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Abstract

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

1 INTRODUCTION

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

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

Since its humble beginnings in the early 1990s, wind energy
has seen a rapid growth in its installed capacity worldwide,
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making onshore wind, along with hydropower, one of the
cheapest sources of electricity around the world, with associ-
ated costs now at the lower end of the fossil-fuel range [3].
Offshore wind installations in 2018 totalled 4.5 GW, although
almost exclusively in the EU and China, bringing the global
levelized cost of energy (LCoE) to 0.127 USD/kWh, with
estimates of around 0.06–0.10 USD/kWh by 2022, at least
in the EU [3]. Offshore wind in Europe currently surpasses
20 GW (installed capacity) and covers more than 1.5% of
its electricity demand, but the European Commission has
recently proposed 230–450 GW of offshore wind by 2050
to achieve carbon neutrality and lead the energy mix of the
future [4].

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

Offshore wind power plants (OWPPs) can be suitable candi-
dates to support grid recovery, as modern wind turbines (WTs)
can meet some of the blackstart and islanding requirements spec-
ified in network codes [8]. Larger OWPPs with larger WTs
are being commissioned and developed in deeper waters, fur-
ther away from shore, to harness superior wind conditions and
reduce the LCoE through economies of scale. As a conse-
quence, HVDC transmission technology is gaining momentum
over the currently more prevalent high-voltage alternating cur-
rent. HVDC transmission technology based on voltage source
converters (VSC) has shown excellent voltage and frequency
control performance and the potential to help reduce restora-
tion time while facilitating a safer and smoother restoration pro-
cess [9]. Denmark and Ireland already use their VSC-HVDC
interconnections with Norway and Great Britain, respectively,
for blackstart service [10]. Thus, HVDC-connected OWPPs
with blackstart-able or grid-forming [11] type-4 WTs (interfaced
by fully-rated PECs), can be expected to perform fast voltage
ramp-up and tackle the challenges in energizing cables, trans-
formers, converters and loads, while maintaining stable, synchro-

nized parallel operation [12].
Grid-forming control of WTs in OWPPs was originally devel-

oped to enable the use of diode rectifiers (DRs) for connecting
OWPPs to HVDC, so as to reduce costs through higher reli-
ability and lower losses, complexity and footprints. The study
in [13] shows that a DR-connected OWPP can contribute with

restoration services for onshore grids by smoothly energizing the
HVDC grid, including rectifier transformers, reactive compen-
sation and filter banks, submarine cables and onshore converter
capacitors without the need of limiter resistors. Simulations pre-
sented in [14, 15] show that it is also theoretically possible for an
HVAC-connected OWPP with droop-controlled WTs to black-
start an onshore grid through an HVAC export cable, with the
success of the various energization stages depending very much
on the WT grid-side converter (GSC) grid-forming control and
the electrical system design, ensuring that there is enough tur-
bine capacity to absorb the reactive power generated by the
cable section to be energized.

For an HVDC-connected OWPP to successfully provide
green blackstart service during power system restoration, it must
be able to deal with the reactive power requirements of inter-
array cable energization, withstand the transformer magnetic
inrush currents, especially those from the large HVDC trans-
former, and stably operate the offshore island to ultimately cater
to onshore block loading after energizing the HVDC export
link. A 400 MW OWPP in a 1 GW cluster connected via a
200 km ± 320 kV HVDC link is shown in [16] to blackstart an
onshore load after dealing – in a controlled manner – with trans-
former and cable energization transients during hard-switching

with a pre-insertion resistor (PIR). However, the energy imbal-
ance in the HVDC link during the uncontrolled pre-charging of
the onshore converter cells from its DC terminals leads to a
significant dip in HVDC voltage and large transients in the off-
shore and onshore converter cell voltages and valve currents.
Contrary to hard-switching, restoration tests with HVDC inter-
connectors between two AC grids, have demonstrated that after
energization from the live-side, the soft-start capability of the
dead-side HVDC-VSC can significantly reduce the transients
associated with transformer inrush and cable charging currents
during the network energization [17, 18].

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

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

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

2.1 Hard switching

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

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

The most advanced method to mitigate high inrush currents
especially for large transformers is point-on-wave switching (PoWS),
which calculates the proper instant of energization by monitor-
ing the instant of de-energization and calculating the residual
flux in the core. For three-phase units, a delayed closing strategy

is used to connect at an optimal instant by treating the trans-
former as a single-phase core, leading to no inrush [23]. The
Smart Energize method has also been proposed in [23], which
uses a 5 V DC voltage source to set the residual flux instead
of measuring/calculating it and connecting the transformer at
a fixed angle. This constitutes a simple, highly efficient, reliable
and cheap solution to limit the inrush currents to 1 pu. This pre-

fluxing technique mitigates the inrush current to a value lower
than PoWS which requires knowledge of the residual flux in
the phase, that can be quite tedious to acquire for a three-phase
power transformer [25].

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

2.2 Soft start

A different strategy for restoration is to connect the different
parts of the AC network like cables, reactors and transform-
ers, together with the black-starting generator at low voltage and
smoothly ramp-up the voltage of the entire network to energize
it in one step. Such soft-start greatly reduces the inrush currents
and minimizes the risk of over-voltage problems while speed-
ing up the restoration process [17]. The first soft-start energiza-
tion was performed on the INELFE link between France and
Spain, since RTE’s specifications provided such requirements
[27]. Top-down restoration tests with the Skagerrak 4 (between
Norway and Denmark) [17] and the NEMO Link (between
the United Kingdom and Belgium) [18] VSC-HVDC inter-
connectors show that soft-start by VSCs is extremely useful for
eliminating transformer inrush effects, avoiding significant har-
monic TOVs and reducing the probability of system re-collapse.

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

The question over which method is more advantageous
does not seem to have an answer yet. While hard-switching,
with its sequential and bounded nature, allows for an easier
detection of a failed component, high transient currents drawn
during energization of islanded offshore networks can cause
high electromagnetic torque oscillations and high torsional
stresses in WT generator shafts, which could lead to fatigue
and failure [19]. On the other hand, recent results presented in
[29] validate – from a generator perspective – control aspects
of self-energization and blackstart capability of a type-4 grid-
forming WT in turbulent/extreme wind conditions, through
test benches using co-simulation and hardware-in-the-loop
methodologies, showing that soft-start significantly reduces the
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FIGURE 1 Schematic of the implemented PSCAD model of the system under study (a) Point-to-point HVDC link, with grid-following offshore terminal and
grid-forming onshore terminal. (b) Partially aggregated offshore wind power plant representation. (c) Grid-forming wind turbine grid-side network.

current and voltage stresses on electrical equipment. However,
careful design and testing is needed for a practical imple-
mentation as soft-start increases practical complexity due to
increased requirement of auxiliary power while reduced-voltage
energization is done [19]. Moreover, due to the low short circuit
levels during energization, fault clearing is dependent on the
backup protection in the form of distance or under-voltage trip
relays, and so different protection settings are required during
soft-start. This results in no selectivity for some critical faults
and increases the likelihood of delayed fault clearance with
the risk of resonance excitation due to sudden/fast post-fault
voltage recovery. Such risk may be acceptable, as the blackstart
sequence can be restarted if/once such faults are cleared,
although resulting in longer restoration times.

3 MODEL DESCRIPTION AND
CONTROL

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

Detailed equivalent models [32] are used to represent the
half-bridge modular multilevel converters (MMCs) in both ter-
minals of the HVDC link. A frequency-dependent (phase)
model is used to represent the HVDC export cable and a
detailed magnetic model (including inrush and saturation) is

FIGURE 2 Grid-forming wind turbine grid-side converter control with
cascaded voltage (VC) and current (CC) control loops and PLL-based frequency
controller (FC)

used to represent the 66∕390 kV HVDC transformer. Finally
a PIR is used for limiting the transient magnetic inrush current
peak during hard-switching energization of the HVDC trans-
former. The PIR is inserted by closing the main breaker (MB)
and bypassed by closing the auxiliary breaker (AB) after a given
pre-insertion time (PIT). For soft-start MB and AB are kept
closed from the beginning.

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

3.1 Assumptions

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

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

3.2 HVDC converter control and
pre-charging

The converter at the offshore terminal (‘Rectifier’) is controlled
in grid-following mode, since the offshore AC network voltage
is formed by the grid-forming WTs in the OWPP. Such con-
verter thus regulates the HVDC link voltage VDC and reactive
power injection Q2 into the offshore AC network, as described
in [16]. The converter in the onshore terminal (‘Inverter’) is con-
trolled with a simple grid-forming scheme, shown in Figure 3, to
regulate the onshore AC network voltage magnitude V1 and fre-
quency f1, in the scope of the blackstart case study performed.

FIGURE 3 Onshore MMC AC voltage control for islanded operation

The MMCs use standard inner control loops, such as cell voltage
balancing and circulating current suppression.

Conventionally, the onshore MMC cells are pre-charged from
the onshore AC grid, and the offshore MMC cells are pre-
charged uncontrollably by a diesel generator, once the HVDC link
voltage is stabilized [36]. This diesel unit is typically co-located
on the offshore HVDC substation as backup emergency sup-
ply and for supplying auxiliary load to be ready-for-energization
[36]. However, in the scope of this study, the WTs are supposed
to energize the offshore AC network and HVDC link to supply
the onshore block load, without relying on other components
or networks for MMC cell pre-charging. Since the startup direc-
tion is reversed to that in [36], the offshore MMC is pre-charged
from the AC voltage formed by the OWPP, while the onshore
MMC from its DC terminals connected to the HVDC link. An
onshore diesel generator – as shown in Figure 1 – is assumed to
provide the auxiliary power, which if offshore, is very costly in
terms of space occupied, maintenance and safety requirements,
and insurance.

In [16], onshore MMC cell charging starts only when the
converter begins forming the onshore AC network voltage
(with its cells de-blocked) due to the lack of a pre-charging
control. This results in an energy imbalance in the HVDC link
during the DC-side charging of the onshore MMC cells, which
leads to large transients in cell voltages and valve currents, and
a significant dip in the HVDC link voltage. The reason for this
is that, at the end of HVDC link energization by the offshore
MMC (Stage 3), the 640 kV HVDC link voltage is divided
equally between 450 capacitors (225 per arm) in the whole leg,
charging them uncontrollably to 1.42 kV, which is only half of
the nominal 2.85 kV (= 640 kV / 225). So, when the converter
is de-blocked, its submodules (now only 225 inserted in total
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FIGURE 4 Controlled pre-charging of onshore MMC cells (a) Pre-charging of upper arm, with ramp-controlled bypass of lower arm cells. (b) Simplified
equivalent circuit for (a). (c) Submodule operating states depending on switching configuration: the cell capacitor charges (green), discharges (red) or holds the charge
(blue) depending on the operating state and current direction.

in a leg, at any time) charge uncontrollably from 1.42 kV (total
inserted voltage of 320 kV) to the desired nominal cell voltage
of 2.85 kV from the DC side 640 kV, drawing large charging
currents with simultaneous dis-charging due to submodules
being switched to form the onshore AC network voltage. In
quest of improving such transient responses, open-loop controlled

pre-charging, illustrated in Figure 4, has been implemented to
charge the onshore MMC submodule capacitors to the nominal
2.85 kV before the converter is de-blocked and begins forming
the onshore AC network.

Different methods for MMC pre-charging have been pro-
posed in literature. While some rely on an external DC voltage
source and additional switches increasing cost and complexity
[37], others use the main DC link with an external resistance to
limit the charging and discharging currents [38]. More complex
strategies have also been proposed, where the duty cycle of
one ‘pulse width modulation mode’ module and the number of
inserted submodules is gradually decreased [39]. This allows
simultaneous charging of the upper and lower arm cells with no
impact from the AC load and effectively suppresses the surge

current. Finally, a generalized AC/DC-side soft-startup method
has been proposed in [40] that controls the charging current by
adjusting the rate of number of blocked and bypassed capac-
itors, in conjunction with the conventional capacitor voltage
sorting algorithm.

In this study, however, a simple pre-charging strategy – with-
out any current-limiting resistance and based on [38, 40, 41] –
has been used and is described as follows:

1. At first, the upper arm is inserted and the lower arm
bypassed, so as to fully charge all 225 cells in the upper arm.
To control the charging current (and the resulting transients
in the HVDC link), the lower arm cells are bypassed in small
steps, instead of all at once, i.e. a ramp (n : 0 → 225). The 225
upper arm cells are thus charged in a smooth manner, from
1.42 kV to the nominal 2.85 kV, as the partially charged ‘not-

yet-bypassed’ lower arm cells add to the insertion voltage and
limit the charging current. This is explained in Figure 4(a),
while a simplified equivalent circuit diagram is shown in
Figure 4(b).
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TABLE 1 Simulation events of the hard-switching energization sequence

Stage Time (s) Events

1 0 WTs are energized simultaneously and operate in grid-forming mode.

2 tMB = 1.3 MB is closed to insert PIR for energizing the offshore transformer and pre-charging the offshore MMC cells.

tMB + PIT PIR is bypassed by closing AB.

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

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

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

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

5 3.3 Onshore MMC is de-blocked to control the onshore AC network voltage; PCC1 is energized.

6 4 Onshore 30 MW block load is connected.

2. Then, the upper arm is bypassed and the lower arm inserted,
so that the upper arm cells hold their charge while the lower
arm cells charge fully.

3. Lastly, both the upper and lower arms are blocked (the now
fully charged cells hold their charge), before the converter is
de-blocked to control the onshore AC network voltage.

Figure 4(c) shows the cell capacitor charging status for the
different submodule switching states, namely, blocked, bypassed
and inserted, as a function of the switching configuration and
the current direction, similar to in [39]. The aforementioned
approach is open-loop, which can be replaced with closed-loop

control to regulate the AC/DC-side pre-charge current for
reduced start-up time and no inrush peak [42]. However, not
only does this require complex and specially designed algo-
rithms for capacitor balancing and reference generation, but
also a fast transition between startup and the normal opera-
tion to avoid capacitors overcharging. Alternatively, averaging
capacitor voltage control with feed-forward has been shown to
achieve a fast dynamic response without compromising the sys-
tem stability margin and the implementation complexity [43].

4 SIMULATION STUDY AND RESULTS

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

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

In the soft-start energization sequence, summarized in
Table 2, the WTs smoothly ramp-up the voltage of the entire
offshore AC grid, with the HVDC transformer and offshore

TABLE 2 Simulation events of the soft-start energization sequence

Stage Time (s) Events

1 0 All WTs are started simultaneously and
operate in grid-forming mode; MB
and AB are closed from the start.

2 tramp WTs ramp-up the offshore AC
network RMS voltage from 0 to 1
pu.

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

MMC (‘Rectifier’) connected. The onshore MMC (‘Inverter’) is
pre-charged from its DC side, as in the hard-switching case, and
is then de-blocked to control the onshore AC network volt-
age, ultimately picking up a 30 MW block load. For the soft-
start case, a sensitivity analysis has been done for the ramp-
rate expressed in time to ramp-up from 0 to 1 pu, tramp =

{0.5, 1, 2} s.
In the following, first the simulation results for the complete

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

4.1 Complete energization sequence

The waveforms during the complete hard-switching energiza-
tion sequence are shown in Figure 5 with the time instants
marking the different stages as listed in Table 1. These results
are based on those in [16] using PIR= 120 Ω and PIT= 0.3
s, with the additional controlled pre-charging of the onshore
MMC described in Section 3.2. At 1.3 s, the offshore HVDC
transformer is energized, visible from the transient power peak
along with a steady rise of the HVDC link voltage that is associ-
ated with the uncontrolled AC side pre-charging of the offshore
MMC cells. After this the DC link voltage control by the off-
shore MMC is started at 2.1 s. Then HVDC link voltage dips
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FIGURE 5 Complete hard-switching energization sequence, stages of which are given in Table 1. This figure shows (a) WPP instantaneous (blue) and RMS
(orange) voltage, (b) WPP frequency, (c) WPP real (blue) and reactive (orange) power output, (d) offshore MMC sum of capacitor voltages (upper/lower arm of each
phase-leg), (e) HVDC link voltage, (f) onshore MMC sum of capacitor voltages (upper/lower arm of each phase-leg), and (g) instantaneous (blue) and RMS (orange)
onshore AC voltage

are seen at 2.5 s and 2.8 s, associated with the controlled pre-
charging of the onshore MMC. Finally, the onshore AC volt-
age control by the onshore MMC begins at 3.3 s and a 30 MW
onshore block load is picked up at 4 s.

4.2 Onshore MMC controlled pre-charging

The controlled DC-side pre-charging stage for the onshore
MMC prevents the significant HVDC link voltage dip and the
disturbance in the offshore MMC cell voltage, as shown in Fig-
ure 6. The results from [16], without any pre-charge control,
are also presented for comparison. In such a case, when the
converter is de-blocked, the onshore MMC cells start charging
uncontrollably from 1.42 kV to the nominal 2.85 kV while they
are being switched to form the onshore AC network voltage.
The resulting energy imbalance in the HVDC link causes the
discharge of the offshore MMC cells to supply the charging cur-
rent drawn by the onshore MMC cells, as shown in Figure 6(a).
This leads to a significant drop in the HVDC link voltage, down
to 320 kV, as shown in Figure 6(b). The offshore MMC, in VDC-

Q2 control mode, then reacts to such disturbance so as to bring
the voltage back to the reference 640 kV, causing large oscilla-
tions in the HVDC link voltage (with a peak of up to 1000 kV)
and the offshore MMC cell voltages and valve currents. Such
disturbances in turn cause large dips/distortions in the offshore
AC network voltage and oscillations in OWPP active and reac-
tive power output, as can be seen in Figure 6(b).

As illustrated in Figure 6(a), when the controlled pre-charging
stage of the onshore MMC is included, the oscillations in the
offshore MMC cell voltages and valve currents along with the
HVDC link voltage dip are greatly reduced. The HVDC link
voltage drops to 550 kV but then recovers quickly as a result of
the offshore MMC controls. From 2.5 s to 2.7 s, the upper arm
is charged in a ramp, which limits the disturbance in the volt-
age of the offshore MMC cells, as they are discharged to supply
the onshore MMC cell charging currents. This is accompanied
with a power surge from the WPP, to maintain the offshore net-
work voltage, as is shown in Figure 6(b). A similar response is
observed when the lower arm cells are charged, between 2.8 s
and 3.1 s. Once pre-charging is complete, both arms are blocked
at 3.1 s.
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FIGURE 6 Transient responses with (green) and without (red) controlled DC-side pre-charging of the onshore MMC (a) Upper and lower arm maximum cell
voltages and valve currents in the onshore (PCC1) and offshore (PCC2) MMCs. (b) WPP instantaneous (solid) and RMS (dashed) voltage, HVDC link voltage and
current and WPP active (solid) and reactive (dashed) power output.

FIGURE 7 Results of the sensitivity analyses (a) Hard-switching: WPP RMS voltage, WPP active power output and active power dissipated by the PIR during
the PIT interval. (b) Soft-start: WPP RMS voltage, WPP active and reactive power output and HVDC link voltage for different energization/voltage ramp-rates.

4.3 Sensitivity analyses

4.3.1 Hard switching

Figure 7(a) shows the WPP RMS voltage, WPP active power
output and active power dissipated by the PIR during the PIT

interval, for different values of PIR (indicated by different line
styles) and PIT (indicated by different colours). As can be
observed, a transient active power peak and associated voltage
dip occur when the MB is closed to energize (with the PIR
inserted) the downstream network. A second transient active
power peak and a much more significant voltage dip then ensue,
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TABLE 3 Transient WPP active power output peak, P
peak

2 , and associated

terminal voltage dip, V
dip

WPP, in per unit (base values: 400 MW, 66 kV), for
different PIR and PIT values, when PIR is inserted / bypassed, respectively

PIR (𝛀) PIT (s) P
peak

2
(pu) V

dip

WPP
(pu)

100 0.01 0.19 / 0.78 0.97 / 0.37

0.1 0.42 / 0.78 0.97 / 0.77

0.3 0.42 / 0.38 0.97 / 0.98

200 0.01 0.10 / 0.77 0.98 / 0.35

0.1 0.24 / 0.79 0.98 / 0.59

0.3 0.24 / 0.70 0.98 / 0.88

300 0.01 0.07 / 0.77 0.99 / 0.34

0.1 0.17 / 0.76 0.99 / 0.51

0.3 0.17 / 0.73 0.99 / 0.77

when the AB is closed to bypass the PIR after the PIT interval.
The values of the transient WPP output power peaks and WPP
voltage dips are listed in Table 3 in pu.The simulation results
show that:

∙ The WPP terminal voltage dip when the PIR is inserted is
not significant.

∙ Higher PIR values reduce the transient active power peaks
by providing increased damping during the inrush. However,
the WPP terminal voltage dips are larger, except at lower PIT
values, for which the PIR does not influence the voltage dip.

∙ Smaller PIT values lead to lower transient active power peaks
at insertion but higher ones at bypass. Additionally, the WPP
terminal voltage dips to lower values, as smaller time intervals
mean lesser energy dissipated, resulting in a higher voltage
disturbance.

PIR and PIT values of 120 Ω and 0.3 s, respectively, have
been used in [16] to limit the voltage dip due to the transient
active power peak during energization, as shown in Figure 7(a)
in grey. However, in practice, the energy dissipated by the PIR
during the PIT determines its cooling needs and duty cycle, and
ultimately drives its volume/size. The energy dissipated by the
PIR during the PIT interval (starting at tMB = 1.3 s) is given by

EPIR = 3∫
tMB+PIT

tMB

I 2
phase PIR dt, (1)

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

FIGURE 8 Energy dissipated by PIRs of different values during different
PITs. The grey bar corresponds to PIR = 120 Ω and PIT = 0.3 s used in [16]

TABLE 4 Transient WPP active power output peak, P
peak

2 , in per unit
(base value: 400 MW), for different values of time to ramp-up voltage from 0
to 1 pu, tramp

tramp (s) P
peak

2
(pu)

0.5 0.17

1 0.09

2 0.05

4.3.2 Soft start

Figure 7(b) shows the WPP RMS voltage, HVDC link voltage
and WPP active and reactive power output for different soft-
start energization/voltage ramp-rates, while Table 4 compiles
the corresponding active power peaks. As can be observed and
expected, higher ramp rates result in higher charging active and
reactive power peaks. However, even for a fast 0.5 s ramp to 1
pu voltage, the peak is less than 20% of the WPP rated capac-
ity. This shows that soft-start using PEC control can in princi-
ple provide faster energization of the offshore networks while
reducing the magnitude of associated transients, thus decreas-
ing the overall restoration time and consequently the impact of
a blackout. Additionally, plenty of the WPP generation capacity
is left to energize auxiliary loads of other blackstart units, pick up
block loads and operate stable islands before re-synchronizing
with the main grid. However, low short circuit levels during
energization and different settings of the under-voltage trip pro-
tection can result in delayed fault clearance and reduced selec-
tivity for some critical faults.
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5 CONCLUSION

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

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

More studies are needed to investigate fault-related transients
in soft-start energization, especially the risk of resonance excita-
tion due to sudden post-fault voltage recovery after opening of
the breaker. Furthermore, synchronization transients during the
sequential energization of the WTs in a string need to be stud-
ied. Additionally, the robustness of islanded OWPP operation
to events such as the sudden disconnection and re-connection
of a WT, that can lead to sympathetic interaction between the
transformers in the offshore collector network, also needs to
be investigated.
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APPENDIX A

TABLE A1 Main circuit parameters

Parameters Values

WT rating 8 MW

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

WT transformer 0.69∕66 kV

R = 1%, XL = 1%

WPP rating 400 MW

HVDC transformers 1200 MVA, XL = 15%

T2: 66∕390 kV

T1: 390∕400 kV

HVDC link ±320 kV, 1200 MW, 200 km

MMC 1200 MVA

225 submodules per arm

Onshore load 30 MW

Note. T1, onshore; T2, offshore; XL, leakage reactance.
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