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Abstract

In this paper, control principles to perform black start services by offshore wind farms (OWFs)
integrating grid-forming (GFM) control are presented. The strategy consists in exploiting a GFM battery
energy storage system (BESS) to provide black start services by an OWF equipped by grid-following
wind turbines. Controller modelling and operation methodology are explained. In order to show the
proposed control and operation principles, the analysis is implemented on the CIGRE Working Group
C4.49 benchmark, which could resemble modern large OWFs in the United Kingdom, such as Hornsea
Project 1 and 2. Analysis simulations in the software PSCAD show the success of the proposed strategy.

Introduction

Today’s power system is rapidly changing with the phaseout of synchronous generators (SGs) and the
increasing deployment of renewable-based resources. SGs provide many grid services, in particular, the
black start is of main interest for this study. Between renewable energy sources, a number of large
offshore wind farms (OWFs) have been developed recently, especially in Europe and China and many
more are under development worldwide, as seen in Fig. 1, where an overview of the total offshore wind
installations by country is shown [1]. Despite the impact of COVID-19 pandemic challenging the normal
development of operations, offshore wind had its second-best year ever in 2020 [1]. In the case of OWFs,
black start represents a new service to be performed, as current wind turbines (WTs) are based on grid-
following (GFL) converters that do not have the capability to work unless connected to the grid or an
auxiliary SG. Black start has a specific grid code requirement to fulfil and some transmission system
operators, e.g., National Grid Electricity System Operator (NGESO) in the United Kingdom, are
investigating the implementation of this service by renewable energy sources [2, 3]. The most important
requirement is the self-start capability (i.e., energisation without relying on the transmission grid). This
implies equipment able to self-start, which can be achieved by grid-forming (GFM) converter control,
to avoid relying on SGs and ultimately facilitate a 100% renewable-based black start strategy. Another
requirement concerns the service availability (i.e., the ability to deliver black start services over a year),
which must be a minimum of 90% for NGESO. This may be challenging for renewable energy, due to
the intrinsic non-dispatchable nature of the source. Thus, the integration of an energy storage system
seems advantageous.

21.9%

®The UK @ China @ Germany Netherlands
@ Belgium Denmark @ Sweden @ South Korea
@ Taiwan @ Vietnam @ Others

Fig. 1: Total offshore wind installations by country [1].
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Fig. 2: Schematic of the proposed system consisting of an offshore wind farm equipped with a battery
and the stages comprised in a black start process.

This paper primarily addresses the integration of a battery energy storage system (BESS) equipped with
GFM control into an OWF to perform black start services, which has to work in parallel with GFL WTs.
The system is shown in Fig. 2, where the BESS is a large, centralised unit located in the onshore
substation of the OWF.

The integration of a BESS into renewable-based power plants and microgrids has been investigated in
different studies, as able to increase flexibility by bidirectional active power exchange [4]. Moreover,
such a storage system can provide black start, inertial and frequency regulation services [5]. A large
STATCOM integrated with battery storage was initially proposed in [6], to enable the black start
capability of OWFs. The STATCOM functionality provides fast and dynamic reactive power
management and hence contributes to voltage regulation. These devices have been commercialised by
the name of IBESS and or/ e-STATCOM [7-9].

The practical feasibility of successfully providing black start services 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 [7, 8, 10], where some discussions are
made around OWF system configuration and control for a black start. However, little research is found,
which discusses the whole black start procedure starting with an OWF with integrated BESS and
addresses the control principles behind this hybrid power plant.

This paper analyses the implementation of a hybrid GFM-BESS+GFL-WT control system shown in Fig.
2. Furthermore, simulations in PSCAD are performed on an OWF model inspired by the CIGRE WG
C4.49 benchmark, to validate the designed system and present the success of the black start procedure.

Grid-Forming Control Applied to Black Start and Island Operation

GFM converter control is a concept that has been developed extensively in the last decades and
represents a novel way of integrating grid-connected converters [11]. For example, GFM converters in
photovoltaic applications in microgrids have been available since around 2000 in the multi-kW range
and around 2010 in high power applications (*MW) [12]. More recently, their application has been
expanded to different technologies, i.e., BESSs and WTs, and several GFM strategies have been
developed, e.g., droop-based control, virtual synchronous machine, power synchronisation control
(PSC) [10, 13]. The designation grid-forming is used as an umbrella term for any inverter controller that
regulates its internal voltage phasor and can be the only source in the grid to which it is connected, or it
can coexist with other GFL and GFM inverters, as well as SGs [14]. In the literature, sometimes the
latter converter (i.e., GFM) is defined as a grid-supporting voltage source [11, 15]. A universal definition
is yet to be agreed upon. However, the main concept represents a controller for inverters in grid
applications that do not necessarily need a voltage vector reference, e.g., as the phase-locked loop (PLL)
does, to be the main loop to create its voltage phase reference and synchronise itself to the grid but it
can create its own. Therefore, they are in contrast with GFL, where the need for an energised grid with
a voltage vector to follow is indispensable for the controller. This is important with the operation of
black start, as there is the need for a converter which can form the voltage without an existing grid, along
the lines of a traditional SG. Additionally, it needs to have the capability to self-start. Thus, the concept
of a GFM converter is a necessary but not sufficient condition when discussing black start by OWFs.



The interesting GFM converter concept for this research is applied to the converter that can both self-
start and form its own voltage vector in the instance of the grid.

Selected Grid-Forming Control

In this paper, the GFM control strategy selected is implemented in the inverter of a large-scale BESS
integrated into the onshore substation of the OWF as per Fig. 2. The GFM control applied is based on
PSC with virtual inertia and damping, as shown in Fig. 3. This has been chosen as it is an established
control topology, where the additional contribution of inertia and damping can be implemented.

For GFM purposes, the PSC was proposed in [16] to emulate the synchronisation mechanism based on
transient power exchange seen in SGs. Thus, the resemblance with the swing equation of synchronous
machines. PSC has been initially designed to be implemented in high-voltage direct current (HVDC)
transmission to tackle weak grid conditions. In this GFM application, the frequency deviation Aw,
corresponds to the deviation in active power AP, and it is given in Eq. 1.

Aw = AP

kds
2H s + m+ kg

where Hindicates the inertia constant as defined in the conventional power system, which tends to resist
the frequency deviations. The damping parameter k,; will be able to damp out the high-frequency
oscillations if any in the power deviation. Furthermore, the reciprocal of the parameter k; indicates the
droop frequency response of the BESS. In this study, 1.6% frequency regulation droop is used as in [7].

M

Implemented Control Principles

In this section, the modelling and design of the system in this proposed OWF will be shown. Each
controller will be presented, having the GFM controller first, and the GFL controller second. This will
show the applied control principles for such a system and some key differences in the application of
GFM and GFL control for black start purposes.

The converters are implemented using the space vector notation and an average model in the dg-frame
rotating at rated frequency, in combination with proportional-integral (PI) controllers. These are
universally known because of their flexibility combined with the relatively easy tuning. Due to the
capabilities of the integral action to estimate load disturbance, a certain stability margin in the closed
loop is obtained. Several techniques can be applied given the need for converter control modelling for
design purposes. One of the most popular approaches is Laplace domain (s domain) analysis, which can
be done using transfer functions. This method is based on the transfer function analysis, which relates
the output to the input, which for this type of study are the measured variable and the reference variable.
The analysis is based on the models in the s-domain, with an assumption that the controller sampling
rate is fast enough and the impact from discretisation can be neglected. It is assumed that all the power
needed during the operation can be extracted from the DC link, for simplification. This means that the
DC-link voltages of the converter-based resources, i.e., BESS and WTs, are constant.

Grid-Forming Battery Energy Storage System Modelling and Design

The selected GFM controller for the BESS is the PSC with VSM variation, i.e., additional virtual inertia
and damping terms, shown in Eq. 1, and the BESS parameters are adapted from [8].

A modular multilevel converter (MMC) type of structure is chosen for the large rating (>100 MVA)
needed for this application. A single-line diagram of the BESS and its controllers is shown in Fig. 3.
Thanks to the MMC internal filters, no large filters are needed at the inverter output, thus only an L filter
is shown in the diagram. MMCs can reach high voltage levels, therefore the inverter output voltage is
33 kV. In order to connect the BESS to the onshore bus of the selected OWF, a step-up transformer is
needed to reach the 220-kV level. The sizing of the BESS is not included in this study, where it is
assumed that the BESS is large enough to perform the black start. However, the base values for the
converter are needed, thus it is assumed that the active power rating of the BESS is 50 MW/100 MWh,
while the reactive power rating (STATCOM capability) is 100 MV Ar. Thus, the apparent power is
assumed as 112 MVA. This has been inspired by [7].

The GFM controller is made of two parts: (i) the power synchronization loop (PSL) and (ii) the
alternating voltage controller. Its principle is based on setting the converter voltage as v, = VeJ?.
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Fig. 3: System configuration and control structure for the grid-forming battery system implemented in
the analysis.

Grid-Following Wind Turbine Modelling and Design

Fig. 4 shows the control strategy implemented for the GFL WTs. It is assumed that this is a typical two-
level converter rated at 12 MW. The GFL control is using standard cascaded control loops, the inner
loop controlling the converter side current, whereas the outer loop controls the active and reactive power
generated by the WT. Since a GFL WT is considered, a PLL is applied to provide grid synchronisation.
It is assumed an LCL filter is used, where the grid-side inductance is represented by the 0.69/66 kV
transformer. Due to the resonance characteristic of this converter, an active damping term based on
capacitive current is implemented in the current control loop. The system parameters are selected and
adapted from [17].
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Fig. 4: System configuration and control structure of the grid-following wind turbine used in the
analysis.
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Fig. 5: Diagram of the study case based on the CIGRE WG C4.49 benchmark (BRK = circuit breaker)
and onshore transmission network, where the energisation stages are highlited.

Simulation Results of Black Start and Island Operation

An OWF system inspired by the benchmark proposed by CIGRE WG C4.49 has been implemented in
PSCAD, which is shown in Fig. 5.

A black start procedure implemented by an OWF can be said to be comprised of different stages, going
from a state of no power to a state of restored normal operation for the power system, as shown in Fig.
2 [3]. It is assumed that the OWF is completely shut down following a blackout of the transmission grid
or an event of similar impact. Moreover, the OWF is islanded, i.e., disconnected from the main grid. It
is imagined that an assessment of the possible damage to the OWF following the blackout is performed,
and the wind farm is able to continue without any issues. Once that is cleared, the next step for the OWF
operator is to establish the energisation plan and capacity, which in this case means to assure the reserved
BESS capacity for black start and the wind prediction. After that, the OWF is ready to receive the signal
from the TSO to start the black start procedure. When using an OWF as a black start source, the first
stage represents the energisation of the wind farm in island operation, i.e., working as a Wind Farm
Power Island. Once the island is energised and stable, the energisation of the onshore transmission grid
and the energising of the 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
transformers with little or no load, determining a grid high harmonic impedance at low frequencies and
little damping. Additionally, the main purpose is to energise large block loads (> 20 MW) in one single
switching operation. After the energisation of a part of the system, the synchronisation with other power
islands in the system has to take place until the full system is synchronised and restored. This final stage
is referred to as Power Islands Re-Joint. These stages are shown in Fig. 2, and more in details in Fig. 6
[3]. As they have different characteristics, they will be analysed separately.

System Configuration

The OWF system is based on the CIGRE WG C4.49 benchmark, where a large BESS has been integrated
into the study case [17]. This is depicted in Fig. 5.
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Fig. 6: Flowchart schematising the main steps of the implemented black start procedure.

The rated OWF active power is 420 MW and comprises 35 WTs rated at 12 MW. The export cable is a
long, 220-kV high-voltage alternating current (HVAC) cable, which has 300 Mvar shunt compensation
at the onshore end and 90 Mvar at the offshore end. The export cable length has been assumed as 75 km
as it is considered a good scenario to represent modern, large OWFs which are far from shore such as
the Hornsea projects in the UK, but without necessitating a midpoint reactive compensation station. The
export cables comprise 35-km long land cables and 40-km long sea cables. These are modelled by a
frequency-dependent model in PSCAD since it is useful for studies wherever the transient behaviour of
the cable is relevant. The export cable is connected to the onshore substation where the BESS is located,
together with a 400/220 kV, 420 MVA onshore transformer. In all the transformers, the saturation
characteristics have been modelled, in order to show the impact of the phenomenon.

Offshore, there are 35 WTs rated at 12 MW and arranged in seven strings, each string having five WTs.
These strings are collected in two WT clusters, one having three strings and the other having four strings.
Two 220/66 kV transformers connect the export system to the collection system with a rated power
equal to 200 and 270 MV A respectively for the two WT clusters. The 66-kV collection system is made
of two different types of three-core cables, respectively 500 mm? and 150 mm? submarine cables. The
three first WTs on the feeder are connected via the 500 mm?, while the last two apply the 150 mm?
cables. It is assumed that the cable length between WTs is constant and equal to 5 km. These two WT
clusters have been aggregated in order to save computational time for the simulation, where they are
modelled as seven individual feeders with five aggregated WTs each. The aggregated collection cables
are modelled via the equivalent T model, while the WT ratings are correspondingly scaled up. An
advantage of this aggregated model is lower computational time and speed up the simulation execution.
However, this can cause a misrepresentation of the energisation phenomenon, since large groups of WTs
are energised at the same time, while in reality it will be one at the time. Accordingly, it can be discussed
that the success of this energisation in this simulation, therefore, is harder to achieve as a larger unit is
energised at once. In contrast, the process is made of more and smaller steps in real life.

On the onshore side, it is assumed that the black start provider may have to energised block loads which
are connected via a series of lines and transformers and at lower voltage level. Thus, the OWF+BESS
system is connected onshore to a radial network which starts with a 50 km long overhead line at 400-
kV level, which in turns is connected to a 400/132 kV transformer. This is in turn connected to a shorter
overhead line (20 km) and another step-down transformer (132/33 kV). Finally, a 10 km long
underground cable connects the system to three block loads each of 20 MW. This is assumed as a
demonstration of the black start capabilities of the system, but it is assumed that a higher number of
block loads can be covered by the OWF capacity when wind is available for the necessary period of
time. This representation of the onshore grid, with both block loads and lines and transformers, is chosen
to challenge the islanded network which has to comply with the requirements for black start, i.e.,
minimum 20 MW block loads capability and 100 Mvar reactive power capability [2, 3].

1st Stage: Wind Farm Power Island

The first step in the black start of the onshore transmission grid is the black start of the BESS and
consequently of the OWF grid, in order to establish a Wind Farm Power Island. The steps for this to
happen are: (i) energisation of the BESS and passive components, (ii) energisation and synchronisation
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of'the WTs, (iii) de-loading and recharging of the BESS by the WTs to compensate for the system losses.
Being the BESS the largest active component in the system (50 MW against 12 MW), and being a
dispatchable type of source, it is decided that this component will be the one used for the single
energisation steps alone. In this way, we can ensure a more resilient system by avoiding multiple
converter actions and their interactions. Thus, the BESS is always acting first and after a new steady
state is achieved, it can be recharged by the WTs. This will allow the BESS to be fully recharged and
idle till the next step can be performed. The procedure is illustrated in the flowchart in Fig. 6. The
offshore grid can be energised in two ways: by hard switching or by soft charging (Stage 1.1). Hard
switching is defined as performing the several switching operations for one component at the time after
the BESS is self-energised and runs at 1 pu voltage. Inrush currents and temporary overvoltages when
the BESS is connecting to the offshore grid are to be expected. On the other hand, by using soft-charging,
all the circuit breakers in the OWF grid (without including the WTs) are connected and the voltage is
slowly ramped up from O to 1 pu. Thus, the transient currents can be avoided to a large extent by

decreasing the voltage ramp rate dV/ de-n this simulation study, the BESS voltage is ramped up from

0.0 to 1.0 pu in the period from 0.05 s to 0.5 s, while all the breakers shown in Fig. 5 are closed, with
the exception of the breaker going to the onshore transmission network (BRKgrid in Fig. 5). Both the
current and the voltage increase smoothly, and they remain balanced throughout the soft-charging
process as shown in Fig. 7, where the voltage vpggs and the current ipggs are measured at the BESS
converter terminals. This energises the onshore transformer, the export cable system with reactive power
compensation, offshore transformers and the collection grid, including the WT transformers, and this is
done in order to avoid a further switching operation. In general, the energisation of WTs starting from
their transformers could likely cause sympathetic inrush due to their close electrical distance. Having

ss [Mvar]

Py
Qse:

0 0.25 0.5 0.75 0 0.25 0.5 0.75

Fig. 8: Simulation results from the soft charge of the wind farm passive system in Fig. 5 by the grid-
forming battery measured at its point of connection: a) Active power, b) Reactive power.
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the BESS soft charging these components will avoid this type of drawback. During Stage 1.1, shown in
Fig. 8, the BESS supplies the maximum active power of 12.95 MW, while it absorbs the maximum
reactive power of 67.55 Mvar, which is generated by the high voltage export cables. This is the excess
reactive power considering that all the shunt reactors in the OWF are connected. In steady state, at 0.6
s, the BESS supplies 9.50 MW and absorbs 66.85 Mvar, as shown in Fig. 8. The BESS is controlled to
regulate its terminals at the high-voltage side of its transformer, and this is 1.05 pu after the soft charging
process. Thus, the BESS absorbs this large amount of reactive power, i.e., over 65 Mvar to decrease its
voltage. It can be seen that the active power required for energising the offshore grid is not substantial
(but at the same time not negligible), while the BESS unit has to handle a large amount of reactive power
which fluctuates between the reactive components in the system, especially the export cable. Therefore,
the STATCOM capability is implemented. The next step is the energisation and synchronisation of the
WTs (Stage 1.2). In this simulation, the five WTs included in one string are modelled as a single unit,
and thus energised as they were energised at the same time. However, in real operations, one WT will
be energised at the time. From the electrical point of view, the energisation of the WT unit starts when
the voltage is sensed at the low-voltage terminal of its transformer, as seen in Fig. 4. After this, it is
assumed that the WT starts powering its auxiliaries and can start operation at zero power, deblocking its
converter and working in standalone mode for a brief period of time before its breaker is closed. During
this short time window, the converter is already synchronised to the grid via its PLL, and once the
converter is deblocked and the breaker closed, the WT is fully synchronised to the main wind power
island. The first WT group, which is an aggregate of five WT units, is synchronised at 4 s, while the
second group is connected and synchronised at 7 s, as shown in Fig. 9. The connection of the WT strings
is made in succession with an interval of 3 s between each other. This is sufficient time to see the new
steady state before the connection of the new group of WTs. It can be seen that a transient disturbance
arising due to the connection of the WT units. From the BESS side, there is a momentary increase of the
injected current, which goes from 0.6 to 0.72 pu for 1 s, as seen in Fig. 9. This relatively small transient
disturbance appears whenever a WT group is connected to the grid and are observed in the simulation
study when the WT groups are connected as each group comprises an aggregation of multiple WT units.
Thus, the resultant transient at 4 s is the consequence of the simultaneous connection of 5 WT units
through a 60 MV A transformer, and an aggregated LC filter. At 22 s, the power reference of the first
WT group is ramped up from 0.0 to 0.3 pu in 1 s. This is done assuming that the WTs can take on the
active power losses of the system and re-charge the BESS. In response to the change in the reference,
the output active power from the WT groups rises. The battery is thus charged by absorbing the active
power produced by the WTs.

2" Stage: Black Start Power Island

In this stage, the actual black start of the onshore transmission network is achieved. Once the Wind Farm
Power Island is established and working stably, the OWF operator has to wait for instructions from the
transmission system operator and be ready for energising block loads in the transmission grid, as shown



B =t = TR

04} | 0.4 H

0.2 0.2 H

VBESS [Pﬂ]
ippss [pu

-0.2 B
-0.2
-0.4

NUMVRVAVRVRVAURL SN

: | i i
30 30.05 30.1 30.15 30.2 30.25 30 30.05 30.1 30.15 30.2 30.25
Time [s] Time [s]

a) b)

Fig. 10: Simulation results from the energisation of the first overhead line (at 30 s) in Fig. 5 by the grid-
forming battery measured at its point of connection: a) Generated battery voltage, b) Generated battery
current.

in the flowchart in Fig. 6. During this stage (Stage 2), the BESS, which is fully charged and de-loaded,
is the one taking care of the extra active and reactive power loads of the transmission grid at first. It is
only once the new components in the transmission grid are fully energised and stable, that the WTs will
pick up the load and recharge the BESS. This cycle can be repeated for every block load to energise,
and it is preferred in order to have the BESS as a single large unit to energise the large transmission
system loads. To test the reactive power requirements for black start, the onshore grid has been modelled
as a radial system where overhead lines, cables and transformers connect the block loads at 33 kV. This
system is represented in Fig. 5 and it is made up of 50 km overhead line at 400 kV, connected to a
400/132 kV, 240 MVA transformer to another overhead line which is 25 km long. After that, there is a
final 132/33 kV, 60 MV A transformer which connects to three 20 MW block loads.

The switching operation to energise the passive components of the transmission system (Stage 2.1) take
place one component at the time and it is simulated by common switching operation, i.e., without
advanced aids such as pre-insertion resistors or point of wave switching, and it causes heavy distortions
to the BESS voltage and current waveforms. However, there are no overcurrents and overvoltages
exceeding the 10% range, and the transients are all settled to steady state, thus the procedure is
successful. The first overhead line is energised at 30 s, as seen in Fig. 11. This causes a large increase
in the current (almost doubled), provided by the BESS, which goes from 0.5 to 0.9 pu, but this is still
well below the limits. The transformer energisation is though the most problematic element to energise,
as expected, and this is simulated at 33 s. The saturation phenomenon is known for causing inrush
currents which are also seen here in Fig. 11, and last for several seconds. There is a rich harmonic
component due to the switching and energisation of the transformer, which is relatively significant
because the black start power island is very weak. However, it is damped due to the losses in the system.
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Fig. 11: Simulation results from the energisation of the first transformer at 33 s in Fig. 5 by the grid-
forming battery measured at its point of connection: a) Generated battery voltage, b) Generated battery
current.
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Fig. 12: Simulation results from the energisation of the block load at 43 in Fig. 5 by the grid-forming
battery measured at its point of connection: a) Generated battery voltage, b) Generated battery current.

After connecting the remaining lines and transformer, the block loads are connected at 43 s, 45 s and 47
s, respectively, as shown in Fig. 12 (Stage 2.2). Compared to the energisation of the line, the block loads
create negligible disturbance in the whole islanded grid. It is important for the WTs to support during
the procedure as each block load draws a lot of energy and power.

The third and last stage of the black start procedure, i.e., the Power Island Re-Joint, is not addressed in
this paper as it is directed, operated and controlled by the TSO. Thus, it is left as future work.

Discussion and Conclusion

In this paper, the discussion is mainly focused on the control implementation and on its performance
during the black start provided by a complex OWF system equipped with GFM BESS and GFL WTs.
This is especially challenging as the system is very weak since it is working in no grid conditions, i.e.,
as an islanded network. However, the system is able to form an islanded network and connect different
transmission components and block loads in the transmission grid.

It can be argued that a lot of energy is necessary in the overall black start restoration, and that could be
challenging for a single GFM unit. Thus, the implementation of GFM controllers in the WTs could be a
favourable future work for in order to support the BESS and accelerate the black start procedure,
especially during Stage 1.2.

The proposed strategy for black start by an OWF with integrated battery is designed, implemented and
simulated. The designed GFM control allows the system to react to the transient phenomena caused
during the system energisation with stable performance and shows the challenges in implementing a
black start strategy from a converter-based network and the principles to overcome them, such as the
soft charge of the passive OWF system. From the practical point of view, it can be seen that the
energisation of the reactive components in the onshore transmission grid is the most challenging part
for the operation, due to the high reactive power load and transient operations involved in switching,
such as inrush currents and temporary overvoltages.

It is shown how the selected BESS with GFM control can successfully perform this service together
with a large OWF based on a generic benchmark system. When a specific power plant is designed for
black start, only a detailed study will enable an assessment of the risks and an evaluation of the efficacy
of the additional solutions to be provided.
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