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Abstract. Large-scale integration of renewable energy sources with power-electronic converters is pushing the
power system closer to its dynamic stability limit. This has increased the risk of wide-area blackouts. Thus,
the changing generation profile in the power system necessitates the use of alternate sources of energy such as
wind power plants, to provide black-start services in the future. However, this requires grid-forming and not
the traditionally prevalent grid-following wind turbines. This paper introduces the general working principle of
grid-forming control and examines four of such control schemes. To compare their performance, a simulation
study has been carried out for the different stages of energization of onshore load by a high-voltage direct-
current (HVDC)-connected wind power plant. Their transient behaviour during transformer inrush, converter
pre-charging and de-blocking, and onshore block-load pickup has been compared and analysed qualitatively to
highlight the advantages and disadvantages of each control strategy.

1 Introduction

Environmental problems like global warming, coupled with
increasing fuel prices and the global drive towards sustain-
able development with energy security, have accelerated the
integration of renewable energy sources into power systems
all around the world. Many countries have set out several en-
ergy strategies for a more secure, sustainable, and low-carbon
economy like the European Union’s (EU) 2018 (RED II)
directive on the promotion of the use of energy from re-
newable sources that sets an overall goal across the EU for
a 32 % share of renewables in the total energy consump-
tion by 2030. Among the different renewable energy sources,
wind energy has seen a rapid growth in the installed capacity
worldwide, from about 6.1 GW in 1996 to about 591.5 GW
in 2018 (Tavner, 2012), showing huge promise as one of the
major electricity sources in the future.

High-volume integration of renewable energy into the
power system makes it harder to maintain reliability and sta-
bility of power supply in the grid due to introduction of vari-
able power flows and thus complicating grid operation (De
Boeck et al., 2016). Moreover, the decrease in reactive power

reserve due to replacement of conventional synchronous gen-
eration destabilizes the long-distance transmission corridors
between load centres and large-scale renewable energy sys-
tems — such as offshore wind power plants (OWPPs) — during
system contingencies (Sarkar et al., 2018). Additionally, in-
ertial decoupling from the grid by the power electronic con-
verter (PEC) interface results in decreased transient stabil-
ity, increasing the risk of wide-area blackouts, especially in
strongly linked networks (De Boeck et al., 2016). For exam-
ple, as per Australian Energy Market Operator, the failure of
WPP owners to comply with performance requirements to
ride through major disruptions and disturbances led to black-
out of the South Australia system (Australian Energy Market
Operator, 2017), affecting about 850000 people and caus-
ing large-scale disruption to their livelihood and the econ-
omy. Another very recent case is the unexpected reduction of
737 MW from Hornsea 1 OWPP in the UK, which is cited
to be one of the main causes of the system failure in August
2019, affecting about 1 million customers and causing travel
chaos in and around London, according to the technical re-
port by National Grid (2019a).
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1.1 The changing paradigm

Traditionally black-start service has been provided mainly
by coal- or gas-fired generators and pumped-hydro storage
due to their capability to meet all the technical requirements
(Elia, 2018; National Grid, 2019b). However, due to the so-
cietal decarbonization aims, rising fuel costs coupled with
ageing assets, and decreasing load factors, large conventional
generation plants are being phased out in favour of renew-
ables and non-traditional technologies, which increases the
cost of warming up large generators, and consequently of
black-start services (National Grid, 2019b). Since maintain-
ing the status quo for black start and restoration is not an op-
tion, considerable changes are required to facilitate the par-
ticipation of alternate sources like renewable energy and non-
traditional technologies in the black-start market given the
modern evolving energy landscape. Elia and National Grid,
for example, have recently confirmed that there is a potential
to open up the delivery of black-start service to interconnec-
tors, sites with trip-to-house load operation, and aggregated
units including variable generation (like wind, solar), espe-
cially with support from energy storage systems.

Black start and islanding operation requirements have
been included as options for WPPs in the ENTSO-E network
codes, where the relevant system operator is allowed to re-
quest these functions to support grid recovery (Goksu et al.,
2017). Driven by grid codes, state-of-the-art wind turbines
(WTs) are already capable of providing some services that
are a part of the restoration process — e.g. fast frequency re-
sponse and low-voltage ride-through (LVRT) — and are ex-
pected to deliver more advanced requirements like inertia
emulation, power oscillation damping, and reactive current
injection, which are increasingly being demanded by grid
codes (Jain et al., 2019). This is possible due to the advanced
functionalities of the full-scale PEC interface of modern
WTs, as mentioned in Chen et al. (2009). Seca et al. (2013)
show that WTs owing to their fast start-up times can be in-
cluded earlier in the restoration process to provide reactive-
power support and pickup load, thus decreasing the impact
of a blackout event by reducing the restoration time and un-
served load. However, connection of the currently prevalent
grid-following (GFL) WTs in the beginning of the restora-
tion procedure can cause a recurrence of blackout as the grid
is generally not stable enough (El-Zonkoly, 2015). The early
participation of WPPs in successful bottom-up network en-
ergization can be facilitated instead by grid-forming (GFM)
control of WTs, allowing them to operate together as an AC
voltage source without relying on an external grid, and sup-
ply load in a power island.

GFM control of converters to integrate renewables at the
distribution level has been extensively researched for micro-
grids. However, only recently has it begun being applied to
high-power applications. To the authors’ knowledge, there
are not enough in-depth studies addressing black-start ener-
gization by high-power GFM renewable sources connected
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at the transmission level. Even at the distribution level, it is
only recently — due to risks of uncontrolled islanding — that
research has been conducted on microgrid islanding capabil-
ities provided by GFM converters, for defence against black-
outs in future power systems (Rocabert et al., 2012). More-
over, most existing microgrids are AC systems, with DC sys-
tems only now gaining momentum as they allow higher op-
erational and control flexibility of the microgrid, enhancing
its role in maintaining the reliability of future power grids
(Arbab-Zavar et al., 2019).

1.2 Contribution

This study investigates the black-start capability of a GFM
OWPP, connected via high voltage, direct current — a chal-
lenging scenario due to not only faster energization transients
but also more active components — and controlled with dif-
ferent grid-forming schemes, to compare their transient be-
haviour in such a challenging black-start setup. The aim is to
characterize the different techniques and compare their capa-
bility to deal with the energization transients in a controlled
manner while maintaining stable voltage and frequency at the
offshore terminal. There exist only a handful of such stud-
ies — on black start by high-voltage-AC/DC-connected GFM
OWPPs — however, they choose one GFM method and focus
on different aspects of the restoration process. In general, this
paper aims at covering the lack of literature comparing the
different grid-forming control strategies — typically devel-
oped for general purposes and driven by microgrid research
— in a specific and demanding task such as a wind power
plant providing black-start services. While non-exhaustive,
we think that this comparison can help direct future research
in this area. To the authors’ knowledge, such a study has not
been done before.

In the next section of the paper, the state of the art of the
role of wind energy in power system restoration has been re-
viewed. This is followed by an explanation of the general
working principle of GFM control, along with a conceptual
comparison of the four different control strategies consid-
ered for this study — on the energization of onshore load by
an HVDC-connected GFM OWPP. Then the PSCAD model
of the point-to-point HVDC-connected OWPP is described
along with the different stages in the simulation of the en-
ergization sequence. Finally the transient behaviour of the
different control techniques during the various stages of en-
ergization are presented and discussed.

2 Wind energy for black start — literature review

Large OWPPs can provide fast and fully controlled, high-
power, emission-free green black-start services but there ex-
ists a gap between the present grid-code black-start require-
ments and current WT black-start capabilities as identified
by Jain et al. (2019). Technological changes are needed to
make WTs black-start ready/able, and the technical chal-
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lenges associated with the different stages of energization of
an HVDC-connected OWPP, along with control techniques
to mitigate those issues, have been discussed by Jain et al.
(2018). A recent report by National Grid (2019b) also sum-
marizes the technological capability of non-traditional tech-
nologies like renewables and distributed energy sources to
provide black-start and restoration services. In the follow-
ing, literature studies on WPPs — with different topologies —
participating in power system restoration are presented, high-
lighting the associated research gaps.

2.1 WPP and a voltage source hybrid

Traditional GFL WTs can be used with an external power
supply (e.g. diesel generator or energy storage) and a syn-
chronous var generator (SVG) or STATCOM, combining ser-
vices into a joint/hybrid black-start unit to facilitate WT par-
ticipation in black-start procedure as proposed in Aktaruj-
jaman et al. (2006). The external supply provides startup
power and sets the reference voltage and frequency for the
isolated system, the SVG/STATCOM supports the var re-
quirement of the cables and transformers and stabilizes the
voltage, after which the WTs connect to meet the load power
demand. Zhu et al. (2018) show that earlier participation of
WTs in the restoration procedure is feasible as GFM control
allows black-start and stand-alone island operation with bet-
ter inherent synchronous-machine-like inertial response dur-
ing a transient that can help absorb the initial impact of en-
ergization and ensure smooth load pickup, thus mitigating
large voltage/frequency excursions that might occur during
restoration. However, only the transients during load pickup
and resynchronization to the grid have been studied, while
energization of collector lines, export cables, and transform-
ers, which present more challenges to transient stability dur-
ing energization, are not shown. Additionally the major en-
ergization transients are dealt by the energy storage system
and SVG, while the WTs behave only as passive GFL power
sources to meet the load demand during the last stages of
restoration.

2.2 HVAC-connected WPP

Recent studies by Martinez-Turégano et al. (2018) and Aten
et al. (2019) demonstrate the potential capability of high-
voltage alternating current (HVAC)-connected OWPPs to
black-start the onshore grid using GFM controls in less than
25% WTs and assuming adequate wind resource. The re-
sults show that it is possible to do sequential energization
of the array cables and WT transformers, starting with one
WT energizing its string followed by others synchronizing
to it and then sharing the control of voltage and frequency.
Shorter cable sections are energized first until enough WTs
are connected to absorb the var generated by subsequent ca-
ble sections. However, according to Elia (2018) and National
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Grid (2019b), a large gap to bridge is the energization of the
export link while meeting grid code requirements.

2.3 HVDC-connected WPP

HVDC with voltage source converters (VSCs) can also be
used as a standby facility for black start and restoration of
the onshore AC grid, as demonstrated by the excellent volt-
age and frequency control performance in real system tests
done by Jiang-Hafner et al. (2008), proving for the first time
that VSC-HVDC helps reduce restoration time while facil-
itating a safer and smoother restoration process with lower
investment and maintenance cost. With HVDC transmission
gaining momentum as the preferred choice for longer dis-
tance connections to larger OWPPs, Sgrensen et al. (2019)
show that the Skagerrak-4 VSC-HVDC link between Nor-
way and Denmark (DK) can be successfully used to ramp
up the voltage of an islanded 400/150kV DK network to en-
ergize overhead transmission lines, transformers, and block
load, followed by synchronization to the continental EU. Ad-
ditionally, a top-down restoration test of the NEMO link be-
tween Belgium and the UK also demonstrates the capability
of the VSC-HVDC interconnector to energize a dead Belgian
grid from the live UK side (Schyvens, 2019).

Simulation results by Becker et al. (2017) show, although
without any details of the transformer—cable energization
transients, that a VSC-HVDC-connected OWPP can respond
to onshore load changes and participate in load restoration.
Cai et al. (2017) analyse the inrush current of transformers
and cables (HVAC and HVDC) using electromagnetic tran-
sient simulations, but with a diesel generator to pre-charge
the offshore converter that then energizes the offshore col-
lector grid and the onshore converter pre-charged by the on-
shore AC grid, contrary to what is expected from an OWPP
to provide black-start service. Simulation results presented
by Sakamuri et al. (2019) demonstrate, for the first time,
an HVDC-connected OWPP with GFM control, sequentially
energizing the offshore AC network including transformer,
cables, and converter through a pre-insertion resistor, fol-
lowed by HVDC link energization and onshore converter
pre-charging and de-blocking for picking up block load, suc-
cessfully participating in restoration as a black-start unit.
However, the energy imbalance in the HVDC link during the
DC-side uncontrolled pre-charging of the onshore converter
leads to a significant dip in HVDC voltage and large tran-
sients in the offshore and onshore converter cell voltages and
valve currents.

In addition to enabling black-start and islanding capabil-
ities of WTs, GFM control can also allow the use of hy-
brid HVDC connection with a diode rectifier unit (DRU)
instead of the offshore VSC. The application of controls
proposed in Blasco-Gimenez et al. (2010) for an OWPP to
ramp up the offshore AC grid voltage and control frequency,
considering it to be an inverter-based microgrid, has shown
improved steady-state regulation during islanding when the
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DRU-HVDC is not conducting and smooth transition to
current-control mode during grid-connected operation. This
significantly reduces the cost vs. performance, due to lower
losses (especially for higher power levels) and lesser capital
cost, along with increasing efficiency and reliability due to
a lower probability of commutation failure than a VSC (An-
dersen and Xu, 2004).

3 Grid-forming control

The current turbine and converter controls are designed as-
suming a strong grid connection point which means that the
grid-side converter of the WT latches onto a pre-existing
voltage signal provided by the onshore grid in the case of an
AC-connected OWPP, or produced by the offshore HVDC
converter operating in voltage-frequency control mode in the
case of HVDC-connected OWPP (Bahrman and Bjorklund,
2014). However, to allow outward energization of the net-
work of inter-array cables and transformers, a power island
should be created that can supply local loads and energize
the HVDC link converters and export cable with the ultimate
aim to supply onshore block load; the WT should be able to
produce its own voltage signal. This requires GFM control,
traditionally referred to as voltage-injecting control, as op-
posed to the conventional GFL or current-injecting control.
The two control philosophies are very well explained by Ro-
cabert et al. (2012). GFM WTs can also minimize the use
of diesel generators that are currently employed offshore to
supply backup auxiliary power required for energization. Al-
though most modern WTs have an on-board UPS to power
communications, as well as provide protection and control
for a few hours during emergency shutdown (Goksu et al.,
2017), a larger internal backup supply may be required for
self-starting the WT for black start, especially after extended
shutdown periods.

GFM control of PECs has been well studied for micro-
grids, where the role of the converter is to act as an interface
between the small-scale distributed/renewable power gener-
ation units and the consumption points, leading to inertial
decoupling of the rotating machines and making the micro-
grid system susceptible to oscillations caused by network dis-
turbances. GFM allows a PEC to mimic synchronous gen-
erators for droop-based load-sharing, synthetic-inertia emu-
lation, synchronized and stand-alone operation, and black-
start behaviour, ensuring voltage and frequency stability in
low-inertia microgrids during varying loads, network distur-
bances, and system configurational changes, e.g. between is-
landed and grid-connected modes (Tayyebi et al., 2018).

An OWPP is like a microgrid rich in power electron-
ics, although very different in that the voltage and power
levels are much higher. Moreover, OWPP operators main-
tain a large number (> 100s) of WT assets that are lo-
cated very far from each other. Current-sharing techniques
for low-rated inverters like the centralized controllers and the
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master—slave approach can be used only for paralleled sys-
tems that are close to each other and interconnected through
high-bandwidth communication channels (Rocabert et al.,
2012). These communication-based solutions cannot be used
for microgrids spread across several kilometres, as ensuring
globally available, bidirectional, reliable, robust, low-power,
and secure communication architecture becomes increas-
ingly costly. Moreover, longer links increase delays, which
is undesirable in cases where a fast (high-bandwidth) com-
munication is required. This gave way to droop control algo-
rithms with a hierarchical structure being used in microgrids,
especially for islanded operation of many micro-sources lo-
cated far away from each other (Pogaku et al., 2007). Al-
though rated at much lower power, these GFM droop-based
strategies can be extended to high-power WTs for stable dis-
tributed operation in islanded mode, at variable loads and
wind speeds, as demonstrated by Kanellos and Hatziargyriou
(2008) and also Blasco-Gimenez et al. (2010).

3.1 Control structure

According to the definition in Rocabert et al. (2012), GFM
converters are controlled in closed loop to work as ideal AC
voltage sources (low-output impedance), while GFL convert-
ers are controlled as current sources with high parallel out-
put impedance and cannot operate in islanding or stand-alone
mode as they require a GFM converter or local synchronous
generator to set the bus voltage and frequency.

The structure of GFM control consists of different func-
tional blocks, as shown in Fig. 1. The main objective of GFM
control is to operate the VSC as an ideal AC voltage source
of a given amplitude Vj and frequency wg. This requires most
importantly a voltage control loop Cy. The shortcomings of
the single-loop approach, explained in Zeni et al. (2015),
are already known from switch-mode power supplies and
electrical machine drives as overcurrents during transients,
and faults cannot be limited due to the lack of an explicit
closed-loop current controller. Additionally sensitivity to dis-
turbances and plant-parameter fluctuations eliminates open-
loop control as a good choice. The most commonly used
alternative is thus the nested or cascaded voltage—current
controller, in which a faster inner current control loop Ci
is added (Zeni et al., 2015). Cy is designed to have a rela-
tively smaller time constant than Cy for decoupling the con-
trol loops. The controllers are in the synchronous reference
frame that uses an angle 6* (for abc = dgq transformation)
obtained from the synchronization block (Green and Pro-
danovié, 2007).

While grid-feeding converters require perfect synchronism
with the voltage at the point of connection to accurately reg-
ulate the power exchange with the grid, in the case of GFM
converters the synchronization system must provide precise
signals for both islanded and grid-connected modes of oper-
ation. It works as a fixed-frequency oscillator in the former
case, while it slowly varies the phase angle and frequency of
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Figure 1. Grid-forming control structure consisting of current con-
trol loop C7, the voltage controller Cy, and outer real/reactive power
control loops Cp (-

the island voltage during the reconnection transient to resyn-
chronize with the grid voltage, in the latter. The most ex-
tended method used in grid-connected operation is a phase-
locked loop (PLL), also called voltage-based synchroniza-
tion as the frequency and phase angle of the grid voltage vec-
tor is used for control. However, enhancements are needed
to ensure stability under unbalanced and distorted voltage
conditions as voltage sag, weak grids, or off-grid operation
can lead to instabilities. Alternatively power-based synchro-
nization can also be used as the structure of the swing equa-
tion that governs synchronous machine dynamics and can be
equated to that of a PLL, in the sense that the PLL struc-
ture can be modified to extract the derivative term of the fre-
quency (~ inertia) and the speed variation (~ damping), as
shown in van Wesenbeeck et al. (2009). This presents a more
stable solution and allows the power controller to also act as
the synchronization block.

The outer power control loops Cp q are required to reg-
ulate the real (P) and reactive (Q) powers exchanged with
the grid (in grid-connected mode) or meet the demand set by
the load (in islanded mode), while ensuring communication-
less power sharing between the multiple paralleled invert-
ers. The simplest method for this, by only relying on local
measurements, is the droop control scheme, which was ini-
tially introduced for synchronous generators in utility scale
grids, and now is well incorporated into microgrids (Arbab-
Zavar et al., 2019). The primary level of the three-level
hierarchical control, explained in Guerrero et al. (2011),
employs droop control equations, based on interconnecting
impedance X/ R ratio, to mimic the self-regulation capability
of a grid-connected synchronous generators and allow power
sharing in microgrids without using critical communication
links (Rocabert et al., 2012).

Although easy to implement with high reliability and flex-
ibility, traditional droop control suffers from an inherent
trade-off between load sharing and voltage regulation, load-
dependent frequency deviation, slow dynamic response due
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to filters for power measurement, and non-linear load-sharing
issues due to harmonics. A variable virtual impedance Zvy
can be used to add harmonic droop characteristics with ad-
ditional damping and improve trade-off between current har-
monic sharing and voltage total harmonic distortion by ad-
justing the output impedance seen at different frequencies.
Additionally this allows intelligent mode switching with soft
start to take advantage of the fast converter response while
avoiding large transients (Guerrero et al., 2011). In the last
decade, several different GFM control schemes have been
proposed in literature, of which four have been chosen for
this study and explained in the next section.

3.2 Control strategies

The traditional droop-based power controllers can be re-
placed with more complex controls to replicate the system-
level functionalities of synchronous generators like inertia
and damping characteristics, frequency and voltage droop,
self-organizing parallel operation, and automatic power shar-
ing. The virtual synchronous machine (VISMA) concept,
introduced by Beck and Hesse (2007), uses power-based
synchronization with a detailed implementation of the elec-
tromechanical model of a synchronous machine in its power
control loop. This eliminates the need for PLL and allows
conventional and proven grid operation with the usual static
and dynamic properties that are characteristic to synchronous
generators (both desired and undesired). Different detail lev-
els of the VISMA implementation are listed in D’ Arco and
Suul (2013), while Lu and Cutululis (2019) give a review
of different control methods that mimic the operation of a
rotating synchronous machine, for example Synchronverter
(Zhong and Weiss, 2009), and PLL-based swing-equation
emulation (van Wesenbeeck et al., 2009). Moreover, im-
provements have been made to the VISMA concept; for ex-
ample recently, non-linear control-based GFM strategies re-
lying on the duality between PECs and synchronous ma-
chines have been proposed. This includes machine match-
ing (Arghir et al., 2018) and virtual oscillator control (John-
son et al., 2017), which provide steady-state droop-like be-
haviour with a faster and better damped response during tran-
sients.

3.2.1 Virtual synchronous generator (VSG)

The virtual synchronous machine concept implemented here,
shown in Fig. 2a, is based on D’Arco et al. (2015a). It
uses standard cascaded voltage—current control in the syn-
chronous rotating dg reference frame for voltage control and
current limitation. The behaviour of a synchronous machine
is mimicked by using the swing equation — see Eq. (1) —
for power control. This also helps in power synchronization
by generating the frequency reference and synchronization
angle to control real power exchange with the grid, similar
to a synchronous generator. The reactive power controller is
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based on standard inductive line Q — V' droop, which adjusts
the voltage amplitude reference for controlling the reactive
power exchange with the grid. A virtual resistance is added
to reduce sensitivity to small grid disturbances by provid-
ing additional damping and to reduce the synchronous os-
cillations of droop-controlled converters (Sun et al., 2019).
The swing equation controller, essentially a low-pass filter,
can be replaced with proportional—integral-derivative/lead—
lag controllers, for enhanced electromechanical dynamics,
adjustable characteristics like independent tuning of inertia,
damping and steady-state droop, or highly non-linear be-
haviour during grid faults and connection—disconnection pro-
cesses (Sun et al., 2019).

3.2.2 Power synchronization control (PSC)

The power synchronization law presented in VSG above uses
the swing equation where the power difference drives the ro-
tor speed dynamics, which is then integrated to get the elec-
trical angle, i.e. double integration for the P—6 transfer func-
tion. This can be simplified using the PSC control structure
explained in Zhang (2010), as shown in Fig. 2b. Here the
phase angle is directly obtained by a single integration of
the power difference, as given in Eq. (2). Due to one fewer
integrator, PSC has a higher stability margin. However, no
virtual inertia or damping is present due to absence of rotor
dynamics.

Pn,—P. = Ja)odA—w—l-Da)ko, % = Aw
dr dr
<= swing equation (1)
dAe .
e = kp(Pref — P) <= power synchronization law  (2)

The voltage control is governed by Eq. (3), where an AC
voltage controller (AVC) is used similarly to the exciter of
a synchronous machine, except with integral control instead
of the typical proportional control, as shown in Fig. 2b, to
suppress high-frequency disturbances. Active damping of the
grid-frequency resonant poles is additionally implemented
using a high-pass filter Hyp(s), described by Eq. (4), in the
current reference-generating block, given by Eq. (5).

v¢ = (Vo +AV) — Hup()ic
kys

s+ ay

<= voltage control (3)

Hyp(s) = <= high-pass filter (4)

. 1 . . . .
i& al; [(Vo+ AV) — vg — jwoLiic — Hup(s)ic |+ ic
<= current reference equation (5)

vt =alLs (Lé _ic) + jwoLfic +vr <= current control (6)

Although not included in this study, the PSC uses the current
reference generated above — as it gives an indication of the
actual current — for overcurrent limitation in the current lim-
itation controller (CLC). A standard dgq current controller,
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tuned for a set bandwidth of « rads~', as given by Eq. (6),
is used. In fault mode, the CLC limits the current output of
the converter to Inax and generates a selector signal Cpim
to disable the power synchronization and switch to conven-
tional PLL-based synchronization. However, in normal mode
(1] < Imax), Egs. (5) and (6) simplify to Eq. (3), for voltage
control as described above. The PSC has demonstrated strong
performance in weak networks.

3.2.3 Distributed PLL-based (dPLL) control

Contrary to power-synchronization implemented in VSG and
PSC, the dPLL control structure, based on Yu et al. (2018)
and shown in Fig. 2c, uses voltage-based synchronization by
using a PLL for frequency control. Originally developed for
DRU-connected OWPPs, the real power controller is used to
generate the d-axis voltage reference as power flow is deter-
mined by offshore voltage, and a droop controller regulates
frequency to share the DRU reactive power demand. Instead
of the conventional approach of setting the g-axis voltage ref-
erence to 0, since the PLL output can be used as an indication
of frequency deviation, a frequency control loop character-
ized by Eq. (7), is embedded in the g axis.

vl =ke(f* — /) @)

Yu et al. (2018) demonstrate frequency controllability with
plug-and-play capability, providing successful sequential
start-up of the GFM WTs and automatic synchronization of
the offline WTs during connection with minimal impact to
supply the var required to energize transformers and filters
and finally ramp up the offshore voltage and start delivering
active power to the onshore grid. However, only the start-up
and synchronization of an islanded OWPP to an energized
onshore synchronous power system via a DRU-HVDC link
is studied, while the energization of export cable and onshore
converter, expected from a black-start service provider, was
not looked into.

3.2.4 Direct power control (DPC)

Lastly, a control scheme based on direct power control, orig-
inally introduced by Noguchi et al. (1998), has been im-
plemented. In DPC, the instantaneous powers are controlled
without requiring AC voltage sensors, PLL or an inner cur-
rent controller, by using a look-up table and hysteresis com-
parators on the power errors to select the optimum switch-
ing state of the converter. Since then it has undergone many
enhancements to deliver improved performance like using
space vector modulation for constant switching frequency,
employing sliding mode control for robustness and model
predictive control for the multivariable case. The implemen-
tation used in this study is based on an improved DPC de-
scribed in Gui et al. (2019), in which grid-voltage modula-
tion allows linearization of the original non-linear system,
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resulting in ease of control design and good transient re-
sponse and steady-state performance. The control structure,
as shown in Fig. 2d, has been derived in Gui et al. (2019)
using the instantaneous pq theory (Akagi et al., 2017) and
results in a standard VSC dg current control structure with-
out the need for a PLL. In the GFM control implementation
for this study, the voltage reference is given in place of the
grid voltage magnitude, and a virtual phase angle is used in
place of PLL-generated voltage phase angle, based on Cheng
and Nian (2016).

The block schemes of the four GFM control strategies ex-
plained above, viz. VSG, PSC, dPLL, and DPC, are shown
in Fig. 2. In the figure, vectors are denoted by x = x4 + jxg,
while scalars are denoted by x/X. The controls are imple-
mented in per unit. The coloured boxes in Fig. 2 show how
the different blocks of each control scheme fit functionally —
blue for voltage control, green for current control, and purple
for power control — into the general control structure pre-
sented in Fig. 1 and explained in Sect. 3.1.

4 Model description

A model of the system schematic shown in Fig. 3 and based
on Sakamuri et al. (2019) has been developed in PSCAD. It
consists of a 400 MW GFM OWPP connected to the onshore
AC grid by means of a 200 km long 1200 MW £320kV sym-
metrical monopole point-to-point HVDC link, as shown in
Fig. 3a.

A detailed equivalent model has been used for the half-
bridge modular multilevel converters (MMCs) of both ter-
minals of the VSC-HVDC link. This represents each sub-
module as an equivalent circuit model for simplification
while solving the network and then converting back to the
sub-modules, thus giving a fast solution along with informa-
tion about what happens inside the sub-modules. The oft-
shore terminal (T2) MMC is controlled in GFL mode since
the offshore AC network voltage is formed by the GFM
OWPP, so the converter regulates the HVDC link voltage
Vbc and reactive power injection Q> into T2. At the on-
shore terminal (T1), the MMC is controlled in GFM mode
to regulate the onshore AC voltage magnitude V| and fre-
quency f1, in the scope of the black-start case study per-
formed in this paper. The MMC models used have standard
MMC inner control loops, such as cell voltage balancing
and circulating current suppression, and the control struc-
ture for the Vpc—Q, (for T2) and Vi—f1 (for T1) modes
can be seen in Sakamuri et al. (2019). Frequency-dependent
(phase) models of PSCAD are used for the HVDC export ca-
ble. The HVDC converter transformer models include mag-
netic characteristics such as saturation and inrush current.
Finally a pre-insertion resistor (PIR) that is bypassed af-
ter a pre-insertion time (PIT) by using coordinated main-
auxiliary breakers (MB-ABs) is used for limiting the tran-
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sient magnetic-inrush current peak during hard-switching en-
ergization of the HVDC transformer.

The OWPP consists of 50 Type-4 (fully rated PEC inter-
face) 8 MW WTs, as a partially aggregated model shown in
Fig. 3b, based on Muljadi et al. (2008). It consists of nine in-
dividual WT{_9 models on the first string, the second string
with WTig_1g aggregated into a 72MW WT model, and
the remaining WT19_50 aggregated into one 256 MW model.
Coupled m-section models are used for the 66 kV array ca-
bles. Lastly the WT is modelled as a GFM unit operating
in islanded mode, and so the grid-side converter (GSC) is
modelled as a voltage source (average model) controlled by
the four different GFM strategies, viz. VSG, PSC, dPLL, and
DPC, that are explained in Sect. 3.2. This is shown in Fig. 3c.

4.1 Assumptions

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

Firstly, the WT rotor-side converter (RSC) and changes to
the turbine controller that are required for GFM operation
have not been modelled. In conventional GFL operation of
the WT, the RSC is controlled to extract maximum power
from the generator while the GSC maintains power balance
to control the DC link voltage of the back-to-back PEC in-
terface of the WT and the reactive power output at the AC
terminal. However, in GFM mode, the GSC cannot control
the WT-DC link and reactive power anymore with the re-
quired generator torque and real power being set by the AC
load, not the turbine controller, which now has to regulate the
speed using pitch control (and especially avoid overspeeding
during low AC-load and high winds). Hence the RSC control
requires changes to be able to maintain the DC link voltage
constant by ensuring real power balance (Pérez et al., 2019).
Since the WT rotor and DC link dynamics are outside the
scope of this study, the model assumes a constant WT-DC
link voltage. Additionally an average voltage source model is
used for the GSC with focus on dynamics not faster than the
bandwidth of the inner current control loop. Moreover, the
WT transformer is modelled as a pure electrical impedance
r + jx without any magnetic characteristics as it can be soft-
started along with the WT voltage ramp-up, to avoid mag-
netic inrush and saturation effects.

Secondly, for this study, although power sharing between
the WTs inside the WPP is controlled by including the outer
power control loops, the WTs are started up simultaneously
as opposed to a more realistic sequential energization, e.g.
in Yu et al. (2018), as the study mainly focuses on the ca-
pabilities of the GFM OWPP as a whole, to provide black-
start services to the onshore grid while dealing with offshore
network transients due to energization of the large converter
transformer, HVDC converters, and export cable — in a con-
trolled manner. This puts any synchronization dynamics of
multiple GFM PEC-interfaced WTs out of the scope of this
study.
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Figure 3. Schematic of the implemented PSCAD model of the system under study. This figure shows (a) the two-terminal HVDC link, with
GFL offshore MMC and GFM onshore MMC, (b) the partial aggregation used to model the OWPP, and (c) the average model of the GFM
WT-GSC implemented with four different control strategies operating in islanded mode.

4.2 Controller tuning

In this section, the tuning criteria for the control parameters
of the different control schemes are presented. In a cascaded
control structure, the inner loops are designed to achieve a
fast response while the outer loops are tuned for regulation
and stability.

Assuming a switching frequency of the wind turbine con-
verter of 1kHz, and with the main objective of the current
controller to have a fast response, a bandwidth («) of 200 Hz
has been selected (Yazdani and Iravani, 2010). A propor-
tional controller has been used as any steady-state error can
be taken care of by the outer voltage controller. This results
in the same value (« Ly) of the proportional gain for VSG and
dPLL, as that already used in the current control Eq. (6) for
the PSC scheme.

The voltage controller on the other hand is tuned to pro-
vide zero steady-state error with a bandwidth of 40 Hz and a
phase margin of 45° (Yazdani and Iravani, 2010).

The outer power control loops are tuned to be sufficiently
slower than the voltage and current controls to avoid coupling
between the control levels. Since the WPP is operating in
islanded mode, there is no grid to exchange power with based
on a set reference; rather the real and reactive power demands
are set by the load.

For the DPC, the power control loops take the form of stan-
dard vector current control, as shown in Gui et al. (2019).
Since p o ig and g iy, tuning the DPC power controller
is equivalent to tuning a slower current controller — a natu-
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ral frequency of 4 Hz with damping ratio of 0.74 has been
chosen.

A unique control loop in the dPLL scheme is the frequency
control loop that includes the cascaded voltage—current con-
troller dynamics along with PLL, as shown in Yu et al.
(2018). This requires tuning of the PLL and the controller
gain k¢ of Eq. (7). The PLL has been tuned to be critically
damped with a bandwidth of 0.5 Hz — slow enough for the
slow voltage controller which significantly reduces damping
(~ phase margin) in the system, moving it closer to instabil-
ity. While increasing k¢ leads to a faster response but with
reduced damping (Yu et al., 2018), a low value was found to
result in oscillations in the shared powers. As a trade-off, k¢
has been tuned for the frequency control loop to have a band-
width of 0.5Hz. Overall, these values ensure a high phase
margin (82°) for stable operation.

Similar to the dPLL, the cascaded voltage—current con-
troller of the VSG moves the system closer to instability
at low bandwidths, due to a significant reduction in system
damping (~ phase margin). This is justified by D’ Arco et al.
(2013, 2015b), who show that certain eigenvalues close to
the imaginary axis are sensitive to the proportional gain of
the voltage controller kpy, with higher values improving the
stability of the system. Moreover, lower switching frequen-
cies seem to shift the root locus closer to imaginary axis,
restricting the range of stable operating points. Sun et al.
(2019) show the complexity associated with tuning VSG for
damping the different oscillations, implicitly caused due to

Wind Energ. Sci., 5, 1297-1313, 2020
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coupling terms in the state-space matrix. While virtual resis-
tance helps damp the intrinsic synchronous mode of a single
droop-controlled VSC, it introduces coupling between ac-
tive and reactive powers, especially for multiple paralleled
VSCs. The inertia term J can then be tuned to provide fur-
ther attenuation, but this introduces sub-synchronous oscil-
lations which deteriorate with increased inertia. Finally ac-
cording to Sun et al. (2019), since smaller droop gains re-
duce the inter-oscillations, values for D and kq from D’ Arco
et al. (2015b) have been taken as initial estimates and then
fine-tuned for stable operation. It is important to note that
improving one oscillation mode can trigger another and that
the tuning strategy used for a single VSG might not be ap-
plicable to multiple VSGs (Sun et al., 2019). Consequently
the VSG control strategy implemented here — with a swing
equation — has been found to be limited in its damping of os-
cillations. With a slow voltage controller — smaller kpy — the
sub-synchronous mode moves closer to origin, while the syn-
chronous mode improves in damping (D’ Arco et al., 2015b).
So the voltage controller has been set to the lowest possi-
ble bandwidth (~ 150 Hz) while ensuring good damping and
stable operation, with appropriately tuned outer loops.

The complete set of tuned parameter values are listed in
Table A2.

5 Simulation results

In this section, the results of the dynamic simulations per-
formed in PSCAD are presented. The energization sequence,
events of which are described in detail in Table 1, is based
on Sakamuri et al. (2019), but includes an extra stage of DC-
side controlled pre-charging of the onshore MMC cells along
with the outer power control loops enabled for real and reac-
tive power sharing amongst the WTs inside the WPP. The
entire sequence is simulated; however, the main focus is on
testing the characteristics of the different control strategies in
enabling the OWPP to deal with the energization transients
— so we focus on the real and reactive power outputs of the
WPP and the voltage and frequency at the offshore PCC-2.
Hard-switching is used here despite the advantages of soft-
start energization, as the former is more demanding on the
GFM OWPP in terms of the transients linked to energization
of transformers, cables, and the HVDC link.

Figure 4 shows the waveforms for the real and reactive
power outputs of the WPP during the different stages of the
energization sequence. Since the GFM OWPP is operating in
islanded mode, the real and reactive power demand is set by
the load, which depends on the particular stage of energiza-
tion. For Stage 2, it is the reactive power required for mag-
netic energization of the offshore HVDC transformer and
AC-side pre-charging of the offshore MMC cells. A PIR is
inserted for PIT duration to limit the inrush peak. In Stage 3,
power is required to energize the HVDC cable when the off-
shore MMC is de-blocked to control the HVDC link voltage,
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while in Stage 4, the DC-side pre-charging of the onshore
MMC cells draws power from the OWPP to maintain the
energy balance on the HVDC link. Finally the OWPP sup-
plies power to match the onshore block load in Stage 6. It
is clear from the P Q waveforms shown in Fig. 4 that there
are some differences in the transient behaviour of the four
control strategies, despite having an overall similar profile.
PSC and VSG show a delayed response, as indicated by the
delayed peaks, in Stages 2 (at 1.65s), 3, and 4a and b. This
is due to the right-half-plane zero in the closed-loop transfer
function i—g(s) for the power-based synchronization meth-
ods, as shown in Zhang et al. (2010). The dPLL shows a
synchronous and sub-synchronous mode getting excited at
Stage 4b probably due to a change in system coupling. How-
ever this is damped after some time due to the current control.
Finally the DPC, due to its overall standard current control
structure, shows good damping of oscillations, as apart from
overcurrent limitation the current controller’s function is also
to damp resonance modes (Zhang, 2010).

Since the scope of this study is to focus on the OWPP be-
haviour as an AC voltage source during the different stages
of energization, the waveforms for the voltage and frequency
at the offshore PCC-2 are presented in Figs. 5 and 6, respec-
tively. The GFM WPP, controlled as an AC voltage source,
has different characteristics based on the control method
used. The V waveform in Fig. 5 shows that the OWPP with
the four different GFM controls can successfully energize the
transformer, cables, and MMC cells and supply the onshore
load, while maintaining a stable voltage at the offshore PCC-
2, with the transient distortions during the different stages
being recovered fast by the GFM controls.

An interesting observation in Fig. 5 is that during Stage 4,
there is oscillation in the voltage for VSG, which transiently
increases as the active power increases (Fig. 4) with fre-
quency decreasing at 2.5 and 2.8 s (Fig. 6). This is linked to
the energy imbalance in the HVDC link as the offshore MMC
cells discharge during the charging of onshore MMC cells,
to which the WPP then reacts by producing the required ac-
tive power and absorbing the reactive power generated from
the capacitor charging, as shown by the negative var curves
in Fig. 4 — Stages 4a and b. Comparing with synchronous
generators, this can be understood similar to transient rotor-
angle instability during large load changes in weak networks,
which in our case is due to virtual resistance and a transient
change in network coupling during capacitor charging. To
enhance stability of the VSG, a virtual automatic voltage reg-
ulator (AVR) can be used like in synchronous generators and
is the work of future studies.

Having looked at voltage, the other key aspect of the grid-
forming WPP is its frequency response. The frequency wave-
form in Fig. 6 shows significant differences in the frequency
transients, highlighting the frequency control characteristics
of the different grid-forming methods, although overall the
frequency swing is in the range of 49.8-50.2 Hz, except in
Stage 1.
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Table 1. Simulation events of the energization sequence.
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Stage Time (s) Events
1 0  WTs energized simultaneously and operating in GFM mode.
2 1.3 GFM WPP is connected to energize PCC-2, and MB is closed to insert PIR for energizing
the offshore HVDC transformer and pre-charging the offshore MMC cells.
1.6 PIR is bypassed after PIT (= 0.3 s) by closing AB.
3 2.1  Offshore MMC is de-blocked to control the HVDC voltage — HVDC link is energized.
4 2.5 (a) Controlled pre-charging of onshore MMCs upper-arm cells with lower arm bypassed.
2.8  (b) Controlled pre-charging of onshore MMCs lower-arm cells with upper arm bypassed.
3.1  (c) Controlled pre-charging of onshore MMC finished; both arms blocked.
5 3.3 Onshore MMC is de-blocked to control voltage and frequency — onshore AC PCC-1 is energized.
6 4 Onshore 30 MW block load is connected.
— VSG
— PsC
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— DPC
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Figure 4. Real (solid line) and reactive (dotted line) power output of the offshore WPP with zoomed insets to show transients in selected

stages of the energization sequence.

At startup (Stage 1), there is a high-frequency swing due
to simultaneous connection of all GFM WTs. Although this
would be avoided in reality due to sequential connection of
WTs, it gives a glimpse into the characteristics of the dif-
ferent control methods. The VSG and dPLL, with standard
cascaded voltage—current control, show reduced damping at
such low bandwidths, as discussed in Sect. 4.2. Although the
VSG has inertia that provides additional attenuation, it intro-
duces a sub-synchronous resonance mode that can be seen in
the later stages. The PSC has integral control in its voltage
loop to suppress the high-frequency disturbances along with
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a high-pass filter for damping the resonant modes. Moreover,
since the DPC has the standard vector current control struc-
ture, it has a well-damped response.

In Stage 2, the event at 1.6s is quite demanding in terms
of the power peak for dPLL and DPC and is associated
with a large frequency swing, especially for dPLL due to
reduced system damping from the low-bandwidth cascaded
controller. For the power-synchronization controls, viz. PSC
and VSG, their active damping characteristic or inertia helps
slow down the swing. However, looking closely at 1.6s
(Stage 2) in Fig. 6, the effect of the right-half-plane zero, al-
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Figure 6. Frequency at offshore PCC-2 with zoomed insets to show transients in the different stages of the energization sequence.
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though well damped, can be seen in the non-minimum phase
behaviour.

In Stages 3 and 4, the power-synchronization-based meth-
ods, viz. PSC and VSG, have the largest swing in frequency
and power due to the capacitors in the circuit being charged,
resulting in negative var for the WPP and a changed coupling
in the circuit. This shows that power-synchronization-based
methods are prone to oscillation when the system coupling
is changed. Lastly, the DPC has no closed-loop voltage con-
trol but just standard current control with a virtual phase an-
gle and shows superior performance, compared to the other
control schemes. This indicates that having decoupling feed-
forward terms in the voltage loop can deteriorate the perfor-
mance, especially during energization of capacitive loads that
change the networks’ coupling in the initial stages of black
start. However, although DPC works well in islanded mode,
future studies are needed to investigate its behaviour during
synchronization transients and faults.

Overall the VSG control shows oscillatory behaviour in
all stages. This is due to the reduced damping in the sys-
tem for low bandwidth cascaded voltage—current control. As
discussed in Sect. 4.2, although virtual resistance damps the
synchronous oscillations, it changes the coupling, leading to
more resonance modes. Inertia has been tuned to provide ad-
ditional damping, but it introduces a low-frequency mode,
which is excited in all the different stages in Fig. 6. Sun et al.
(2019) show that oscillation damping by modifying outer
power control loops — using a derivative term for lead-lag
controller, or with adaptive feed-forward compensation — can
avoid requirement of virtual impedance and damp oscilla-
tions more flexibly. The frequency swing is most pronounced
in Stage 4b at 2.8 s when the onshore MMC lower-arm cells
are pre-charged. This event also triggers a near-50 Hz oscil-
lation for the dPLL due to the reduced damping, again as a
consequence of the standard cascaded control structure with
low bandwidths. These oscillations will be more damped for
greater values of resistance in the system. It is important to
note here that no auxiliary load has been simulated, and the
WT converter equivalent resistance is considered to be 0.
Thus, system damping is limited only to losses and trans-
former resistance.

6 Conclusions

Recent field tests on HVDC interconnectors have shown that
VSC-HVDC can be used for black-start services. This makes
VSC-HVDC-connected offshore wind power plants promis-
ing candidates for providing black-start and islanding opera-
tion capabilities, as conventional generation is being phased
out and wind power plants grow bigger to meet the decar-
bonization aims. This paper presents an analysis of the tran-
sient behaviour of an HVDC-connected offshore wind power
plant participating in a traditional bottom-up power system
restoration procedure and focuses on grid-forming as the
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main control change required to enable black-start and is-
landing services from wind turbines. The general working
principle of grid-forming control has been explained with the
constituent functional blocks, along with a conceptual expla-
nation of four different techniques, viz. virtual synchronous
generator, power synchronization control, distributed PLL-
based control, and direct power control. These methods were
then implemented and compared in a study of the black
start of onshore load by an HVDC-connected offshore wind
power plant, focusing on transients due to energization of
transformers, cables, MMC cells, and an HVDC link.

The simulation results show that all four methods are able
to deal with the energization transients in a controlled man-
ner while maintaining stability of voltage and frequency at
the offshore terminal. However, differences in their transient
behaviours were observed and a qualitative discussion was
presented. It has been shown that the low bandwidth of stan-
dard cascaded control structure —in VSG and dPLL —reduces
system damping, pushing the system closer to instability.
Moreover, the performance of power-synchronization-based
methods — viz. VSG and PSC — depends on the network cou-
pling and can deteriorate for capacitive loads. Finally the lack
of any decoupling terms in the voltage control — for PSC
and DPC — results in a superior performance, as the network
is weak, with less clear decoupling between the traditional
P — f and Q — V inter-dependencies. While the results pre-
sented in this paper provide an initial comparison between
the different grid-forming control strategies, further investi-
gation is needed, especially in regards to harmonic load shar-
ing, synchronization transients during sequential energiza-
tion of wind turbines inside the wind power plant, and the ef-
fect of black-start and islanded operation on rotor and turbine
DC link dynamics, before concluding on the best control ap-
proach for black-starting the wind turbines. Lastly auxiliary
load is expected to improve performance, by enhancing the
damping in the system, which is critical in the initial stages
of black start, and should be modelled.
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Appendix A: Parameters

Table A1. Main circuit parameters of the model (T2 — offshore, T1

— onshore, X1, — leakage reactance).

Parameters

Values

WT rating

EMW, 66 kV

WT GSC filter

Le=10%, C;=5%

WT transformer

0.69/66kV

WPP rating

R=1%,X.=1%
400 MW

HVDC transformers

1200MVA, X1, = 15%
T2: 66/390kV
T1: 390/400kV

PIR, PIT 120€2,0.3s
HVDC link rating +320kV, 1200 MW, 200 km
MMC 1200 MVA

225 submodules per arm

Onshore load

30 MW

Table A2. Tuned control parameter values in per unit.

Control  Parameters  Values
VSG P; 0.4
PI, 0.11,2.55
ry 0.2
J 2 x 103
D 4 x 109
kq 0
PSC ry, Oy 0.5, 40
ru 0.8
kp 0.004
Pl, 1,0.01
dPLL P; 0.4
PI, 0.02, 2.55
Plpr 1, 10, 25
ke 50
PI, 4,40
kq 0.01
DPC PI 0.012, 0.21
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dPLL
DPC
DRU
GFL
GFM
GSC
HVAC
HVDC
(O)WPP
PCC
PEC
PIR
PIT
PLL
PSC
VSC
VSG
WT

Appendix B: Nomenclature

Distributed PLL-based control
Direct power control

Diode rectifier unit
Grid-following control
Grid-forming control

Grid side converter
High-voltage alternating-current
High-voltage direct-current
(Offshore) wind power plant
Point of common coupling
Power electronic converter
Pre-insertion resistor
Pre-insertion time

Phase-locked loop

Power synchronization control
Voltage source converter

Virtual synchronous generator control
Wind turbine
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