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Abstract

Given the urgency to shift to a cleaner energy mix, offshore wind energy is bound to be quickly deployed on
a large scale in the next years. In order to meet the Paris Agreement, the current role-out rate of wind energy
in the North Sea, that is 2 GW/year, needs to be increased to an average value of 7 GW/year over the period
2023-2040. This rapid increase of the share of uncontrollable, renewable sources in the energy mix raises a
certain number of challenges, among which sustaining energy balance and transient stability. To organise the
large-scale deployment of offshore wind in a strategic manner, the concept of hub-and-spoke has been intro-
duced. It envisages modular offshore renewable power generation clusters (a.k.a. offshore hubs) designed to
be easily and safely operated and interconnected.

Dealing with large power fluctuations constitutes a major challenge for each offshore hub. To mitigate the
variability of power supply, integration of offshore storage systems is an envisioned solution. Offshore power-
to-gas conversion for storage purposes has been widely investigated in the literature, under techno-economic
or power balance points of view. However, an in-depth analysis of the dynamic performance of the connec-
tion of large scale electrolysers in offshore hubs is urgently needed to ascertain the degree of effectiveness of
this solution and to safeguard the stability of the hub.

This thesis proposes a real-time simulation model of a 2 GW offshore hub integrating electrolysers in order
to investigate their impact on the dynamic active power management of the hub. Two locations for the con-
nection of the large-size electrolysers are studied: i) connection of an electrolyser to the AC common bus of
the hub and ii) connection of electrolysers to the DC link of the back-to-back converter of each Type-4 wind
turbine of the hub. An Electromagnetic Transient (EMT) simulation based analysis, necessary to capture the
fast dynamics of the zero-inertia hub, is performed under different severe disturbances, such as a three phase
fault and sudden large wind speed fluctuations.

In a second part, the thesis investigates the connection of the hub to the shore via a bipolar High-Voltage
Direct Current (HVDC) link. It has been shown in the literature that bipolar links are more reliable than
monopolar ones, as they can still be operated to transfer half of their nominal capacity in case of failure of
one cable or converter. However, a method is needed to allocate the generated power among the converters
constituting the offshore terminal of the link, according to the needs of the operator (e.g. planned mainte-
nance). The work of this thesis is focused on developing and implementing a power sharing strategy between
the two Modular Multi-level Converters (MMCs) constituting the offshore terminal of the link. The power
sharing control has been implemented in one of the two offshore MMCs, and can be done using DC voltage
or DC current measurements, as well as using a predefined power sharing set-point as input.

Numerical results obtained by EMT simulations show that an effective mitigation of sudden active power im-
balance can be achieved by placing the electrolyser locally at each wind turbine, or centrally at the common
bus of the hub. In case of fault within the hub, e.g. a three phase short circuit near a wind turbine, the connec-
tion of an electrolyser to the DC link of the wind turbines (through a buck converter) is convenient to prevent
loss of wind power generation due to the islanding of the turbine.

Regarding the power sharing in the HVDC link, it was observed that in comparison with the strategy based
on measured DC voltage, the power sharing based on measured DC current is more effective, faster, and less
prone to cause collateral effects (such as undesirable oscillations of DC voltage and current) which jeopardise
the stable operation of the link.
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Introduction

This chapter gives an overview of the motivation, scope, overall approach and contributions of this thesis.
The main research gaps from existing related literature are summarized, whereas a more elaborated litera-
ture review is provided at the beginning of each subsequent chapter.

1.1. Background and Motivations

In order to meet Paris Agreement [1] and limit global emissions, we need to accelerate the shift of electricity
production to cleaner sources. Wind energy is already largely contributing to this clean energy mix as it rep-
resents one fourth of the global renewable energy capacity, as shown in figure 1.1, and is bound to increase
in the near future. Among this production, offshore wind energy accounts for 4.5 % in terms of installed ca-
pacity. Offshore production has several advantages, such as less land use and better opportunities to benefit
from high wind speeds. Hence researchers, along with Transmission System Operator (TSO)s, are focusing
on planning the roll-out of large scale offshore energy hubs. For instance, the North Sea Wind Power Hub
(NSWPH) consortium specifically aims at managing this roll-out, as stated in [2].

Global renewable energy capacity (2019) Global wind energy capacity (2019)

\ Offshore
& 45%

Onshore
95.5%

y

Figure 1.1: Global renewable and wind energy installed capacity in 2019 (Data from [3])

This progressive but swift deployment of intermittent renewable sources ineluctably calls for a matching
deployment of storage solutions, in order to continue to ensure security of supply of electricity all day long
and all year round. Along with large scale offshore wind hubs comes the topic of large scale seasonal storage.
One of the most feasible and investigated option for such long-term storage is the power-to-gas solution, as
can be read in [4]. For example, part of the offshore power could be converted into hydrogen, stored in tanks



2 1. Introduction

or salt caverns [5], and either used as such or converted back into electricity when needed. Multiple studies
reveal that in such a scenario, directly converting the electricity into hydrogen offshore is beneficial: complete
analysis were carried out in [6] and [7], highlighting economical advantages, social acceptance, flexibility for
TSOs and offshore large scale gas storage option. Other studies focus on one advantage, such as economic
benefits [8] or geological storage potential [9].

Another advantage of producing hydrogen offshore is that electrolysers can provide ancillary services to
the offshore hub, as investigated in [10]. Because offshore energy hubs are zero-inertia networks, they are very
vulnerable to disturbances. Ancillary services such as frequency and voltage support are of great importance
in this kind of networks. Large scale multi-MW electrolysers, along with their converters and appropriate
control functions, could become a provider of such services in an offshore hub.

Furthermore, the roll-out of such large production units needs to be organized wisely in order to serve
the network as best as possible in the future. The approach of the NSWPH consortium is to organise wind
turbines into hubs connected to the shore and interconnected between each other. In this configuration, the
high voltage transmission links connecting the offshore hubs to the shore will be key elements. The choice
of High Voltage Direct Current (HVDC) links for transmission of power from offshore wind farms has become
the preferred option, since this technology has been proven to be more fit than High Voltage Alternative Cur-
rent (HVAC) for long-distance, bulk transfer of power. Mainly, it generates less losses and has the potential
to offer embedded provision of ancillary services, which can be used to manage fast power fluctuations and
different types of disturbances [11]. In the following section, a concise literature review has been carried out
to determine which type of HVDC link would be more suitable in the present case.

70 GW to 150 GW of offshore wind
power in the North Seain 2040 Offshore electrolysis
integration and
benefits
Power routing

500 MW

HVDC:
from monopolar (---)
to bipolar (----)

Challenges: Intermittent
System modelling, sources
integration and control

Figure 1.2: Challenges of modelling an offshore multi-energy hub

A hub implementing the features described above would look like the one pictured in figure 1.2. However,
in practice, there is a lack of real-time simulation models available which implement bipolar Voltage-Sourced
Converter (VSC)-HVDC links and/or offshore electrolysers, and which aim at analysing the impact of distur-
bances (such as three-phase short circuits and sudden wind speed variations). The following section presents
a review of the most recent existing offshore HVDC and electrolyser Electromagnetic transients (EMT) mod-
els, and highlights the gap between those models and the aim of the present work.
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1.2. Literature Review

1.2.1. Electrolyser EMT model and integration into the hub

Electrolyser EMT Models

In spite of the multiple studies claiming the benefits of offshore electrolysers, no plug-and-play model was
found of an electrolyser stack, with its converters and controllers, which could be connected to an offshore
hub in RSCAD.

In [12], the first EMT model of a multi-MW scale electrolyser for real-time simulation in RSCAD was devel-
oped for stability studies of onshore systems. In this model, the Proton Exchange Membrane (PEM) stack
itself is modelled as a constant voltage source in series with a resistance. The stack is then connected to the
grid through a buck converter (Direct Current (DC)-DC converter), a rectifier and a transformer. All those
components are modelled in the small time step environment (cf. section 2.1). The Balance of Plant (BoP)
components are modelled as a constant voltage source, representing a load of about 10 % of the total elec-
trolyser power demand. The advanced control scheme implemented in [12] to monitor the electrolyser has
two main objectives: maximizing the hydrogen production, and enabling ancillary services capabilities in a
stable manner.

However, the above-mentioned model was tested under connection to a strong grid. In order to connect it to
the zero-inertia offshore hub at stake in this thesis, the model had to be largely modified.

Electrolyser Integration into the Hub

Aside from the model development, the location of the conversion process in the energy transmission net-
work should be considered. No studies on the physical performance based on detailed EMT models of a
large scale electrolyser connected to an offshore hub have been reported so far. Some preliminary techno-
economic studies have been done, using very simplified models and considering several possible locations
for the conversion process, such as in [13]; some similar techno-economic studies considering various loca-
tions has been done in [14], with another type of energy storage, namely superconducting magnetic energy
storage.

Parallel to model development, the first pilot projects of wind-turbine connected electrolysers are in
progress. The first platform for offshore green hydrogen production has been commissioned in 2019 and
is being built in the North Sea as part of the PosHYdon project [15]. Additionally, the first pilot project of
a wind turbine (3 MW) connected to an electrolyser (400 kW) and capable of operating in islanded mode is
currently being tested in Denmark, with the project Brande Hydrogen [16]. The effect of fluctuating power
input on the operation of the electrolyser is one of the main stake of the study. Offshore hydrogen production
is already a medium-term goal for the industry [17], full-scale wind turbine-integrated electrolyser demon-
strators being planned for 2026 [18].

1.2.2. Offshore-Onshore HVDC Interconnection

HVDC Link Characteristics
Hereinafter a literature review of the main characteristics of state-of-the-art HVDC links is presented.

Among the HVDC technologies, VSC is preferred over Line-Commutated Converter (LCC) because it of-
fers additional capabilities such as synthetic inertia or voltage control [11]. The Modular Multi-level Con-
verter (MMC) is one particular topology of VSC, in which several hundreds of sub-modules are connected in
series, therefore generating a sinusoidal voltage with low harmonic distortion [19]. The MMC topology also
has other advantages, for example the possibility to control active and reactive power independently. It also
offers black-start capabilities [19]. For these reasons, MMC has become the preferred technology for HVDC
transmission system converters.

Furthermore, several topologies exist for VSC-HVDC links. The advantages and drawbacks of the main
topologies are summarized in figure 1.3. As can be seen on the figure, monopolar configurations do not offer
redundancy and therefore provide very low reliability of the network. In order to satisfy reliability criteria such
as the N-1 criterion, the network should be duplicated, which would induce very high costs. On the contrary,
true bipolar configurations (independent converters for each pole) ensure some redundancy in the network:



4 1. Introduction

for example, the failure of one pole or converter still allows for the transmission of half the rated capacity via
the other pole, since one pole can be operated independently of the other. The last column of figure 1.3 also
highlights that bipolar configurations enable higher transmission capacity than monopolar configurations.

Topology Costs Redundancy Environmental Transmis
(availability) impact sion
Line Converter Earth Number | capacity
current | of lines
Bipole high yes yes low high high
(medium/high)®| (medium)
Rigid bipole medium no yes low medium high
(low) (medium)
Asymmetrical | medium no no low medium low
monopole (low) (low)
(MR)
Asymmetrical low no no high low low
monopole (low) (low)
Symmetrical | medium no no low medium low
monopole (low) (low)

Figure 1.3: Characteristics of the main DC topologies (the positive features at colored in purple, the negative ones in green) [11]

Models and Studies of Offshore Hubs
Many models for real-time simulation of HVDC links are present in the literature, but few of them gather the
different requirements of this thesis.

One example of an HVDC link model is the model of a symmetrical monopole developed in RSCAD and

presented in [20], which is also the baseline for the model developed in this thesis, even though it was up-
graded to a bipolar topology. This model is further described in chapter 2.
In [21], a point-to-point, bipolar with dedicated metallic return HVDC link model has been developed in
PSCAD for the purpose of fault discrimination. In [22] a bipolar two-level VSC-HVDC system is designed for
voltage re-balancing after pole-to-ground fault. Recently, in [23], an EMT model of a 400 MW offshore hub
is used to study black-start capabilities. The hub is connected to the shore via a +320 kV monopolar HVDC
link. Contrary to the model used in the present work, the offshore HVDC terminal is grid-following and the
wind turbines are grid forming. Another difference is that the wind turbines DC link is modeled as a voltage
source, and no dynamic operation (varying wind speed) are studied.

One open challenge is to achieve a controllable sharing of the power flowing through each MMC sta-
tion, while ensuring the coordination between the different control modes (islanded or non-islanded modes).
However, none of the studies found focuses on the power routing between the two poles of the bipolar link.
This research gap is addressed in this thesis, by developing a strategy to flexibly manage the power flow in
each pole according to the operator’s needs, allowing for example to unload one of the pole in case of planned
maintenance. This mode of operation, in which the current flowing in the positive and negative pole is not
equal, is called asymmetric mode [24].

1.3. Objectives and Research Questions

The general objective of this thesis is to develop a model of a four Wind Turbine (WT) offshore hub which
outstrips the latest models developed for this type of network as of today. This is done by building up on
an existing model by adding power-to-gas conversion units (represented by electrolysers) and studying the
transfer of the power from offshore to onshore.

First, several electrolysers are integrated to the model as a storage solution. Second, the connection between
the offshore hub and the shore is modified, and the control strategy of the corresponding converters is also
revised. The following research questions constitute the guidelines of this thesis work.

* What are the major numerical issues which should be solved when connecting electrolysers at dif-
ferent locations of the hub to ensure a detailed and trustworthy simulation of the developed model,
and how to solve them?
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Introducing variable loads (here electrolysers) can possibly generate instabilities and resonances in the
network, depending on the location of the connection. Additionally, several representations of switches
are available in RSCAD, and some of them might lead to flawed computation (e.g. unrealistic losses).
Simulations have to be performed to track undesirable behaviours and if need be, adequate modifica-
tions should be implemented.

* How can electrolysers contribute to manage challenging real-life conditions (e.g. three-phase faults
or highly-fluctuating wind profiles), and what are their benefits according to the location where they
are connected?
Typical challenging offshore real-life conditions can be for example three-phase faults or highly-fluctuating
wind profiles. Beside the common wind speed step tests, the behaviour of offshore hubs should also
be assessed under such real-life conditions. To this end, historical data were selected to represent the
conditions of interest, such as a very high wind speed gradient. These wind profiles, as well as three-
phase to ground short-circuit faults, are simulated in two different hub scenarios, corresponding to two
different locations of the electrolysers. The potential of each scenario to support the network is then
assessed.

* What are the major drawbacks of a monopolar HVDC link between the offshore hub and the shore,
and how to modify it to allow for reliable and flexible power exchange in the future?
Even if they have lower investment costs than bipoles, monopoles are not the best choice for HVDC
links in terms of reliability and flexibility, and the potentialities of bipolar links are highlighted in the
literature. In this thesis, the monopolar link implemented in the baseline model is changed to a bipolar
link. To assess the stability of the new transmission link, two MMCs are connected to the shore side of
the line and simulations are performed.

* What is a conceptually simple and effective strategy to implement power sharing capabilities among
the offshore converters?
The power flow in each of the two poles of the bipolar HVDC link connecting the offshore hub to the
shore can be managed independently by the two offshore MMCs. Being able to control the link to
operate in balanced conditions (same current in each pole), or to completely unload one of the poles for
example, would allow for more flexibility regarding power transmission. During planned maintenance
for example, one of the poles could be unloaded by the converters, thus reducing the use of massive
DC breakers. Two types of power of such a power sharing strategy are developed in this thesis and
implemented in offshore MMC-2. The two strategies are then compared under different scenarios.

A summary of the answers to the above-listed questions is provided in section 5.2.

1.4. Thesis Contributions
The main contributions of this thesis to the ongoing research in the field of study are listed below.

The first main contribution was the development in RSCAD of a generic model of a 2 GW offshore energy
hub including offshore power-to-gas conversion, and a modelof the same hub including a bipolar HVDC link
connecting the hub to the shore. An EMT simulation method has been chosen to capture the fast dynamics
of the zero-inertia hub, with a view to the second contribution. More detailed contributions are:

* Implementation of a computationally efficient and accurate method to model the behaviour of an
offshore-connected electrolyser, thanks to the substep environment in RSCAD;

e Upgrade of the hub model presented in [20], from monopolar HVDC link to bipolar HVDC link, and
addition of two onshore MMCs.

The second contribution was to produce some analysis giving some insights about the dynamic perfor-
mances of the hub under different scenarios and conditions. More detailed contributions are:

* Investigation of the influence of the location of the electrolyser(s) in the offshore hub (central or dis-
tributed location);
* Analysis of the hub performance under different wind speed patterns and fault scenarios.

The third contribution was the development and comparison of two power sharing strategies for the off-
shore MMCs, enabling the offshore terminal to operate in balanced conditions or to unload one of the poles.
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* EMT simulation for the comparison of two different locations for the connection of an electrolyser in
an offshore wind energy hub;

* Substep model in RSCAD of a PEM cell and its associated converter;

* RSCAD model of a bipolar point-to-point HVDC link ;

* Comparison of two control strategies enabling power sharing between the two offshore MMCs of a
bipolar HVDC link.

1.5. Thesis Outline

This thesis is organised as follows:

* Chapter 2 contains a presentation of the digital tool used for the simulations, as well as a detailed sum-
mary of the baseline model which was used as the starting point for the present work. The main com-
ponents of the model are described, along with their control strategies;

* Chapter 3 presents the research that has been done regarding the modelling and connection of a multi-
GW electrolyser to the network. Two possible locations for the connection are investigated;

* Chapter 4 focuses on the HVDC link between the offshore hub and the shore. The link is first upgraded
from a monopolar to a bipolar topology, after which different control strategies are developed and com-
pared;

e Chapter 5 concludes this work by providing a summary of the main findings, as well as a short answer
to each research question. Suggestions for future work are also given in this chapter.

After an initial learning part, the work has been divided into two main blocks: integrating electrolysers in
the model, and implementing a new HVDC structure and control. Once those two tasks were achieved, the
final model has been updated with the previous work, and a conclusion has been drawn.

The workflow of the thesis is represented in the flowchart visible in figure 1.4.
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Modelling Aspects and Related Background

In this chapter, the real-time simulation software used in this thesis and the network on which the simulations
is based are described. The model of the baseline network and its control strategies has been developed and
explained in [20]. The model of the electrolyser and its converters has been developed on the basis of the
work done in [12] and [25].

2.1. RSCAD Environment

In this section, a justification for the use of EMT simulations rather then Root Mean Square (RMS) simulations
is given; the tool used to perform these simulations in the thesis is then introduced.

2.1.1. RMS Vs EMT Simulations

Two types of models can mainly be used to simulate power systems: RMS models and EMT models. These
models present some differences and therefore the choice of one or the other needs to be considered carefully.

RMS models use a phasor simulation method, in which the network is simulated with fixed complex
impedances instead of differential equations. It is an average model, convenient to study power system sta-
bility in the case of large interconnected systems, including electro-mechanical oscillations (small-signal sta-
bility), rotor-angle stability of synchronous generators and voltage and frequency stability. In this kind of
models, the network is assumed to operate in perfectly balanced conditions, therefore only the positive se-
quence components is non-zero, so it is the only component considered. Fast switching transients, as well
as controls with very small time constants, are ignored [26]. As a results, RMS simulations are able to model
power exchanges accurately, but fail to capture the transients and dynamics after a fault [27].

EMT models solve the differential-algebraic equations representing a three phase electrical network (in
the Real Time Digital Simulator (RTDS), the Dommel algorithm is used). Contrary to RMS models, they are
able to capture the dynamics of zero-inertia or high inertia systems [27]. If electro-magnetic transients, fre-
quency dependence of network components, harmonics, unbalanced networks, etc. are of interest, an EMT
model should be used [26]. However, it should be noted that RMS models are much faster than EMT models,
the latter ones often requiring excessive computational efforts [27].

As an illustration, the comparison of the analysis of an offshore wind hub connected to the shore via VSC-
HVDC links with the two models has been conducted in [27]. The outage of one of the DC links has been
simulated. Figure 2.1 clearly shows that the RMS model fails to detect the peak deviation and the hight fre-
quency oscillations of the voltage at Point of Common Coupling (PCC). The same applies to the active power
[27].

To conclude, since the fast transients are precisely the phenomena at stake in this thesis, the decision has
been made to conduct the analysis necessary in this thesis with an EMT model. The RTDS tool, available at
TU Delft, has been selected to perform the EMT simulations in real time.
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Figure 2.1: Voltage at PCC in an offshore network, computed with an RMS and an EMT model [27]

2.1.2. Hardware and Software

The RTDS simulator is the world’s leader among real time power system simulators [28]. In order to be con-
sidered real-time, a simulator needs to achieve the computation of one time step in a time less than or equal
to the time step itself. The RTDS can perform EMT calculations over a frequency range from 0 (DC circuit) to
3kHz. Itis typical for EMT programs to work with a time step of 25—-50us, the so-called large time step. Since
the fast switching power electronic devices present in today’s converters require more detailed computations,
the RTDS also provides a small time steps library, which work with a time step of 1 —4us. In order to connect
a large time steps with a small time steps model, a VSC interface block needs to be inserted. This block is
represented in figure 2.2.

' /_ ' VSCINTERFACE - \ '

T
MAIN SMALL
NETWORK TIMESTEP
SIDE VSC SIDE

V1 V2
38.105 2

TMVA =2 MVA

AN TYPE2 .

Figure 2.2: Interface block between large time steps and small time steps models in RTDS

The RTDS hardware consists of racks and chassis containing respectively PB5 cards and multi-core pro-
cessors. The RTDS facility at TU Delft has six racks with PB5 cards and three NovaCor chassis (see figure 2.3),
the latter being the most recent technology. The hardware is interfaced with the user via the RSCAD software,
which has been designed to create a comfortable working environment for power system engineers. The user
can easily perform all of the necessary steps to prepare simulation files, run them, and analyse simulation
results.
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@ \oncor

19" rack-mountable chassis
e 12 analogue output ports
7” touchscreeninterface ++++=+ ;

LA removable lid for servicing

Figure 2.3: RTDS Novacor chassis [28]

The full setup can be seen in figure 2.4. The software is divided into several modules. The two main mod-
ules used in this thesis are the draft module, used to design the system (saved in a .dft file), and the Runtime
module, used to perform the simulations and get the results (dashboard saved in a .sib file). The dashboard
of the simulation file allows the user to tune the different parameters of the model thanks to sliders, switches
and dials. It is also possible to run simulations from a script, which enables batch mode operation. The script
can either be written in a text file, using the RSCAD scripting language, or RSCAD can be interfaced with
another platform such as Python or Matlab.

. User's workstation

Rack-mounted

1/0 cards

(in rear) Rack-mounted
i chassis

Ethernet link

Standalone
capability

Multicore
processor

Built-in analogue

170 card and inter-chassis output

connections (in rear)

. Cubicle . Chassis ® NovaCor™ board

Figure 2.4: RTDS setup [28]

2.2, Baseline Model: Topology and Components

This section first describes the general layout of the offshore hub model taken as starting point for this thesis.
Then the most important components of the hub are introduced.

2.2.1. Topology

The network studied in this thesis, which has been depicted in figure 1.2, consists of four offshore wind tur-
bines, each rated at 500 MW, and two MMCs rated at 1 GW each. The rating of the MMCs is in line with the
current maximum power rating available for a single MMC, which is 1.2 GW [20]. A more detailed diagram
of this baseline model can be seen in figure 2.5. Each WT is connected to a common bus via a back-to-back
converter, a transformer and an AC cable. Each MM C forms a monopolar link, which is connected to an ideal
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voltage source representing the grid.

In this thesis, electrolysers were connected at different locations, as explained in chapter 3. In addition,
the monopolar topology and the voltage sources have been replaced respectively by a bipolar topology and
onshore MMCs, as explained in chapter 4. MMC-2 was then used to implement a power sharing strategy. The
main contributions of the thesis are indicated in orange in figure 2.5.
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B g ' Salew 1o S00 MVA 5c- 1 =

Sources replaced

by onshore MMCs
N 2 e
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Figure 2.5: Single line diagram of the baseline model implemented in RSCAD [20]

The initial layout of the network stems from the hub-and-spoke concept pictured in figure 2.6. The prin-
ciple of this layout, which is to be deployed in the North Sea, is to organise the offshore WTs in modular
clusters (called "hubs"). The hubs are then linked to each other, as well as to the shore of bordering North Sea
countries, thanks to interconnectors (the "spokes"). Hub sizes of 10 to 15 GW are expected to enable optimal
economy of scale [2]. A hub can be an artificial sand island, a caisson island, or a platform. According to the
NSWPH consortium, this modular layout will enable a cost-effective, step-by-step ramp-up of wind power,
while offering flexibility regarding the needs of each offshore location and the energy system (interconnec-
tors, sector coupling with Power-to-Gas (P2G), etc.) [2].

After the modification of the two monopolar links to one bipolar link has been done (chapter 4), the model
could be seen as a hub with one single spoke. Adding other spokes is outside of the scope of this thesis, but
it could be done in future work, in two different ways: either by connecting more spokes to the AC common
bus of the hub, or by converting the point-to-point bipolar link to a Multi-Terminal Direct Voltage (MTDC)
link.
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The modular Hub-and-Spoke concept is a technically feasible * :

solution that can adapt to specific design requirements. T
he consortium is well placed to develop, build

and operate Hub-and-Spoke projects.

Electricity connection point
. H2 connection point
I p2X conversion
¢ Gas to power conversion
B0 1 Electricity connection

H2 connection

Figure 2.6: Hub-and-spoke layout envisioned by the NSWPH consortium [2]

2.2.2. PMSG

Among the different existing WT technologies, the one used in this thesis is the Type IV WT, which refers to
the Permanent Magnet Synchronous Generator (PMSG) technology. As can be seen in figure 2.7, the PMSG
is connected to the grid via a back-to-back converter, without the need of a gear box. The gear box is a com-
ponent prone to wear and tear; its omission is thus of particular interest for offshore applications, where the
cost of maintenance is higher than it is onshore. Having no gear box also reduces the weight and dimension
of the equipment, and lowers mechanical losses [29].The fact that the turbine is interfaced with a converter
allows the PMSG to contribute to grid voltage support, by providing reactive power. One of the drawbacks
of this technology is the need for a full-scale converter (that is, the converter is rated to the same power as
the turbine), which induces some additional costs and losses. However, this does not prevent the PMSG from
being the preferred technology for offshore applications [29].

[ Gearlss —  Machine Side  Grid Side |

Grid

™\\ind Turbine ¢ :

o ——————— i ——— - ——— -]

Maximal power AC voltage control
point tracking

DC over-voltage
control

Figure 2.7: A PMSG wind turbine connected to the grid [29]
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The baseline model comprises four PMSG WTs, each feeding a rated power of 500 MVA to the hub. How-
ever, in RSCAD, the WT’s components are rated at 6 MVA, a realistic size for large WT. The power is then
scaled up using a scaling factor to multiply the output current of the small time-step/mainstep interface
transformer, as shown in figure 2.8. A slider allows to scale up the power step by step during the initialisation
process of the simulation.

scaling factor I rtds_vsc_IFCTRF1
) . & - " ENABLE GTAO D/A OUTPUT T SIGNAL NAMES FOR RUNTIME AND D/A
e SCLNAM1 i SIGNAL MONITORING IN RT AND CC | ENABLE FACEPLATE D/A OUTPUT
1 I SCALING OF PRIMARY CRT AND EFFECT ON LARGE DT SIGNAL OUTPUT OPTIONS
CONFIGURATION [ TRANSFORMER PARAMETERS
/ < VSC'INTERF‘A_CD \
T1 Name Description Value Unit Min Max
MAIN SMALL Name Transformer name: L
NE;Y‘[{)(;RK Ugdging: prc12 If BRIDGE uses 2 proc, place on#: 1 1 2
tapch Include Tap Changer: No - 0 0
1 . : enscl Include Scaling of Influence on Large DT: Yes v 0 0
38\./1105 E \';2 suerr - IfInclude Scaling, suppress WARNING: No - 0 0
. sdtdmp Include RC damper parallel to Small DT winding: No - 0 0
TMVA = 2 MVA
\ - TPE 2 - / Update ‘ \ Cancel ] I Cancel All

Figure 2.8: Scale-up option in the property window of the small time-step/mainstep interface transformer

2.2.3. MMC

MMCs are currently the state-of-the-art technology for VSC HVDC transmission. Hence, it is the technology
which has been chosen for this network. The structural difference between a classical 2-level converter and a
MMC can be seen in figure 2.9: each arm of a MM C half-bridge is composed of a series of sub-modules. Each
sub-modules can be controlled independently, and either be inserted or bypassed. Such a level of precision
allows to closely approximate a sinusoidal waveform, and consequently drastically reduce the level of high
frequency harmonics, compared to the 2-level converter [30].

——

|
AC |_
. :—a
4' IGBT —
-
valve
- S \ J
Y Y
2-level VSC MMC

Figure 2.9: Difference in the structure of a 2-level VSC and a MMC half-bridge (only one phase is shown) [30]

In the present model, each MMC is made up of six half-bridge RSCAD modules of type rtds_vsc_MMCS5,
available in the RSCAD small-step environment library. Each module counts 320 sub-modules, hence creat-
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ing the voltage of +320 kV required for the 640 kV symmetrical monopole transmission cable [20]. A scheme
of one of the MMC used in this thesis, along with its transformer, can be seen in figure 2.10. The control
strategy is described in the next section.

i
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. 320 sub- 320 sub- 320 sub- .
1 modules modules modules Transformer 1
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— — T
640 kv 1 380 kv 66 kv 1
1 1
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1 320 sub- 320 sub- 320 sub- 1
1 madules modules modules 1
1 1
1 | 1
1 1
1 . 1
. Small time step |
Figure 2.10: MMC topology
2.2.4. Electrolyser

The electrolyser model is divided into several components: a cell, and a buck converter. For some types of
connection, a rectifier and a transformer are also required.

The electrolysis technology considered is the PEM technology. The electrolysers used in the present work

are modeled as electrolysers rated at 1 or 2MW, and then scaled up to a larger rating using the RSCAD VSC
transformer scaling option.
In the model, the electrolyser stack itself is modeled as a resistor connected in series with a voltage source,
as proposed in [12]. This model is shown in figure 2.11. This simplified model is an equivalent model to
the actual stack, which is composed of multiple cells connected in series and in parallel. The corresponding
parameters, that is, the equivalent resistance value and the equivalent open voltage value, can therefore be
adapted by modifying the number of cells connected respectively in parallel and in series. A more detailed
description of the electrolyser model is available in chapter 3.
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Figure 2.11: Electrolyser stack model in RSCAD

2.2.5. Cables and Voltage Levels
There are two main transmission modes in the network considered: AC cables rated at 66 kV and HVDC lines
rated at 640 kV.
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AC Network

Usually, offshore wind farms are connected using 33 kV cables. However, it is expected that in the future 66 kV
cables will be used. Therefore, the choice has been made to connect the wind turbines of this model to the
MMCs using 30 km-long, 66 kV cables.

DC Network

The offshore hub is connected to the shore viaa HVDClink. In the initial model, a 640 kV, symmetric monopole
configuration is used for each MMC. This configuration is then changed for a bipolar configuration with
ground return (rigid bipole), in chapter 4 of this thesis.

2.2.6. Connection to the Main Grid

In the initial model, a simplification has been made regarding the connection of the hub to the shore. The
assumption is that the two onshore MMCs can be represented by two equivalent constant DC voltage sources.
In chapter 4 of this thesis, those two voltage sources have been replaced with two MMC models in order to
allow for the study the control interaction between the onshore and offshore MMCs.

2.3. Control Structures Implemented in the Network
2.3.1. MSC

The control scheme used for the control of the Machine Side Converter (MSC) is a conventional current con-
trol. It can be divided into two loops. In the outer loop, the actual speed of the WT is compared to the optimal
speed provided by the Maximal Power Point Tracker (MPPT), in order to calculate reference currents in the
d/q frame. The reference currents are then sent to the inner loop, where they are compared with the mea-
sured currents to define the reference d/q voltages. Finally, the reference voltages are used to compute the
modulation parameters of the Pulse-Width Modulation (PWM) scheme controlling the Insulated-Gate Bipo-
lar Transistor (IGBT) bridge [20]. More details about the PWM scheme implementation in RSCAD can be
found in appendix B, while the RSCAD implementation of the MSC control strategy can be found in F. The
parameters used for the controller can be found in the annex of [20].

2.3.2.GSC

At the grid side, the control strategy adopted is the one of Direct Voltage Control (DVC). This control strategy
has been developed and explained in [31] to make up for two shortcomings of the traditional current control
scheme. The two flaws of the former scheme are the following:

¢ Inislanded mode, current injection is not possible in a system that does not count any load;

 After the fault, a voltage rise is observed in the DC link. It is due to the integral component of the
controller, which is fed with non-zero current reference while the current is being blocked and therefore
the measured current is equal to zero.

The solution proposed in [31] consists in removing the Proportional Integral (PI) block of the controller,
and replacing it by a properly tuned wash-out filter, in red in figure 2.12. The wash-out filter is a high-pass
filter which has been selected to damp the transient signals. The parameters used for the controller can be
found in the annex of [20].

2.3.3. MMC

There are two MMCs in the model, each playing a different role. Therefore, the control strategy implemented
in each of them is different. They are described in the two following paragraphs. Figure 2.13 gives an overview
of the general MMC control hierarchy, picturing the potential addition of other MMCs (left column) in the
case of a multi-terminal mesh. The part of the controller studied in chapter 4 is highlighted in the figure.
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Figure 2.13: Control hierarchy in an HVDC VSC multi-terminal converter (adapted from [32])

MMC-1

The offshore network is a weak grid. Therefore, one of the MMCs needs to set the voltage and frequency ref-
erences. This responsibility is taken over by MMC-1, which operates in island mode control (V/F control).
MMC-1 is therefore a grid forming component. A PI controller takes as input the difference between the ref-
erence and measured voltage at PCC. The output of the PI controller is the direct voltage reference of MMC-1,
which is then converted to the abc frame to generate the modulation waveforms of the converter. This con-
trol scheme can be seen in figure 2.14 [20].

MMC-2

MMC-2 is grid following component, corresponding to non-island mode control. Its controller is derived
from the conventional inner/outer loop current controller. However, because it operates in parallel with the
V/F controller of MMC-1, the outer loop had to be modified, as there can be only one converter controlling
the voltage of the common bus.

In the initial model, the reference current iz and i; sent as input to the inner loop are manually set by the
user [20], and there is therefore no outer loop. The architecture of the inner loop can be seen in figure 2.15.
In chapter 4 of this thesis, an outer loop is created to generate the i; reference, therefore enabling a tunable
power sharing between the two MMCs.

Control of MMC2

| studied in this thesis
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Investigation of the Impact of Electrolysers
on the Dynamics of the Offshore Hub

Electrolysers have the potential to become a game changer for energy storage and network support in off-
shore energy hubs, as explained in section 1.1. Promising results can be found in the literature, but at the
same time a lack of simulations of the dynamic performance of a zero inertia hub featuring electrolysers is
observed. In this chapter, a review of the results found in the literature is first presented. It is followed by
a case study comparing two different possible ways of connecting electrolysers to the offshore hub: in the
first case, four smaller electrolysers are connected directly to the DC links of the WT via a buck converter;
in the second case one larger electrolyser is connected to the AC common bus via a buck converter and a
transformer.

3.1. Literature Review

3.1.1. Electrolysers Potentialities in Supporting the Network

As discussed in section 1.1, the need for storage technologies in today’s electrical network does not need to be
proven anymore. Focus is nowadays given to the choice of the technology which should be adopted, how to
implement it, and how to scale it up. In offshore hubs, the absence of local electrical load makes the question
of storage even more relevant.

Electrolysers are the option discussed in this thesis. One of their main advantages is that, contrary to battery
or super-capacitor storage options, the product of electrolysis is an easily-transportable energy carrier. The
transport of hydrogen from offshore hubs to shore has been broadly studied from a techno-economic point
of view, as mentioned in chapter 1. For instance in [6], the authors note that former gas pipelines could be
reused to transport the hydrogen produced offshore to the shore. They claim that pipeline transport requires
much less Capital Expenditure (CapEx) and Operational Expenditure (OpEx), and generate less losses than
electricity cable transport. Hydrogen can also be stored with extremely low self-discharge, which makes elec-
trolysers a very good candidate for long-term energy storage applications [4]. Literature shows results from
techo-economic assessments which qualitatively suggest the potential of the coupling of the offshore elec-
tricity and gas network: in [33], it is shown that such a coupling would increase the cost-competitiveness of
offshore wind power.

Studies also highlight the very good response performances and flexibility of electrolysers, such as in [34].
In [35], a model of a large-scale electrolyser has been developed in RSCAD in order to compare simulation
results and field measurements. Very fast ramp-up and ramp-down times, as well as frequency support po-
tential, have been observed. In [36], different frequency support control methods for a 300 MW electrolyser
have been compared, concluding that the best results were obtained with the Virtual Synchronous Power
(VSP) controller. Beyond-requirement response times of electrolysers are illustrated in figure 3.1.

It should be noted that even thought the hydrogen produced by the electrolyser could theoretically be

turned back into electricity by a fuel cell and re-injected into the grid for further support, this last conversion
step has not been considered in this thesis. This does not mean that up-regulation is not possible: as stated

19
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in [37], it is economically optimal to run the electrolyser at about 50 % of its maximal capacity if using it as
primary reserve, thus providing the remaining capacity as upward reserve.

Electrolyzer Duration

= 100 * | **Electrolyzer data
E for small (~40kw)
= PEM and Alkaline
o units
=} —
@ 10 +
a
k-] Electrolyzer Shutdown Time n Requnse Time
5 ; ¥ Requirement
E 1 f— T T ! mDuration
= — Requirement
g Electrolyzer*Response Time
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o Regulation Load-following Spinning  Non-Spinning Replacement /

or FastEnergy  Reserve Reserve Supplemental

Markets Reserve

Figure 3.1: Electrolysers flexibility compared to electricity market requirements [38]

3.1.2. Sizing and Location of the Electrolysers

Sizing and connecting the electrolyser(s)' in the optimal way are not straight-forward. Optimal electrolyser
rated capacity has been estimated to be close to 30 % of the wind turbine rated capacity in both [39] and [13].
This ratio has been adopted for the work done in this thesis. The choice of the optimal ratio is outside of the
scope of this thesis.

Regarding the location, in [13] as well as in [14], three main locations are considered for the electrolyser
(see figure 3.2): C1) in-turbine at the DC link of the PMSG WT, C2) next to the HVDC substation (common
bus), C3) behind the squirrel cage induction generator WT, and C4) onshore. Location C3 is specific to an-
other technology of WT and location C4 is not relevant in this work as the focus is on the offshore hub. There-
fore, in this thesis, only the two offshore locations C1 and C2 are considered, and will be developed in the
next sections.

3.2, Investigation Option C1: Connection on the DC links of the Wind Tur-

bines
3.2.1. DClink Topology

Connecting a storage element to the DC link of the back-to-back converter of a PMSG WT is an idea recur-
rently found in the literature. Two publications have been selected as an example:

* In [40], a system composed of a battery, a fuel cell and an electrolyser is connected to the DC link
of a PMSG wind turbine in a stand-alone configuration. The storage system is controlled in order to
support the variations of the loads or wind speed and to limit the DC link voltage of the full-scale power
converter in a small range. However, in this study the fuel cell-electrolyser is considered to have slow
dynamics, whereas the PEM electrolyser technology considered in this thesis has been chosen for its
notably fast [10];

 In [41], a supercapacitor is connected to the DC link of a PMSG WT via a buck-boost converter. The
storage system allows for fault ride-through capabilities as well as mitigation of power fluctuation of
the grid-connected system. However, the system is not designed to operate in islanded mode as it does
not have any long-term energy storage or dissipation, contrary to what is proposed in the present thesis.

In this work, four 2-MW electrolysers have been integrated in the model. Each electrolyser is connected
to the DC link of the back-to-back converter of one of the 6-MW WTs. The network layout can be seen in
figure 3.3.

1According to the scenario (3.2 or 3.3), one or four electrolysers were integrated in the network
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Figure 3.3: Connection of four electrolysers on the DC link of the WTs

3.2.2. Modelling of the DC-DC Converter

RSCAD Environment

The DC-DC converter used to connect the stack to the DC link is a buck (i.e. step-down) converter, developed
in [12]. Since the WTs and their back-to-back converter are modelled in the small time-step environment, the
most natural option was to model the buck converter in the small time-step environment as well. However,
unexpectedly high losses were observed with this model. They can be explained by looking at how switches



22 3. Investigation of the Impact of Electrolysers on the Dynamics of the Offshore Hub

are modelled in RSCAD.

In the mainstep environment, the conductance matrix changes each time a switch is turned On or Off, which
leads to unfeasible computing times for real-time simulations. Therefore, a different approach has been
adopted with the small time-step environment: instead of modelling an open circuit as a small conductance,
it is modeled as a series connected resistor (R) and capacitor (C); and instead of modelling a short circuit as
a large conductance, it is modeled as an inductor (L). In turn, the L, R, C components are modeled as their
Norton equivalent (parallel connected current sources and conductances), using the Dommel algorithm and
trapezoidal rule of integration. The parameters L, R and C are chosen so that the Dommel conductances are
equal: go¢ = gsc (cf. figure 3.4), which alleviates a lot the computation costs [42].

The main drawback of this model is higher than expected converter losses, due to artificial switching losses
associated with abrupt switching from a small inductor (switch On) to a small capacitor (switch Off). This
problem has been observed during this thesis. Another drawback is the confusion that the user can experi-
ence when asked to fill in some parameters (base current, voltage, dynamic factor). It is not possible for the
user to directly specify the amount of losses of the converter [42]. An improved converter model developed
by RTDS is introduced in section 3.2.2.
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3. Substep

Figure 3.4: Switch model in large time-step (1), small time-step (2) and substep (3) in RSCAD (adapted form [42])
(A)=Switch ON / (B)=Switch OFF

Interfacing a component placed in a substep environment with a WT placed in the small time-step envi-
ronment would have generated other numerical issues. Hence, for this thesis it was decided not to focus on
the above-mentioned issues because the focus of the analysis is on the effect of the integration of electrolysers
in the hub, and not on the efficiency of the electrolyser system. A thorough analysis of the numerical solu-
tions is suggested as future work. However, the substep environment has been used to model the electrolyser
connection option in section 3.3, as interfacing the substep environment with the mainstep environment was
not leading to additional issues as in the case of the small time-step environment.



3.2. Investigation Option C1: Connection on the DC links of the Wind Turbines 23

Equation of the Buck Converter
In this section, the equations used to derive the fundamental relation of the buck converter are detailed.
The following notations are adopted:

* ir, ig, ic: current through the inductor, resistor, capacitor respectively;

* V1, Vg, Vi: voltage across the inductor, resistor, capacitor respectively;

* Vin, Vour: input and output voltages;

* Voc: open circuit voltage of the electrolyser stack;

* L, R, C: value of the inductor, resistor, capacitor respectively;

o Ts = f%w: period of one operation cycle of the switches of the converter, equals to the inverse of the
switching frequency;

* D: duty ratio (ON-time of the switch divided by T5)

The operation of the buck converter in continuous mode can be described by dividing one operation cy-
cle into two phases, as shown in figure 3.5:

Switch L
o oo Y YN
R
Diode
N o —
o
VL Ref ircuit
I a- Reference circui I ;
L L L L R
0%‘—‘ YYyh = YY) .
R I~ l R T
C V
) R
Vm c—— Vout C
TVOC
o :
b-0 < t < TgD (Switch ON, Diode OFF) c- Tg¢D = t < Tg (Switch OFF, Diode ON)

Figure 3.5: Reference circuit of the buck converter (a) and its equivalent circuits according to the state of the switch: switch ON
(b) or switch OFF (c)

Casel:0<t< DT;
During this interval of time, the switch is closed and the diode is blocking. The equivalent circuit can be seen
in figure 3.5(b).
From figure 3.5(b), the expression of the inductance voltage gives the variation of the inductance current:

dig
VL= LE =Vin—Vour, (3.1)
diL Vm Vout
=9 3.2
dr L L 3-2)

Considering the switching frequency is high, the assumption can be made that V;,, and V,,; are constant
over the considered time period Ts. By integrating 3.2 over the whole period T we obtain:

.  DTs
Aip = T(Vm — Vour)- (3.3)
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Case2: DT, <t< T;
During this interval of time, the switch is open and the diode is passing. The equivalent circuit can be seen in
figure 3.5(c).
The expression of the inductance voltage gives:

diy,
VL= E =—Vour (3.4)
diL Vout
L _ _ Yout 3.5
dt L (8-5)
Using the same assumption as for the first interval of time, we obtain by integrating 3.5:
; (1-D)T
Aip = —Tsvm. 3.6)

Finally, since no energy is stored in the inductor over time, the sum of the inductor current variations in
both intervals of time (given by 3.3 and 3.6) must be equal to zero:
DTy (1-D)Ts

T(Vm —Vour) = Tvour (3.7

By rearranging equation 3.7, the following relation is obtained:
Vout = DViy. (3.8)

The equation 3.8 is the fundamental relation used in the controller of the buck converter. Since V;, (volt-
age of the DC link) is maintained constant by the GSC (cf. section 3.2.3), by controlling D, it is possible to
control V,,; (electrolyser stack voltage). Moreover, the current of the electrolyser stack can be considered
to be a function of its voltage (assuming constant temperature and pressure) [12]. Therefore the power con-
sumed by the electrolyser is a function of V,,; and can be controlled by controlling the duty ratio D of the
buck converter.

Interleaved Model

For high current applications which require low output current ripple, the interleaved mode of operation is
used. This means that an inductor is connected to three branches of switches, connected in parallel as shown
in figure 3.6, and with a relative phase shift (but the same duty ratio %). This method is known to reduce the
output current ripple: a reduction of the current ripple by 20 % was achieved by using an interleaved topology
in [43]. Motivated by this approach, three DC-DC converters have been connected in parallel in [12] to realise
high output currents.

2The duty ratio (or duty cycle) is the fraction of the operation cycle during which the switch of the converter is turned On.
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Figure 3.6: DC-DC converter and electrolyser model in RSCAD, connected to the DC link of a WT as shown in figure 3.3

Switching Frequency

Operating the buck converter at high switching frequency can be beneficial because it improves the transient
responses. However, it has also the drawback of lowering the efficiency of the converter in the RSCAD model,
because losses inside the converter are increased. It was found that a suitable switching frequency at which
the buck converter can be operated to ensure a minimal efficiency of at least 75 % is f,, = 1kHz. In figure
3.7, the effect of increasing the switching frequency from 1 to 2 kHz can be observed. When f;,, = 1kHz, at
0, the efficiency is 79 %, while when f5,, = 2k Hz, after stabilisation at 10 s, the efficiency has dropped to 64 %.

However, the switching losses observed are actually artificial losses due to the L/C switching representa-
tion used in the RSCAD software 3.2.2. The substep environment can help reduce those artificial losses, but
it cannot be interfaced easily with the small time-step environment. The Universal Converter Model (UCM)
which is developed and has been very recently released by RTDS could be a solution to this artificial losses
problem in the future [44]. At the moment, the UCM is only available in the main-step and substep environ-
ments. In the main-step environment, the UCM represents converter performances accurately in the 3kHz
range [44].

Therefore, the switching frequency of f,, = 2k Hz was chosen, because it gives a better control accuracy.

2For tuning purposes, the modulation ratio was set manually for this figure (the PI controllers were bypassed). In normal operation the
response of the electrolyser is smoother thanks to the PI controllers.



26 3. Investigation of the Impact of Electrolysers on the Dynamics of the Offshore Hub

= Buck input power
m—— Buck output power

= |
= fow= 1 T = L . L . o .
O W W
g 1TkHz | 2 kHz
o |
14 | | .
T\\\
| =
- “'--.__IH -
1.2 | e M"‘—'—-—-.u :
| . . ers —rie
|
1 | I I I I I I I I
0 1 2 3 4 5 6 7 8 g9 10

Time [s]

Figure 3.7: Time response of the buck converter when increasing the switching frequency from 1 to 2kHz

3.2.3. Controls

An overview of the proposed control of the expanded DC link can be seen in figure 3.8. The main aspects
of the control strategy and control parameter tuning of the GSC, DC link chopper and buck converter are
detailed in this section.
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Figure 3.8: Control of the expanded DC link and measurement points

GSC

The GSC is mainly responsible for the regulation of the DC voltage, as previously shown in figure 2.12(a).
In order to achieve a faster and more accurate voltage control, especially under varying wind speed, some
parameters of the active power loop of the DVC control have been modified compared to the baseline model
described in section 2.3.2.

In the baseline model, a voltage drop of more than several pu was observed at the DC link when the wind
speed was dropping, as shown in figure 3.9. It was found that the drop was due to a saturation of some
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of the control parameters. In order to prevent such a voltage drop, the boundaries of some of the limiters
in the GSC active power control loop were enlarged compared to the baseline model. The boundaries of
the limiters were incrementally increased (upper boundary) or decreased (lower boundary) until no more
saturation of the control parameters occurred, while no drawback due to enlarged boundaries was observed.
The parameters which have been modified are indicated in the summary table 3.1 at the end of this section.
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Figure 3.9: Effect of a wind speed drop on the DC-link voltage of one of the WTs in the baseline model

Chopper
The chopper consists of a switch in series with a large resistor, connected across the two poles of the DC link,
as shown in figure 3.10(a). When the switch is turned on, a short-circuit is created across the link, thus lower-

ing the voltage, as explained in [20].

The chopper contributes to maintaining the DC link voltage stability in case of over-voltage, which hap-
pens mainly during faults. The control of the chopper is done in two steps, represented by the two red blocks
in figure 3.10(a).

In the first step, an activation (ON/OFF) signal is generated by a flip-flop table, as shown in figure 3.10(b). The
chopper is turned ON when the voltage of the DC link becomes higher than the maximal value Max_chop,
and turned OFF when the same voltage falls below the minimal value Min_chop. Parametric sensitivity anal-
ysis was performed to determine the most suitable values for the activation boundaries of the chopper. It was
found that the values Max_chop = 1.3pu and Min_chop = 0.98pu, undesirable action of the chopper (e.g.
over-reaction preventing the flow of power to the electrolyser) is prevented, while the DC voltage is main-
tained between satisfactory values.

Parallel to this first control action, the magnitude of the chopper firing signal is calculated based on the de-
viation of the DC link voltage from its reference. A first order filter (with gain G_chop and time constant
S_chop) is used to generate the chopper modulation wave magnitude from this deviation, as can be seen in
figure 3.10(c).

In the second step, the switching signal and the magnitude signal are combined to generate the references
for the firing pulses of the chopper, as shown in figure 3.10(d). Finally, the references for the firing pulses are
transformed into firing pulses by a firing pulse generator block in RSCAD.
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Figure 3.10: Chopper schematic and control logic, in the case of connection of an electrolyser to the DC link (cont.)

Buck Converter
The buck converter controller is composed of two loops, as shown in figure 3.11 ° :

* The outer loop is responsible for limiting the output power of the GSC to 4 MW. The electrolyser will
absorb the surplus power coming from the wind turbine. In case of fault (SWDZ2A signal in figure 3.11),
the buck converter is controlled to absorb all the power generated by the wind turbine, limited by its
rated capacity. The output of the outer loop is the stack current set-point, given as input to the inner
loop;

* The PI in the inner loop outputs the modulation wave which is given as input to the firing pulse gener-
ator. The time constants are set so that the outer loop is 10 times slower than the inner loop, as advised
in [45]. Indeed, the action of the outer loop should not overlap with the action of the inner loop, and
enough time should be given to the inner loop to adjust to the new set-point send by the outer loop.

The MSC control has not been modified. The MSC regulates the DC current, as described in section 2.3.1.
The main parameters used for simulation in RSCAD can be found in table 3.1 * °.
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Figure 3.11: Buck converter controller

3In figure 3.11, the input parameters for the outer loop are defined in figure 3.8. In addition, LoadCurr is the current at the electrolyser
stack, and Modcontroll is the reference signal for the firing pulse generator of the buck converter.

4During the initialisation, T_VDC = 8 as proposed in the baseline model [20].

5The same parameters are used for the four electrolysers.



30 3. Investigation of the Impact of Electrolysers on the Dynamics of the Offshore Hub

Buck converter GSC Chopper
Parameter Value Parameter Value | Parameter Value
T_P_ely 0.5s | VDCR 1.0pu | SLchop 0.05s
G_P_ely 0.001 | T_VDC 0.02s | G_chop 1
T_DC_ely2 0.02s | G_VDC 10
G_DC_ely2 0.005 | Max_DVC 6.5

Min_ID_Ref set -0.6
Min_VTQ -0.6

Table 3.1: Control parameters used for the simulation (unless stated otherwise). Parameters related to the buck converter, GSC
and chopper can be visualised in figure 3.11, G.1 and 3.10 respectively.

3.2.4. Results
Two events are analysed in this section: a step in the wind speed, and islanding due to a HVAC fault. These
events have been chosen so that the reaction of the model to the most abrupt and critical events can be tested.

Wind Speed Step

First, a wind speed step from 9 to 14m/s ° is applied to the hub. As shown in figure 3.12, a filter with time
constant 0.5s is used to avoid any numerical issue that might appear due to the discontinuity of the wind
speed step. The slider GIWIND is used to manually define the wind speed, while the two variables Wind-
SpeedSource and Wind_Profile are used to input a predefined wind speed profile, as explained in appendix
A.3.

The resulting behaviour of the network is shown in figure 3.13: the power has been measured at the output of
the MSC, at the output of the GSC and at the input of the electrolyser buck converter. Power measurements
are shown on the second graph of the figure. They are expressed in MW before the interface transformer, so
they are not scaled up. Additionally, measurements of the DC-link voltage and electrolyser stack current are
shown on the third and fourth graphs of figure 3.13 respectively. All the measurement points are indicated in
figure 3.8.
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Wind_Profile By G SPEED
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Figure 3.12: Wind speed input in RSCAD

The second graph of figure 3.13 shows that the control strategy presented in figure 3.11 is respected for
both electrolyser 1 and 2: as soon as the output of the GSC reaches 4 MW (at 55s), each electrolyser starts
to absorb the surplus power coming from the WT, thus maintaining the output power to the stable value of
4 MW. It should be noted that in this scenario, the power output of the four WT was the same by design of
the network (see figure 2.5), hence for the sake of clarity only the output of WT-1 has been plotted, with the
caption "single MSC output".

After 10s, the WT output keeps increasing, while the electrolyser reaches its rated capacity (2 MW). Therefore

6This represents an extreme wind speed step, in line for example with the wind speed time series proposed in [46].
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the output of the GSC also increases over 4 MW.

Furthermore, attention was given to the choice of the control parameters. The time constant and gain of
the PI controllers (starting with the inner loop PI) were changed incrementally in a predefined range until a
satisfying behaviour was achieved. The system presented a minor sensitivity to changes of the gain values,
but a considerable sensitivity to changes of the time constant values. In order to show the effect of different
settings of the PI parameters, a sample comparison is presented in figure 3.13. Two different values of the
inner PI controller time constant have been implemented: the electrolyser connected to WT-1 has a time
constant T_DC_ely2 = 0.02s (orange line) while the electrolyser connected to WT-2 has a time constant
T_DC_ely2_2 =0.01s (green line). Those two values have been selected because they represent a threshold
in the behaviour of the system.

The third graph shows that for electrolyser 1 and 2, the DC-link voltage is effectively maintained close to
1 pu by the GSC, thanks to the modifications mentioned in section 3.2.3 (modification of the signal limiter
boundaries). The chopper is not activated during this time, so its power consumption is null and has not
been plotted.
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Figure 3.13: Time response ' of DC links 1 and 2 having two different time constants (0.02 s for Ely 1 and 0.01 s for Ely 2) in the
inner loop PI, under wind speed step from 9 to 14m/s

The last graph shows that the current going through the electrolyser stack exhibits a significant oscillatory
behavior. The stability of the DC link is not jeopardised, only the output of the buck converter (flowing to
the electrolyser stack) is affected. The main outcome of this comparison is that if the time constant of the
Pl is too small, the system becomes too sensitive as the integral component reacts too fast (compared to the
system response time) when trying to correct the static error. Consequently, the current flowing through the
electrolyser stack is not stable: these oscillations are not acceptable for the electrolyser.

7Power measurements have been filtered through a first order filter with time constant 0.02 s, voltage and current measurements are not
filtered
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However, if the time constant of the PI controller is too high, the response time of the electrolyser will be

lengthened, as the integral part of the controller will be too slow (compared to the dynamics of the system) in
trying to correct the static error. As a result, the control rule will be met with a delay.
Therefore a compromise has to be found between speed and stability of the system. Lowering the time con-
stant of the Pl leads to a faster response, until a certain threshold where oscillations appear. Figure 3.13 shows
that this threshold is located between 0.01 and 0.02 s for the PI of the inner loop. Hence a time constant of
0.02 s was selected, as can be read in table 3.1. It can be noticed that the time constant of the outer loop PI
controller has been chosen more than 10 times higher than the time constant of the inner loop PI controller,
in order to avoid interference between the control actions of the loops.

Wind Speed Profile n°2: High Gradient

In this section, the same simulation is run, with the best time constant (0.02 s) set for all electrolysers. The
only difference is that the wind speed step is now replaced by the wind speed profile n°2 selected in appendix
D. This wind speed profile has been extracted from a set of historical offshore wind speed data, on the criteria
of the steepest wind speed gradient.

The performance of the DC link of the WT and of the electrolyser system under these real life conditions
is shown in figure 3.14. The results being the same for all four WT, only the measurements for WT-1 has been
plotted.

As can be seen on the graphs, the network behaves as expected. The power output of the GSC is limited to
4 MW as long as the rated capacity of the electrolyser allows it. When the generated power becomes too high,
the electrolyser cannot increase its consumption anymore so the output power increases.
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Figure 3.14: Time response of the DC link of WT-1 under wind speed profile n°2, with electrolysers connected to the DC links of
the WTs
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Islanding Due to HVAC Fault

Due to a permanent three-phase to ground fault on HVAC cable 1, the AC breaker on this cable is opened (no
reclosing scheme is activated) and WT-1 is islanded. The location of the fault and of the circuit breaker can
be seen in figure 3.15. During this event the wind speed is kept constant at 13 m/s, and the breakers on the
other HVAC cables are de-activated.

Three-phase, pole-to-
ground permanent fault

|

e WT1 +elyl +
converters

AC circuit breaker
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———— ——— WT2 +ely2 +

converters
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converters

Common
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Figure 3.15: Location of the HVAC fault

The results are presented in figure 3.16, and the corresponding measurement points can be seen in figure

3.8. Only the measurements taken at WT-1 (graphs b and d) and WT-2 (graphs c and e) are shown, since the
measurements for WT-3 and WT-4 were similar to the ones for WT-2.
Initially, the WTs produce a steady power of 5.8 MW (blue line on graphs b and c¢). The buck converters of the
electrolysers are consuming 1.6 MW (purple line on graphs b and c), so that the GSC outputs are maintained
at 4 MW (red line on graphs b and c), as required by the control scheme described in 3.2.3. The green line
on graphs b and c shows the electrolyser power consumption. To understand why it is lower than the buck
converter power consumption, refer to section 3.2.2.

At 0.5, the short-circuit fault on HVAC-1 is triggered (figure 3.16, graph a, which produces a drop in the
GSC output power. As a consequence, the electrolyser on WT-1 enters the fault mode described in section
3.2.3 and starts to increase its consumption, which will reach the rated capacity of 2 MW at 3.5 s, after an over-
consumption peak immediately after the fault (graph b). On the contrary, the electrolyser on WT-2 does not
enter fault mode so it decreases its consumption along with the power output drop of the GSC (graph c).

In the meantime, the choppers are expected to dissipate the surplus power, thus maintaining the DC-link
voltage close to 1 pu. It can be seen in figure 3.16, graph b, that chopper-1 is activated immediately after the
fault to dissipate the power coming from WT-1 which cannot be absorbed by the electrolyser. Chopper-2 is
activated only for a very short time at the end of the event (graph c).

The breaker on the faulty cable (HVAC-1) opens 100 ms after the fault has been triggered, as shown on
figure 3.16, graph a. The output of GSC-1 expectedly falls to zero as no power can be transmitted through
HVAC-1 anymore (graph b). WT-1 enters what is called an islanded mode of operation. It can be seen that
the voltage of DC-link-1 rises to reach the natural voltage of the islanded system, close to 1.29 pu (graph d).
The other WTs come back to the pre-fault state of operation 0.4 s after the fault has been triggered (graphs
c and e) due to two reasons: i) the circuit breakers on HVAC cables 2, 3 and 4 were disabled, as mentioned
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previously in this section; ii) the WT's 2, 3 and 4 were able to withstand the fault thanks to the control action
implemented in the network (in the GSCs and MMCs) [20].

Due to the extreme character of the event, which is causing a sudden power imbalance in the network,
the DC voltage is experiencing abrupt variations (cf. figure 3.16, graphs d and e). This causes major swings
for 0.3 to 0.5 s in the buck converter input power, as can be seen on graphs b and d of figure 3.16 (purple line).
These large power oscillations look at first sight like a potential danger for the electrolyser. However, the same
graphs show that the power swings at the input of the converter are not passed on to the output (green line).
Therefore, the power input of the electrolyser (equal to the power output of the buck converter) remains free
of chattering during the islanding process and in the islanded mode. The buck converter is decoupling the
electrolyser cell from the DC link, which can typically be expected from a DC-DC converter.
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Figure 3.16: Time response of DC link 1 (graphs b and d) and DC link 2 (graphs c and e) under islanding due to three-phase
fault on HVAC-1 (graph a)

3.3. Investigation Option C2: Connection on the AC Common Bus

An electrolyser is now connected to the AC common bus of the hub, between the two MMCs, as can be seen
in figure 3.17. The model is designed on the basis of a model developed by RTDS Technologies and described
in [25]. The initial model was featuring a photovoltaic farm, connected to the grid via a boost converter, a rec-
tifier, a transformer and an interface transformer. The model was implemented in the substep environment
and rated at 1 MW.

The main design and control parameters of the electrolyser system of interest in this thesis are summa-
rized at the end of this section, in table 3.2. More details about the other parameters can be found in [25].
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Figure 3.17: Connection of the electrolyser on the AC common bus of the hub

3.3.1. Model Topology and Sizing

The model mentioned above (provided by RTDS Technologies) has been adapted to enable the connection
of an electrolyser. When connecting an electrolyser instead of a photovoltaic farm, the power flow is reversed
in the system. The voltage of the DC link, set at 0.8 kV, needs to be stepped down to feed the electrolyser. For
this purpose, the boost converter initially present in the model is replaced by a buck converter. The layout of
the system in depicted in figure 3.18.

In the paragraphs below, some of the main design choices of the buck converter are further explained.

Subsystemn’1 | Subsystemn®3
Transmission e e S e e i e |
line | Substep
1 1
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Figure 3.18: Electrolyser model with its rectifier, buck converter and transformers, for connection to the AC bus of the hub

Transmission Line

First of all, an important point is that the electrolyser could not be modeled in subsystem n°1 because the
cores available on rack 7 were already fully loaded. Therefore a third subsystem was created to compute the
electrolyser system; this subsystem was connected to the main hub via a transmission line E.

The same 15-km transmission line model as the one used to connect the wind turbines to the hub was
used. Since the purpose of this line is only to connect subsystems n°1 and 3, there is no desire to introduce
some length to the line (and therefore some losses). Consequently the length of the line was set at 1% of
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its total length. However, by doing so, the travel time in the line becomes smaller than the simulation time
(50 us). In this case two options are available [42]:

* Using a Pisection model instead of a travelling-wave model (parameter alwpiin figure 3.19): this option
is available only if both the sending and the receiving ends of the transmission line are located in the
same subsystem, which is not the case here;

¢ Artificially raising the travel time (parameter Raistt in figure 3.19): this option has been selected. How-
ever, [42] warns that this will artificially increase the length of the line and can have a significant impact
on simulation results. Indeed, a power loss of approximately 3 % is measured between both ends of the
line.
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Figure 3.19: Transmission line block and parameters in RSCAD draft file, interfacing subsystems n°1 and 3

Additional Inductance

At first, alternating values of the DC link current were observed. In order to oppose those undesired oscilla-
tions, an inductor was connected to each pole of the DC link. An inductor value of 5 mH has been found to
lead to the smoothest DC current.

RC Damper

It has been shown that variable impedance systems are prone to oscillations and instabilities. Impedance
variations can be due to variable renewable energy production [47] or constant power load components [48].
This common issue can be solved by different types of damping methods. The two main categories of damp-
ing strategies are passive methods, which make use of passive components such as capacitors, resistors and
inductors, and active methods, based on changes in the control structure of the system [49]. Passive methods
might generate more losses that active ones, but they are also much easier to implement. In [47] and [48] the
RC parallel passive damping method is investigated.

In this thesis, a resonant behaviour has been observed when connecting the electrolyser system to the com-
mon bus of the hub. The issue could be solved by using a RC parallel damper on the substep side of the
interface transformer, following the schematic shown in figure 3.20.
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Figure 3.20: Schematic of the damper in the interface transformer

Since the damper parameter tuning methods found in the literature are specific to different topologies
from the one used in this work, as a first approximation the following tuning rules were applied:

Tq=RC =2 % f50p = 100us, (3.9
Zg=10%1010* * Zerwork- (3.10)

Equation 3.9 specifies that the time constant of the damper should be equal to twice the main time step,
while equation 3.10 requires that the impedance of the damper is a few thousand times higher than the
impedance of the network.

If Z;=Rg+ ﬁ is theimpedance of the damper, Z; the impedance of the network and Z;,; the impedance
of the damped network, we have:

2y

Zo
Zq

Ziot = (3.11)

1+

It can therefore be seen that the smaller the damper impedance with respect to the network impedance
is, the higher the damping effect will be.

The above-mentioned two rules were applied and the parameters C; = 1uF and R; = 100Q2 were found.
However, experimental trials lead to select a smaller value of R, as specified in 3.2.

3.3.2. Scaling

The electrolyser system in substep environment is rated at 1 MW. To achieve a system rated at 600 MW (i.e.

30 % of the hub rated power), a scaling factor is used. The scaling parameter is located in the substep/mainstep
interface transformer, similarly to what has been done previously to scale up each wind turbine with the small

time-step/mainstep interface transformers (see section 2.2.2).

3.3.3. Control

The controller of the buck converter is made of two cascaded PI controllers: in figure 3.21 PI-a constitutes the
inner loop while PI-b constitutes the outer loop. A third loop is added (PI-d, with output signal Viorrecrion),
in order to maintain the DC link voltage to its rated value of 0.8 kV.
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Figure 3.21: Control of the buck converter for the electrolyser connected to the AC common bus

In order to tune the two cascaded PI controllers PI-a and PI-b, a two-stage heuristic method, presented in
figure 3.22, is applied. Sensitivity analysis is performed to properly tune each PI controller. The same method
is applied in automated control mode to tune PI-c. The tuning of PI-d was done separately beforehand, also
with a heuristic method.

As can be seen in figure 3.21, the buck converter can be controlled in two different modes:

* A manual mode, in which a power consumption reference is given by the user via a slider in the Run-
time interface;

* An automated mode, in which the electrolyser is controlled to absorb the power coming from the wind

turbine when it exceeds a fixed limit P:’;

4% This limit can be set by the user via a slide in the Runtime

f
interface.

Damper Outer PlIs and filter | PI-b and c output range
Caamper = 1iF T, =0.16s 0.226to 1.12
Raamper = 5Q Gp=15 PI-a output range

Inner PI T.=0.4s 0.22 t0 0.99
T,=0.06s Gp=1.9 DC-link inductance
Gg=1 Tri;=0.04s Lpc-iink =5mH
Buck switching frequency | T;=1s Electrolyser stack
fsw=2kHz Gg=1 Rsiack =0.4Q

Buck capacitors Scaling factor Voc =0.155kV

Cour =30mF Sery =600
Cin=32mF

Table 3.2: Summary of the main parameters used in the electrolyser system model
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Figure 3.22: Tuning method of the cascaded PI controllers in the buck converter controller, using incremental variation of the
time constant and gain values

3.3.4. Results

Two simulations have been performed with the electrolyser system connected on the AC bus: first a unit
power consumption step was applied to the electrolyser in manual mode, secondly a wind speed step is
applied to the hub while the electrolyser is in automatic mode.

For the figure presented in this section, power measurements, as well as AC voltage measurements, were
filtered with a time constant of 0.01 s. DC current and voltage measurements are not filtered.

Power Step

In this section, the hub wind speed is fixed to the rated speed of 16 m/s and the electrolyser is put in manual
mode. Initially the power reference sent to the electrolyser is 0. The power reference is then increased to
1 pu (equals to 1 MW in the non-scaled substep model) as can be seen on the blue curve on the first graph of
figure 3.23. It is important to note that here, a step function was chosen as it represents an extreme scenario.
In reality, a ramp would be applied.

To evaluate the response of the network to this power step, power and voltage measurements were plotted
in figure 3.23. The red curve on the first graph represents the power measured at the electrolyser stack itself
(output of the buck converter). It can be observed that the power first increases sharply for a few milliseconds,
before the PI input stabilizes. The settling time, which is the time needed for the power output to increase
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from 10 % to 90 % of the set-point, can be calculated: it is equal to 0.35s.
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Figure 3.23: Hub response to a 1 MW power consumption step of the electrolyser connected to the common bus

The power flow in the hub can be understood thanks to the second graph of figure 3.23. All measurements
are done at the feeders connected to the common bus. The blue line shows the total power generated by the
wind turbines; the red line is the power going through the HVDC transmission link to the shore; the yellow
line shows the power absorbed by the complete electrolyser system, including converters and transformers.
Initially, the power generated is entirely transferred to the shore, except for 40 MW which are consumed by
the electrolyser. Indeed, at this stage the circuit breaker between the electrolyser and the common bus is
closed, so even though the power reference is 0, a small amount of power is still consumed by the electrol-
yser system. Half of this power (20 MW) is lost in the transmission line as explained in 3.3.1. The balance
Pgen = Prypc + Peyy is respected at all times.

On the third graph, different voltage measurements can be seen. The blue line represents the voltage at
the DC link of the electrolyser system (between buck and GSC). This voltage is maintained constant thanks
to the GSC controller and the additional PI-d loop in the buck controller. It can be observed that apart from a
small dip when the step is applied, it remains fairly constant at 1 pu.

On the same graph, the yellow curve shows the RMS value of the AC common bus voltage. This voltage is
maintained as close as to 1 pu as possible by MM C-1. Nevertheless, a small increase of the voltage of 0.2 pu is
observed when the wind speed increases.

Finally, the voltage of the electrolyser stack (in red on the third graph) is stepped up from the open-source
voltage value to its nominal value. This is the expected effect of the buck controller logic.
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Wind Speed Step

In this section, the hub wind speed is initially fixed at 11 m/s. At t=1s, the wind speed is stepped up to 15m/s.
A first order filter with time constant T=0.5s is applied. The resulting input wind speed is shown on the first
graph of figure 3.24. It should be noted that the same wind speed input is applied to all wind turbines.

=
m

W
E -
14 .
B
&
o 12 -
£
= 10 I 1 1 I I 1 1
1 2 3 4 5 [ 7
2000
='1500 ——
E. e Total wind turbine generation
5 = = Total power sent to shore i
g 1000 Ely system consumption
o Ely rated capacity
500 — =
| i I | [ 1 1

1 2 3 4 5 [ 7
12 T T T
1 — = oy
=08 Pt .
=1 -
=06 P i
A s it &y Sy stem DC link
0al r e at ey stack N
: 4 at common bus
/
0.2 I T | I I | 1
1 2 3 4 5 [ 7

Time [s]

Figure 3.24: Hub response to a wind speed step from 11 to 15 m/s, with an electrolyser connected to the common bus

Moreover, the electrolyser is now in automated mode. This is done thanks to a switch in the buck con-
troller, as can be seen in figure 3.21. In automated mode, the logic of the buck controller is the following:

0 ingenSPmux

Prefely = .
refely {Pgen_Pmax ifPgen > Pmax,

where Pg.p, is the total power generated by the wind turbines and P4y is the maximal power which
should be transmitted to the shore. This parameter can be selected by the user and was set to 1500 MW in
this section.

On the second graph of figure 3.24, the power measurements of the feeders connected to the common bus
have been plotted. When the generated power reaches 1500 MW, the electrolyser starts to consume power,
with a delay of about 0.2 s. This delay causes an overshoot of about 100 MW in the power transmitted to the
shore, after which the electrolyser consumption settles in a steady-state. In the steady-state the power trans-
mitted to the shore is exactly 1500 MW, as expected.

On the third graph of figure 3.21, voltage measurements have been plotted. It can be seen that the buck
input voltage (in blue) is maintained to its rated value. The RMS of the AC voltage at the common bus of
the hub increases from 0.95 to 1.15pu. This behaviour was also observed when the electrolyser was not
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connected and is due to the increase in the generated power. The controller of MMC-1 is responsible for the
AC voltage control. Since it fails to maintain it at rated value, another loop (for example a reactive power loop
in MMC-2) could be implemented.

Wind Speed Profile

In the previous section, a standard wind speed step was applied the network. In this section, the goal is to
test the system under real-life conditions. For this purpose, several sample wind profiles have been selected
in appendix D. Here the results under the most challenging profile (profile n°2, high wind speed gradient) are
presented in figure 3.25. Once again the electrolyser is in automated mode. In this simulation, the capacity of
the electrolyser was increased to 800 MW to be able to cope with the challenging wind speed. This was done
by adjusting the electrolyser scaling factor in the Runtime file. All control parameters were kept identical to
the previous case, except for the gain of the outer PI in the buck controller, which was set to G; = 0.85.
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Figure 3.25: Hub response to a the wind speed profile n°2, with an electrolyser of capacity 800 MW connected to the common
bus

As a reminder, in automated mode, the electrolyser should consume excess generated power, so that the
power transmitted to the shore does not exceed 1500 MW (indicated by a dotted line on the second graph
in figure 3.25). It can be seen that between 9.5 s and 13.5 s, this rule is not respected. There are two reasons
for this mismatch. First, between 9.5s and 11.5s, the power in the HVDC link crosses the limit of 1500 MW
because the rise time of the electrolyser is too slow to cope with the high wind speed gradient of 1.59 m/s%.
Secondly, from 11.5s to 13.55, the electrolyser consumption is saturated at its rated capacity. During this in-
terval, the total power from the wind turbines is higher than the hub rated capacity, because the high wind
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gradient produces a generation overshoot. Once the generation becomes stable again, from 13.5s, a steady
amount of power is transferred to the shore. Particularly at 15s, the electrolyser adjust its consumption to
match the wind profile. However, the electrolyser capacity is limited and cannot follow the small fluctuations
of power between 16s and 19s.

As can be seen on the third graph of the same figure, the voltage of the DC link between the electrolyser
rectifier and buck converter (blue line) is maintained at its nominal value even under the high wind speed
gradient.

3.4. Conclusion
In this chapter, two different locations for the connection of the electrolyser have been investigated.

In the first option, an electrolyser was connected to the DC link of the back-to-back of each WT. Connect-
ing electrolysers locally at each WT proved to be a great advantage to mitigate power variations flowing to
the common bus of the hub, due to increasing wind speed. More simulations shall be carried out to further
study this option under different possible patterns of wind speed fluctuations. The simulation also showed
interesting results when a wind turbine had to be islanded due to an AC fault. In this case, the electrolyser
could consume some of the power produced by the islanded WT.

In the second option, an electrolyser was connected to the common bus of the hub. In this case, some
resonance phenomena were first observed between the electrolyser system and the rest of the network. Af-
ter a damper was added, the electrolyser showed promising results both in manual and automated mode of
operation. The parameters of the controllers could be optimally tuned to match experimental response-time
data of a PEM electrolyser stack.

It can be concluded that both connections show interesting features. Connecting an electrolyser to each
wind turbine would require more converters (one for each turbine) while only two converters (rectifier and
buck) would be necessary if the electrolyser is connected to the common bus of the hub. The first option
could however be less space-consuming as electrolysers can be placed inside the structure of the turbines,
like in the project described in [16]. It would also be useful in case of islanding of one of the turbines, contrary
to the second option.



Development of a Control Strategy for the
Offshore-Onshore HVDC Bipolar Link

Asseen in chapter 2 (section 2.2.5), in the initial model, the hub is connected to the shore via two symmetrical
monopolar HVDC links. In this chapter, the topology of the HVDC link is changed to a bipolar link with
ground return, as the later topology proved to be more reliable and flexible than the former one [11]. In the
new model with bipolar topology, each pole is formed by one MMC on each side, which results in a total of
two onshore and two offshore MM Cs. Monitoring the share of power flowing through each pole of a point-to-
point bipolar link is an interesting feature which has not been covered in literature so far. It would be useful
especially to handle maintenance events or failures on one of the poles. In order to enable power sharing
capabilities between the two poles of the bipolar link, in this chapter, a new control strategy is implemented
in the outer loop of the controller of one of the offshore converters. It is then investigated if the expected
performances of the control strategy are met.

4.1. Literature Review

VSC-HVDC transmission links are a key technology for the development of a reliable sustainable power grid.
Not only can they help to reduce losses in long-distance transmission configuration, but they can also partic-
ipate to provide diverse ancillary services, such as reactive power injection and black-start capabilities, and
therefore support the grid [11]. Unlike LCC technology, VSC technology is also able to operate when con-
nected to a very weak AC grid [11]. Knowing that offshore wind hubs are considered as weak grids, this is a
determine criteria for the choice of the technology. However, the VSC technology is very costly and recent,
hence a lack of operational experience and standardisation. It is stated in [50] that in 2019, no operational
experience of networks of capacity above 2 GW and voltage above +500 kV was available.

Even though examples of VSC bipolar links remain scarce, some examples of HVDC links already in use
can be mentioned: BritNet between the United Kingdom and the Netherlands (two LCC monopoles); SAPEI
between Sardinia and Italy (LCC bipole); INELFE between France and Spain (two VSC monopolar links) [11].
However, it should be noted that the above-mentioned links are interconnectors operating between two
countries, which can be considered as strong grids. There is a lack of knowledge about the performance
of such interconnectors (especially for the bipolar configuration) when they are connected to a weak grid,
such as an offshore wind farm. Some aspects of this research gap are investigated in the present work.

4.2, Upgrade of the Offshore-Onshore HVDC Link to a New Topology

4.2.1. Use of a Point-to-Point Bipolar HVDC Link

A HVDC link can be either in a point-to-point configuration (two terminals connected together) or in a multi-
terminal configuration (at least three terminals connected together). In this thesis, due to the focus of the
research on the power transfer control between an offshore hub and an onshore power system, only point-
to-point configurations are investigated.

In the model taken from [20], two offshore MM Cs were connected to the shore via two independent pairs of

44
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HVDC cables. This topology is called a symmetrical monopole (cf. figure 4.1-e). The adjective symmetrical
refers to the fact that one cable has a positive voltage and the other a negative voltage, both with the same
absolute value. Contrary to an asymmetrical monopole, none of the poles is connected to the ground (cf.
figure 4.1). Even though this topology has lower investment costs than the bipolar topology, it is not suitable
for interconnecting offshore hubs with the shore due to its low flexibility and redundancy, and its lower trans-
mission capacity compared with bipolar links [11].

Links with a bipolar topology, in which two MMCs are connected at each side of the HVDC link, are mainly
developed nowadays because this topology has several advantages. First, in case of a converter outage or a
line outage, half of the total capacity can still be transmitted by switching to a monopolar type of operation
[51].

Moreover, this topology allows for more operational margin to safeguard a certain transfer capacity: in case
of unavailability of one pole, it is still possible to transfer half of the total rated capacity by using the user pole
[51], [11]. For example, in case of planned maintenance on one pole, this pole could be unloaded thanks to
an appropriate control strategy, to allow for an isolation of the cable without the use of expensive, bulky DC
circuit breakers. The next section focuses on such a control strategy.
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Figure 4.1: Common HVDC topologies (adapted from [11])

4.2.2. Addition of Onshore MMCs

The second step of the upgrade of the model of the HVDC link was to include two offshore MM Cs, to replace
the two voltage sources used in the initial model (taken from [20]) to represent the onshore terminal of the
link. The main reason why onshore MMC models are used instead of ideal voltage sources is that potential
major interaction issues between offshore and onshore MMCs (such as the impact of the offshore grid form-
ing control on the onshore DC control, as mentioned in [52]) can be observed. Hence the use of onshore
MMCs models allows to properly capture the dynamics in the offshore-onshore power transfer. The imple-
mented topology of the HVDC link can be seen in figure 4.2.

The two onshore MMCs have been named as MMC-3 for the positive pole and MMC-4 for the negative
pole. They are connected to an AC source which represents an equivalent of a strong onshore power system.
The RSCAD component used for the source and its technical specifications can be seen in figure 4.3. In future
work, this source could be replaced by a synchronous generator tuned to model a weak grid, thus assessing
the robustness of the link in case of a connection to a weak onshore grid.
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Common AC

Onshore Offshore bus

MMC3 MMC1

MMC4 MMC2

—— DC
— AC

¢

Figure 4.2: Implemented topology of the HVDC link
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Figure 4.3: RSCAD component used to model the AC source representing an equivalent of an onshore power system (R = 1.0Q),
and its property window

Model and Control

The models of MMC-3 and MMC-4 are identical to the models of MMC-1 and MMC-2 already implemented
in [20]. These models are derived from a model developed by RTDS and available in the RSCAD library under
Samples>Small time-step>MMC5. Each newly implemented MMC has a nominal capacity of 1 GW, and an
architecture visible in figure 2.10. The two onshore converters are controlling the DC voltage at each pole of
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the link. MMC-3 and MMC-4 form the onshore terminal of the HVDC link, while MMC-1 and MMC-2 form
the offshore terminal. The HVDC link in the completely upgraded configuration is thus a two-terminal, four-
converter link.

Core Assignment in RSCAD

There are three NovaCor chassis available at TU Delft (cf. 2.1.2). Initially, the simulation was running on two
chassis of four cores each [20]. However, with two additional MMCs, the simulation became too computa-
tionally heavy to be run on only 8 cores. Therefore, the use of a third chassis is necessary. To this end, a third
subsystem is created in the draft file. More information about the relation between subsystems and chassis
can be found in appendix E. The onshore MMCs are placed in this third subsystem, and computed on the
third processor, as indicated in figure 4.4.

RTDS chassis—TU Delft ESP lab

Novacor 7 Novacor 8 Novacor 9

4 cores 4 cores 7 cores (6 used)

(N I N A N (N I A NS B N O B A

Max. 600 single-phase
nodesper NovaCor unit

v v

/ Subsystem 1 \ / Subsystem 2 \ / Subsystem 3 \

T N 54@4@

—
—®

Offshore MMCs (2x1GW)

\ and common bus / \Type 4 wind turbines / \Onshore MMCs (2leW)/

[Mainsrep / small time-step j [ Small time-step j [ Small time-step / substep j

Figure 4.4: Summary of the distribution of the different parts of the network among the NocaCor chassis

4.3. Control Strategies for the Outer Active Current Loop of MMC-2

4.3.1. Active and Reactive Current (i,4/i,;) Decoupling

In the model used as the starting point of this thesis, MMC-1 sets the reference angle of the voltage. Based on
this reference, the GSCs (inverters) of the wind generators, which are grid following (in non-islanded mode),
modify the local voltage angle at their terminal in order to control the power flowing through the HVAC cables.
MMC-2 is grid following. It is responsible for determining the share of active power flowing through each
converter. The control strategy used to achieve this power sharing is the decoupling of active and reactive
current. Indeed, the total complex power S flowing through one of the MM Cs can be written as the product
of the complex voltage and complex conjugated current:

V=Va+ iV, (4.1)

I=14+ I, 4.2)
S=P+jQ=VI"=Valg+Vyly) +j(Vgla—Valy). 4.3)
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If we now set V; =0, as it is done in the Phase Lock Loop (PLL), the equation of S is simplified to
S=P+jQ=Vylg—jValy, (4.4)
from which can be derived the expression of the active power
P=V,I,. (4.5)

It can be seen from equation 4.5 that the active power flowing through MMC-2 P is proportional to the
active current I; flowing through this same MMC. It is therefore possible to control P by changing the ac-
tive current reference of MMC-2. In order to set this active current reference, an outer loop is created in the
controller of MMC-2. The outer loop takes as input active power the set-point required by the user, as well
as current and voltage measurements. The outputs of the outer loop are the active (and reactive) current
references (the reactive current reference is actually kept equal to 0). These references are then passed on to
the inner loop, which outputs the modulation waveforms used to control the submodules of the MMC. This
control scheme is depicted in figure 4.5.
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Figure 4.5: Outer and inner loop control scheme

It should be noted that in the baseline model, the outer loop is reduced to:

idref = Ifef, (4.6)
iq,ref =0, 4.7)

where Ife y is provided by the user via a slider in Runtime. This simplified mode of operation is kept as
such during the initialisation phase of the simulation (see appendix A). A dial is used in Runtime to switch
from the simplified outer loop to the more advanced ones, developed in this chapter. It can be seen in figure
4.6.

The higher I fe P the more active power flows through MMC-2. The remaining power flows through MMC-
1 based on the following equation of nodal power balance:

4
Primer = Z Pcscn— Pmmee-
n=1

In case of variable conditions (fault, variable wind speed), the active power flowing through MMC-2 will
be constant, while the active power flowing through MMC-1 will vary. There is no power sharing control im-
plemented in the initial model.

The main goal of this chapter is to implement different power sharing strategies in MMC-2 and ascertain
their potential. Three strategies are presented in the following sections.
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4.3.2. Direct Power Control and DC Current Control
Control Scheme

A first and straight-forward manner to control the active power flowing through MMC-2 is to directly com-
pare the AC power measurement with the desired power level, and feed the error to a PI controller which
generates the active current reference, as shown in figure 4.7 (green inputs). The output of this loop, ig e,
is the reference for the direct current mentioned in equation 4.5. As can also be seen in the same figure, an
anti-windup mechanism is added to prevent saturation of the integrator, as explained in appendix C. Without
the anti-windup mechanism, oscillations and long settling times are observed.

Measurement points

Common AC
Power sharing bus
coefficient Pl controller
(Slider in Runtime) Femmmmmmm———— .
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Wind
turbines
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Figure 4.7: Outer loop of MMC-2 for AC power control (in green) or DC current control (in orange) modes

A second control strategy is based on DC current control: the same control structure as previously is kept,
but the signals used to generate the reference are now measured on the DC side (orange inputs in parentheses
in figure 4.7). The underlying principle is that in balanced operation (i.e. when the same amount of power
flows through each converter) the ground current ig; ;4 must be equal to zero. In that way, both pole will be
operated in a symmetrical manner regarding current, power and voltage. The zero ground current condition
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is expressed thanks to the following equation:

iground =ipcn1— iDCp,z =0, (4.8)

which translates into the following condition on MMC-2 output current:

ipcn1t+ipcp2) .
(%) ~ipcp, =0. (4.9)

Therefore, in balanced conditions, the goal of the PI controller in the new control strategy is to nullify the
ground current, using equation 4.9. Current measurement points are indicated in figure 4.7.
In order to vary the share of power flowing through each MM, a coefficient kyj, is introduced:

ipcn1tipcp2) .
( n p )—zpcp,z=0, (4.10)
ksh

with kg, = 2 in balanced conditions.

Results

To ascertain the performance of both types of control, a wind speed drop from 15 to 10 m/s is applied over
the whole hub, as a step disturbance. The power generated by the offshore hub is therefore decreasing. The
goal is to check if the controller is able to maintain an equal share of power flowing through each MMC in
spite of the power drop.

As can be seen in figure 4.8, the AC power control does not produce satisfactory results since a lot of oscil-
lations are observed. Indeed, any disturbance from the offshore side is passed on to the DC side because
the reference of the controller is generated from disturbed signals. On the contrary, the DC current con-
trol performs as expected, the current remains stable and balanced between the two poles. Therefore, in

the following work, only the current control is further investigated, along with the voltage control, which is
presented in section 4.3.3.
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Figure 4.8: MMCs time responses when operating under Ipc and P4¢ control strategies for active current reference generation
in MMC-2, under wind speed downward step from 15 to 10 m/s

4.3.3. DC Voltage Control

The power sharing control strategy presented in this section has been developed during this work, and is in-
spired from the DC voltage droop control, which is the common control strategy used in MTDC systems for
power balancing between the multiple converters [32, 53].
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The principle of DC voltage droop control is to measure the active power deviation (from a power refer-
ence) and adapt the value of the DC voltage to oppose this deviation. The magnitude of the reaction to a
power deviation is determined by the droop coefficient k4 0p, Which is negative and selected by the user. In
case of a power deviation event, the deviation will be absorbed by all the converters constituting the system
in order to remain in a balanced situation. The droop control prevents for example that only one of the con-
verters absorbs all the power deviation. The droop method is based on the proportional relation which can
be written between the voltage difference between both ends of a line, and the power flowing through this
line [53]:

VDC,ref =W+ kdroop * (Pes — Po), (4.11)

where the subscript 0 indicates the reference value achieved with power flow calculation [32]. The imple-
mentation of equation 4.11 in the outer loop of a MMC can be seen in figure 4.9(a).

In the DC voltage control implemented here, however, the goal is not to adapt the DC voltage as response
to a power deviation (as for droop control), but to modify the DC voltage in order to achieve a different dis-
tribution of the active power between the two offshore converters. In order to do so, the power deviation
between an active power reference determined by the user and an initial (arbitrary) reference is calculated,
and multiplied by a positive coefficient kp_y in order to produce a DC voltage reference, according to equa-
tion 4.12:

Vpc,ref = Vo + kp—v * (Pref — Po), (4.12)

where the initial reference point (Vy, Py) = (640kV,0M W) has been (arbitrary) chosen to be the origin of the
P-V slope which can be seen on the graph 4.10. The power reference is the product of the measured AC ac-
tive power at the common bus of the hub and a coefficient between 0 and 1 which can be varied by the user
thanks to a slider in the Runtime file. The implementation of this control scheme in the outer loop of a MMC
can be seen in figure 4.9(b).

The coefficient kp_y has been calculated based on graph 4.10, generated following the method described
in figure 4.11. The Psc-Vpc,mme2 curve on graph 4.10 was then fitted by a linear function, the coefficient
kp_v being the slope of this function.
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Figure 4.9: Outer loop of MMC-2 for DC voltage control mode
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It is important to note that the goal of this control strategy differs from the traditional droop control.
Indeed, in the traditional droop control, a coefficient is chosen so that the converter adapts its voltage ac-
cording to the incoming power. Here, a coefficient has been measured so that the converters transfers the
desired amount of power when given a certain voltage reference.
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Figure 4.11: Flowchart of the generation process for the P-V graph used in the Vp¢ control method (WS = Wind Speed)
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4.4. Investigation of the Performance of the Two Control Strategies

In this section, the performance of the Ip¢ and Vpc control strategies in terms of stability and response time
are ascertained under three severe scenarios:
* Scenario 1: large wind speed step. With regard to offshore wind speed data, the height of the step has
been chosen to represent very challenging conditions;
* Scenario 2: unloading and reloading of MMC-1. This scenario represent an extreme case of power
sharing variation control order;
e Scenario 3: three-phase fault on one of the HVAC links. This is the most severe AC fault which can
happen.
The results for each scenario are presented in the following sections.

4.4.1. Wind Speed Variation

In this scenario, the wind speed is varied as a step function from 10 to 15m/s (cf. 4.12(a)), while the power
sharing between the two MMCs is maintained in balanced conditions. A filter with time constant 0.5 s is used
to avoid the discontinuity of the wind speed step while preserving the extreme character of the variation.

The graphs of the different measurements done during this scenario are gathered in figure 4.12. It can be
seen that the two different control modes, namely Ipc and Vpc controls, are both leading to the same ex-
pected steady-state. The observed behaviour is very satisfactory: the DC current and voltage increase gently
while remaining stable (4.12(c)(d)). The active power in each MMC also increases, but an overshot can be
seen in figure 4.12(g)(h). This overshoot is caused by the sudden wind speed increase, which creates a sat-
uration in the pitch controller of the wind generators. The saturation stems from the rate limiter present in
the pitch controller, representing the mechanical limitation of the pitch limiter. What should be understood
is that the overshoot is not due to the controller implemented in MMC-2 and studied here.
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Figure 4.12: MMCs time responses when operating under Ipc and Vp¢ control strategies, under a wind speed step from 10 to
15m/s

Furthermore, it can be noticed that the power sharing is kept in balanced conditions more accurately with
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Ipc control: the graph of the ground current (4.12(d)) shows more deviation in the case of Vpc control mode.
Finally, the AC voltage at the common bus (4.12(f)) is increasing from 0.8 to 0.95 pu. Ideally, this voltage
should remain constant at 1 pu. The fact that a low AC voltage is observed at low wind speed is independent
from the HVDC link control strategy (the same drop was observed while the outer loop of MMC-2 was dis-
abled), and could be improved thanks to a reactive power (ig,ref) control loop. Indeed, equation 4.4 shows
that the reactive current can be used to control the reactive power consumption of MMC-2. MMC-2 could
therefore be controlled to provide some reactive power support to the common bus in case of voltage drop.
This is however outside the scope of this study, therefore the reactive power reference was kept fixed at 0 in
this work.

4.4.2. Active Power Sharing and Unloading of One Pole
As explained in section 4.2.1, being able to control the power sharing between MMC-1 and MMC-2 can be
very useful, when doing maintenance on one pole for example.

Unloading of MMC-1

In this scenario, the wind speed is maintained constant at 10.5m/s. This value has been chosen because it
yields an amount of power equal to half the rated capacity of the system. Hence, the power can be shared
as wanted between the two MMCs. Here, the power is initially equally shared between MMC-1 and MMC-2.
At 0.55, the system is ordered to transfer the total power through MMC-2, therefore unloading MMC-1. The
results are shown in figure 4.13: on the left column, the power sharing set-point has been given in the Run-
time file as a step function (4.13(S-a)), in order to represent an extreme operation. On the right columns, the
set-point has been given as a ramp function (4.13(R-a)), to check if a less extreme operation would improve
the results. The results for Ipc control are presented in blue, while those for Vp¢ control are presented in red.
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Figure 4.13: MMCs time responses when operating under Ip¢ and Vp¢ control of MMC-2, under unloading of MMC-1, at
constant wind speed of 10.5m/s
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Three main observations can be made from these graphs:

° MMC-1 cannot be completely unloaded and remains energised (4.13(S-d) (R-d));

« Ifthe set-point is given as a step function, a voltage drop (both AC and DC) is observed (4.13(S-b)(S-e)),
while this drop can be avoided by adjusting the input set-points, using a ramp function (4.13(R-b) (R-e)).
We can deduce that discontinuities in the input set-points are not handled properly by the controller

and the system;

e Although the two types of control strategies seem to perform very well and almost similarly, the Ipc
control is slightly faster than the Vp¢ control (4.13(S-f)(R-f)). A broader performance comparison, in-
cluding optimal tuning of the two options shall be addressed in a future research work.

Re-loading of MMC-1

Starting from the previous scenario, the reverse operation is applied, to bring the system back to an equal
sharing of the power between the two MMCs.

The results can be seen in figure 4.14. In this case, a clear difference between the two types of controls
can be seen: the Vp¢ control (red lines) leads to large oscillations at a frequency of 5.6 Hz, whereas stable
signals are maintained with the Ipc control (blue lines). Even if the same steady-state is reached after about
10 seconds, the signals are already settled in less that 1 second in the case of a step set-point with Ip¢ control.
The high voltage sensitivity of the link is therefore put forward.

(S-a) Step

05 1 15 el 25 3 a5 4

45 5

(S-b) DC offshore voltage, positive pole (MMC1)

05 1 15 el 25 3 a5 4

45 5

(S-c) DC currents in positive and negative poles

e Y, Y
Qsﬁvvvr-
0 05 1 15 el 25 3 a5 4 45 5
(S-d) Active power
i rae
" os 1 15 el 25 3 a5 4 45 5

(S-e) AC voltage at MMC1

05 1 15 el 25 3 a5 4

45 5

(S-f) Active current reference for MMC2

1000 — T
S so0f
2 opiiii
e

(R-a) Ramp with slope 0.3

05 1 15 2 25 3 35 4 45 5
(R-b) DC offshore voltage, positive pole (MMC1)

0.5 1 15 el 25 3 35 4 45 5
(R-c) DC currents in positive and negative poles

Smr

T

1:::: s
le_::::f
o i i

0.5 1 15 el 25 3 35 4 45 5

(R-d) Active power

05 1 15 2 25 3 35 4 45 5
{R-e) AC voltage at MMC1

0.5 1 15 el 25 3 35 4 45 5
(R-f) Active current reference for MMC2

R T
= .
45 0.3F
BEL AR R drn s A Ay lE_"O.Z' ik
25 3 35 4 45 5 0.5 1 15 25 3 35 4 45 5
Time [s] Time [s]
MMCA, Ide ot censnnnes MMC2, Idc ctd MMC1, Vdc ot cosssrenes MMCZ, Vde c‘tﬂ|

Figure 4.14: MMCs time responses when operating under Ipc and Vp¢ control of MMC-2, under re-loading of MMC-1, at
constant wind speed of 10.5m/s

Trajectories

In order to have a better understanding of what happens in the last scenario (re-loading of MMC-1), it is
interesting to plot the trajectory followed by the converter. This trajectory is plotted in a phase plot with
variables P and Vpc, as can be seen in figure 4.15. The green arrows indicate the direction in which the

trajectories are evolving over time.
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It can be seen on the graphs that the trajectory in the case of Ip¢ control (4.15(a)(c)) is much smoother than
in the case of Vp¢ control (4.15(b)(d)), which means that it reaches the equilibrium faster and with smaller
chattering. This indicates that in the first case, the converter steady-state operation is reached in a more
straight-forward manner.

Additionally, one might think that even in the case of Ip¢ control, the trajectory, which has the shape of a
bell, could be flattened to a line between the initial and final states, to achieve a faster response of the system
to the control set-points. This could be done by implementing a control strategy which would provide more
accurate set-points, for example a strategy inspired from the Droop Line Tracking method developed in [53].
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Figure 4.15: P Vs Vp trajectory when re-loading MMC-1 with a step set-point. The green arrows indicate the evolution of the
trajectory in time

4.4.3. HVAC Fault

In this scenario, a permanent three-phase-to-ground fault is triggered on the HVAC link connecting wind tur-
bine 1 to the hub, as shown in figure 4.16. An AC circuit breaker is placed on the HVAC line 1, between the
fault location and the common bus. This circuit breaker is the only one which is activated, but no reclosing
scheme was activated for this simulation. The circuit breakers present on the other HVAC lines have been
de-activated, because they were otherwise all triggered by the fault on HVAC-1. It would be possible to im-
plement a control scheme to prevent the circuit breakers 2 to 4 from opening in case of fault on HVAC-1 (by
identifying the location of the fault for example), but this was outside the scope of this thesis.

The wind speed is maintained constant at 16 m/s during the simulation. The results are presented in the
figure below. As can be seen in figure 4.17(a), the fault is triggered at 1.5 s, and the breaker on HVDC-1 opens
100 ms afterwards.

It is observed that in the case of Ipc control, the system recovers quickly from the fault, while in the
case of Vpc¢, the oscillatory behaviour is more severely excited (with frequency 5.8 Hz) and no steady-state
is reached (4.17(d)). It can be concluded that the voltage control is more sensitive and less robust than the
current control in case of fault on the AC side.
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Figure 4.16: Location of the applied fault on HVAC-1
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Figure 4.17: MMCs time response under three-phase fault on HVAC cable 1, at constant wind speed of 16 m/s

4.4.4. Conclusion

From the research made in this chapter, it can be concluded that Ip¢ control and Vp¢ control are two control
strategies which are worth investigating for the power sharing capabilities of MMC-2. Using DC signals to
control the converter was found to generate better results than using direct AC power control, since DC sig-
nals are not affected by the perturbation of the AC hub. Hence perturbations from the AC side are not passed
on to the control set-points, resulting in a more stable control action.

From the first results obtained in this thesis, it seems that Ip¢ control will perform better than Vp¢ control, in
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terms of response time and stability under AC fault. With the Vp¢, the oscillatory behaviour of the system was
more excited than with the Ip¢ control. However, further investigation will be necessary to validate this state-
ment. The PI controllers present in the control structure should first be optimal tuned by using an adequate
method. Once this is done, simulating the behaviour of the system under a DC fault (for example a fault-to-
ground fault on one pole of the HVDC link) would give more insight on the potentialities and weaknesses of
both control strategies.



Conclusion

In the first part of this chapter, the main findings of this thesis work are summarized and concise answers to
the research questions listed in chapter 1 are provided. In the second part, some ideas for future work which
could be carried out in extension of the scope of this thesis are listed.

5.1. Summary of Findings

This thesis focuses on the the challenge of developing power management strategies for offshore renewable
energy hubs. Because offshore hubs are zero-inertia networks, EMT simulations are necessary to capture the
fast dynamics of the system. The 2 GW EMT model of an offshore wind energy hub developed in [20] is taken
as a starting point, an upgraded with respect to two main points of focus. In a first part, electrolysers are
integrated into the hub and placed at different locations, in order to identify the potentials and difficulties
related to each type of connection. In a second part, the HVDC link, which connects the offshore hub to the
shore, is given attention. The monopolar topology found in the initial model ([20]) is changed into a bipolar
topology, and power sharing strategies between the two MMCs constituting the offshore terminal of the link
are investigated.

Several techno-economic studies, among which the one presented in [13], claim that performing water elec-
trolysis offshore would be beneficial from an economical point of view. Recent studies also found that large
scale electrolysers would be suitable for providing ancillary services to the network [10]. However, there is a
lack of studies presenting EM T-simulation based stability analysis of offshore-connected electrolysers. In this
work, electrolysers were connected to the hub model at two different locations: on the AC common bus of
the hub, and on the DC link of the back-to-back converter of the WTs. It was found that the two locations can
be beneficial in different aspects. An effective mitigation of sudden active power imbalance can be achieved
by placing the electrolyser locally at each wind turbine, or centrally at the common bus of the hub. In case
of fault within the hub, e.g. a three phase short circuit near a wind turbine, the connection of an electrolyser
to the DC link of the wind turbines (through a buck converter) is convenient to prevent loss of wind power
generation due to the islanding of the turbine.

From the literature, it can be understood that a bipolar topology is more advantageous (regarding reliability
and flexibility) than a monopolar topology for the HVDC connection. Indeed, in case of failure of one con-
verter or cable, half of the nominal capacity of the link can still be transferred. Aside from fault events, being
able to decide of the power sharing between the two offshore MMCs would be useful to un-load one of the
poles in case of planned maintenance for example. In order to do so, an outer loop was added in the con-
troller of one of the offshore MMCs, which output is an active current reference given as input to the inner
loop. The signals used to generate the current reference in the outer loop are DC signals, either current or
voltage. Both options generated promising results, and further research work should be carried out to deeply
investigate the robustness of this power sharing strategy.
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5.2. Answers to the Research Questions
Concise answers to the research questions framing this thesis are provided below.

° What are the major numerical issues which should be solved when connecting electrolysers at dif-
ferent locations of the hub to ensure a detailed and trustworthy simulation of the developed model,
and how to solve them?

When connecting electrolysers and their converters to the hub model, large unrealistic losses were ob-
served in the buck converter. It appeared that those artificial losses stem from the switch model used
in the RSCAD software in the small time-step environment. Lowering the switching frequency of the
converter (in the case of connection to the DC link of the WTs) or using a substep model (in the case
of connection to the AC common bus of the hub) helped to reduce those losses. RSCAD is currently
developing a new converter model, with an improved firing pulse generator, which could be relevant to
use for this simulation [44].

Additionally, when connecting an electrolyser to the AC common bus of the hub, oscillations appeared
in the hub, due to a resonance phenomenon. Using a RC damper in the transformer connecting the
electrolyser enabled to avoid those oscillations.

* How can electrolysers contribute to manage challenging real-life conditions (e.g. three-phase faults
or highly-fluctuating wind profiles), and what are their benefits according to the location where they
are connected?

Electrolysers are loads which can achieve effective mitigation of sudden active power imbalance in the
hub. When an adequate control scheme is implemented, they can help to mitigate the power fluctua-
tions due to wind speed variations, and potentially allow for a downsizing (by the size of the electrolyser
system) of the links connecting the hub to the shore.

Some other benefits are specific to the location of the connection. In case an electrolyser is connected
to the DC link of a WT, if this turbine is islanded because of a fault on its HVAC cable, the electrolyser
can prevent the loss of the generated power due to dissipation by the DC link chopper. An electrolyser
centrally connected to the AC common bus of the hub could be used for example to provide ancillary
services (e.g. frequency reserve, reactive power support) to the hub.

* What are the major drawbacks of a monopolar HVDC link between the offshore hub and the shore,
and how to modify it to allow for reliable and flexible power exchange in the future?
The major drawback of a monopolar link is its lack of reliability. Indeed, in case of failure of one con-
verter or cable, no power can be transmitted anymore. On the contrary, a bipolar link can still trans-
mit half of its nominal capacity in case of failure of one converter or cable. Another drawback of the
monopolar link is that it allows for less transfer capacity for the same amount of cables as a bipolar
link. Therefore, we advise to use a bipolar to connect the offshore hub. Nevertheless, the power sharing
strategy is one of the key factors that should be studied to exploit to the best the potential of the bipolar
topology of the link.

* What is a conceptually simple and effective strategy to implement power sharing capabilities among
the offshore converters?
In order to implement power sharing capabilities among the offshore converters, we recommend to
use DC-side signals rather than AC side signals. For example the DC current or DC voltage of the HVDC
link could be used, but it was observed that the power sharing based on measured DC current is faster,
effective, and less prone to cause collateral effects (such as undesirable oscillations of DC voltage and
current). Measurements are given as inputs to the outer loop of the grid-following offshore MMC. The
output of the outer loop is a direct current reference for the inner loop of the converter. Thanks to this
control, the power absorbed by the converter can be monitored. The rest of the power produced by the
WTs will flow through the other offshore MMC.

5.3. Future Work

After finalizing this thesis, the author is providing recommendations for future work which could be carried
out, using the model developed in the present work as a baseline.

* Optimal initialisation procedure of the dynamic model for hybrid offshore hubs, which is needed to
work on possible numerical issues in other studies e.g. focused on energisation and black-start [23];



5.3. Future Work 61

Optimal usage of the multi-core capabilities of the RTDS to enable the integration of different parts of
the detailed EMT models in a computationally efficient and error-free simulation;

Investigation of onshore disturbances by using a more detailed representation of the onshore electrical
power system;

Implementation of a reactive power control strategy in the outer loop of MM C-2 to prevent the possible
voltage drop at the common bus in case of decreasing wind speed;

Integration of advanced functionalities (e.g. communication with TSO, reactive power support in case
of fault, grid forming capabilities) similar to the ones developed in [12] to the electrolyser model;

Extension of the present EM'T model to an MTDC network. In that case, for the coordination of the con-
trollers, the method proposed in [53] could be used. For the interconnection between various HVDC
links with different line topologies, the DC-MMC proposed in [54] could be used.



Appendices

62



Guidelines to Initialise and Run the
Simulation Files

A.1. Simulation Folders and Files
There are three simulation folders, which can be seen in figure A.1:

* The folder WT4_MMC2_RSCAD_Ely DClink contains the hub model with a monopolar HVDC link and
electrolysers connected to the DC link of the wind turbines, studied in section 3.2;

* The folder WT4_MMC2_RSCAD_Ely_ACbus_substep contains the hub model with a monopolar HVDC
link and an electrolyser connected to the AC common bus of the hub, studied in section 3.3;

e The folder WT4_MMC2_RSCAD_Bipolar contains the hub model with a bipolar HVDC link and two
onshore MM Cs, studied in chapter 4.

Each folder contains 10 files:

e A dftfile: the draft file containing the model;

* A .sib file: the Runtime file, containing the simulation dashboard and in which the results can be ob-
served;

e A .scr file: the initialisation script;

* Three files 66kV.tli, 66kV.tlo and 66kV.tlx used to model the AC cables in the model;

¢ Three files DC200Cfd.cli, DC200Cfd.clo and DC200Cfd_out used to model the DC cables in the model;

* A file Three_WindProf containing the wind speed data to run the model with one of the wind speed
profiles, as explained in section A.3.

It is explained in section A.2 how those files should be used.

o= EE WT4 MMC2 RSCAD _Ely_ACbus_substep
o= m WT4_MMC2_RSCAD_Ely_DClink

L m WT4_MMC4_RSCAD_Bipolar
k GEKV.HI

% 66kV.to

BERV.tIx
E DC200Cfd.cli
DC200Cfd.clo
DC200C fd_out
Operation_WT4_MMC4_RSCAD_Bipolar.scr
Three_WindProf

B WT4_MMC4_Bipolar.dft
E WT4_MMC4_Bipolar.sib

Figure A.1: The three simulation folders
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A.2, Basic Simulation

In order to run the simulation properly, the following steps, which are also summarised in figure A.7, should
be followed. The guidelines are specific to the TU Delft Electrical Sustainable Power (ESP) laboratory hard-
ware, but can be adapted with minor changes to RTDS hardware located in other laboratories. It is assumed
that the RSCAD software is already installed on the computer of the user.

* 1° Connect to the Virtual Private Network (VPN)
If connecting to the RTDS hardware remotely, use the OpenVPN Connect software to connect to the TU
Delft ESP lab VPN, as shown in figure A.2.

Profiles

CONNECTED

bastion-externen.tudelft.nl
[ovpn-clnt-EWI-ESE]

Figure A.2: Connection to the TU Delft ESP lab VPN

* 2° Copy the simulation folder
Unzip (if necessary) the simulation folder, and copy-paste it in the folder RSCAD > RTDS_USER > file-
man in your computer.

* 3° Open the RSCAD software
Double-click on the RSCAD software icon (cf figure A.3) to open the software.

[
RSCAD

Figure A.3: RSCAD software icon

° 4° Open the simulation files
Open the simulation model file (.dft) and Runtime file (.sib) by double-clicking them.

W RscaD 5.011.1
File Edit View Tools Help

aril B 0 = B -

— | — | — = RTDS

Draft Runtime CBuilder Multiplot | Cable_¥2 | T-Line_V2| PASuite Help Convert Manuals

? Jane

? m A simulation

M Offshore_energy_hub.dft
K Offshore_energy_hub.sib

-

—

Figure A.4: RSCAD software window

* 5° Compile the draft file
In the draft (.dft) file, enter the number of the first rack to be used to run the simulation. Make sure the
rack has a NovaCor processor, and that the two next racks also have NovaCor. RSCAD will automatically
use the next racks consecutive to the one you entered.
Compile the draft file by clicking on the icon indicated in figure A.5.
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Figure A.5: Draft (.dft) file tool bar

* 6° Run the initialisation script
In the tool bar of the Runtime (.sib) file, click Script > Open, select the file Operation_WT4_MMC2.scr,
click Choose scr File and click the play icon, as indicated in figure A.6.

Eile Create| Script| Breakpoint Tools Composite Script Signal Case

baEposgz~—5 »oed

WE open X

Look In: |ﬁ WT4_MMC2_RSCAD - Newtopo_with_. |v| E

3 Matlab_Interface
[} Operation_WT4_MMC2sci 4= Select script

FileName:  [Operation_WT4_MMGC2.5cr |

Files of Type: |“.5cr |V|

| Choose scr File | Cancel

IC:\WWsers\Jane\Docum...\R SCAD\RTDS_...\filem...\WT4_M...\Operation_WT4_MMC 2.scr| X

+%J St @
o

Run script

(lEvOoOORO I — >

Figure A.6: Running the initialisation script in the Runtime (.sib) file

After step 6, the simulation is running. Values of the dials, switches and sliders can be edited in the Run-
time (.sib) file and the plots of interest can be saved. As indicated in figure A.7, if a draft variable needs to be
modified, the simulation needs to be stopped first.
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Figure A.7: Process to follow to run the simulation in RSCAD

A.3. Simulation With Wind Speed Profile

In order to run the simulation with one of the predefined wind profiles (see appendix D), a few additional
steps should be followed.

* Follow steps 1° to 4° previously described.

* A°Select the wind speed profile In "subsystem 2: Wind Turbines" of the draft (.dft) file, double-click on
the scheduler component to open the property window, as shown in figure A.8. In the tab FILE DATA
SCHEDULE select the number of the wind profile to be used and click Update. The description of the
wind profiles can be seen next to the scheduler component. Note the value of the initial wind speed
corresponding to the wind profile of interest.
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Figure A.8: Selection of the wind profile in the draft (.dft) file

 Follow steps 5° to 6° previously descri

bed.

* B°Set the plotting length In the tool bar of the Runtime (.sib) file, select Case > Option and set the finish

time to 30 seconds. Click OK




A. Guidelines to Initialise and Run the Simulation Files
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Figure A.9: Modification of the plotting time in the Runtime (.sib) file in RSCAD

e C° Start the reading of the wind profile data In the Runtime (.sib) file, set the wind speed (slider
Hub_WS) to the initial wind speed noted in step A°, and change the switch Hub_wind from the po-
sition "Manual (1)" to "Profile (0)" by clicking on it.

Tip: in order to start the plot at the beginning of the wind profile, the switch Hub_wind should be
clicked when the meter Time displays a multiple of 30.

Wind profile
[ Hub_wind ]| I fwws ||
200
16.0
Manua 12.0
1 80
1 ] 40
00
Time m's
0.000 | i[548

Figure A.10: Starting the reading of the wind profile data in the Runtime (.sib) file in RSCAD



PWM in RSCAD

Sinusoidal PWM is the method used in RSCAD to control the switches in the different converters. The con-
verter controller generates a modulation signal (in blue in figure B.1) which is compared to a triangular wave

(in orange in figure B.1), produced by a triangular wave generator.

In figure B.1, the example of a one-leg system is considered. The two signals mentioned above are com-
pared by the firing pulse generator. The first switch will be turned off as soon as the value of the triangular
wave rises above the value of the modulation signal. When the value of the triangular signal falls below the
value of the modulation signal, the first switch will be turned on. The second switch will be control in a com-
plimentary way. The voltage output of the system will be similar to the square signal shown on the figure.
Similarly, two other modulation signals can be added to the firing pulse generator to generate the signals for

the two other legs of a three-leg converter [42]
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Figure B.1: PWM in RSCAD - (A) Two-switch system (B) Triangular and modulation waves (C) Output voltage (D) Triangular
wave and firing pulse generators in RSCAD .dft file (adapted from [42])
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Anti-Windup Mechanism

Integrator windup is a common problem which may arise when using a PI controller with a limiter at the
output. The problem is that the integrator keeps integrating the error, even though the output is saturated.
This can result in oscillations, long settling time and/or long rise time [55].

Several anti-windup techniques have been developed, such as back-calculation and conditional integra-
tion. In this thesis, only the back-calculation method is used. This technique consists in subtracting to the
integrator input the "surplus" of the integrator output. Here the "surplus" refers to the difference between
the integrator output signal and the output signal after the the limiter. A proportional coefficient (K) can be
added to the anti-windup loop if necessary. The principle of this method is illustrated in figure C.1.

4, Unlimited  Limiter
+ output x_
» Limited output
Error . _/' -
O
e
K —_ - | -

Anti-windup mechanism

Figure C.1: PI controller with limited output and back-calculation anti-windup mechanism
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Generation of Reference Wind Speed
Profiles

In order to observe and assess the behaviour of the network under real wind conditions, three sample scenar-
ios have been created, based on real wind speed profile. The data have been acquired from for the location
51.95926N 2.94236E shown in figure D.1. Each scenario provides a sample wind speed time series in m/s with
a time step of 1sec. The three scenarios are described in table D.1.

The second scenario has been selected using a Matlab script which looks for the maximum speed gradient
over a time window of 10s (called sliding gradient).
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Figure D.1: Location 51.95926N 2.94236E for the wind speed data

Scenario Name Characteristics Duration
1 Steady conditions | Wind speed within 5% of average speed 30sec
2 Sharp increase Maximum sliding speed gradient 30sec
3 Swings Consecutive swings 30sec

Table D.1: The three selected wind speed samples

71



72 D. Generation of Reference Wind Speed Profiles

Wind Profile at the location 51.95926N 2.94236E
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Figure D.2: Graphs of the wind speed scenarios

The wind profile values are then gathered in a file, which can be read by the scheduler component in
RSCAD (cf figure D.3). More details on how to run a simulation with one of the wind profiles can be found in

A.

1: Steady (ini=8.35 m/s) F
2: Max Grad (jni=6.48 m/s}) @ o

3. 8wings (ini=9.34 mss) \sn:heduler Profile_WS
. G—F hree_WindProf .

WindSpeedSource

Figure D.3: Scheduler component in the draft (.dft) file in RSCAD



Racks, Subsystems and Core Assignment in
RSCAD

E.1. Racks and Subsystems

The ESP lab at TU Delft possesses three NovaCor chassis (or rack 1y, all of them being used to run the simu-
lation. The network has been divided into three subsystems, each of them being run on a different NovaCor
chassis. Two consecutive NovaCor chassis can communicate between each other, but the consecutive sub-
systems in the draft files must be connected between each other via transmission lines. A summary of the
distribution of the different parts of the network among subsystems and racks can be seen in figure E.1 and
E.2 for the model implementing electrolysers on the DC links and an electrolyser on the AC common bus,
respectively. The same summary is available for the model implementing the bipolar HVDC link and the two
onshore MMCs in figure 4.4.

E.2. Core Assignment

Each chassis has several cores (four for chassis 7 and 8, seven for chassis 9), and each core can be assigned
300 load units. Each chassis can have a maximum of two cores allocated to network solution. The remaining
cores are used for power system and control system components [42]. The VSC components can be assigned
manually to a core, if desired. The core assignment proposed in [20] for subsystems 1 and 2 has been con-
served. For subsystem 3, the core assignment is done automatically, but two cores are explicitly required by
using the network solution automatic placement block in RSCAD. As an example, the final core assignment
summary for the model implementing an electrolyser on the AC common bus of the hub can be seen in figure
E.3.

1The term "rack" should be used to refer PB5 processor cards, while the term "chassis" should be used to refer to NovaCor processor.
However, for convenience, all processor at the ESP lab are commonly called racks and have been attributed a number
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RTDS chassis —TU Delft ESP lab
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Figure E.1: RTDS racks used to run the simulation and corresponding part of the network assigned to each rack, in the model
implementing electrolysers on the DC links of the WTs
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Figure E.2: RTDS racks used to run the simulation and corresponding part of the network assigned to each rack, in the model
implementing an electrolyser on the AC bus of the hub
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Figure E.3: Core assignment for the model implementing an electrolyser on the AC common bus of the hub
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MSC Control Scheme
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GSC Control Scheme in the Case of
Electrolyser Connected to the DC Link of
the Wind Turbine
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