 0.1 p.u. The
requirements specify also voltage and frequency control to be
respected during black start, and for example for the UK, the
voltage requirements relate to +10% (shown with red lines in

the figures). Figure 10a shows also that the frequency set by the
BESS has a small increase for every WT connected, reaching
around 50.006 Hz for the last group. These deviations do not
exceed the 47-52 Hz range given by NGESO. However, this
could be kept at 50 Hz by a second level controller that regulates
the power island. For every WT connected, also a large increase
of the current takes place as seen in Figure 10d. Nevertheless, it
does not exceed the limits of 10% (shown as well with red lines
in the figures) as the BESS is working at almost no load. The
transient disturbance becomes larger and larger for every WT
that gets connected. It is shown in Figure 10c,e how the BESS
voltage and current evolve when WT'3 and 4 are connected at 10
s. It should be noted that the help of a converter control in the
BESS with current and voltage limiter could avoid the impact on
these transients of the power electronic hardware, which cannot
tolerate over currents as more traditional synchronous genera-
tors. A further transient with the relevant increase of the current
supplied by the BESS appears at the energisation of the 20-MW
block load at 19 s, where the current goes from 0.46 to 0.57 p.u.
in the steady state, as shown in Figure 11b. This is an important
aspect to consider when implementing systems with BESSs as
the current capabilities of this type of device are crucial during
a black start scenario. The most important thing to consider is
that the BESS does not exceed its rated current and collapses
both in wind farm power island and black start power island
mode. In these conditions, the system has formed a black start
power island as the BESS and OWF are energised and supply
block loads from the transmission system. The BESS power ref-
erence has been updated to 20 MW at 19 s and the controller has
been able to follow this change in the system.

During the whole simulation, the BESS was found to be able
to form the wind farm power island and the black start power
island as the black start unit. The BESS can cope with the dif-
ferent events, that is, WT initialisation and block loading, even
though a simple controller is used. The limitations shown in the
simulation are part of the challenges previously discussed, for
example, transient behaviour, low damping and inertia, exceed-
ing voltage and current limits. These may be counteracted with
a more sophisticated design of the BESS system with related
GFM control. Thus, it can be seen that a BESS may be the way
of integrating black start capabilities into OWFs.

5 | DISCUSSION

In this analysis, the black start procedure started by a GFM
BESS implemented in an OWTF is discussed. The main point has
been to highlight the challenges that such a system may experi-
ence and discuss possible solutions, together with the analysis of
a simulation case. As seen, such an islanded system has to rely
on the GFM controller of the BESS to energise the whole pas-
sive grid and WTs. It has been shown that the operation can
be challenging and that a relevant GFM controller has to be
designed. In this simulation example, the system shows a per-
formance that could be improved by the application of virtual
inertia and damping in the control loop, i.e. as in VSM type of
implementations. Furthermore, reactive power regulation and
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FIGURE 9 Simulation results from the initialisation of the wind turbines (WTs) measured at the battery point of connection: (a) Frequency formed by the
battery, (b) voltage from the grid-forming battery while the WTs are initialised, (c) Zoom of the voltage waveforms during the initialisation of WI'3 and W'T4, (d)
current from the grid-forming battery, (¢) Zoom of the current waveforms during the initialisation of W3 and WT4

current can be a limitation. Therefore, the controller should
have overcurrent limitation to prevent the BESS from damage.

With some adjustments, GFM converters can be a viable
solution to integrate black start capabilities into OWFs, espe-
cially if applied on a device with a large capacity, like a BESS.
From this analysis, it is observed that a dynamic procedure such
as a black start has to be thoroughly investigated to make sure
that the outcome has high resiliency and success rate. It is not
currently implemented nor already proven that OWFs with a
combination of BESS, STATCOM controlled as VSM consti-
tute a resilient black start service provider. However, analytical
simulations and hardware-in-the-loop types of demonstrations
will be valuable solutions for proof of concept of the system
before any actual implementation. To achieve a real black start

by OWTFs in the near future, Table 3 presents the main points to
be addressed.

6 | CONCLUSION AND FUTURE WORK

This paper demonstrates the use of BESS in the islanded oper-
ation and black start of an OWE Even though hard-switching
cannot be supported by the BESS due to a large transient cur-
rent of over 2.0 p.u., soft-charging can be used to energise the
whole OWE. As the BESS is set to regulate the RMS voltage
at the high voltage terminals of its transformer, it absotbs all
the excess reactive power generated by the export cables in
the OWE Whenever a new WT unit is switched in, it creates

B5UBD17 SUOWILLIOD SAIERID 3|qedtjdde au) Ag pausenob afe sl VO ‘38N JO S3|NI 10) ARIq1TaUIUQ A3]IA UO (SUOIPUOD-PLE-SWLBILIY"AB | 1 AReiq)1pu1|UO//S1Y) SUONIPUOD PUe S L 81385 *[£20¢/20/90] uo Ariqiauliuo Aoim ‘Ariqin usiieq eAod Ag £992T 26d1/610T 0T/10p/wod Ao 1M Atelq1jpulUO"YDessa. I/ SANY WO} PAPEO|UMOA ‘0 ‘vZyTeSLT



PAGNANI ET AL.

11

50.014

50.012 |

50.01

50.008 -

50.006

50.004 -

Generated Battery Frequency [Hz|

50.002 |

50

Generated Battery Voltage [pu]

2 4 6 8 10 12 14 16 18
Time [s]
(a)
| A I

o
o
T

Generated Battery Voltage [pu]
s
o f=}

L u -U
_15 1 1 1 1 1 1 1 1 1 1 H H 1 1
0 2 4 6 8 10 12 14 16 18 10 10.05 10.1 10.15 10.2
Time [s] Time [s]
(b) ©
1.5 \
Phase A 1 Phase A
Phase B Phase B
1 Phase C [~ 0.8 Phase C
= —
z £ o0 [
-
g 05 Z 04
- s 0
5 o
I
g o 50
= E
m m -0.2 \
ks 5
= 05 £ 04t
g g
5] g 06+
&) &)
-1 -0.8
a1tk
15 L I I L L I I I I L I L I
0 2 4 6 8 10 12 14 16 18 10 10.05 10.1 10.15 10.2
Time [s] Time [s]

©)

FIGURE 10 Simulation results from the grid-forming battery energising the export cable and shunt reactors by hard switching measured at the battery point of
connection: (a) Voltage from the grid-forming battery, (b) current from the grid-forming battery
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FIGURE 11
passive system in Figure 2 by the grid-forming battery measured at its point of

Simulation results from the soft charge of the wind farm

connection: (a) Voltage from the grid-forming controller, (b) generated battery
voltage, (c) generated battery current, (d) active power supplied by the battery
and (e) reactive power supplied by the battery

a momentary transient in the voltage which affects the volt-
age throughout the OWE. The BESS is fast enough to respond
to all voltage events. All while the BESS supplies the active
power losses. When the WT units start generating power, the
BESS automatically absorbs the excess power. In response to
the BESS power variation, the BESS frequency changes accord-
ing to the GFM control. In turn, the WT units respond to
frequency deviations as that is enabled. Thus, the grid forming
control of the BESS is demonstrated to start and operate the
islanded OWPP successfully. More research pointing towards
this novel type of service in OWFs needs to be conducted. The
possible solutions discussed are to be applied and thoroughly
analysed. In this way, they can be considered valid and worth
testing. Nowadays, different implementations may allow a suc-
cessful black start provision by OWFs. Different solutions have
been explored and proposed, also based on existing systems
with similar purposes of black start applications.

The investigated system shows the challenges, which need to
be overcome before implementing this system in real life. It is

TABLE 3

required further development

Check list of main components available, tested and/or the

Component/type of
needed developments

Grid-forming battery

Grid-following wind
turbines

Simulations

Lab test

Additional
performance such
as virtual inerti and
daamping

Capability to energise
passive components
and large loads

Capability to work in
island mode with very
weak system

Capability to work in
island mode with very

weak system

Field test Complete black start testing procedure

found particularly interesting to implement the discussed solu-
tions, i.e., GFM control, VSM, soft-charging, active harmonic
filtering etc. As further work, the GFM control to be applied
can also provide inertia and damping, as a type of VSM control.
Furthermore, the application of GFM WTs, can be studied, giv-
ing the system higher flexibility in terms of interoperability of
the black start system.
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