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Abstract: The increasing use of renewable energy sources in place of conventional generation units
is leading to a reduction in onshore inertia and to the development of offshore wind park grids
connected by multiple high-voltage direct current (HVDC) connections to the onshore alternating
current (AC) grid. For AC-side meshed offshore grids with voltage-source converter (VSC) and diode
rectifier unit (DRU) HVDC connections towards onshore grids, this study focuses on the energetic
feasibility of synthetic inertia (SI) and primary control reserve (PCR) contributions triggered locally at
the onshore converters of both connection types. To this end, the obstacles preventing contributions
for VSC HVDC connections and the mechanisms allowing contributions for DRU HVDC connections
are identified first. Based on these findings, the article proposes an enhancement of the offshore HVDC
converter controls that is continuously active and allows locally triggered onshore contributions at all
onshore HVDC converters of both connection types without using communication and requiring
only minimal system knowledge. Additional simulations confirm that, although the enhancement is
continuously active, the operational performance of the offshore HVDC converter controls for normal
offshore grid operation and its robustness against offshore AC-side faults are not affected.

Keywords: synthetic inertia; primary control reserve; offshore grid; HVDC; voltage-source converter;
diode rectifier unit; HVDC converter control; offshore control concept

1. Introduction
1.1. Motivation

With the increasing use of renewable energy sources and the coinciding decommission-
ing of conventional generation units to meet the European goals for reducing greenhouse
gas emissions, a fundamental change in the electrical power system is taking place [1,2].
This change involves a decrease in inertia within the onshore grid, as conventional genera-
tion units usually involve synchronous generators with rotating masses, whereas renewable
generation is connected by power electronic inverters instead [3,4]. Being directly related
to frequency stability, the decrease in inertia is closely monitored by the European Network
of Transmission System Operators (ENTSO-E) and, amongst others, addressed in the Eu-
ropean Union (EU)-funded projects MIGRATE (Massive Integration of Power Electronic
Devices) and RE-SERVE (Renewables in a Stable Electric Grid) [3-7].

At the same time, the increasing use of renewable energy sources is reflected by
ambitious development goals, e.g., for offshore wind parks (OWPs). According to the
European strategy for offshore renewable energy, the EU-wide installed capacity of OWPs
should reach 60 GW by 2030 and 340 GW by 2050 [8]. Recently, nine countries adjacent to
the North Sea, including Germany, made a joint commitment to install 120 GW of OWP
capacity by 2030 and 300 GW by 2050 in the North Sea alone [9]. To achieve such targets,
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instead of the dedicated high-voltage direct current (HVDC) connections (see Figure 1a)
in a symmetrical monopolar configuration used for groups of OWPs today, increasingly
more complex offshore grid structures will need to be developed in the North Sea [10,11].
In the near future, offshore grid structures with offshore alternating current (AC)-side
parallel operation of HVDC connections (see Figure 1b) are expected, while in the more
distant future, offshore AC-side (see Figure 1c) or offshore AC-side and direct current
(DC)-side meshed grid structures (see Figure 1d) with multiple international connections
are expected [10-12].
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Figure 1. Expected development of the fundamental offshore grid structure of future erections:
(a) dedicated HVDC connections; (b) AC-side parallel HVDC connections; (c) AC-side meshed
HVDC connections; (d) AC- and DC-side meshed HVDC connections.

As illustrated in Figure 1c,d, future offshore grid structures may include HVDC
connections of different technologies and bipolar configurations as well. In addition to
connections using voltage-source converter (VSC) technology (see Figure 2a), which is well
established for OWP connections today, connections using a passive diode rectifier unit
(DRU) as an offshore converter (see Figure 2b) might also be integrated [11-13].

(a) Offshore Onshore (b) Offshore Onshore

Figure 2. Use of a dedicated (a) VSC and (b) DRU HVDC connection for OWP connection.

Compared to VSC HVDC connections, DRU HVDC connections promise cost savings
due to reduced space requirements on the offshore platform, less maintenance, as well as
lower power losses [14,15]. According to the manufacturer, overall cost savings of up to
30% and reductions in power losses of up to 20% can be achieved [15,16]. However, these
benefits come at the price of DRU converters being passive and therefore dependent on
other units controlling the offshore grid voltage and frequency, such as the offshore wind
turbines or other active offshore HVDC converters [14]. In addition, the AC- and DC-side
voltage-dependent active power flow of DRU converters is unidirectional, and harmonic
filters as well as offshore reactive power compensation are required [14,15]. Due to the
need for adapted offshore wind turbine controls, no DRU HVDC connections have been
used for dedicated OWP connections as of the end of 2022. More likely, therefore, is the
integration of both VSC and DRU HVDC connections into more complex future offshore
grid structures, as proven feasible within the EU-funded PROMOTioN (Progress on Meshed
HVDC Offshore Transmission Networks) project [17] and investigated further within the
government-funded German NSON II (North Seas Offshore Network II) project [18].

Against the background of future offshore grids using different HVDC technologies
for international connection and the onshore decrease in inertia, the question is raised of
how such offshore grids can improve the onshore grid’s frequency stability by providing
synthetic inertia (SI), fast frequency response (FFR), and primary control reserve (PCR)
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contributions. This article evaluates the effects of onshore SI and PCR contributions on
an offshore grid being AC-side meshed (see Figure 1c) and connected by VSC and DRU
HVDC connections to propose enhancements to the offshore HVDC converter controls,
overcoming barriers to said contributions.

1.2. Related Work and Contributions of This Article

To place this article in the context of existing research, a distinction is first made
between the terms synthetic inertia, fast frequency response, and primary control reserve
contribution for converter responses to grid disturbances, as there are a variety of un-
derstandings. In this article, SI refers to near-instantaneous changes in the converter’s
output voltage phasor due to grid disturbances, e.g., based on power measurements, and,
therefore, inherent active power responses [13,19]. In contrast, FFR refers to all active power
responses based on frequency (derivative) measurements, naturally delayed, to deduce
corresponding changes in active power dispatch [13,19]. PCR is activated in the same way
as FFR, but on a slower time scale and with the requirement to be maintained longer [20].
While SI, FFR, and PCR contributions improve the frequency nadir, only SI contributions
are able to influence the gradient of frequency at the moment of disturbance [13,19]. The
terms SI, FFR, and PCR are used below as defined, regardless of the terminology used in
the references cited. As of the end of 2019, only the German grid code addresses an SI
requirement for HVDC connections based on the network code HVDC [13,21-23]. The
implementation of this requirement as SI or FFR is to be coordinated with the responsible
transmission system operator [24].

For OWPs connected by a single VSC HVDC connection, FFR contributions, in partic-
ular, are studied in the literature [25-34]. The required energy is inherently taken from the
DC link of the HVDC connection, thereby lowering the DC voltage. While the feasibility
and the benefit during onshore grid disturbances are demonstrated in [25,26], the amount
of energy that can be extracted before the lowered DC voltage restricts the operation of the
HVDC converters is very limited [26]. In order to utilize additional energy from the OWP,
e.g., energy retained by wind turbine (WT) curtailment or stored within the rotating masses
of the WTs, additional mechanisms need to be implemented. These mechanisms can be clas-
sified according to their use of long-distance communication between the onshore HVDC
converter and the offshore grid [35,36]. With long-distance communication, the required
contributions detected at the onshore HVDC converter are communicated to the offshore
WTs, which change their active power dispatch to provide the required contributions [27].
Such mechanisms allow for contributions to FFR and also PCR, but, given detection and
communication, are not capable of SI contributions. Without long-distance communication,
the offshore HVDC converter must either translate offshore DC voltage changes caused
by onshore contributions into offshore grid frequency changes [28-30] or communicate
such DC voltage changes to the offshore WTs via short-distance communication [31-33]. In
both cases, the WT controls will need to be modified to respond accordingly to frequency
changes or communication signals [28-33]. In addition, to avoid changes in WT active
power dispatch at times when no contributions are required, the offshore DC voltage
needs to be kept nearly constant. For this purpose, the author of [34] proposes a dynamic
onshore DC voltage setpoint calculation using the HVDC active power transmission. Both
mechanisms without long-distance communication allow for contributions to FFR and PCR,
but also SI, e.g., by applying instantaneously reacting onshore HVDC converter controls
with swing equation emulation [31,33,36]. A general overview of HVDC converter controls
with swing equation emulation is given in [36]. However, in the context of OWP connec-
tions, none of the references cited in this paragraph focus on the effects of onshore HVDC
converter contributions to SI on the DC link and the offshore grid supplying the energy.

For OWPs connected by multiple VSC HVDC connections, mainly FFR and PCR
contributions of DC-side meshed connections are focused on in the literature, while SI
contributions are not explicitly addressed [37-41]. Overall, similar findings as for single
VSC HVDC connections are obtained. In [37], the mechanism presented in [25] is adapted
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for use with DC-side meshed HVDC connections, further on using only the very limited
energy stored in the DC link. As a result, only FFR and no PCR contributions are pos-
sible [37]. Furthermore, the mechanism requires preselection, i.e., that the contributing
behavior is assigned exclusively to one of the onshore HVDC converters [37]. For the
utilization of additional energy from the OWP, [38] compares mechanisms with and with-
out long-distance communication for PCR contributions, highlighting the difficulties of
avoiding communication such as unwanted droop interactions of HVDC converters. Using
long-distance communication, [39] proposes a mechanism for FFR contributions, but the
ineligibility of SI contributions due to measurement delays remains. In contrast, the authors
of [40,41] couple offshore DC voltage and offshore grid frequency to avoid long-distance
communication. By this, aside from FFR and PCR contributions, SI contributions are also
feasible, although not investigated further [40,41]. In addition to the previously mentioned
prerequisites for using such a mechanism for single VSC HVDC connections, it cannot
easily be implemented for offshore AC-side parallel and meshed HVDC connections, as
the frequency of the offshore grid cannot be defined by more than one HVDC converter
without further coordination.

For OWPs connected by a single DRU HVDC connection, which naturally requires
grid-forming WT controls [42-47], contributions to FFR [43,47] and PCR [42-46] are stud-
ied in the literature. In [42,43,47], mechanisms using long-distance communication are
evaluated, with the delays involved again preventing contributions to SI. A mechanism
based on communicating the offshore DC voltage to the WTs in order to detect ongoing
contributions is proposed in [44], but neglects the need for an otherwise constant offshore
DC voltage. The mechanism presented in [45] detects ongoing contributions locally in the
WT controllers by offshore AC voltage deviations, but it is not clarified to what extent the
mechanism interferes with normal offshore grid operation, e.g., for changes in WT gen-
eration, when no onshore contributions are required. Finally, [46] compares mechanisms
with and without long-distance communication for PCR contributions and demonstrates
the feasibility of avoiding such communication. However, more complex offshore grid
structures using DRU HVDC connections or the offshore effects of onshore SI contributions
are not found in the literature. The same applies to offshore grid structures using both VSC
and DRU HVDC connections.

Against this background, the article at hand contributes a first study on onshore SI and
PCR contributions of an AC-side meshed offshore grid including both VSC and DRU HVDC
connections. For a given grid model and HVDC converter controls, the first objective of the
study is to point out the differences between VSC and DRU HVDC connections in terms
of contribution feasibility, as the required energy has to be provided by the offshore grid.
These differences have not been addressed in the literature so far. The second objective of
the study is to propose an enhancement to the offshore HVDC converter controls to allow
offshore energy provision and subsequently SI and PCR contributions at all onshore HVDC
converters of such grid structures, avoiding a converter preselection for contributions
and naturally also including the feasibility of FFR contributions. As locally triggered SI
contributions are targeted, the enhancement does not make use of communication for
the contribution. To keep the enhancement to a minimum, it only applies to the offshore
HVDC converter controls and not the WT controls. Furthermore, it is ensured that the
enhancement does not negatively affect the behavior of the HVDC converter controls
during normal operation and faults, when no contributions are required.

The article is structured as follows. A grid model overview and a description of the
HVDC converter controls are provided in Section 2. The simplified modeling of onshore
SI and PCR contributions in the context of the study objectives is presented in Section 3.
Section 4 examines the feasibility of the above-mentioned onshore contributions for both
VSC and DRU HVDC connections and highlights the inherent sources of the required
energy. In Section 5, the offshore HVDC converter control enhancement is proposed,
and its characteristics are demonstrated and discussed in Section 6. The impacts of the
enhancement on normal operation and fault behavior are evaluated in Section 7. Section 8
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concludes the study by summarizing the main findings and highlighting ideas for further
research.

2. Modeling

The simulations were performed as electromagnetic transient (EMT) simulations in
DIgSILENT PowerFactory 2019 SP4 (Gomaringen, Germany) and automated using Python
3.5 (Beaverton, OR, USA). Due to the modeling depth, only an overview of the grid model
originating from the German NSON II project is given, while the study-relevant HVDC
converter controls are described in detail. The complete grid model dataset is available
online [48]. The descriptions are based on the corresponding project reports [49,50], which
are, however, only available in German.

2.1. Grid Model

Figure 3 shows the layout of the symmetrical three-phase grid model. The grid model
contains three offshore main nodes (A, B, C) mutually interconnected by multiple cable
systems, with six OWPs and five VSC HVDC connections leading to separate onshore grid
representations, which are not connected to each other otherwise. The total rated HVDC
transmission power and the total rated OWP power are 4500 MW each. The assumed OWP
topology and the grid model parameters used are based on real OWP connections in the
German North Sea [49]. For the WT and VSC HVDC converters, average value models
that behave like a voltage source behind an impedance are used, neglecting the harmonics
introduced by switching operations.

HVDC 1, 900 MW replaceable by a DRU

T A HVDC 4, 900 MW
RS-0 k‘“]ZIT Cir=x 7]
""""" o — 200 km L
. (uaemE
OWP 1 @ 70 kn
180 MW . _
OWP 2 70 km
1980 MW .
HVDC 2, 900 MW
Foe]
s 00k [/
HVDC 3, 900 MW

R A0 [

[ 11 N
GCP KIm €ach

OWP 3 301 (S OO MW
e () ." 2‘3535

OWP 4 30 km
1080 MW .® 90 MW

Figure 3. Layout of the offshore AC-side meshed grid model with the three main nodes A, B and

4 km 50 km ](;;)(\)VI\I/’“?V

OWP 6
50 km 00w

C and with indication of the cable connection lengths (green), rated HVDC transmission power
(orange), and rated OWP power (blue) [50].

The OWPs in Figure 3 use type 4 WTs with a rated voltage of 66 kV AC and a rated
power of 15 MW each. The WTs are modeled up to their DC-side capacity including the
DC infeed and the DC chopper. As WT controls, the direct voltage control of [51] with a
phase-locked loop (PLL) for synchronization with the offshore grid is used. The OWPs
with a rated power of 180 MW (OWPs 1, 3, 5) each consist of one WT string set up in
detail and one aggregated WT string of 90 MW (see Figure 3). For OWPs with higher rated
power (OWPs 2, 4, 6), both WT strings are modeled as aggregated to reduce the calculation
effort. Each OWP is equipped with an OWP controller according to the German offshore
grid connection rules, following a Q(V) slope at the corresponding grid connection point
(GCP) [52].

The VSC HVDC connections in Figure 3 are assumed to be symmetrical monopoles
with modular multi-level converters (MMC) and transformers at both ends and a DC



Energies 2023, 16, 6700

6 of 22

chopper on the onshore side. The key parameters of the offshore and onshore HVDC
converters and their submodules (SM) are given in Table 1, while the key parameters of the
DC cables are given in Table 2.

Table 1. Key parameters of the offshore and onshore VSC HVDC converters [49].

Parameter Offshore HVDC Converter Onshore HVDC Converter
Sy 917 MVA 971.2 MVA
Py, O 900 MW, +£127 Mvar 900 MW, +365/—293 Mvar
Viac, ViDe 363 kV AC, £320 kV DC 380 kV AC, +320 kV DC
Larm, Rarm 55 mH, 5.5 mQ) 55 mH, 5.5 mQ)
Nsm, Csm 230 (per arm), 11 mF 235 (per arm), 11 mF

Table 2. Key parameters of the DC cables [49].

Parameter R’ (20°C) L’ G (64
Value 12.9 mQ)/km 157 nH/km 0 uS/km 226 nF/km

As indicated by the dashed red squares in Figure 3, the offshore converters (including
their transformers) of the VSC HVDC connections 1 and/or 4 can be replaced by a passive
DRU converter (see Figure 4). This turns the selected VSC HVDC connections into DRU
HVDC connections and, given the choice, yields four variants of the grid model.

DRU —| Reactive Power Compensation |

Harmonic Filter

' & DRU Module
]

Figure 4. Layout of an offshore DRU HVDC converter including reactive power compensation and
harmonic filters in the offshore grid model in Figure 3 [14-16,49,50].

2.2. Offshore HVDC Converter Controls

As DRU converters are passive, only the offshore converters of the VSC HVDC con-
nections require controls. The description of these controls exemplarily assumes five VSC
HVDC connections, but the functionality of the controls is independent of the number of
VSC HVDC connections and therefore offshore VSC HVDC converters.

The offshore converter control structure (see Figure 5) is communication-based and
consists of a common voltage control and one subordinate local current control for each
offshore VSC HVDC converter. All control signals use per-unit (p.u.) values based on the
converter rating.

In the offshore grid, the voltage phasor at node A (see Figure 3) is measured in the
ap-frame and then transformed into a dg-frame that is constantly rotating at the nominal
frequency of 50 Hz. This dq-frame will be referred to as the “global dq-frame”. The aim
of the voltage control is to align the measured voltage phasor with a reference voltage
phasor on the d-axis of the global dg-frame, thus taking over voltage, frequency, and
angle control at node A. For this purpose, the voltage control requires the d- and g-axis
current component contributions defined by the reference values (marked with asterisks)
i 4n and i g, to be provided, which are interpreted by the individual current controls as
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active and reactive current components relative to the inner voltage source phasor of the
corresponding nth converter. As a result, the offshore converters will collectively act as
an active and reactive power slack within the offshore grid. The required continuous
communication consists of the transmission of i g, and i*qn from the voltage to the current
controls, while the orientation of the global dg-frame can be derived from radio clock
signals instead [53].

va=1.012
va,| LPF
20 ms

Transformation | cosf, sind
Angle
.* K ‘y
Id1, Iql N
3 ”|| Current || Md1, Mq1 _||:Converter
Voltage Vo, V) Vg, Vg || Voltage Control 1 1
& b | ap/d e [P emcll S
Measurement q Control r ..
""" Ld1, Iq1, VDCI
Sk WK +
La2, 1q2
"|| Current || M2, Mgz _||:Converter

Control 2
r i1, g, VD2

4

Current || Mds, Mqs > Converter
|_> Control 5 5

K JE
lds, lgs

ids, Ig5, VDCS

Figure 5. Structure of the offshore HVDC converter controls [50].

The block diagram of the voltage control is shown in Figure 6, with the parameters
given in Table 3. The state variables of the PI controllers are initialized with the mean value
of the corresponding outgoing current components so that the sum of the dynamically
initialized distribution factors K;;p and K;q is five each. First-order low-pass filters (LPF)
are used to model voltage measurement and signal processing delays. The value of 1.12 p.u.
corresponds to the maximum continuous current allowed by the converters.

+1.12 +1.12
[ . [
Pl | igoy _ vg=0 Pl | igoy
- vads Tivd - vaq: Tivq
7 7
+1.12 Vq LPF +1.12
[~ P 20 ms [~ P
—»| L dL —»> L al
—» |, —» |2,

v i;s v ios
> e

| i Lo
—> Limit—2— 30 —> Limit—2—

Figure 6. Block diagram of the voltage control in Figure 5: (a) d-axis component control path;
(b) g-axis component control path [50].
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Table 3. Parameters of the voltage control in Figure 6 [50].

Parameter Value Parameter Value
vad 0.2 Kpvq 30
Tivd 0.15s Tivq 0.15s

Figure 7 shows the block diagram of the current controls of each converter from
Figure 5 with the count variable n omitted from the signal names. All current controllers
are equipped with the same parameters listed in Table 4. The novelty of the current control
is that, in addition to the global dg-frame, a local dg-frame is used. The angle 6; of the
local dg-frame within the global dg-frame is not derived by a PLL tracking the angle of
a measured voltage phasor, but is derived directly from the modulation index phasor
outputted by the current control [54]. This way, the d-axis of the local dg-frame is aligned
with the inner voltage source phasor of the converter in a steady state. Applying the
rotational transformation between the global and local dg-frame to all input and output
phasors, except the current reference phasor, makes using the local dg-frame invisible from
outside the current control, but allows for interpreting i 4 and i*q as active and reactive
current components.

1.05
+1.12 = 1.05
id > leII; > L idlim O PI O Vdtout > mI_ mdtout= Miout > Mout > mq >
Limit 1 K_"/id’ Tiig 1 —> calc.
* il | .+ 0 J to to
_lq—> Lglim +0.3 0 +
L F 403 polar K) rect.
0 PI Vatout | mI_ Mgiout Grout N Oout N | me
- K_”,iq’ Tiiq - > calc.
— )
0.3 03
d > c Lot »[0.0601 LPF
. i 0.2s
lq N lqt 1 N
»> »0.0601
Vbc
LPF
2 ms ‘V'
LPF
2 ms

Figure 7. Block diagram of the current controls of each converter in Figure 5 with the distinct
components highlighted in different colours [50].

Table 4. Parameters of the current controls in Figure 7 [50].

Parameter Value Parameter Value
Kpid 0.8 Kpiq 0.8
Tiid 10 ms Tiiq 10 ms

The limits applied to the calculated d- and g-axis modulation index components
(1.05 p.u. and 0.3 p.u., respectively) allow a maximum modulation index phasor magnitude
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of ~1.10 p.u. This value grants a slight overmodulation, but is below the value of ~1.15 p.u.
that can be achieved with third harmonic injection [55]. However, only the fundamental
frequency is considered in the converter model.

To limit the converter currents in the event of AC-side faults, the current controls in
Figure 7 apply the threshold virtual impedance from [56] directly to the output voltage
phasor components. Furthermore, the reference value for the d-axis current component
is limited to a voltage-dependent range corresponding to an active power transmission
between —900 MW and +900 MW (—0.9815 p.u. and +0.9815 p.u.) [50].

2.3. Onshore HVDC Converter Controls

For both VSC and DRU HVDC connections, each onshore converter independently
applies the control structure shown in Figure 8, so a counting variable in the signal names
is not necessary. All signals use p.u. values based on the converter rating.

ida iqa VDC |
L Onsh Schop o
nshore g
Power P9 | Control Mg, Mg | l Cclé(;l}g);:lr Sact C\I/l;)lggzr
Measurement Onshore Vpe
Converter
PLL cosf, sind r

Figure 8. Structure of the onshore HVDC converter controls [50].

Active and reactive power are measured at the AC-side terminals of the converter.
For the PLL, the standard PowerFactory model [57] is used. The HVDC chopper valves
are activated when the DC voltage exceeds 1.2 p.u. and deactivated when it falls below
1.1 p.u. again. The signal sqop allows chopper valve activation during the Emergency
Power Control 1 (EPC1) system automatic required by the German grid code [23].

The block diagram of the onshore converter control in Figure 9 is equipped with the
parameters in Table 5. The control variables are the AC-side reactive power exchange q and
the DC-side voltage vpc of the converter. By standard, sgeject is zero, so the upper inputs of
the selection blocks are active. During EPCI1, sgct is set to one, which activates the lower
inputs of the selection blocks, freezes the upper left PI controller, and passes the output
signal of the EPC1 block instead. As only the existing selection blocks and not the EPC1
system automatic will be used in this study, no description of the EPC1 block is given.

ig

Voo +1 +1.05
[ [
| ;)\ Avpe . Select_» PI . Select i X Ay Pl my
~ K- Kp_[;C, Tipc K_plida Tig
p.| LPF [0} | -1.05
5 ms t _ T
Sselect — 0
A4
EPC1
q LPF
™ 5ms +0.31 +0.3
* I_ * I_
qg =0 >0 Agq N PI lo Ai PI mq
anw Tiq - Kniqa Tiiq
7 7
—0.38 -0.3

Figure 9. Block diagram of the onshore converter controls in Figure 8 [50].
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Table 5. Parameters of the onshore converter controls in Figure 9 [50].

Parameter Value Parameter Value
Kppe 10 Kpq 5
TiDC 5ms Tiq 100 s
Kpid 2 Kpiq 2

Tid 2 ms Tiiq 2 ms
Kp 0.011

1 valid for VSC HVDC connections only; for DRU HVDC connections, Kp, is set to 0.

3. Simplified Modeling of Onshore SI and PCR Contributions

During inherent SI contributions, the active power response of the onshore HVDC
converter is deliberately not shaped by the objective of DC voltage control. As this study
focuses on the energetic feasibility of contributions rather than on their onshore impacts,
and thus only simplified onshore grid representations are included, the detailed modeling
of the mechanisms of SI and PCR contributions is not necessary. Instead, a simplified
modeling approach in the form of a manually triggered active power schedule is adopted,
temporarily replacing the objective of DC voltage control and resembling the characteristic
challenges of both SI and PCR contributions. For this purpose, the DC voltage control path
of all onshore HVDC converters is extended, as shown in Figure 10. By standard, the value
of the added parameter siq is zero, leaving the controls unaffected. If a value other than
zero is assigned to s;q during simulation, the left selection block will immediately freeze
the subsequent PI controller. At the same time, the value of sq;q, generated out of s;q by
passing an LPF, is added to the active current component reference, resulting in an active
power response of the converter until s;4 is reset to zero and DC voltage control continues.

iq

Voe +1 +1.05

[ [
vhe )\AVDC R Select PI Select i Y= Aig PI my

- > 4 5
Kp_DIC, Tin(| : K_plids Tig
i Sdid
p | LPF [0+ 0 Y
5 ms s T
select

v

[o}F—
a=bh? > Sehop
S AND EPCl1
LPF Sdid
Ilms [

Figure 10. Block diagram of the DC voltage path of the onshore converter controls extended by the
simplified modeling of onshore SI and PCR contributions (red).

In this study, the active power schedule is defined as assigning the exemplary value of
+0.106 to s;q and resetting the value to zero 2.5 s later. The resulting AC-side active power
response of an onshore converter with an assumed initial dispatch of 640 MW, with the
offshore converter represented as an ideal DC voltage source, is shown in Figure 11.

The rise time (10% to 90%) of the active power response in Figure 11 of only 1.5 ms
resembles the energetic challenge of inherent SI contributions. On the other hand, the
amount of 100 MW and the duration of 2.5 s resemble the energetic challenge of PCR
contributions. A duration of 2.5 s is manageable with the EMT models used and at the same
time sufficient to determine whether a steady state is reached, and therefore, contributions
of longer duration are also feasible. Consequently, the defined active power schedule can
be used to determine the feasibility of both SI and PCR contributions.
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Figure 11. Active power response of an onshore HVDC converter for the defined active power
schedule used to model SI and PCR contributions.

4. Feasibility and Effects of Onshore SI and PCR Contributions

For the OWPs and the HVDC connections of the grid model (see Figure 3), the initial
active power operating points are assumed, as shown in Table 6. Table 6 also lists the
designations of the four grid model variants (differing regarding the presence of DRU
HVDC connections) that are used throughout this paper. Each result depiction will refer
back to the specific grid model variant used. When a VSC HVDC connection is replaced by
a DRU HVDC connection, the corresponding onshore DC voltage setpoint v'pc is chosen
in a way to maintain the active power transmission of the HVDC connection. The grid
model dataset uses Python scripts for setting up the four grid model variants [48].

Table 6. Grid model variant designations and initial OWP and HVDC operating points [50].

Grid Model DRU HVDC

. . OWP Generation 1 HVDC Transmission 2
Variant Connections

Variant 1 none OWP 1 180 MW HVDC 1 —682 MW

Variant 2 HVDC 1 OWP 2 1440 MW HVDC 2 —800 MW

Variant 3 HVDC 4 OWP 3 180 MW HVDC 3 —800 MW

Variant 4 HVDC1, 4 OWP 4 720 MW HVDC 4 —400 MW
OWP 5 180 MW HVDC 5 —300 MW
OWP 6 360 MW

1 Initial total dispatch at the AC sides of all associated WT converters. 2 Injtial dispatch at the AC-side terminals
of the offshore HVDC converter (active sign convention).

The initial voltage at node A in Figure 3 is chosen to be 151.8 kV (1.012 p.u.). A fixed
amount of the required reactive power is provided by the WTs, with the remainder provided
by the offshore converters of the VSC HVDC connections in proportion to their active power
dispatch. The active power schedule is only triggered at one HVDC connection at a time.
Throughout this paper, the curves corresponding to VSC HVDC connections are shown
as solid lines and the curves corresponding to DRU HVDC connections are shown as
dotted lines.

In order to determine the contribution feasibility for AC-side meshed VSC HVDC
connections, the active power schedule is triggered at HVDC 5 in grid model variant 1.
As can be seen from the active power curve of the corresponding onshore converter in
Figure 12a, the contribution is only feasible for a very short time. The required energy is
taken from the DC link, lowering the DC voltage (see Figure 13). As the modulation index
limit is reached first in the onshore converter controls, the offshore converter maintains
the voltage decoupling of AC- and DC-side and therefore its active power dispatch (see
Figure 12b). Consequently, the active power dispatch of the onshore converter oscillates
back to its initial value, preventing any further contribution. After the active power
schedule, the required restoration of the DC voltage results in a transient active power
spike in the opposite direction, nullifying the total energy of the contribution.
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Figure 12. AC-side active power curves of the (a) onshore and (b) offshore HVDC converters for the
active power schedule triggered at HVDC 5 (VSC HVDC connection) in grid model variant 1.
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Figure 13. DC-side voltage curve at the onshore converter of HVDC 5 for the active power schedule
triggered at HVDC 5 (VSC HVDC connection) in grid model variant 1.

Due to the retention of the offshore converter’s active power dispatch, triggering
the active power schedule at other VSC HVDC connections and in other grid model
variants gives similar results. However, at some VSC HVDC connections, the active power
oscillations are persistent throughout the schedule. If the modulation index limit was first
reached in the offshore converter controls, this could influence the active power dispatch of
the offshore converter as required. Nevertheless, as this leads to the wind-up of the offshore
current control and the limit first reached depends on the off- and onshore AC voltages, the
reliability of such a mechanism is questionable. Thus, without further modification, only
the energy stored in the DC link is available for SI and PCR contributions of VSC HVDC
connections, which is not sufficient, especially for PCR contributions.

To determine the contribution feasibility for DRU HVDC connections by analogy, the
active power schedule is triggered at HVDC 1 in grid model variant 2. As can be seen from
the active power curves in Figure 14a, this time the contribution is feasible for the entire
duration of 2.5 s. As for VSC HVDC connections, the DC voltage is lowered at the start of
the contribution (see Figure 15). However, for DRU HVDC connections, this results in a
subsequent increase in the active power flow of the offshore DRU converter until a new
equilibrium point is reached, drawing additional energy from the offshore grid.
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Figure 14. AC-side active power curves of (a) all onshore and (b) the offshore VSC HVDC converters
for the active power schedule triggered at HVDC 1 (DRU HVDC connection) in grid model variant 2.
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Figure 15. DC-side voltage curve at the onshore converter of HVDC 1 for the active power schedule
triggered at HVDC 1 (DRU HVDC connection) in grid model variant 2.

As the offshore WTs do not inherently change their dispatch, the active power balance
of the offshore grid is instead met by the offshore converters of the VSC HVDC connections,
which collectively act as a slack according to the distribution factors in voltage control (see
Figure 14b). Finally, the energy for the contribution is provided by the onshore grid access
points of these HVDC connections (see Figure 14a). After the contribution ends, the initial
operating points are restored.

For SI and PCR contributions, when more than one DRU HVDC connection is involved,
it should be noted that only the onshore grid access points of the VSC HVDC connections
provide the energy for the contribution, as only these connections act as a slack for the
offshore grid (see curves for grid model variant 4 in Figure 16). The onshore active power
and DC voltage of the DRU HVDC connection not providing the contribution are only
transiently affected, especially at the start and the end of the contribution.
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Figure 16. Onshore (a) AC-side active power curves of the HVDC connections and (b) DC-side
voltage curves of the DRU HVDC connections for the active power schedule triggered at HVDC
4 (DRU HVDC connection) in grid model variant 4.

In conclusion, onshore SI and PCR contributions are by standard only feasible for
DRU HVDC connections, but not for VSC HVDC connections. The feasibility is solely due
to the DC voltage dependency of the active power flow of the passive DRU converter and
does not require any communication.

5. Enhancement of the Offshore HVDC Converter Controls

In order to make SI and PCR contributions also feasible for VSC HVDC connections
without introducing communication during contributions, each local offshore current
control can be enhanced by a DC voltage dependency of the offshore active power flow
similar to the DRU converter behavior. The enhancement proposed in this article is derived
from the simplified steady-state equivalent circuit of the DC link, as shown in Figure 17,
neglecting the inductances and branch elements, as follows.
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Figure 17. Simplified steady-state circuit of the DC link of a VSC HVDC connection with indication
of the onshore (blue) and offshore (green) side.

In Figure 17, the direct current can be expressed as

. AUDC
IpC = 5o - )
2- Ruvpc
Furthermore, the offshore active power can be calculated as
Ppcoff = —ipC * (UDCon + AVDC)- @
The insertion of Equation (1) in Equation (2) yields the expression
1 2
PDCoff = — 5 oo (UDCon - Avpc + A?JDc)- ®)
2- Ravpc
Since Avpc << Upcon, the square part is neglected and the equation is rewritten as
2- Ryvpc - ff
Avpe = — PDCOM and vpcoft = vbcon + Avpe. (4)

UDCon

Given the DC link resistance Ryypc and the onshore DC voltage vpcon, Equation (4)
can be used to estimate vpc.f from the offshore active power ppcogr. Typically, the difference
between the estimated and measured offshore DC voltage is very small, while a significant
difference is an indicator that an onshore contribution under the omission of the DC
voltage control is occurring. The proposed control enhancement, shown in red in Figure 18,
implements the relationship of Equation (4) to determine the voltage difference Avpc and
multiplies this voltage difference with the gain Kypc to continuously adjust the active
current component reference i 4 locally within each current control (see Figure 7).

Vitout |

Vatout |
“¥ PO LPF
Iat f calc. 2 ms

LN

Figure 18. Block diagram of the offshore current controls extended by the proposed enhancement
(red) to allow for onshore contributions.

For an accurate offshore DC voltage estimation, the parameter K}, (see Table 5) is set to
0 in all onshore controls. The parameter Kypcon 0f the enhancement must equal the onshore
DC voltage setpoint v pc in per-unit value (1 p.u., see Figure 9) and must be updated by a
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one-time communication between the corresponding onshore control and offshore current
control, if changed. The value of the parameter Kpc can be calculated as

UrDC (5)

Kpc=—5———
2 Ruvpe

using per-unit values. In the grid model, the value is dynamically initialized to avoid
transients at the beginning of the simulation and assumed to remain constant. To counteract
the transient reduction in the control dynamics introduced by the enhancement, the gain
Kpvq of the offshore voltage control (see Table 3) is increased from 0.2 to 0.5 p.u. The gain
Kppc determines the DC voltage dependency and is set to 7 p.u. This enhancement is
implemented in all the offshore current controls in the same way.

6. Feasibility and Effects of Onshore SI and PCR Contributions with the Enhanced
Offshore HVDC Converter Controls

In this section, the simulations from Section 4 are repeated to determine the feasibility
and effects of contributions using the enhanced offshore controls for the VSC HVDC con-
verters. The initial operating points and grid model variants given in Section 4 still apply.

VSC HVDC connections are considered first, for which the active power schedule
is triggered at HVDC 5 in grid model variant 1. As can be seen in Figure 19a, with the
enhanced offshore controls, contributions are now feasible for the entire duration of 2.5 s.
In analogy to the DRU HVDC connections, the reduced DC voltage (see Figure 20) affects
the active power of the corresponding offshore converter, and the active power balance of
the offshore grid is met by the remaining VSC HVDC connections (see Figure 19b). Note
that all offshore current controls receive updated active current component reference values
from the voltage control, but for the response of the offshore converter of HVDC 5, the
effect of the local control enhancement is predominant. As a result, during contributions,
the active current distribution between the offshore HVDC converters differs from the one
defined by the distribution factors in voltage control.
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Figure 19. AC-side active power curves of the (a) onshore and (b) offshore HVDC converters for the
active power schedule triggered at HVDC 5 (VSC HVDC connection) in grid model variant 1 using
the enhanced offshore controls.
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Figure 20. DC-side voltage curve at the onshore converter of HVDC 5 for the active power sched-
ule triggered at HVDC 5 (VSC HVDC connection) in grid model variant 1 using the enhanced
offshore controls.
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In Figure 20, the DC voltage of 628 kV during the contribution is well above 600 kV,
where modulation limits were reached before (see Figure 13). The DC voltage dip during
contributions to signal a certain amount of active power to the offshore converter is mainly
defined by the value of Kypc. The value reflects a trade-off between a reduced voltage dip
(higher value) and better damping in case of rapid active power changes (lower value).

Due to the higher DC voltage at the end of the active power schedule compared to
no control enhancement, the transient active power spike caused by the fast DC voltage
restoration is significantly less pronounced (see Figures 12a and 19a). While a smoother
restoration would be sought in practical contribution implementations, the simplified
modeling with fast restoration does not affect the validity of the results of this study.

The active power curves in Figures 21 and 22 show that contributions from VSC
HVDC connections are also feasible in other grid model variants. It is worth highlighting
that due to the transient impact of the contribution on the offshore AC voltage, the DRU
HVDC connections buffer the offshore active power balance until the offshore AC voltage is
restored. This negatively affects the contribution dynamics if any DRU HVDC connections
lead to the same synchronous area as the contributing VSC HVDC connection.
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Figure 21. AC-side active power curves of (a) all onshore and (b) the offshore VSC HVDC converters
for the active power schedule triggered at HVDC 5 (VSC HVDC connection) in grid model variant
3 using the enhanced offshore controls.
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Figure 22. AC-side active power curves of (a) all onshore and (b) the offshore VSC HVDC converters
for the active power schedule triggered at HVDC 5 (VSC HVDC connection) in grid model variant
4 using the enhanced offshore controls.

With regard to the contribution feasibility for DRU HVDC connections, the findings
of Section 4 continue to apply when using the enhanced offshore controls. Therefore, the
active power and DC voltage curves shown in Figure 23 for the active power schedule
triggered at HVDC 4 in grid model variant 4 are almost identical to those in Figure 16. The
minor differences are mainly due to the increased proportional gain in the offshore voltage
control. An unintended influence of the control enhancement is not observed. For this
reason, further plots are omitted.
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Figure 23. Onshore (a) AC-side active power curves of the HVDC connections and (b) DC-side
voltage curves of the DRU HVDC connections for the active power schedule triggered at HVDC
4 (DRU HVDC connection) in grid model variant 4 using the enhanced offshore controls.

It is to be concluded that the proposed enhancement of the offshore HVDC converter
controls grants the feasibility of onshore SI and PCR contributions for both VSC and
DRU HVDC connections without the use of communication for the contribution. The
required energy is provided by the onshore grid access points of the (non-contributing)
VSC HVDC connections by automatically redistributing the active power flow between
these HVDC connections.

7. Effects of the Control Enhancement on Normal Operation and Fault Behavior

In the previous section, no unintended influence of the control enhancement on
the behavior of the offshore VSC HVDC converter controls was observed. However, as
the enhancement is continuously active, this statement cannot be generalized without
further simulations. During the development of the applied offshore VSC HVDC converter
controls in the German NSON II project, the following deliberately aggravated events were
simulated for all four grid model variants to prove the robustness of the controls:

Increase in the offshore AC voltage setpoint by 5.7 kV;

Decrease in the offshore AC voltage setpoint by 5.7 kV;

Increase in the generation of OWP 2 by 360 MW within 200 ms;
Decrease in the generation of OWP 2 by 360 MW within 200 ms;
Tripping of OWP 4 at the GCP;

Three-phase short circuit at node A for 150 ms;

Three-phase short circuit in OWP 1 for 150 ms;

Tripping of HVDC 2 at the AC side of the offshore converter;
Tripping of one cable system between nodes A and C.

0 XN LN

The corresponding plots and their explanations can be found in [50]. To determine
possible side effects of the control enhancement, all 36 simulations are repeated and the
results with and without the enhancement are compared. The comparison shows that the
robustness of the offshore HVDC converter controls is still given with the enhancement, as
no instantaneous current values harmful to the offshore HVDC converters are observed and
a stable operating point is still reached after each event. The slight differences in behavior
mainly originate in the increased proportional gain in the voltage control. A small selection
of curves is shown in Figures 24-27 to illustrate these findings.

As expected, the increased proportional gain particularly affects the offshore AC
voltage curves, e.g., for the voltage setpoint increase in grid model variant 1, depicted in
Figure 24a. The similarity of the corresponding active power curves of the offshore VSC
HVDC converters with and without the control enhancement (see Figure 24b,c) confirms
the active power distribution remaining unaffected by the enhancement. The same finding
applies to the OWP generation decrease in grid model variant 4, for which the active power
curves of the onshore HVDC converters, given in Figure 25a,b, are indistinguishable.
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Figure 24. (a) Voltage curves at node A; AC-side active power curves of the offshore HVDC converters
for the offshore AC voltage setpoint increase (event 1) in grid model variant 1 (b) with and (c) without

the offshore control enhancement.
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Figure 25. AC-side active power curves of the onshore HVDC converters for the OWP generation
decrease (event 4) in grid model variant 4 (a) with and (b) without the offshore control enhancement.
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Figure 26. AC-side current curves of the offshore converter of HVDC 2 for the three-phase short circuit
atnode A (event 6) in grid model variant 3 (a) with and (b) without the offshore control enhancement.
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Figure 27. AC-side active power curves of the offshore HVDC converters for the tripping of HVDC
2 (event 8) in grid model variant 1 (a) with and (b) without the offshore control enhancement.
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For the short circuit at node A in grid model variant 3, Figure 26 contains the curves
of the phase currents of the most stressed offshore converter (i.e., the one of HVDC 2) until
shortly after the fault has been cleared. The return to the initial operating point occurs at
roughly 2.5 s. With the control enhancement, a slightly better limitation of the converter
currents is observed in the time frame shown; however, this is mainly due to the altered
proportional gain in the voltage control. The maximum instantaneous current values
reached are 2535 A and 2409 A, respectively. The amplitude of the permitted continuous
current of the converter is 2366 A, so no harm to the offshore converters is to be expected.

For the tripping of HVDC 2 in grid model variant 1, the AC-side active power curves
of the offshore converters in Figure 27 also show only transient differences with/without
using the control enhancement. The functionality of the active power limitation, reached
by HVDC 1 and HVDC 3, and the steady-state operating points remain unaffected.

8. Conclusions and Outlook

This article provides a first study on locally triggered onshore synthetic inertia (SI) and
primary control reserve (PCR) contributions of an alternating current (AC)-side meshed
offshore grid connected by both voltage-source converter (VSC) and diode rectifier unit
(DRU) high-voltage direct current (HVDC) connections. As the study focuses on the
energetic feasibility and the effects of said contributions on the offshore grid, a simplified
onshore contribution modeling is applied.

Simulations show that for onshore contributions of VSC HVDC connections, due to
the decoupling of the AC and direct current (DC) voltages commonly used in the offshore
converter controls, only the energy stored in the DC link can be accessed, preventing such
contributions. For DRU HVDC connections, on the other hand, the inherent dependency
of the offshore active power on the DC voltage makes such contributions feasible, as the
required energy is automatically taken from the offshore grid, balanced by the VSC HVDC
connections collectively acting as a slack, and thus provided by the onshore grid access
points of these HVDC connections.

In order to allow locally triggered onshore SI and PCR contributions of both VSC and
DRU HVDC connections, a local and continuously active enhancement of the offshore
HVDC converter controls based on the inherent DRU converter behavior is proposed. The
parameterization of the local enhancement involves system knowledge of the HVDC line
resistance and the DC voltage setpoint of the onshore HVDC converter control, the latter
requiring updating by one-time communication in case of change. With this minimum
system knowledge, the control enhancement allows locally triggered contributions for
all onshore HVDC converters without the need for converter preselection. Furthermore,
continuous communication is not required and contributions can be made without any
communication at all. Although the control enhancement is continuously active and there-
fore avoids control mode changes, the behavior during normal offshore grid operation is
retained and the robustness against various AC-side faults remains. The energy required for
contributions is always provided via the onshore grid access points of the non-contributing
VSC HVDC connections.

For future work, studies on the active power flow coordination during contributions of
SI and PCR are recommended to avoid undermining the purpose of onshore contributions
in the case of multiple onshore grid access points being within the same synchronous
area. The active power flow coordination is likely to require continuous communication,
which also holds for accessing energy retained by the offshore wind parks and their wind
turbines, along with modification of their controls. Furthermore, the effects of imprecise
system knowledge about the HVDC line resistance and therefore the necessity of more
advanced system knowledge integration (e.g., with a thermal model of the resistance) need
to be determined to allow for practical implementations. In addition, possible restrictions
on the use of the HVDC chopper of VSC HVDC connections introduced by the control
enhancement need to be evaluated. This also applies to the use of the HVDC chopper



Energies 2023, 16, 6700 20 of 22

for DRU HVDC connections in general and includes evaluations of the feasibility of the
Emergency Power Control 1 system automatic for both types of HVDC connections.
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