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Abstract—High penetration of power-electronics interfaced
renewable energy sources are expected to play a key role in
acting as the cornerstone of the electric grid by participating
in services such as blackstart and controlled islanding. Large
offshore wind power plants cannot connect during early stages
of system energization as the grid is weak so grid-forming wind
turbine control is a viable option as it not only allows local power
islands to help reduce warm-up time and facilitate restoration but
also makes them more self-reliant with significant cost savings
especially in areas where auxiliary power is costly. However
for participation of conventional grid-following wind turbines in
the offshore network energization sequence, transient stability
of the inertia-less, reactive power demanding weak collector
network must be ensured. First a rule-of-thumb estimate is
proposed then by EMT simulations with detailed plant model
and converter control we verify the minimum number of grid-
forming wind turbines that makes greenstart feasible without
loss-of-synchronism during any stage. Additionally key insights
regarding the potential instabilities due to PLL tunings and Var
injections in weak-grids have been highlighted, and the proposed
solution in careful tuning of the grid-forming control parameters
has been verified.

Index Terms—Grid forming, Energization, Islanded Operation,
Transient, Stability, Synchronization

I. INTRODUCTION

REEN energy transitions aiming for carbon neutrality
Gand energy security have accelerated rapidly in recent
years across the world. Driven by progressive electrification
of energy demand shaped primarily by government policies,
significant growth in wind and solar energy has made renew-
ables cost-viable compared to fossil-fuel powered technologies
across various sectors [1]. Renewable energy sources have
already surpassed coal as the largest electricity source in 2025
and are projected to account for over 42% of the global
electricity generation by 2028 [2].

Today’s grid codes are more demanding than for first
generation power-electronics interfaced resources especially
in regions of high penetration of non-synchronous renew-
ables due to increased risk of transient voltage, frequency
and harmonic instability [3]]. Grid-forming (GFM) capabilities
— such as standalone voltage creation, inertial and phase-
jump frequency response, synchronization stability in weak
grids and system survival support — are being increasingly
requested from inverter-based resources like offshore wind
power plants (WPP) [4] so that they can support the grid more
pro-actively not only under normal and emergency states but
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Fig. 1: Schematic of an offshore WPP consisting of Collector
String Groups (CSG) all connected at Offshore Grid Entry
Point (OGEP) via a step-up transformer to HVDC/HVAC cable
that exports the power to the main grid at the Transmission
Interface Point (TIP).

also post blackout without having to rely on services from
synchronous generators [J5].

For an offshore WPP as shown in Fig. [I] to provide the
grid with the most challenging grid-forming service of an
aggregated blackstart unit in power system restoration, various
target states for its own energization must first be passed [|6].
This greenstart sequence up to the OGEP terminal begins with
self-start of wind turbine generator (WTG) by a backup supply
leading to houseload operation when rotor is oriented to the
wind followed by magnetization of transformers and charging
of array cables that demand early-stage voltage/frequency
stability during associated transients [[7]]. Once multiple WTGs
are synchronized to emulate a relatively strong voltage source
the upstream network including offshore transformer, export
link and onshore terminal can be energized while ensuring
stable and robust islanded operation before finally synchro-
nizing to the onshore grid for block load pickup. Due to
high reactiver power requirements of long-distance HVAC that
limits power transmission capability for large offshore WPPs,
HVDC provides a more economic alternative for efficient long-
range bulk power transmission with slightly more complex
energization sequence [8].

A. Contribution

This study focuses on the energization of the offshore
collector network which is of utmost concern to the plant
operator to ensure controlled islanded operation of the aggre-
gated asset before providing any onshore blackstart or grid-
forming service. Moreover keeping the WTGs ready for hot-
start power ramp-up can decrease the impact of a blackout
by reducing restoration time and unserved load [9]. GFM
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WTGs offshore can also help eliminate or minimize depen-
dence on auxiliary diesel generators essential for maintaining
temperature and humidity for safe and reliable operation of
all components. Apart from reducing fuel consumption and
related maintenance costs, this can help save costly space
and personnel-safety volume constraints on the substation thus
increasing power/energy density. Lastly and more importantly
emissions during plant downtime when the diesel gensets are
run fulltime shall be offset improving carbon footprint and
also potentially increasing reliability.

The best case is to have all WI'Gs as GFM as that clearly
allows for successfull energization of an offshore WPP by
soft-start to mitigate distortions and reduce risk of protection
trips, whether HVDC [§]] or HVAC [10] connected. However
an open question remains as to after grid re-connection is it
better to keep using GFM or rather transition smoothly to GFL
mode. This is especially relevant for the turbine controller due
to contrasting objectives i.e. extract power as per demand of
the island system for keeping rotor speed within limits during
block load pickups as opposed to satisfy maximum power
production in normal grid connected operation for optimizing
revenue. Thus the principal question tackled in this study is
how many minimum GFM WTGs are necessary and sufficient
for the energization and islanded houseload operation of the
offshore WPP. It is essential for CAPEX optimization since
GFM WTGs have an additional development and reliability
cost compared to the state-of-art grid-following (GFL) WTGs.

The system model and control for this study is explained in
Section[II} followed by a rule-of-thumb estimate in Section [[V]
of the minimum number of WTGs required to sustain offshore
network greenstart and islanding based on the dynamic load-
ing. Then EMT studies have been performed in Section [V] as
Non-Lyapunov method for transient stability analysis [11] to
verify and optimize the calculated estimate of the GFM share.

B. State-of-art and Gap identification

Firstly it has been proven that only GFM converters can pro-
vide true voltage source behavior for enhancing grid strength,
that is well maintained regardless of the direction of the
current vector perturbation. Additionally a GFM/GFL capacity
ratio of around 18 % already increases the stability margin
significantly enough to allow WPPs to work stably at LV-
terminal SCR = 1 although only small-signal stability in grid-
connected scenario with infinite-bus has been demonstrated.
Notably slightly more GFM converters are needed to achieve
similar damping performance if the infinite-bus is replaced by
an equivalent synchronous generator [12].

A GFL inverter is more precisely voltage-following current-
forming meaning it can form a current-island with a stable
frequency but widely fluctuating grid voltage depending on
setpoint and load impedance. It is interesting to note that two
GFL inverters can synchronize with each other without an
external voltage sources (GFM) and maintain transient stability
when the system impedance is resistance-dominated [13].
However this does not apply for offshore collector networks
due to long network of high cross-section cables resulting in
a large capacitance Var demand during the initial stages of
energization before power-production begins.

A recent study of fully converter-based Ireland grid iden-
tifies a minimum of approximately 40 % GFM capacity for
the future system based on balanced three-phase fault re-
sponse requirements at all busbar nodes [14]]. However all
converters were assumed to be of large size and replacing
existing conventional generation close to major load centres
and the HV-transmission network. This is equivalent to having
GFM behaviour at the HV terminal of the OGEP in case of
an offshore WPP — a rarity since transmission grid scope
enforces converter manufacturers to provide LV-side control
that limits GFMness — touched upon in Section [V-A]

Moreover as suggested in [14] the capacity of most con-
verter buses tends to be smaller than existing fossil-fired
generation buses and distributed somewhat unevenly around
the network, distant from load centres and the HV network
that can reduce the system wide average GFM share to 30 %.
Since individual regions may experience a minimum GFM
requirement noticeably higher or lower than the mean value,
the transient stability for a single node — here the OGEP —
is the main motivational focus for this study.

Some recent simulation studies and field demonstrations for
onshore wind farms show that specifically designed param-
eterization 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 and standard
configurations indicate a ratio of 3:1 as safer, albeit depending
on the exact layout and size of the wind farm [15]]. Since
offshore WPPs tend to be significantly larger in capacity with
a larger cable network and reduced stability margins, it is
expected that for a transient-wise challenging use-case such
as blackstart/energization, a lower ratio would be more robust,
as proven later in Section This is already hinted at by
Section[[V]that shows the need for at least 3 WTGs to energize
only 1 CSG or 25% of the offshore network for the plant
considered in this specific case study, while only 1 was needed
for the entire onshore wind farm in [15].

The already foreseen system-wide stability challenges in
a power-electronics rich grid are relevant more so for the
offshore collector network especially with low loading and
less generation connected in the start of a blackstart or post-
blackout islanding scenario [3]. For the aggregated offshore
plant to have GFM behaviour at OGEP it is essential that the
constituent mix of GFM and GFL demonstrate synchronization
stability not only during steady-state but also in transients
associated with energization sequence. Similar to a microgrid
the GFM voltage control imposes a strong or slow-changing
(internal) voltage phasor but its outer power-control loops
must be slower to avoid control interactions with nearby
converters. This can be especially challenging at higher power
levels which restrict switching frequency and thus limit inner-
most current-control loop bandwidth [[16]]. Thus careful tuning
is essential as demonstrated in Sections & =0 Since
maintaining synchronism is key for having plant-level stiff
GFM behaviour, Loss-of-Synchronism (LoS) is selected as
the KPI for transient stability studies performed here. This
is explained briefly in the next Section



II. SYNCHRONIZATION STABILITY

A significant amount of research has been done to under-
stand small and large signal transient stability of converters
for maintaining synchronization with the grid during loading
dynamics and faults.

Vo0,

Fig. 2: Simplified conceptual single-line circuit of a single
GFM and GFL WTG island with local load.

For GFL inverters synchronization is almost always exclu-
sively voltage-based done by a Phase-Locked-Loop (PLL) that
works well for traditionally strong grids but faces instability
issues in weak grids with high impedance, large reactive power
loads, less generation or heavy loading [17]], [[18]]. The basic
PLL structure must be enhanced to avoid the well known
problems that occur in weak grid operation viz. [[19]:

o Higher injection current with bigger reactive compo-
nents and larger grid impedance increase the self-
synchronization effect which is a positive feedback distur-
bance 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.

To avoid LoS in GFL inverters, the power network should
be strong enough, or the point-of-connection should be close
enough to an ideal/stiff voltage source (infinite bus) such
that the GFL control can effectively follow the established
frequency and voltage. Changing the converter control scheme
from GFL to GFM is equivalent to increasing the power grid
strength thanks to the latter’s voltage source behaviour [[12]],
[13]].

GFM converters on the contrary rely on power-based syn-
chronization mimicing synchronous generators and are able to
avoid instability issues of PLL in weak grids [18]. A large
droop gain creates a small inertia and damping in the GFM
inverter making it likely to transient instability due to less
stiff voltage source behaviour [13|]. 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 [20]. It must be noted
that GFM inverter is vulnerable to instability in strong grids
with low grid impedance [13] and while stiffness helps in
weak-grids some droop for power-sharing allows for flexibility
between parallelled GFM sources reducing voltage/frequency
swing transients as in conventional synchronous generator
operation.

Transient stability of both GFM and GFL inverters in
two and multi-unit systems can be assessed considering their
virtual inertia (J) and damping (Kp), which depends on

power-frequency filter time constant and droop for GFM while
related to PLL gains for GFL [13]]. For both smaller J and Kp
increase the chance of transient instability like a synchronous
generator and GFM-GFL inverters synchronize to each other
depending on their inertia ratio. Moreover duality of GFM and
GFL control suggests that the swing-equation based power-
synchronization has a similar structure to PLL [[13[], [21]
and cross-synchronization can make PLLs interact with each
other through system impedance leading to cross-coupling
related instabilities [[19]. Thus in general large synchronization
controller gains (droop in GFM and PLL bandwidth in GFL)
increase the likelihood of interaction and synchronization
instability [13]].

A single voltage-source emulating GFM WTG connected
to a current-injecting GFL WTG in an island with local load
(such as auxiliary, cables, transformers) and in absence of
any external grid can be compared analogously to a PLL-
synchronized converter in a weak-grid scenario as shown in
Fig. |2l Thus the transient stability tuning insights mentioned
above have been directly used to explain the results presented
in this study in the upcoming Section [V]

III. SYSTEM MODEL AND CONTROL
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Fig. 3: (a) Schematic of offshore CSG consisting of 4 strings
each with 6 cable sections and 6 WTGs, along with OSS aux-
iliary transformer and load. (b) Detailed model of GFL/GFM
WTG with the highlighted (in blue) part being used as an
undetailed version.

In scope of this study an EMT model of the 1.4 MW
Norfolk Vanguard-East offshore wind zone [22] has been
developed in PSCAD. For simplicity and due to the modular
approach adopted in this work, only one (out of four) 66 kV
Collector String Group (CSG) is modelled in detail as shown
in Fig. B(a). PI-section model has been used for the two
types of cables with reactive power requirements of 0.33 and
0.63 MVar/km resulting in total string-wise demand as sum-
marized in Table[] A high-frequency model with saturation is
used for the 0.69/66 kV WTG transformers rated 16 MV A and
Offshore Sub-Station (OSS) auxiliary 0.44/66kV 2.5 MV A
transformer. An auxiliary load of 1% for WTG and 0.1 % for
OSS has been considered.

Fig.[3(b) shows the model used for 15 MW WTG developed
in scope of this study, consisting of 2kHz switching model



String | 1 2 3 4 | CSG-1
MVar ‘ 1079 647 749 9.29 ‘ 34

TABLE I: Reactive power requirements of each string and total
in CSG-1.

for grid-side converter (GSC) and average model for rotor-side
(RSC) converter since machine-side dynamics are much slower
than electrical transients. The permanent magnet synchronous
generator receives torque setpoint from a simplified turbine
controller consisting of a closed-loop power feedback to create
the speed reference [23]]. A pitch controller is used to regulate
the rotor speed at power levels above rated. Additionally
a protection module for over/under voltage/frequency and
over-current trips along with a synchronizer for speeding up
synchronization are also implemented.

For sake of simulation speed the undetailed version as
highlighed in Fig. [3[b) is used at nodes where WTGs are
not subject to GFL/GFM control but remain essential to
represent the distributed loading needs such as auxiliary and
transformer, correctly capturing any inrush transient related
stability impacts at low loads during early stages of the CSG
energization.

A. GFL

The WTG is controlled conventionally with RSC extracting
power from the machine based on setpoint from turbine
controller and GSC regulating the DC link voltage along
with any reactive-power injection requirements of the grid.
The startup sequence is initiated by main breaker closing to
energize the WTG transformer when grid voltage is available,
followed by deblocking GSC to precharge the DC link and
then finally deblocking RSC for machine control to ramp-up
power production. It is important for energization studies that
the DC control bandwidth and ramp-rate limits of the machine
are set to best represent the generator capability.

B. GFM

The WTG is controlled such that GSC regulates the magni-
tude and frequency of the AC voltage while RSC maintains the
DC link voltage by extracting power from the machine to feed
the electrical load. Droop based GFM control with cascaded
voltage-current inner control loops as implemented in [[10] has
been used for the purpose of this study, shown in Fig. ] The

% = Kqv droop is used to adjust the voltage reference based

on reactive-power flow while % = Kpr droop with a low-
pass filter Tt is used to provide power-based synchronization
mimicking a virtual synchronous machine [24]]. An additional
proportional feed-forward gain % = Kpy is present to
provide active damping and ensure stable parallel operation
of multiple GFM WTGs.

The startup sequence for GFM is different than for GFL, in
that first RSC is deblocked to control the DC link then GSC
is deblocked to start forming the MV AC grid point, finally
followed by main breaker closure to energize the string cable
sections and WTG transformer. Here transformer is energized
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Fig. 4: Droop based GFM control implemented, reproduced
from [10]]

with the AC voltage ramp-up using soft-start to reduce inrush
transients [8]].

IV. RULE-OF-THUMB

A first estimate of the minimum number of WTGs needed
to power the energization of CSG can be made based on the
static load demand viz. reactive power requirements of the
cables and real power auxiliary demand of the offshore plant.
Based on the total auxiliary load in the offshore network that
includes WTGs and OSS, a single WTG would be enough
for the entire offshore zone consisting of four CSGs and for
redundancy two WTGs would safely allow supplying auxiliary
loads.

However to supply all the distributed auxiliary load the
entire inter-array cable network must be energised. Thus
sufficient WTG capacity is needed to absorb the reactive
power generated by the long cumulative length of cables (order
of 100km/CSG) for controlling the voltage of the offshore
island. Based on the plant layout data the average reactive
power requirement is about 8.75 M Var per string, 35 MVar per
CSG, and in total 140 MVar for the entire offshore network
zone. Simple arithmetic provides an estimate of 15 MW WTGs
needed to at least I per string or 3 per CSG. A more optimal
choice results in 5 for 2 CSGs thus, a minimum of 10 and
maximum of 16 WTGs to meet the entire offshore zone’s static
power demands during energization. It must be noted that the
“greenstart” WTGs must supply not only the cable Var but also
the network losses and auxiliary load for successfully starting
up the offshore WPP.

Since WTGs can be GFM or GFL the next logical question
to answer is what is the optimal minimum number of GFM
WTGs required to control the offshore island voltage and
frequency while maintaining stability for GFL WTGs to share
the majority of real and reactive power demand. This is
essential to create a valid business case for self-startup of
offshore WPPs using GFM WTGs justifying their extra cost as
today they are still in development and are not yet proven to
be reliable or cost-effective for offgrid systems with variable
generation.

Keeping aside the economic optimization as it is not the
focus of this work, offshore zone self-energization without
a strong external grid connection is technically challenging
especially during the start of the sequence when loading and
generation is low, making the network extremely prone to
instabilities. This follows directly from the offshore network’s
similarity to a converter-rich weak-grid with lack of inertial



reserves and voltage control capability, high impedance re-
lated cross-couplings and potential new interactions between
converter controls and filters [3]], [5].

Thus the startup sequence with rule-of-thumb estimate of
number of WTGs must be simulated to ensure that the
minimum number of GFM WTGs is valid not only for
steady-state operation but also during transients throughout the
energization sequence.

V. SIMULATION STUDY RESULTS

To verify the transient stability of the self-energization of the
offshore CSG EMT simulations have been performed aiming
at successful step-wise sequence with minimum number of
total and GFM WTGs viz. 1 per string to 3 per CSG. GFL
WTGs are connected to share the reactive power demands and
loss-of-synchronism (LoS) is used as success criteria for the
sequence, giving insights into stability limits for large load
steps and robustness obtained from delicate tuning of specific
control parameters.

A. String energization by GFM WTG

The first step in the sequence is energization of a string
by a GFM WTG. The first "blackstart” WTG must be GFM
to create network voltage for energising cables and other
WTG transformers so that they can be synchronized. Clearly
sufficient reactive power capability is needed in the first WTG
to connect the string and soft-start methodology or virtual-
resistance loop can be adopted for reducing transformer inrush
effect [7].

Fig. [] shows transients during energization of the entire
string-1 followed by sequential connection of WTG transform-
ers, with GFM WTG controlling LV-side or HV-side terminal
voltage to 0.94 pu. It is clear that the WTG is able to deal with
the transients safely as converter currents are within limits and
the reactive loading is within the WTG capability. Moreover
transformers do not cause any severe transient issues with the
farthest one being most demanding due to sympathetic inrush.

While the HV-side rises to an over-voltage of 1.2pu in
case of LV-control due to the large Var being absorbed single-
handedly by WTG-1, the LV-side voltage drops to about 0.8 pu
in case of HV-control both of which may trigger over/under-
voltage protection. Thus protection settings during startup
must be adjusted although it is generally preferred to connect
more WTGs first before switching in the long cables and share
the total reactive power demand, since it also allows a higher
fault current contribution due to more sources being online.

Overall the HV-side control allows for a stiffer voltage
source behaviour of the GFM WTG resulting in lower steady-
state power flows and peaks associated with transformer
inrush, and reduced transients in the DC link voltage.

B. Next WTG synchronization and parallel operation

The next step in the sequence is connection of GFL WTGs
to help offset the Var demand allowing for better voltage regu-
lation and relieving the GFM WTG’s capability for picking up
subsequent strings and supplying OSS auxiliary load for CSG
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Fig. 5: Transients during energization of complete string-1 by
GFM WTG-1 in LV-side and HV-side control at 0.94 pu refer-
ence voltage, followed by sequential transformer switchings.

energization. However the offshore network with a single GFM
WTG represents an extremely weak grid making the transient
stability of GFL WTGs challenging due to limitations of PLL,
as described in Section [

Fig. [6a] shows successful synchronization of GFL WTG
to GFM WTG and the oscillations observed when the GFL
GSC is deblocked to control the DC link voltage around 6s
disappear when it starts producing power to share the OSS
auxiliary transformer and load energization with the GFM
WTG at 10s. Lastly, increasing the GFL WTG’s reactive
power setpoint Qs at 15s unlocks capacity of the GFM WTG
to be ready for the next string’s energization.

However the Var share of GFL WTG seems to have a
relatively low limit as |Qrf| > 1 MVar step reduces stability
margin causing instability for GFL WTG consuming 1.5 MVar
out-of-total 10 MVar demand, as shown in Fig. [6b] (top sub-
plot). Guided by conclusions from Section tuning of the
PLL is also essential in such weak-grid operational scenario
to ensure safe stability limits [25]. Mid and bottom subplots
in Fig. [6b] show:

« increasing the PLL integral gain worsens the oscillatory
response due to a decrease in damping and effectively the
phase margin.

« decreasing the proportional gain leads to a lower band-
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Fig. 6: Transients during full string energization by GFM
WTG at 2s followed by synchronization of GFL WTG from
4s and connection of OSS auxiliary transformer and load at
10, after which the Q,of of GFL WTG is changed at 15s.

width thus increasing the settling time but improving
steady-state filtering.

« enhancing the PLL loop filter of the PLL while keeping
same gain also impacts the transient stability, as indicated
by the curve corresponding to 105 in the lowest plot.

The stability limit can be increased, as shown in Fig. [7]
by using two GFM WTGs as this naturally provides a stiffer
voltage source behaviour with lower effective grid-impendance
(due to paralleling) improving the PLL’s synchronization.
Additionally the maximum Var share of GFL WTG now
doubles to 3 MVar due to higher transient stability margin.
However Q. = —5MVar step still triggers instability and
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(b) Sensitivity of the transient instability to reactive power absorbed
by GFL WTG when its Qrer is changed.

Fig. 7: Transients during full string energization by a GFM
WTG at 2s followed by synchronization of another GFM
WTG around 6s resulting in sharing of the load, after which
OSS auxiliary transformer and load are connected at 14s,
ending with synchronization of GFL WTG at 16s and change
of its Q,or at 26s.

hinders proceeding further with the energization sequence.
While adding an extra GFM WTG is a straightforward
solution to increase the stability limits, it has an extra cost
and reliability risk as mentioned before, besides that the aim of
this study is to prove transient stability of energization with the
minimum number of GFM WTGs. Fig. [§] shows that reducing
the P — 6 droop from 10 to 5 helps the GFM WTG keep
stable for GFL Var step of —2 MVar that already doubles the
previous limit in Fig. [6b] Further reduction of Kpg — 0 allows
the GFM WTG to tolerate even a step of —5 MVar in the GFL
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on the right is favourable.

WTG share. This can be explained since a power-exchange
based droop on the voltage phase-angle results in a less stiff
voltage source behaviour of the GFM WTG making it more
sensitive to the PLL gains and reactive power currents of the
GFL WTG. Such mere software tuning is extremely valuable
as it allows to offset the cost of extra hardware required for
stability enhancement.

Sections [V-A] and [V-B] verify that I GFM WTG as estimated
in Section [V} is able to successfully deal with transients
during all steps of energization of a single string and with
proper parameter tuning it also maintains stability for the next
GFL WTG to connect making it ready for subsequent string
pickups.

C. Full CSG network energization

The final steps and complete energization of the CSG is
verified now starting with the initial estimate per Section [[V]
of 3 WTGs as all GFM and then subsequently replacing them
one-by-one with GFL to find the absolute minimum number
of GFM WTGs that can allow a successful complete sequence.
For sake of transient stability the sequence begins with WTG-
1 energizing String-2 (shortest first) followed by connection of
WTGs-2/3 for load sharing before finally picking up remaining
strings in order of increasing length viz. 3 — 4 — 1,
since higher reactive power jumps are more likely to trigger
instabilities.

Fig. 0] shows results for CSG-1 energization by 3 GFM
WTGs tuned with different values of Kpy. Contrary to a stiff

power phase-angle characteristic for stable connection of a
GFL WTG as demonstrated previously in Fig. [8] it can be
inferred that allowing for some droop Kpg = 2 is most optimal
as K(pp = 0 causes the power oscillations between the WTGs
like parallel connected synchronous generators without any
droop causing LoS, indicated by trip flag.

Alternatively a high droop of Kpy = 10 allows for well-
damped synchronization transients and ensuring stable parallel
operation during pickup of string-3 but failing when string-4
is connected. Reducing the droop to mid-range Kpy = 5 in-
creases the stability margin that ensures successful connection
of string-4 but failing when the longest string-1 is picked-up.

Finally a value of Kpy = 2 ensures that the GFM WTGs
remain in-synchronism for the entire energization sequence
with stable load sharing and no observed WTG trips, including
when the final string-1 is connected. However the synchroniza-
tion transients are lesser damped that may negatively impact
the mechanical drive-train due to load exceedances, cycling
wear-tear or risk of exciting a critical eigen mode.

Thus a tradeoff exists and the proportional feed-forward
gain must be tuned carefully as noted in [10] due to the
sensitivity of second-order power-based synchronization GFM
controls in a multi-unit system [[18]], [20].

Proceeding further to reduce the number of GFM WTGs
by using WTG-3 as GFL instead of GFM, Fig. [TI0] shows
that Kpp = 2 ensures stability throughout the entire ener-
gization sequence. Here the GFL WTG’s reactive load share
is increased in steps from 0——5——12MVar at 21—-23s,
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Fig. 9: Impact of kpg on transient stability during energization sequence of CSG-1 by 3 GFM WTGs on string-2: startup
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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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respectively relieving the GFM WTG’s capacity for next string
energization (as shown by GFM WTG load going to 0) and
preventing instability by increasing stability margin. As a final
verification step, only I GFM WTG (using Kpy 0 for
maximum stiffness) is not able to mainain stability with 2
GFL WTGs resulting in LoS and trip.

This proves that the combination of 2 GFM WTGs with 1
GFL WIG is the absolute minimum that allows for the most
robust greenstart of one CSG while ensuring stability in face
of the challenging transients during the entire sequence.

VI. CONCLUSION

Recent studies have demonstrated that large offshore wind
power plants with grid-forming control can provide power
system restoration services and stability support in weak grid
areas. However for the aggregated plant to have voltage-source
behaviour at the offshore connection point it is essential that
the constituent mix of grid-forming and grid-following wind
turbines demonstrate synchronization stability during both
small and large signal transients associated with the greenstart
energization sequence. An estimate for the minimum number
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of wind turbines needed as per dynamic loading demands
of the offshore collector network energization has been first
proposed and then verified by means of EMT simulations
using a detailed plant model and control. While more grid-
forming turbines provides more stability it has been proven
that the optimal share is two grid-forming and one grid-
following turbine that allows for complete energization of
the entire collector string group without sacrificing transient
stability. It is noted that although early-stage greenstart by
reduced number of grid-forming wind turbines is prone to
PLL based instabilities due to weak-grid operation and large
reactive current injections, but careful tuning of the synchro-
nization control parameters in both grid-forming and grid-
following controls can solve most issues without having to
rely on costly stabilizing harware. This can provide significant
CAPEX savings helping the business case for large offshore
wind power plants.
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