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Abstract

In response to the environmental impact of conventional electricity power generation,
and motivated by geopolitical and economic considerations, there is a shift towards
renewable energy sources. To support the integration of future offshore wind farms
along the Belgian coast, Elia, Belgium’s electricity transmission system operator, is de-
veloping the Princess Elisabeth Island, the world’s first artificial energy island, featur-
ing a hybrid transmission system to the mainland, combining HVDC (High-Voltage
Direct Current) and HVAC (High-Voltage Alternating Current) technologies. This hy-
brid configuration is both novel and technically complex, requiring detailed analysis
to predict its behaviour and impact on the existing power grid.

This thesis presents a comprehensive modelling and simulation study of the island’s
electric system using MATLAB Simulink. First, the hybrid transmission link is anal-
ysed in detail. The HVDC system is modelled, including its control strategies and
operational principles, while the HVAC connection is incorporated to represent the
full hybrid topology. Afterwards, wind turbine technologies are covered, with a par-
ticular focus on Doubly-Fed Induction Generators (DFIG). A method for aggregating
multiple wind turbines into a single equivalent wind turbine model is also presented.
Finally, the overall electric system is simulated to evaluate the proper functioning of
the developed model.

This work resulted in the detailed comprehension of the Princess Elisabeth Island grid
and the development of a preliminary model in MATLAB Simulink. It can serve as a
foundation for further studies on this system, such as analysing its robustness, stabil-
ity, control optimization, and grid integration, contributing to the reliable and efficient
deployment of large-scale offshore renewable energy.

The MATLAB Simulink model can be found in the following repository: https://
github.com/GeoffroyDM/MasterThesis_PrincessElisabethIslandModel.git


https://github.com/GeoffroyDM/MasterThesis_PrincessElisabethIslandModel.git
https://github.com/GeoffroyDM/MasterThesis_PrincessElisabethIslandModel.git
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Introduction

In response to the environmental impact of conventional electrical power generation,
there is a shift towards renewable energy sources. Wind power plants installation have
been growing over the last years, generally in the form of wind parks connected di-
rectly to the high-voltage grid. Over the last 20 years, the total installed wind energy
capacity in the world has increased drastically, from 100 GW in 2005 to over 1,000 GW
in 2025 [1]. With the larger penetration in the grid of wind generation technologies
which use different generator types than conventional generation units, the power sys-
tem dynamics are being modified. This has led to increased interest in accurately mod-
elling wind farms to better understand their behaviour and impact on power system
dynamics. However, simulating large-scale wind parks with many individual turbines
can be computationally intensive. To address this, wind farm aggregation techniques
are used to reduce the computational burden while preserving the essential dynamic
characteristics of the wind farm.

Wind farms are typically large-scale installations, often reaching capacities in the gi-
gawatt (GW) range. To maximize efficiency, they are commonly located in remote ar-
eas where wind conditions are more favourable, such as offshore, where wind speeds
are generally higher and more consistent. However, this distance from the main trans-
mission grid presents technical challenges in terms of energy transport. In this context,
High-Voltage Direct Current (HVDC) technology offers a promising solution, enabling
efficient long-distance transmission with reduced losses and improved control capa-
bilities compared to conventional High-Voltage Alternating Current (HVAC) systems.

Elia Group, as owner of two electricity transmission system operators, one in Bel-
gium (Elia Transmission Belgium) and a second in Germany (50Hz Transmission), has
a strategic presence in the North and Baltic Seas. Offshore wind projects are motivated
by both environmental goals, with Europe’s ambition to achieve net zero emissions by
2050, and the desire to improve energy independence amid ongoing geopolitical ten-
sions. Wind power also shows economic advantage, as it will ultimately reduce the

| 1



1.1

1 | Introduction

price of electricity [2].

The role of Elia is also to plan ahead of time. Modifications to the electricity grid take
time. The electricity demand in 2050 is projected to be twice today’s demand. It is
necessary to plan today how the grid should look like in 2050, making sure that the
future power generation and grid infrastructure are sufficient.

With a similar goal, Elia together with IRM (Institut Royal Météorologique de Bel-
gique), PropheSea and Geosphere Austria team up to develop a service combining
advanced meteorological predictions and a novel Dynamic Line Rating. Nowadays,
transmission system operators use Static Line Rating, which fixes constant transmis-
sion capability to the transmission lines. Dynamic Line Rating aims at using precise
meteorological data to compute the transmission capability of overhead lines, which
depends on temperature, wind, solar radiation, etc. This should enable the use of addi-
tional capacity ranging from 10 to 25% on the existing transmission lines. More precise
meteorological data will also enhance the prediction models for renewable energy pro-
duction, such as the production of offshore wind farms [3].

Princess Elisabeth Island Project

In the context of the development of a new 3.5 GW offshore wind farm, the Belgian
Transmission System Operator (TSO) Elia plans to build the world’s first artificial en-
ergy island located 45 km off the Belgian coast in the North Sea, featuring a hybrid
transmission system to the mainland, combining HVDC and HVAC technologies. The
hybrid link has a rated power of 2.1 GW in AC and 2 GW in DC. The Princess Elisabeth
Island will serve two purposes [4] :

* The island will connect the new 3.5 GW wind farm, that will be built in the Princess
Elisabeth Zone, to the Belgian and European grid.

% Theisland will also serve as an intermediate landing point for future interconnectors
that link to other countries, such as the UK and Denmark.

( ENERGY ISLAND MOGII ONSHORE SYSTEM

oo £ 4o

@7 [ OEC . 220KVAC
N @ G
S— *\*a =@~

Figure 1.1 Global model of the electrical system of the Princess Elisabeth Island.
Taken from [5].

* 380kVAC

« 525kVDC
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The technical configuration of the studied electrical system, containing the wind farm,
the energy island and the hybrid interconnection is shown on Fig. 1.1. This is the
initial plan presented in 2023 by Elia [6]. The new 3.5 GW wind power plant consists
of 4 wind parks (2 of 1050 MW and 2 of 700 MW) connected by 66kV cables to the
energy island. On the island, the voltage is risen to 220 kV (AC). The connection to the
mainland is done by 6 AC (220 kV) export cables of rated power 6x350 MW, as well as
a bipolar £525kV HVDC connection of rated power 2x1 GW. The AC/DC converters
require a certain ratio between AC and DC voltage (Sec. 2.5.2). For this reason, step-
up transformers are required before the AC/DC converters. Finally the hybrid link’s
output is connected on the mainland to the Belgian high-voltage grid at 380 kV.

DC Connection Cost

In 2021, Elia announced an initial budget of 2.2 billion euros. However, the announced
price has since then skyrocketed reaching 8 billion euros in 2025. Reasons for this in-
crease are mainly the DC parts. Due to the ongoing war in Ukraine, there is a strong
push from Europe to become energetically independent of Russia. This sudden accel-
eration puts pressure on the supply chain for materials and components. The result
is an increase in the price of the components. As a result, on 6 June 2025, the Belgian
federal government decided to postpone the construction of the DC connection. They
however are aware of the benefits the DC connection would bring. Whether or not the
DC connection will be built in the future is for now uncertain [7], [8].

Research Objective

The main goal of this master’s thesis is to develop a model of the global electrical grid
of the Princess Elisabeth Island project. This system contains the wind farm, as well as
the HVDC and HVAC connection referred to as a hybrid connection. The developed
model should be able to test the system in different scenarios in order to analyse its
dynamic response. Although the actual realization of the hybrid link for the Princess
Elisabeth Island project is still uncertain, it remains relevant to study such a configura-
tion, as it could be used in other future projects.

This thesis is a continuation of the master’s thesis conducted in 2024 by Baptiste LAT-
ERRE - Technical Challenges Linked to the Grid Dynamics in the Context of Energy Islands
[5]. In his work, the Princess Elisabeth Island Project and the state of the art concerning
HVDC technologies is presented in detail. His main contributions are the discussions
concerning the development of an active power dispatch controller for the hybrid link,
by analysing active power losses as well as the maximum active power transmissible
on an AC cable, and the design of shunt reactors for compensating the reactive power
of the AC export cables.
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Topics that were already extensively discussed are not repeated in this thesis. Manda-
tory knowledge is however summarized, ensuring that this thesis is presented in a
self-contained manner, making it accessible without reference to the previous thesis.
Another master thesis, led by Mathieu DE JONGE, examines the same system, but with
a specific focus on harmonics and power quality. To avoid overlapping topics, con-
cepts related to the filtering requirements for this system are excluded from the scope
of this thesis.

Main Contributions

This work consists at first in the detailed comprehension of the Princess Elisabeth Is-
land electrical system, i.e. an offshore wind power plant and a hybrid (HVDC + HVAC)
link. Each component is analysed and described based on scientific literature. This the-
sis enables the reader to understand and to model such a system.

Secondly, the major work resides in the development of a preliminary model in MAT-
LAB Simulink. It can serve as a foundation for further studies on this system, such as
analysing its robustness, stability, control optimization, and grid integration, contribut-
ing to the reliable and efficient deployment of large-scale offshore renewable energy.

The MATLAB Simulink model can be found in the following repository: https://
github.com/GeoffroyDM/MasterThesis PrincessElisabethIslandModel.git

Methodology

The methodology followed to develop the described model is a step-by-step approach.
Each component (wind farm, HVDC link, HVAC link) was implemented and tested
separately, before everything was brought together. Even in the development of each
separate component the same step-by-step approach was implemented. For example,
the Doubly-Fed Induction Generator (DFIG) was implemented by first implementing
and validating the rotor-side controller with constant mechanical torque and speed
reference. Afterwards, the aerodynamic model, the MPPT algorithm and the grid-side
controller are added one by one.

This thesis follows the same approach. First, each component is described by the rel-
evant theoretical background. Based on the theory, the model is developed. Each
component is implemented and tested separately. Finally, all the components are com-
bined to form the global electrical system of Princess Elisabeth Island.

4 |
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The model was implemented in MATLAB Simulink, more specifically the Simscape li-
brary, which is designed to simulate electrical power systems. This software is used
as it provides easy to use modelling tools, which are adapted for the preliminary im-
plementation of a model. For the implementation of a more detailed model, the use of
more advanced softwares would be required.

This thesis is written in English. Al tools, specifically ChatGPT, have been employed
to assist in the academic formulation of our ideas. Additionally, ChatGPT was used to
efficiently generate easy-to-read graphs based on the data acquired from simulations.
However, it has not been utilized as a source of information for the technical content
of this thesis.

The LaTeX template used for this master thesis is greatly inspired by the template cre-
ated by P.-Y. Gousenbourger in 2019.

Thesis Structure

Chapter 1 - Introduction - introduces the topic of the master’s thesis. It presents the
studied system and the main goals, as well as the structure of this thesis.

Chapter 2 - State of the Art - is focused on presenting the different elements of the
studied system. First, the use of a hybrid (HVDC + HVAC) connection is discussed.
Space vector theory is briefly presented as it is used extensively throughout this work.
The first component to be presented is the VSC based HVDC connection, followed by
the DFIG wind turbine. For both components, the control principle is extensively dis-
cussed. Finally, some wind farm aggregation techniques are presented.

Chapter 3 - Dynamic Model of Separate Components - is dedicated to the implementa-
tion of the separate components in MATLAB Simulink. The numerical values used in
the model are shared. First, the cable modelling is discussed, valid for the different
cables present in the system, as well as the use of shunt reactors. Then the implemen-
tation of the HVDC model is explained, followed by the wind farm model. Both are
simulated and validated separately.

Chapter 4 - Complete Model : Simulations and Results - combines the different compo-
nents presented in Chapter 3 in order to form the complete system to be studied. A
basic simulation is conducted to assess the proper functioning of the developed model.

Chapter 5 - Conclusions and Outlooks - summarizes the achievements of this work, as
well as the results obtained by simulations. It also suggests future perspectives of work
in order to improve the delivered products.






2.1

2.1.1

State of the Art

AC vs DC

When developing the electrical power system, alternating current (AC) has been pre-
ferred over direct current (DC). Reasons for this choice are that generation units can
easily deliver AC by the use of rotating electrical machines. The AC voltage can also
easily be adapted using transformers. With the emergence of power electronics, the
use of DC becomes possible and also shows some advantages. [5] and [9] already es-
tablished the main advantages of DC connections. They are summarized below.

* In AC, the power transmission capacity is reduced as the length of the line increases,
due to the skin effect and capacitive effect. Current for reactive power leads to
power losses. In HVDC however, the amount of power that can be transferred is
constant with distance. There is no reactive power, only Joule losses due to the
resistivity of the conducting material.

* It is not possible to connect directly two AC systems with different fundamental
frequencies.

* Since the electrical power systems works in AC, using an HVDC link requires con-
verters. They cause installation costs as well as conversion losses. There is however
a critical distance beyond which the use of HVDC is beneficial over AC. Typical
values are 600-800 km for overhead lines and 25-50 km for undersea installations.

* In HVDC, the converters offer active and reactive power control, which is very use-
ful for energy trading and providing ancillary services.

Energy Trading

One advantage that was not analysed in detail in [5] is the enhancement of energy trad-
ing thanks to the ability to control the active power flowing through a HVDC link. This
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can be shown in following example where the Direct Current Optimal Power Flow
(DCOPF) is applied to a simple case. The concepts used are taken from the course
LINMA2415 - Quantitative Enerqy Economics [10].

DCOPF Electricity market agents require tools to quickly compute the dispatch of
generation units that minimizes the total cost of production. The most simple tool is the
economic dispatch, which only takes into account the production cost and maximum
capacity of the generators. The Optimal Power Flow (OPF) is a sophistication of the
economic dispatch as it computes the power flowing in each line, in order to take into
account the transmission limits. Starting from electrical equations, the mathematical
expression of the OPF can be obtained.

Consider a N node system. The power S, exiting node m towards node n is given by

— [|Vm|2— Vil [V | (08 s + i 510 Oyt ) | - (Go — iBoun) 2.2)

where 0,,;, is the phase angle difference of voltages V;;, and V,, and Y, = an,% = Gun+
By, is the admittance of line (mn) with G the conductance and B the susceptance. The
expression of conductance and susceptance based on the resistance R and reactance is

as follows :
R —X

Frx T wrrx
Since lines are inductive (X = wL), they have therefore a negative susceptance B. Next,
the OPF only considers the active power Py, = R{Sux}. The reactive power Q is not
taken into account.

G = (2.3)

Ppyn = ‘Vm|2Gmn - ’Vm‘ |VH‘GWM cos an - |Vm‘ ’Vﬂ‘an Sil‘l@mn (2'4)

Some approximations can be done to obtain the DCOPF, which is a linearization of the
OPE.

* Line resistance R is negligible : Y, = iBy = X;mln

* Phase angle differences are sufficiently small : sin(6,) & 0, and cos(0pn) ~ 1

* Voltage magnitude on each bus is nominal : |V,,| = |V;| = 1

Finally the power flowing through line mn can be expressed by a very simple equation.
Since the line resistance is neglected, there are no power losses on the line. The active
power injected at one side of the line is equal to the power received at the other end of
the line.

Pyn = — B0 Orn (2.5)

mn —
an
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300 MW

300 MW

100 MW
>

3 > 3 *)
max 100MW J max 100MW U—

Figure 2.1 Simple three-node model and maximum power transfer 1 — 3 consider-
ing transmission limits

Three-node example Now consider a very simple electricity grid which can be rep-
resented by a three-node cyclic graph as shown on Fig. 2.1. We want to produce power
at node 1 that will be consumed at node 3. We assume that each line has the same re-
actance X. Line 1 — 3 has a transmission capacity of 500 MW and line 2 — 3 100 MW.
Using Eq. 2.5 and power balance at each node it can be shown that for IMW produced
at node 1 and consumed at node 3, 2/3 MW will flow through line 1 — 3 while 1/3
MW will flow through lines 1 — 2 and 2 — 3. Intuitively, the reactance of line 1 — 3 is
X while lines 1 — 2 and 2 — 3 in series have a reactance equal to 2X. Therefore 2 times
more power will flow through line 1 — 3.

In our example, the power transfer from node 1 to node 3 is limited to 300 MW be-
cause of the 100 MW transmission capacity of line 2 — 3 (see Fig. 2.1). This example
shows that the AC electricity grid cannot be used at its maximum capacity. The reason
is that the flow of electricity in an AC grid follows physical equations and it cannot be
controlled manually.

Now consider that any one of these lines is a HVDC link for which the power flow can
be controlled. It is then possible to have 500 MW flowing on line 1 — 3 and 100 MW
on lines 1 — 2 and 2 — 3, increasing the transferred power to 600 MW. Through this
example it is now clear that the use of a HVDC link can improve energy trading.

Hybrid Link (HVDC + HVAC)

In the case of the Princess Elisabeth Project, it has been chosen to combine HVDC and
HVAC. The main reasons are summarized below [5] :

* Grid-forming issues : Depending on the presence of a strong grid, the AC-DC con-
verters are controlled in two very different ways. When a grid already exists, the
converter works in grid-following mode. The controller uses the frequency of the
grid to form the AC voltage at the converter terminal. If there is no grid, the con-
verter must work in grid-forming mode. The controller sets the frequency, voltage
amplitude and phase angle of the grid. It also assures the stability of the grid. This
control strategy is more complex and also limits the active power transmit.

By using an AC connection, the grid of the energy island is already formed by the
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continent. This simplifies the control of the converters of the wind turbines and of
the HVDC link.

% Distance : The distance of connection is 45 km, which corresponds roughly to the
break-even distance. From a cost point-of-view, both technologies are relevant.

% Power Quality : The HVDC link can support the HVAC link. In case of a fault on
the HVAC link, the HVDC link can adjust the active power to recover stability. It
can also control the reactive power at both ends, which can be used for AC voltage
stability.

2.2 Space Vector and Per Unit Theory

2.2.1 Space Vector

Any three-phase voltage or current can be represented by a single space vector. Two
conventions exist to express the Cartesian components («,8) of the space vector : the
Concordia and Clarke transform [11]. The general expression of a space vector also
contains a homopolar component. However, this component will be considered equal
to zero and will not be used throughout this thesis.

Concordia Transform

2 1 1
Xy = 3 (1x, — 5%~ Exc

2
x[;:\/; (0x, + \/>xb \/7xc

For a balanced three-phase system, the relation x, = 1/3/2x, is obtained. The ampli-
tude of currents and voltages is scaled by a factor 1/3/2. The scaling is introduced to
make this transformation power invariant :

(2.6)

p =R{3V, hlph} = Ul + Uylp + Ucic = Unla + Vplp (2.7)
1 ) ) . . .
q= I{3Vph1;h} = ﬁ ((vp — ve)ia + (ve — va)ip + (v — vp)ic) = Uply — Unlp (2.8)

Clarke Transform
1 1
(1xg _.xc

x[;—— (Ox, + [xb \/7xc

For a balanced three-phase system, the relation x, = x, is obtained. The amplitude of
currents and voltages is conserved. However, the amplitude of power must be scaled

Xy =
(2.9)

I\)OJII\J
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by a factor 3/2:
. . .3, . .
p = Valq + Uyl + Vel = E(vaza + vﬁzﬁ) (2.10)

3, . .
q = 5 (vpia — Vaip) (2.11)

Intuitively, the Concordia and Clarke transformations generate a two-winding repre-
sentation of a three-phase (three-winding) system. Finally, it is generally useful to
change the coordinate system in which the space vector is represented. This is done by
the Park transformation.

Park Transform
Xq = cos(8)x, +sin(6)x
o = cos(6)x. + sin(0)x; 012
xg = —sin(0)x, + cos(0)xp
These transformations are used for space vector control. For example, when control-
ling an electrical machine, the voltage and currents are represented in a rotating frame
following the magnetic flux. Instead of working on sinusoidal signals, the controllers

work on dg-components that are constant. This improves the quality of the control.

Per-Unit

When working with electrical systems it is common to work in per-unit values i.e. to
replace physical quantities by its normalization to a reference. The reference is gen-
erally chosen as the rated value of the system. Starting from a base power Sg, phase
voltage Vp (in rms value) and frequency wg, the other base values are computed. This
however modifies the computation of power :

Sg

Iz =B
B3y,

— Spu — Vpu.[pu (2.].3)

In MATLAB Simulink, the Three-Phase VI Measurement Block uses a different convention
for p.u. computation. The base values for voltage and current are the nominal peak
value, instead of the rms value.

S
Ve = V2Viomyms I = V2o = Spu =2Vl (2.14)

3Vnom,rms

Computing power using per-unit, based on peak value of nominal phase-to-ground
voltage and current, combined to space vector expression, is done as follows :

Concordia Transform in Per Unit
. 2. . ) 2 ) .
ppu = 2R{Vpuly,} = 3 (Vaia + Vpip + Veic) = 3 (vain + vgip) (2.15)
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“ 2 ) )
Gpu = 2Z{Vpulp,} = 3 (vgia — Vaip) (2.16)
Clarke Transform in Per Unit
2 ) ) ) ) .
Ppu = 3 (Vaiq + Vpip + Vcic) = (Ualtx + Uﬁlﬁ) (2.17)

Jpu = (Uﬁilx - Uaiﬁ) (2.18)

The use of the Clarke transformation with such a p.u. convention shows to be very
straightforward, as it does not modify the amplitude of voltage and current, and it is
power invariant.

Synchronization Techniques

In Sec. 2.2, space vector transformations (Clarke, Concordia, Park) were introduced,
which rely on a reference angle to project three-phase signals into stationary or rotating
reference frames. This angle is determined by using a synchronization technique which
is a device that computes the phase angle and/or frequency of an input voltage or
current signal. Such a device is required for the control of the power electronics which
is commonly performed in a dq rotating reference frame which synchronizes with the
grid voltage. Many algorithms exist to generate a synchronized output signal. They
can be regrouped under two main categories : open-loop synchronization techniques
and closed-loop techniques [12].

In practice, most of the devices use closed-loop techniques, i.e. Phase-Locked Loop
(PLL). They are known for their simplicity, robustness, and effectiveness . A simple
representation of a PLL is shown on Fig. 2.2.

Q@ i %

N y
Vi PD Y 1F L veO b v,

Figure 2.2 Simple PLL scheme. Taken from [13]

A PLL is composed of three building blocks. A phase detector (PD), a loop filter (LF)
and a voltage-controlled oscillator (VCO). A VCO generates a periodic signal v, with
a frequency that is proportional to an applied input voltage vy. The main difference
between PLL’s remain in the phase detector, which is the component that computes
the angle of the input signal.
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A very simple phase detector technique consists in computing the a3 components of
the voltage and using the atan2 function [12]. Using the Clarke Transform, the af3
components of the space vector are computed. The angle is then computed as in Eq.
2.19.

x
6 = arctan(x—ﬁ) (2.19)
o

Grid Strength

The strength of the grid at a certain location is related to the changes of voltage a gen-
erator (or load) encounters on its terminals as the generator’s current injection (load’s
current absorption) varies. It can be assessed by computing the three-phase short-
circuit power S, or fault level at the studied location. It is defined as follows [14], [15]

Sec = V3U, I (2.20)

with U, the nominal line-to-line voltage and I the three-phase short circuit current. It
is equivalent to computing the Thévenin impedance (mainly inductive) of the grid as
seen from the studied location. A higher short-circuit power corresponds to a smaller
Thévenin impedance and a stronger grid.

Elia does not provide publicly available data concerning the short-circuit power, but it
typically ranges around tens of GVAs for the high-voltage (380 kV) grid.
The impact of a generator or load on the grid can be assessed by the short-circuit ratio

(SCR) defined as follows :
SSC

SCR = = (2.21)
SN

with Sy the nominal power of the installation. A higher SCR means that the installa-
tion has a smaller impact on the grid. An installation with SCR below 3 has a notice-
able impact on the voltage at the point of connection. Accordingly, the grid is said to
be weak.

Due to its high power rating (4.1 GW), the hybrid link will have a big impact on the
grid at its point of interconnection at the Belgian coast. This emphasizes the impor-
tance of studying this hybrid link.

Grid strength is required to assure voltage stability. It is also necessary for Phase-
Locked Loops (PLL) to correctly synchronize with grid. This is mandatory for the
control of VSCs working in a grid-following mode. These topics are developed in later
sections.
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HVDC Technologies

This section first outlines the overall structure of a HVDC link, follows by a detailed
analysis of its individual components, and concludes with a discussion of its control
system.

HVDC Topologies

As described in [5], there are different possible topologies for HVDC systems : monopo-
lar, bipolar and homopolar (Fig. 2.3).

g @B B8 5L

(a) Monopolar (b) Bipolar (c) Homopolar
Figure 2.3 HVDC topologies. Taken from [5]

Monopolar topologies are composed of one active conductor and a return path via
ground or a metallic return. Bipolar topologies use two converters per terminal and
have two active conductors (one positive and one negative). This topology offers
higher power transfer. Homopolar topologies use two converters arranged in a way
such that both active conductors have the same polarity. This requires a ground re-
turn carrying twice the rated current, which considerably impacts the environment. In
the case of the Princess Elisabeth Island, the bipolar topology has been chosen, even
though it is more expensive than monopolar since it requires more converters and
higher voltage ratings. The reasons for this choice are listed below :

* Increased transmission capacity, as the voltage difference between the two poles
allows higher power transfer.

% Redundancy and robustness: if one pole or cable fails, the system can continue oper-
ating in monopolar mode, ensuring higher availability (meeting the N-1 criterion).

% Reduced environmental impact: during normal operation, the same current flows
through both poles in opposite directions, so no current flows through the ground.

Bipolar HVDC links can be made of either two two-level converters at each side or one
three-level converter at each side.
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2.5.2 Voltage Source Converter

o 4t 13 i

VS a > BEE

E. —- > B —
LY

- ;‘ SE00 —

Figure 2.4 Three-phase two level Voltage Source Converter. Taken from [16]

The basic topology of a three-phase two-level six-pulse voltage source converter (VSC)
is represented on Fig. 2.4. The main components are the switches, usually IGBT
(Insulated-Gate Bipolar Transistor) or GTOs (Gate Turn-off Thyristor). These elements
can be switched on and off at any time. They are controlled by the gate signal. Diodes
are put in parallel to the IGBT’s. This anti-parallel diode creates a path for the inductive
current in order to discharge the IGBT, since the latter does not accept bi-directional
flow. In practice, each valve group is composed of multiple IGBT-diode pairs put in
series. The DC voltage is applied directly on the valve group. The minimum required
number of IGBT’s in series depends on the voltage ratings of a single IGBT. Each AC
phase is connected through two valve groups to the positive and negative poles of the
DC voltage. When one switch is closed, the other one is open. Consequently, the AC
phase voltage can have two values: +Vpc/2 and -Vpc /2. This is the reason for the
converter to be referred as two-level [17], [18].

It is now straightforward to find the maximum obtainable AC voltage :

V3
v;nlf,);)euk = VDC/2 u;ti;e)izk = \/§VDC /2 MT;Z;S = EVDC /2 (222)
The reference AC voltage will be chosen lower than the maximum obtainable voltage.
This in order to be able to generate an ac voltage higher (and lower) than the reference,
which could be required to control the active and reactive power at the VSC. This factor
is referred to as the modulation index m. One finally obtains :

ref \/§m

Ml,rms = EEVDC (223)

The switching can be done at very high frequency, so the gate signal is usually pro-
duced by pulse-width modulation (PWM) (see Fig. 2.5). The desired output voltage
is achieved by comparing the desired reference waveform (modulating signal) with a
high-frequency triangular ‘carrier’ wave. The output voltage on each phase has then a
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rectangular shape, oscillating between +Vpc/2 and -Vpc /2. The line voltage is simply
the subtraction of two phase voltages e.g. a-b [18].

LD
o |

Figure 2.5 Pulse-Width Modulation. Reproduced from [16]

The switching of the valve groups happens at high frequency, set by the PWM carrier
wave which has usually a frequency of some kHz. Simulating the effect of this switch-
ing in the VSC requires the use of a small step size of the solver, much smaller than
the step size required for simulating electrical grids without power electronics. This
complexifies the solving of the model. To simplify the solving, Average-Value Mod-
els (AVM) are being developed in order to neglect the switching and use the average
value over a switching frequency instead. This concept is however not considered in
this thesis.

2.5.3 Global Overview of VSC-HVDC Link

This section presents the different components of a VSC based bipolar HVDC link. The
single line diagram of such a system is shown in Fig. 2.6.

DC Link
—_——
Transformer 1 vsC1ls ==Tu - L +VSC 2 Transformer 2
D
AC Grid l—@——:l—o— - —o—|:|——@—| AC Grid
Phase Reactor “f} N --{>20 <]:_ N —IE}
- T2Cpc T -
AC AC
Filter| Filter

Figure 2.6 Single line diagram of a VSC-HVDC link.

Voltage Source Converter The VSCs implement the AC/DC conversion. Depending
on the power flow, one VSC operates as a rectifier and the other one as an inverter.
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Transformer The transformers are used to convert the AC voltage to a suitable value
for the VSC [18]. They set the modulation index. They also serve as a reactance to filter
the AC voltage.

Phase Reactor On the AC side, a VSC acts as a current source and therefore requires
an inductor as an energy linking unit between the AC grid and the VSC [18]. It is also
used to filter high frequency harmonics.

DC Capacitor On the DC side, a VSC acts as a voltage source thus requiring a ca-
pacitor as energy storage device [19]. The capacitors also help minimize voltage ripple
caused by PWM switching. Since PWM introduces harmonic currents into the DC side,
voltage ripple occurs, with its magnitude influenced by the capacitor size and switch-
ing frequency. As a result, the capacitor size is determined by the required energy
storage at rated voltage and the allowable voltage ripple [17], [18].

AC Filter The purpose of these filters is to suppress high frequency harmonics on the
AC side of the VSC. In Fig. 2.6 they are represented as a shunt element but the series
inductance of the transformer and the phase reactor also take part in filtering.

AC Filter

AC/DC converters produce harmonics due to their high frequency switching and the
rectangular-shaped output signals. They therefore require filters. This section details
the design of LCL filters according to [20]. The filter is illustrated in Fig. 2.7.

. i
| YD N
— + L, J_ + @ +
L

Ve v, v,
de

o

Figure 2.7 LCL filter. Taken from [20].

The inductance value of L; is selected such that it limits the current ripple to 10% of
the rated current. It is computed as follows :

Upc .
L1 =—— Ndjpaz,p—p = 0.1V21 2.24
! 16Alimax,p—pfsw Py base ( )

where fs;, is the PWM switching frequency, Aijy,y p—p is the maximum peak-to-peak
current ripple and upc is the DC side voltage. The capacitor is sized such that it pro-
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vides 5% of the converter rated reactive power :
Cr = 0.05Cpgse (2.25)

The converter harmonic current and the harmonic current injected into the grid are
related by Eq. 2.26. It is used to determine the value of L,.

ig(h) b — 1 v Ly
ic (hsw) S ‘1 +x [1 — Llea)ssz - L1

(2.26)

The attenuation factor k, is set to 20%. Note that the inductance of the transformer is
considered as part of L,. A damping resistor is used to suppress oscillations around
the resonance frequency. Its value is computed as :

1

R.;, =
s 3WyesC f

(2.27)

with the resonance frequency fres = %T / LLll L#;% .

Electrical Equations

The notations used in this section are the ones on the single line diagram of the HVDC
link shown in Fig. 2.6 (Sec. 2.5.3).

The voltage over the phase reactor and transformer can be expressed using standard
Kirchoff’s voltage law :

d . .
1/ — LUEZU + M + RUZU (2.28)

where v is the grid voltage, R, and L, are the phase resistor and inductance respec-
tively, i, is the current flowing through the phase reactor and u is the voltage at the
point of common coupling (PCC).

With the Clarke-Park transform, Eq. 2.28 can be written in the dg reference frame.

d. . .
Vg = Lvﬁzd — wlyig + 1y + Ryly (2.29)
d. . .

where w is the frequency of the rotating reference frame in rad/s. The exchanged
active and reactive powers, using the Clarke-Park transform with MATLAB Simulink
p.u. conventions, are :

P=v;+ tiq (2.31)

Q = tid - Vdiq (232)
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2.5.6 Control of HVDC Link

Control Principle

The HVDC link’s VSCs can be controlled via power-angle control or vector control.
Power-angle control is based on the following equations :

P uvsind
Xy
0- v2 — v cos 6
— X,

where 0 is the phase-angle difference between both sides of the phase reactor. The
active power is mainly associated to the phase-angle while the reactive power is asso-
ciated to the voltage magnitude difference [19]. This type of control is not used as it
doesn’t allow to limit the current in the VSC.

Vector control, on the other hand, is based on the control of active and reactive AC cur-
rents independently of each other. It involves the representation of three-phase quanti-
ties in the synchronously rotating reference frame. This means that in steady state, the
dg-components of AC currents and voltages are seen as constant. This allows the use
of PI controllers to eliminate static errors [21]. The vector control principle is shown in
Fig. 2.8,

: signals ignals for - AC
‘g’m? Amd converter DC DC sc.grmmr Am grtl?lgole
power wl:es voltage voltage val:es poiwer
L -
Inner control 'O'ﬁ o Inner control
> (current loops) ~ O o’o' (current loops)
i i
i Reactive Active Active Reactive j
power »- power POWET m
. 4 J 4
Qe Prest Preex Qrery

Figure 2.8 HVDC control principle. Taken from [22]

Vector control is done in two steps, a fast inner loop and a slower outer loop. The outer
loop sets the current references in the dq reference frame. The current references can
be set via active power control, reactive power control, DC voltage control, AC voltage
control or frequency control. These different possibilities are shown in Fig. 2.8. The
inner loop, given the current references computed by the outer loop, sets the voltage
reference which is then applied to the VSCs by a PWM. A top-level controller provides
the reference power, voltage and frequency to the outer controller.
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Active and reactive power can be controlled independently by working in the syn-
chronously rotating dq reference frame (v; = 0 in Eq. 2.31 and 2.32). The instanta-
neous phase angle of the voltage used in the Clarke-Park transform is determined by
a phase-locked loop (PLL).

The notations used in the following developments are referenced in Fig. 2.9.

~
L=

l Iy
g I' LRW@ =

Figure 2.9 Single line diagram of a VSC. Taken from [21].

Inner Controller

The inner loop controls the AC currents. It is implemented using the system’s dynamic
model equations (Eq. 2.29 and 2.30). Fig. 2.10 shows the general block diagram of the
inner controller.

ref .
ref + Regulator | Ydq PWM Udg System | ;
Laq > > transfer >
H(s) converter function G(s)

Figure 2.10 General block diagram of inner loop

According to [21], ug; = u;eqf because the PWM can be regarded as fast and accurate,
it only adds switching harmonics which are filtered out. The system equations are
rewritten as

d. . .
Vg —Ug = Lv51d — wlyig + Roly

d . : .
Vg —Ug = Lv$zq + wlyig + Ryig (2.33)
It can be seen in Eq. 2.33 that d and q axis are coupled through wL,i; and wLyiy
terms. Decoupling will be done with compensation terms. After applying the Laplace
transform to Eq. 2.33, Fig. 2.10 leads to :

) (s) = (i) () — iag(s))H(s) (2.34)
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Adding the compensation terms, the equations become
y (5) = (7 (5) = 1a(5)) H(s) + whaig(5) + va(s)
uy! (s) = (i (s) — ig(s)) H(s) — wLofa(s) + vy (s) (2.35)

Due to the compensation terms, the system’s transfer function seen by the regulator is
simply that of an R-L circuit

11
T Ry1+7s

G(s) (2.36)

with 7 = g¢. The regulator is a simple Proportional-Integral (PI) controller with trans-
fer function

H(s) = Kp + K (2.37)

with K, the proportional gain and K; the integral gain. The detailed control diagram
in shown in Fig. 2.11.

s rof | WM +Vd
Li . <n o Uy | comverter (U, 1 I
—p><\—' PI _>:><:_: U =u ref ¥ >< I »
5 ' d W R1+st
T + +
w L
.
ol
. ref l, _ ref u - .
i A - U PWM =1 i
oy q Y4y + R1+s7t
(lf v

Figure 2.11 Detailed block diagram of inner loop. Taken from [21]

Outer Controller: DC voltage

As stated earlier, the outer controller includes the DC voltage control, the AC voltage
control, active and reactive power control and frequency control. The following sec-
tions provide descriptions of these different controllers.

In order to ensure stable operation, the outer loop must be much slower than the inner
loop. Thus, for the outer controller, the AC currents may be assumed to be equal to
their references [23] (seen from the outer loop, the response of the inner loop is instan-
taneous).

A DC voltage controller is needed to maintain the active power exchange between con-
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verters [21]. By working in the synchronously rotating reference frame, d and q axes
can be controlled independently. Since v; = 0, the active and reactive power equations

(2.31,2.32) become
f

.re
P =i,
Q = —vaiy”
The DC power is expressed as
Ppc = upcipc-

The power balance of the VSC terminal gives [19]

Pac+Pdc+Pcap:0

re . .
Vil f + Ugclge + Ugcleap = 0

The current in the capacitor i, is expressed as

. du
Combining Eq. 2.40 and 2.41 leads to
dt Cudc d de

This shows that the DC voltage can be controlled by the direct current i;.

shows the block diagram of the controller.

Uge

Ude

Figure 2.12 Detailed block diagram of the DC voltage controller

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)

Fig. 2.12
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Outer Controller: Active and Reactive Power

Eq. 2.38 shows that the current reference can be obtained as :

i"ef B Pref
d vy
ref Qref
= — 24
Ig Ve (2.43)

For more accurate control, a feedback loop is added using PI controllers [24]. The
controllers are shown in Fig. 2.13 and 2.14.

pres

pref 5 Pl 3 %} ‘a >

P

Figure 2.13 Active power controller block diagram

Qr(:]

Vd limage

\4

Qme/ PI

—Ymaz

Q

Figure 2.14 Reactive power controller block diagram

Outer Controller: AC Voltage
The voltage drop over the phase reactor R, + jwL, can be approximated as [23]

RoP + wL,Q
v

ANv=v—u= (2.44)
Since wL, >> Ry, the voltage drop depends only on the reactive power Q. This means
that the AC voltage can be controlled by the reactive component of the AC current
flowing through the phase reactor. The controller is shown in Fig. 2.15.
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+
Vref PI q >

v

Figure 2.15 AC voltage controller block diagram

Limiting Strategies

Unlike synchronous generators, VSCs lack overload capability and thus cannot handle
over-currents [21]. Over-currents occuring due to disturbances might thus damage the
converter valves. Therefore, the VSC-HVDC must always operate within its rated lim-
its.

The AC current magnitude iref 24 iref 2 is compared to the maximum current
g d q p

Lyax. If the current exceeds this limit, both i;ef and i;ef

iz 1im Tespectively. There are three common strategies.

must be limited to i4;,, and

The first one is to prioritize the active component. This can be used when the con-
verter is connected to a strong grid and the goal is to maximize active power transfer.
The second is to prioritize the reactive component. This method is suitable when con-
nected to weaker grids or when supplying sensitive loads, as it enables higher reactive
power transfer to support AC voltage.

A third approach can be to apply the same limit to both active and reactive compo-
nents.

These strategies are shown in Fig. 2.16.
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Figure 2.16 Current limiting strategies.

Controller Integral Windup

As mentioned in Sec. 2.5.6, controller outputs need to be limited due to the physical
limitations of the converters. During this saturation, the integral term of the PI con-
troller continues to accumulate error (integral windup) which can lead to overshooting
in the controlled variable [21]. Integral windup can be prevented by either limiting the
integral term to an appropriate value or temporarily disabling it during saturation.

Wind Turbine Technologies

Wind turbines are used to generate electrical power from wind. This operation is di-
vided into two processes. The conversion of the kinetic energy of the wind into me-
chanical energy and then the conversion of the mechanical energy into electrical energy
through a generator [25].

Types of Wind Turbines

Wind turbines can be classified by their mechanical control and further divided by
their speed control. The two types of mechanical power control are stall control and

pitch control.
Stall regulation is a cost effective and robust way of preventing damage in case of high
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wind speeds. It is done by shaping the airfoils such that they produce less aerody-
namic lift at high wind speeds thus stalling them and reducing the mechanical torque.
Pitch control uses actuators in the hub to rotate the blades around their longitudinal
axis to maximize energy capture or decrease it to protect the turbine.

Beyond mechanical regulation, wind turbines are further divided into 4 types: fixed
speed, limited variable speed, variable speed with either partial or full power elec-
tronic conversion.

Type 1: Fixed-Speed Wind Turbines These wind turbines are implemented with
squirrel-cage induction generators and are directly connected to the step-up trans-
former. Fig. 2.17 shows a type 1 generator.

Soft Starter Gap Bank

] ;
Gear %
Box I <

Figure 2.17 Typical configuration of a Type 1 wind turbine generator. Taken from [25]

Collector
Feeder

Y'Y

These turbines typically operate at close to rated speed with some variability due to
the slip of the induction generator. Therefore, wind speed fluctuations will result in
power variations and thus affect the quality of the grid. Another drawback is that
they consume reactive power for their excitation field and consume large currents at
start-up. Mitigation techniques include a soft starter and capacitor banks.

Type 2: Variable-Speed Wind Turbines As shown in Fig. 2.18, type 2 wind turbines
are similar to type 1. The only difference lies in the rotor circuit where variable re-
sistors have been mounted. These resistors provide dynamic control of rotor currents
which allows to keep near-constant output power during fluctuating wind conditions.
By increasing the rotor resistance, the torque-speed characteristic of the generator is
effectively modified. This allows rotor speed variations of 10% around synchronous
speed.

Soft Starter  Cap Bank
-

2
2
2
\ pll -

Collector
E Feeder

P
=

Figure 2.18 Typical Configuration of a Type 2 wind turbine generator. Taken from
[25]
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Type 3: Variable-Speed Wind Turbines with Doubly-Fed Induction Generator DFIG
wind turbines are an evolution of type 2 turbines. Instead of being controlled by
variable resistors, the rotor is energized by variable-frequency AC supplied through
a rotor-side converter. This converter is connected back-to-back with a grid side con-
verter which exchanges power with the grid. This system enables good control of the
rotor current, allowing independent real and reactive power control. As power flows
not only through the converters but also straight from the stator of the machine, the
converters are only rated to 30% of the generator rating. Therefore, the power elec-
tronics losses are lower than in systems where the converters have to handle the entire
power. The four-quadrant nature of the converters allows the DFIG to operate effi-
ciently over a wide range of speeds (up to 50% above synchronous speed) [26].

AC-DC
Converter

AC-DC
Converter

-

Figure 2.19 Typical Configuration of a Type 3 wind turbine generator. Taken from
[27]

Type 4: Variable Speed Wind Turbines with Full Scale Back-to-back Converter
Type 4 wind turbines are fully decoupled from grid thanks to a full-scale back-to-back
converter. This allows the turbine to rotate at its optimal aerodynamic speed gener-
ating an electrical frequency well below that of the grid which is then converted to
grid frequency by the back-to-back converters. In this way, the gearbox could even be
removed altogether, simplifying the design. The converts being able to control active
and reactive power independently, different type of generators can be used such as
permanent magnet synchronous generators or squirrel cage induction generators. The
downside of these wind turbines is that the power electronics have to handle the entire
generated power [25].
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Figure 2.20 Typical Configuration of a Type 4 wind turbine generator. Taken from
[26]

2.6.2 Mechanical Aspect

For wind turbine generators, the source of energy is the power of the wind, which can
be written as :

1
Puing = 5p7R, (2.45)

where p is the air density, A = 7R? is the area swept by the blades, R is the blade
radius and vy, is the axial wind speed [28]. The first step in the production of electricity
is to convert the power of the wind into mechanical power that rotates the shaft. This
is achieved by the blades of the turbine. However, only a part of the power of the wind
can be converted into mechanical power :

1
P = T = 5Cp(A, B) - 0TR*v3, (2.46)

The fraction of mechanical power produced P, over the power of the wind P,,;,,4 is de-
fined by the performance coefficient Cp. A maximum obtainable value for C, is given
by the Betz limit, which is around 0.6. The performance coefficient depends mainly on
the tip-speed ratio A and the pitch angle B. The tip-speed ratio (TSR) is a dimensionless
value equal to the ratio of the tangential speed at the tip of the blades over the axial
speed of the wind (Eq. 2.47). The pitch angle is the angle of the blades along their
longitudinal axis.

Qm‘R

Owind

A=

(2.47)

The relation C,(A, B) is obtained empirically. However, some common analytical ex-
pressions exist such as Eq. 2.48, where only the coefficient values are adjusted to match
machine-specific performance [29], [30].

ko

Co(0,B) = k(3 ~kap~ sl —ke)e?/M  with =

A Atksp P+1
An expression for the torque exerted on the rotor shaft is now desired. It should be
kept in mind that, for a given power Py, the corresponding torque is determined by

(2.48)
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the rotational speed considered.

T
Py = TjQum = Twy = fwem (2.49)

The notations used are (), the rotation speed of the blades, w;, the rotation speed of
the rotor shaft and w,, the electromechanical rotation speed. (), and w, are linked by
the gearbox ratio N and w;, and wey, are linked by the number of poles of the machine.
A typical value for the different speeds is shown in Tab. 2.1.

Wem = pwm = pNQy = Ty = NTy, (2.50)

Oy, [rad/s] | wy, [rad/s] | wep [rad/s]
1.57 157.08 314.16
Table 2.1 Rotation speeds at synchronism for p = 2 and gearbox ratio N =100

From the previous equations it is possible to obtain an expression for Ty, :

1
T = 5C, - otR*03 / wy (2.51)

Maximum Power Point Tracking (MPPT)

For variable speed wind power generation systems, it is necessary to use Maximum
Power Point Tracking (MPPT). The power is maximized by maximizing the perfor-
mance coefficient Cp. Cp mayx is reached for a specific tip-speed ratio Ao, which corre-
sponds, for a given wind speed, to an optimum rotational speed (), 0;¢. The purpose
of MPPT is thus to control (), (or equivalently A) in order to maximize the power pro-
duced. There is no unique way to obtain the MPP, and many MPPT techniques have
been developed. The majority of MPPT can be divided in four categories : tip speed ra-
tio (TSR) algorithm, hill climbing search (HCS)/perturb and observe (P&O) algorithm,
optimal torque (OT)/power signal feedback (PSF) algorithm and hybrid and intelli-
gent (H&I) algorithm [31].

TSR Control Method compares the actual A to A,y and adjusts the rotational speed
accordingly. It is an easy and common control technique. However, it requires mea-
suring the wind speed in order to compute A.

Perturb and Observe (P&0) Method consists in repeatedly perturbing/modifying
the rotational speed and observing if it improves the amount of power produced. This
method has a very low dependence on the model, but causes fluctuations of power
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even when the wind speed is constant. The main difficulty lies in the choice of step

size and searching direction.

Optimal Torque (OT) Control Method uses the aerodynamic equations developed
earlier i.e. the relationship between rotational speed and torque. The wind turbine
must run at Ay (or equivalently ()y¢) to have Cp 0y and to produce maximum power.

Qopt = /\opt - Uw/R

The corresponding torque is, starting from Eq. 2.51 :

1 QpoptR

Finally the OT method consists in :

R5

3
)\opt

Tm,opt - Kopt : an/N

with

1 R
Kopt = EPﬂATcp,max

opt

3
1
) Cp,max/wm,opt = Epn_cp,maxQ%q,opt/N

(2.52)

(2.53)

(2.54)

(2.55)

The behaviour of the rotation speed w, of the shaft is described by Eq. 2.56.

dwy,
ot

J

= Tm(wm) —T;

(2.56)

J is the shaft inertia, T}, is the mechanical torque produced by the wind on the shaft and
T, is the electromechanical resistive torque absorbed by the alternator and converted
in electrical power. By imposing T, = Tjy0pt, the rotation speed will naturally tend to
Win,opt- Tn(wm) expressed by Eq. 2.51 is plotted for different wind speeds on Fig. 2.21
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as well the optimal torque (Eq. 2.53). Notice that Ty, ot is not the maximum torque,
since it maximizes Py, = Ty,wy,. The optimal torque is located on the right flank, where
Tm(wm) decreases with the rotation speed. This assures that wm,opt s a stable equi-
librium and when imposing T, = Tj,0p¢ the wind turbine will naturally tend towards
W opt- Intuitively, if the shaft turns too fast, the wind produces less mechanical torque
Tim(wm) on the shaft slowing it down towards wWiopt- If the shaft turns too slow, it will
accelerate.

The OT method is simple but requires precise knowledge on the wind turbine per-
formance (Cp,max, Aopt)- The quantities that need to be measured are the machine’s
rotating speed and electromechanical torque. The method has a slow response since
it computes the torque using the rotating speed which varies slowly due to the shaft’s
inertia.

Hybrid and Intelligent (H&I) Algorithms are methods that combine the previously
presented methods and/or use more advanced methods.

Typical Power Curve

A typical power curve of a pitch-regulated wind turbine is shown on Fig. 2.22. For
insufficient wind speed (Vg < Ucytin), the wind turbine is held still using brakes and
no power is produced. In Region 2, MPPT algorithm is used to produce maximum
power. The slope in this region is cubic, as explained by Eq. 2.46. The rotor speed
increases with the wind speed. In Region 3, the rated power is reached. Pitch control is
used to decrease the aerodynamic performance of the blades, which keeps the power
output constant at the rated power. When wind speed becomes too high (Region 4),
the wind turbine is held still in order to prevent damage.

Prated
: : 1
s E Region: : Region
o5 1 : 3
=TI : 3
k—> e i iniis
: >
Region 2 - Region
: 4
0 Veutin Vrated Veut off
_—
Wind speed

Figure 2.22 Typical power curve of a pitch regulated wind turbine. Taken from [32]
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DFIG Wind Turbines

The wind turbines in the developed MATLAB Simulink model are Doubly-Fed Induc-
tion Generators (DFIG). The 3.5 GW Princess Elisabeth wind farm is only at a pre-
liminary project stage, so the final technological choice for wind turbines is not yet
known. From other projects, it is clear that nowadays DFIG and Permanent Magnet
Synchronous Machine (PMSM) are the two main types of installed wind turbines. For
simplicity, all wind turbines in the model are DFIG. So to understand the model, it is
necessary to master the basics of DFIG technology.

Power Flow and Modes of Operation

A Doubly-Fed Induction Machine is an induction machine that is fed with currents
both at the stator and rotor. The stator is directly connected to the grid while the rotor
is connected through back-to-back converters to the grid. Therefore, the frequency of
the rotor currents is independent of the grid frequency. We define w; as the frequency
of the stator currents. The stator being directly connected to the grid, ws is generally
equal to 27t - 50 Hz (for a Belgian grid). The frequency of the rotor currents is defined
as w;, and the rotor electrical speed we;, = p - wy, where p is the number of poles of the
machine and w;, is the mechanical speed of the shaft. Eq. 2.57 gives an important link
between the frequencies in the machine [9].

Ws = Wy + We (2.57)

The slip, s, is defined as:
g — Ws — Wem _ Wr (2.58)
Depending on the shaft speed, which is proportional to the wind speed through the

MPPT algorithm, 3 modes of operation can be defined.

wm < ws/p | wp >0 | s>0 | Subsynchronous operation
wm > ws/p | wy <0 | s <0 | Hypersynchronous operation
wm =ws/p | wy =0 | s =0 | Synchronous operation

Table 2.2 Modes of operation

The power is transferred through both the stator connection and the rotor connection.
When losses (electromechanical and conversion) are neglected, the following simple
equations can be written :

Pm:P5+Py Pm:(l_s)PS Py:_sps (2-59)
In subsynchronous operation (for low wind speeds), the rotor absorbs power (P, <
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0), while in hypersynchronous operation the rotor generates power (P, > 0). The
stator however always generates power. The power in function of wind speed are
represented on Fig. 2.24.
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Figure 2.23 DFIG Power Flow. Adapted from [9]
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Figure 2.24 Steady-state power in function of wind speed
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2.7.2 Electrical Equations

I R JOsLs JsosL R, fl

Ls ] =r
———————
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@, Jjo,L . E, ®=750 .

Figure 2.25 Equivalent one-phase electric circuit of a DFIG. Taken from [9].

The equivalent one-phase diagram of a DFIG is shown on Fig. 2.25. It contains the
stator and rotor resistances Rs and R}, the stator and rotor leakage inductances L,s and
Ly, the mutual inductance L,,. Stator and rotor windings have a different number of
turns per phase, expressed by the turns ratio u = N5/ N;. The induced emf at the stator
and rotor E; and E,, are linked by following expression [9]:

E
E;s =s5—

(2.60)
To facilitate the analysis, rotor quantities are reduced to the stator (turns ratio u) as
well as brought to the same frequency (slip s). This gives the equivalent circuit shown
on Fig. 2.26. Finally the electrical equations of the equivalent circuit can be obtained :

Vs = RsIs + jwsLysIs + jwsLy (Is + 1) (2.61)
V R . .

?r = ?rlr + jwsLorly + jwsLm(Is + Ir) (2.62)
Ys = Liy(Is + I;) + LosIs = LsIs + Ly I, (2.63)
Y, =Ly(L+I,) + Lorl, = LyyIs + Ly I, (2.64)

with the stator and rotor fluxes ¥5 and ¥,, the stator inductance L = L,, + Ly, the
rotor inductance L, = L;; + Lyr. From these equations, o = 1 — L%1/ (LsL,) can be de-
fined.

Torque can be expressed by electrical parameters as follows :

L

— —
TI{Ys 1) (2.65)
S

Tem = 3p

dg-Frame Equations A common choice of rotating reference frame is to align the d-
axis with the stator magnetic flux. Since the stator is directly connected to the grid, the
frequency of the stator flux is ws = 271f. Because the stator windings are stationary in
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Q

Figure 2.26 Equivalent one-phase electric circuit of a DFIG referred to the stator.
Taken from [9].

space, the stator equations must be transformed by a frequency ws. The rotor windings
are physically turning at w;,. In order to represent them in a reference frame at ws =
Wy, + wy, the rotor equations must be transformed by frequency w;. The dg-equations
for voltages and fluxes are then given by :

Ugs = Rsigs + T WsWPgs (2.66)
, d

Ugs = Rsigs + % + wsPys (2.67)
, d

4 = Reigy + 42 — oy 2.69)
, d

Ogr = erqr + % + wrgy (2.69)

(2.70)

Yas = Lsigs + Linigy (2.71)

4’qs = Lsiqs + Lmiqr (2.72)

Yar = Lmigs + Lyig, (2.73)

Ygr = Lmigs + Lyigr (2.74)

Torque When applying the Clarke transformation (no p.u.) (Eq. 2.9), the expression
for torque becomes :

3 L — =
Tem — EPL_mI{ws * Zr } (2.75)
S

Control of DFIG

As shown on Fig. 2.23, both grid-side (connected to the grid) and rotor-side (connected
to the rotor) AC/DC converters must be controlled. Each side is responsible for regu-
lating different electrical quantities: the grid-side controls the DC bus voltage and the
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reactive power, while the rotor-side controls the rotational speed of the machine and
the reactive power control.

Both controllers are divided into two loops: an inner loop controlling the AC cur-
rents and an outer loop responsible for higher-level control objectives (e.g., voltage or
speed). In order to ensure stable operation, the outer loop must operate significantly
slower than the inner loop. As a result, for the outer controller, the AC currents may
be assumed to be equal to their reference values—that is, the inner loop is considered
to respond instantaneously.

The rotor-side control explained here is the one detailed in Chapter 10 of the reference
book Power Electronics for Renewable Energy Systems, Transportation and Industrial Appli-
cations [9]. The grid-side control comes from Chapter 2 of the book Doubly Fed Induction
Machine: Modeling and Control for Wind Energy Generation [33].

Rotor-Side Control

The control is done in the synchronously rotating dq reference frame where the d-axis
is aligned with the stator flux 5, and using the Clarke transformation (not in per-unit).

Ygs = |@’ Pgs =0 (2.76)

Inner Loop Accordingly, the rotor-side voltage equations are expressed as Eq. 2.77
and 2.78 when rewritten to only depend on the rotor current and stator flux.

. d . . Lyd —
Ud]" = erdr + ULYEZdY - WrULrlqr + L_mE | lps | (2.77)
S
: d. . Lm,—
Uql’ — erqr + ULVEqu + wraLrldr + wyL_m ‘ IPS | (2.78)
S

From Eq. 2.77 and 2.78 it can be seen that it is possible to control the direct and
quadrature components separately. There are however coupling terms (—cw;oL,ig and

+wyoLyig,), which should be cancelled in control scheme. The constant terms (LL—'Z % | s |

and a)rli—’: |5 |) can be compensated in order to improve the control. This however re-

quires to compute a value for w, and the stator flux. The rotor currents speed is given
by
Wy = Ws — PWiy ws = 27 f. (2.79)

The stator flux is approximated as in Eq. 2.80. This also shows that || is constant.
L d |31 i
Therefore, the term 72 7;[¢s| is zero and does not need to be compensated.

2V,

%
[ Ys| = 3w

(2.80)

For the reference frame transformation, the angle 8, must be computed. First, the angle
85 is computed. This is done by computing the stator voltage phase angle using a PLL
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and subtracting 90° to it. The reason behind it is shown graphically on Fig. 2.27. When
the voltage drop across the stator resistance is neglected, the stator voltage can be ap-
proximated as [ Jws l[JS The stator flux angle 65 is 90° behind the stator voltage

space vector angle.

Fig. 2.27 shows graphically the current controller explained above.
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Figure 2.27 Rotor-side current control. Taken from [9]

Outer Loop The outer loop of the rotor-side controller is responsible for regulating
the machine’s rotational speed and the stator reactive power. By operating in the dq
reference frame, these two control objectives are decoupled. Eq. 2.81 shows that the
electromagnetic torque can be controlled through the g-axis rotor current:

3 L . .\ Wgs=0 3 L
Tem = EPL_m (lpqsldr - l/)dslqr) = Tem = - |’PS| Igr (2.81)
S k
=AT

Since torque directly influences the rotational speed, i, allows for speed regulation.
Similarly, Eq. 2.82 shows that i, controls the stator reactive power Q;:

3 | 3 Lo (. | 1P
Qs = E(vqslds — Z)dslqs) = Qs - —ECUSL—T: |¢5} (ld? - %) = Qs - kQ (ldr - |£P_S|>

m

(2.82)

Thus, by adjusting i4,, the reactive power can be regulated independently of the speed
control loop.
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Fig. 2.28 illustrates the rotor-side outer control loop.
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Figure 2.28 Outer control loop

Grid-Side Control

The objective of the grid-side converter is to regulate the DC bus voltage to ensure
proper power flow through the back-to-back converters, while also controlling the re-
active power exchanged with the grid. A simplified representation of the grid-side
system is shown in Fig. 2.29.

=/N T T

Grid-Side Converter Grid

Figure 2.29 Single line diagram of grid-side system

The control is performed in the synchronously rotating dq reference frame where the
d-axis is aligned with the grid voltage space vector @

Inner Loop The system equations in the chosen reference frame are :

. dig .
Vaf = Rfldg + Lf_tg + Vgq — wSszqg (2.83)

. diqg .
Ugf = Rflqg + Lf? + wstzdg (2.84)
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where w; is the angular speed of the grid voltage. Eq. 2.83 and 2.84 are used to design
the inner current control as shown in Fig. 2.30. Where the compensation terms are

edf = —wstiqg eqf = wstidg (2.85)

Outer Loop The active and reactive power equations are written as:

3 .
Pg = Evdgldg (2.86)
3 .
Qg = —5Vaglog (2.87)
2

indicating that the active power is controlled via iz,, while the reactive power is reg-
ulated through i,,, thanks to the dg-frame alignment. The controller is shown in Fig.
2.30, where

1 1
_ Ko, =

Kp, = .

8

(2.88)
(7]

\Sl[eM)

3
—20dg

oQ

Ultimately, the control of active power is used to regulate the DC bus voltage. As pre-
viously discussed, the DC bus voltage must be kept constant to ensure proper active
power transfer between the rotor-side and grid-side converters. The DC link is primar-
ily composed of a capacitor, which stores energy and absorbs power fluctuations. A
deviation in DC voltage indicates a mismatch between input and output power, which
is corrected via active power control to restore balance.
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Figure 2.30 Grid side controller

Aggregated Wind Park Model

In this section, different methods for modelling wind parks are explored [34]-[36].
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Wind Turbine
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WT Transformer
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Station Transformer

Grid

Figure 2.31 Wind park example

Fig.2.31 illustrates an example of a wind park.

Detailed Model

In a detailed model, all the wind turbines and their electrical networks (transformers,
cables) are modeled individually. This is suitable when studying a small number of
wind turbines. However, with large wind parks (as is the case of the Princess Elisabeth
project) this method proves to be computationally heavy. Thus requiring an aggre-
gated model.

Aggregated Models

The idea is to represent the wind park with a smaller number of wind turbines to
reduce the complexity of the model and the computation time. However, the model
must maintain the response of the entire wind park at the point of common coupling.
The operating point of a wind turbine depends on the wind speed. Depending on
the wind conditions throughout the wind park, there are different types of aggregated
models.

Full Aggregated Model (FAM)

This method aggregates all wind turbines of the park into a single equivalent turbine
and generator, assuming identical wind speed for the entire park.
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Equivalent Wind Turbine
Equivalent WT Generator
Equivalent WT Transformer
Equivalent Collector System

Equivalent Station Transformer

Grid
Figure 2.32 FAM representation of Fig. 2.31

While it simplifies greatly the model, its accuracy is limited as turbines in bigger wind
parks don’t often all receive the same wind speed. The equivalent wind turbine’s pa-
rameters can be computed as follows.

The equivalent generator ratings are given by

n n
1= 1=

where S; and P; are the apparent power and the active power of the individual genera-
tors respectively and 7 is the number of generators in the park. The parameters of the
generator are given by

Xn Xs Xy
Xneq = 7 Xs,eq = g Xreq = g
n n
s Ty 2'21 SiH; Zi:l S:D;
rslgq — ; rr,eq — ; ng — L 7’1 1 S Deq — 7’1 1 S (2.90)
1= 1 1= 1

where x, is the excitation reactance of the generator, x, and x; are respectively the
rotor and stator reactances, 7, and rs the rotor and stator resistances, H is the inertia
time constant and D the damping coefficient.

The apparent power and impedance of the equivalent wind turbine transformer is
modeled by

: Zwt
SWTeq =) Si Zeg = - (2.91)
i=1

In the case of Fig. 2.31, the collector systems are in parallel and are identical, the equiv-
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alent collector system is thus modeled by

Zc
Z(CTeq = nT (2.92)

where Zc1 and n are respectively the impedance of the collector system of one wind
turbine and the number of wind turbines.

The equivalent station transformer is modeled by

Zst
25T eqg = —— (2.93)
T ngr
where Zgr is the impedance of a station transformer and ng7 is the number of station
transformers.

Semi Aggregated Model (SAM)

This method is used when we want to take into account the different incoming wind
speeds in the park. The generators will be aggregated into a single equivalent genera-
tion unit while the turbines will all be represented individually.

Multi Machine Model (MMM )

A way to deal with different wind speed distribution throughout the wind park is to
aggregate together all wind turbines facing the same wind speed. Thus representing
the wind park by multiple equivalent wind turbines. This method can also take into
account the different types of wind turbine generators in the park.



3.1

Dynamic Model of Separate
Components

This chapter explains how each component has been implemented in the MATLAB
Simulink model. Simulations are conducted to validate the HVDC and the DFIG model.

Cable Modelling

Two main models exist for modelling a line: the distributed parameters line and the PI
section line.

The distributed parameters line model (or transmission line model) is based on the
travelling wave theory. The resistance, inductance and capacitance (per-unit length)
are uniformly distributed along the entire length of the line, which corresponds to the
physical reality. The line is characterized by the surge impedance Z. = +/I/c and
the wave propagation speed v = 1/+/Ic. Compared to the PI section model, the dis-
tributed parameter model is more complex but is also more accurate in specific cases.
It is useful when the wavelength becomes comparable to the length of the line. This
can happen for long lines or when high frequencies are considered [37], [38].

The PI section line is a lumped-element model. The resistance, inductance and ca-
pacitance are grouped into finite electrical components joined by perfectly conducting
wires, as shown in Fig. 3.1. The model is slightly less accurate, but the solving is much
easier.
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Figure 3.1 PI section model. Taken from [5]

Let’s consider the case of the Princess Elisabeth Project. The propagation speed is
v = 1/+lc = 174078 km/s. According to [39], an approximation of the maximum
frequency range represented by the PI section model is given by f = v/8L. For the
length L = 45 km, we obtain f = 484 Hz. The purpose of the developed model is to
analyse slow phenomenons in the range from 0 Hz to 100 Hz. Using a distributed line
parameter model is therefore not mandatory. Therefore, PI section models are used in
the MATLAB Simulink model.

DC Export Cable

Parameter Unit 525kV (export cable)
Rated Power [MW] 1000
Maximum current [A] 1905
Resistance r [Q)/km|] 0.0072
Inductance 1 [mH /km] 0.15
Capacitance ¢ [uF /km] 0.22

Cable cross-section | [mm?] 2500

Table 3.1 DC cable parameters for positive and negative polarity

An important component of the HVDC link is the DC export cable itself. In the case
of the Princess Elisabeth project, the working voltage is 525 kV and the cable is 45 km
long. The parameters used in the model come directly from cable manufacturers [5],
[40]. They are shown in Table 3.1.

AC Inner and Export Cables

The studied system contains two sets of undersea AC cables. 66kV inner cables are
used for connecting the wind turbines to the energy island. The 45 km connection
between the island and the continent is done by 220kV export cables. The AC cables
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are represented using PI section models. The values used are taken from datasheets
from cable manufacturers [5], [41], [42].

Parameter Unit 66kV (inner cable) | 220kV (export cable)
Rated Power [MW] 70 350
Maximum current per phase [A] 615 920
Resistance [QY/km] 0.034 0.048
Inductance [mH/km] 0.34 0.37
Capacitance [#F/km] 0.29 0.18

Cable cross-section [mm?] 500 1000

Table 3.2 66kV and 220kV cable parameters

In practice, electrical outputs of the wind turbines are grouped together at 66kV in
packs of around 70 MW. A single 70 MW cable connects the subset of wind turbines to
the energy island. The distance between the wind farm and the energy island varies
but is approximated to be 10 km.

The implemented wind farm consists of wind turbines which have a rated power of 2
MW. They are aggregated in equivalent wind turbines models of rated power 71 4g¢Xx2
MW. The 66kV cables of 70 MW rated power are therefore also aggregated in equiv-
alent cables for the connection of each aggregated wind farm. The impedances from
Tab. 3.2 are thus modified as follows :

Z
Negble with Neghle =
Ceq,cable =C- Neable

2 [MW] *Nuwt,agg
70 [MW]

Zeq,cable =

(3.1)

Shunt Reactors

Cables have a higher dielectric permittivity and a smaller distance between the con-
ducting part (core) and the ground (sheath of the cable), compared to overhead lines.
Due to the important capacitive effect in the cables, a non-negligible amount of reactive
power is generated. To compensate the reactive power from the cables, shunt reactors
are used at both ends of the cables. The shunt reactors have already been designed in
[5]. Here are the main results.

Consider a PI section model with conventions shown on Fig. 3.2. Let Z£0 = R + jwL
and Zc/Z —90° = #]/2 The active and reactive power at both generator and load end
can then be written as in Eq. 3.2 and 3.3.

VZ
Pc = -5 cos(h) — e Vi cos(6 + ),

52 VZV VEwC 62)
Qg = 7(3 sin(6) — GZ L sin(6 + ) — G;U
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Figure 3.2 PI section with notation convention. Taken from [5]

VZ
P = Ve Vi cos(f — ) — —L cos(h),
VZV VZ2 ViwC 33)
__VGVL . . VL L
QL = > sin(0 — 9) > sin(0) + >

Shunt reactors are placed to cancel the reactive power. On the PI section model, they
can be represented as in parallel to the lumped capacitance C/2. The shunt reactor con-
sists of an inductance Ly, on each phase. The reactive power compensated by the shunt
reactor is expressed in Eq. 3.4, with V the line-to-line voltage at the shunt location.

V>2 1 V2

Qeomp =3 (ﬁ wLy,  1007Ly,

For 3x350 MW AC export cables at rated power with parameters from Tab. 3.2, the
reactive power to be compensated at each side has been measured in [5] and is equal
to Qcomp ~ 175 MVAr.

(3.4)

3.2 HVDC Connection Model

I oy |

Transformer 1 vsC1l. ==T“ L 4VSC 2 Transformer 2
DC

Wind Parl 1 4 ﬁ} WBelgian Grid
|

A
Z|

U9 v

u
1 e L Locpe v Ve
R
sd DC Cable

Figure 3.3 HVDC link model.

This section details the MATLAB Simulink model of the HVDC link. The single line di-
agram of the HVDC link is shown in Fig. 3.3. The model’s parameters are listed in Tab.
3.3, while the DC cable parameters were already listed in Tab. 3.1 (Sec. 3.1.1). The AC
tilter parameters are computed in Sec. 3.2.3 and the DC capacitor value is computed in
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Sec. 3.2.2.

The MATLAB Simulink implementation of the HVDC link is inspired by the VSC-
Based HVDC Transmission System model available on Mathworks [43]. Screenshots of
the model are provided at the end of this document.

Parameter Value
Rated power 2GW
Rated frequency 50 Hz
DC line length 45 km
Wind park voltage 220kV
Belgian grid voltage 380 kV

Transformer 1 rated voltages 220 / 525 kV
Transformer 2 rated voltages 525 / 380 kV

Switching frequency 1350 Hz
Upc 525kV
CDC 25.2 yF

Transformer 1 and 2 resistance | 0.005 p.u.
Transformer 1 and 2 inductance | 0.194 p.u.

Ry 0.0015 p.u.

Ly 0.178 p.u.

DC cable resistance 5.224 x 107° p.u./km
DC cable inductance 3.419 x 1074 p.u./km
DC cable shunt capacitance 0.0095 p.u./km

Cr 0.05p.u.

Ry 2.62 x 1074 p.u.

Table 3.3 Parameters of the HVDC test setup

3.2.1 HVDC Control

The implemented controller is based on the one presented in Sec. 2.5.6. In the case
of the Princess Elisabeth project, it is reported in [5] that the grid side converter will
control reactive power and DC voltage while the one on the wind farm’s side controls
active power and reactive power. The only modification made to the controller de-
scribed in Sec. 2.5.6 is in the DC voltage control loop: the term %idc is omitted, and
the output of the PI controller is used directly as the reference current.

3.2.2 DC Capacitor and Smoothing Reactor

The DC capacitors connected at the VSC terminals are chosen to have a charging time
constant T = 7 ms [43].
T V3. (525kV)?

— _— =254uF ith Zp= _ ,
Cdc ZB 5 JZ W1 B Snom 1GW (3 5)
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On the DC side, smoothing reactors are used to filter the DC voltage. It consists in
placing in series an inductance and resistance L = 0.022 H and R = 0.07 Q). These
values are the ones used in [43] and converted to keep the same per-unit value. The
theory behind this smoothing reactor is not considered.

AC Filter

Applying the method detailed in Sec. 2.5.4 and using the base parameters detailed in
Tab. 3.3, the following filter parameters are found :

L; =0.178 p.u. Cr=0.05p.u. L, = 0.1947 p.u. Ry =2.62 x 10 p.u..

L; corresponds to the phase reactor and L, the transformer’s series inductance.

Synchronization Technique

Synchronization with the grid is required for the computation of the dq-components
used in the space vector control. Simulations showed that the use of a regular PLL
from MATLAB Simulink did not allow proper control of the HVDC. The presence of
the VSCs lead to harmonics injected in the grid, even tough an AC filter is used. The
grid voltage not being totally balanced and containing harmonics, the PLL is unable to
properly compute the phase angle.

Instead, a simple open-loop phase detection using the atan2 function is implemented
(Eq. 2.19). The computed angle and frequency show big oscillations. However, the
atan2 function assures, by its nature, that the g-component of the voltage is always
equal to zero. Since the controller technique is based on the assumption that ug =0,
the use of atan2 shows some benefit, as could also be observed during simulations.
Consequently, atan2 phase detection is used, which enables a proper control of the
HVDC link as will be shown in Sec. 3.3.

HVDC Connection Model Validation

In this section, different scenarios are simulated in the MATLAB Simulink software to
validate the HVDC link model. In these simulations, the Belgian grid and the wind
farm are replaced by ideal sources. The wind park is called AC Grid 1 and the Belgian
grid is called AC Grid 2. As mentioned previously, the converter at the wind farm con-
trols active and reactive power while the converter at the Belgian grid manages the DC
voltage and reactive power. For this reason only the following control configuration is
tested: Converter at AC Grid 1 regulates P and Q while converter at AC Grid 2 regulates

Upc and Q
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3.3.1 Start-up Procedure

The start-up procedure is important to ensure safe and stable operation. This subsec-
tion details how to start an HVDC link connecting two infinite grids [17], [43]. The
active power and DC voltage are shown in Fig. 3.4.
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Figure 3.4 Active power and DC voltage during start-up

(i) Initial state (f < 0s): the HVDC link is not connected to the grids, the DC capac-
itors are not charged.

(i) Connection to the grids (¢ = 0s): the HVDC link is connected to the grids at the
PCCs but the controllers are disabled. Without controllers, the IGBT valves are
turned off and current flows through the diodes (see Fig. 2.4), charging the DC
capacitors. Indeed, Fig. 3.4(a) shows active power going into the link from both
VSCs. This causes the DC voltage to exceed 1p.u., it needs to be controlled.

(iii) Enabling VSC2’s controller (+ = 0.1s): this controller is responsible for the con-
trol of the DC voltage. It can be observed that the DC voltage is brought down to
its reference value of 1 p.u. by evacuating the excess active power through VSC2.

(iv) Enabling VSC1’s controller (t = 0.3s): once the DC voltage is stabilized, active
power can be transferred through the link.

3.3.2 Active Power

The first test consists of a ramp in active power at grid 1. During this test, the reference
DC voltage was set to 1 p.u. and the reactive power reference was set to 0 on both
sides. Fig. 3.5(a) shows that when grid 1 sends 1 p.u. of active power, only 0.75 p.u.
reach grid 2. This is due to various sources of losses in the HVDC link (such as mainly
AC/DC conversion losses and Joule losses). The amount of losses is surprisingly high.

| 49



3 | Dynamic Model of Separate Components

For example, in the model from [43] the losses are only of 0.1 p.u.. Reasons for higher
losses in our model could not be found.

After applying a steady ramp on the active power reference at VSC1 to reverse the
power flow, it can be seen that the active power at grid 2 reaches above 1 p.u.. That
is to counter the losses in the HVDC link so that 1 p.u. reaches grid 1 which is now
the receiving end of the link. The active power difference between Grid 1 and Grid 2
remains non-zero even when Py ,,r = 0, this suggests that there are static losses in the
link independent of the power sent from the Grid 1.

It can be seen in Fig. 3.5(b) and 3.5(c) that during variations of active power, only the
d-axis component of the current is affected. As explained previously, this decoupling
between axes is due to working in the synchronously rotating reference frame where
ug equals 0.

However, VSC1 is drawing more active power than VSC2 can deliver which causes the
DC voltage to drop. Which in turn results in small variation of the voltage at the point
of common coupling with grid 2. Grid 2 then delivers reactive power to compensate
for the voltage drop as illustrated in Fig.3.5(d).
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Figure 3.5 Transient response to active power variations
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If, however, a ramp is applied from 0.4 to —0.4 p.u. instead of 1 p.u., Fig.3.6(b) shows
that the DC voltage drops only very slightly during the ramp and stabilizes back to
1p.u. after the ramp. This shows that the power flow can be reversed but only for
smaller than nominal power values.
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Figure 3.6 Transient response to active power variations

3.3.3 Reactive Power Variations

The link’s response to reactive power set point variation is now tested. A ramp is
applied to the reactive power set point of VSC1. Reactive power is controlled inde-
pendently at each converter (since it does not flow through the DC link [17]). This is
illustrated in Fig. 3.7(d), the variation of reactive power at VSC1 does not affect reactive
power at VSC2. The figure also shows that the measured reactive power doesn’t follow
the reference very closely during the transient, this might be due to the PI controller’s
tuning.
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Figure 3.7 Transient response to reactive power variations

Fig. 3.7(c) shows that only the q axis component of VSC1’s current varies with the
reactive power showing the decoupling of d and q axes in the control. Moreover, Fig.
3.7(a) shows that the active power is not affected by the reactive power variations.
Moreover, the step in reactive power causes a very slight drop in voltage at the point
of common coupling.

AC Balanced Voltage Dip

A 20% balanced voltage dip is applied to AC grid 1 at time 0.5 s of duration 20 ms. The
system’s response is illustrated in Fig. 3.8. As shown in Fig. 3.8(a), the voltage dip
causes a drop in the active power delivered by VSC1 to the DC link. To compensate
for this, the d-axis component of the reference current of VSC1 increases. However,
due to current saturation, the converter cannot deliver the full required current, which
prevents the active power from reaching its reference value.
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Figure 3.8 Transient response to a 20% voltage dip at AC Grid 1

Small perturbations can also be observed on the AC Grid 2 voltage, the DC link volt-
age and the reactive powers, however, they stabilize quickly and return close to their
reference values. The voltage dip has minimal impact on them.

AC Fault

A three-phase balanced short circuit with fault resistance of 0.001 () is applied at the
point of common coupling with AC Grid 2 at 0.3 s and is cleared at 0.4 s. The initial
state of the HVDC link is: Py ,or = 1p.u., Qqref = 0= Qg er and uye e = 1 p.u.
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Figure 3.9 Transient response to a three-phase short circuit at the PCC with AC Grid
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Figure 3.10 Zoom on Fig. 3.9(a)

3.9 illustrates the system’s transient response. The voltage dip causes the con-
verter’s AC side voltage u5,.r to drop because it is controlled in part by v,. This leads
to a decrease of active power P, drawn from the DC link by VSC2 (Fig.3.10). Because
VSC1 is pushing more power than what VSC2 can absorb, the DC voltage rises. In-

deed, looking at the DC capacitor energy balance
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The rise of u;. leads to a reduction of active power sent by VSC1 into the DC link.
DC overvoltage can damage the cable’s insulation and the converters, which is why
during such faults the HVDC link should be disconnected.

3.4 Wind Farm Model

3.4.1 DFIG Wind Turbine Model

A DFIG wind turbine has been modelled in MATLAB Simulink. The model is greatly in-
spired by the reference book Power Electronics for Renewable Energy Systems, Trans-
portation and Industrial Applications [9], as well as the corresponding video tutorial
by Prof. Gonzalo Abad from Mondragon University [44].

The implemented wind turbine has a nominal power of 2 MW as it uses the same
parameters as in [44]. The wind turbines to be built in the Princess Elisabeth Zone
are most probably state-of-the-art offshore wind turbines, typically reaching 15 MW
rated power. However, no detailed data could be found concerning the mechanical
and electrical parameters of such wind turbines. The use of 2 MW wind turbines in
the developed model is not problematic as the wind turbines will be aggregated into
bigger ones.

The pitch control is not implemented, neither are the cut-in and cut-out for too low and
too high wind-speeds. The model must therefore only be used for wind speeds where
MPPT is used (Region 2 in Fig. 2.22). For the chosen parameters this means that the
maximum wind speed input is 11 m/s.

Screenshots of the model are provided at the end of this document.

Mechanical Aspect Since pitch is not implemented, C, only depends on A. C,(A) is
shown on Fig. 3.11. This relation is obtained by using the expression from Eq. 2.48
with B = 0 and the coefficients shown in Tab. 3.4.

Bl kn | ko | ks | ko | ks | ke | ky | kg ko
0]073|151 058 |0.002|214 | 13.2 | -184 | -0.02 | -0.003
Table 3.4 Coefficient values for C,(A, B) (Eq. 2.48)
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The aerodynamic model implemented in MATLAB Simulink is shown on Fig. 3.12. It
takes as input the wind speed and determines the torque exerted on the shaft, effec-
tively representing the behaviour of the blades. The theory behind it is explained in
Sec. 2.6.2. First, the A is computed in order to obtain the value of C,. Then P, and
T, can be computed using Eq. 2.46. Since the induction machine model is in motor
convention, mechanical torque that produces power, as in a wind turbine generator, is
therefore negative. You can also notice the factor 7y 4g¢ which is required to model a
wind farm. This is further explained in Sec. 3.4.3. The values used are shown in Tab.
3.5.

1-D T(u)

Motor convention :
Generated power
is negative

Cp

Q blades
m

Gearbox
ratio

0.5*rho*pi*Radius"2*u(2)*3*u(1)

C (N
P Vwind
»

Figure 3.12 Aerodynamic model in MATLAB Simulink

Radius [m] | Air Density p,;, [kg/m3] | Gearbox Ratio N
42 1.225 100

Table 3.5 Values for aerodynamical model

Maximum Power Point Tracking The MPPT algorithm implemented in the Simulink
model is the Optimal Torque Control Method, in its simplest form, as explained in Sec.
2.6.3. It is shown on Fig. 3.13. Once again a negative sign is used to work in motor
convention and the factor 7 4¢¢ is used for the aggregated wind farm model.
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omega_m Tm,opt

Figure 3.13 MPPT algorithm in MATLAB Simulink

Control of DFIG

The control technique implemented in the MATLAB Simulink model is the one ex-
plained in Sec. 2.7.3. With the presence of the HVAC link, the AC grid of the energy
island is connected to the European grid. The wind turbine has thus access to a grid
and the control technique is grid following. This is in opposition to a grid-forming
control.

At the rotor-side converter, reactive power control has not been implemented, and the
reference current i;if is set to zero. On the other hand, the grid-side controller is imple-
mented exactly as explained in Sec. 2.7.3.

Vpus s set at 3450 kV, which corresponds to a modulation index m = 0.98 (Eq. 2.23).

Similarly to the control of the HVDC link, the atan2 function is used for the synchro-
nization in the DFIG controllers, as explained in Sec. 3.2.4.

Wind Farm Aggregated Model

For simplicity, a full aggregated model (Sec. 2.8.2) was initially chosen to model the
wind park in the MATLAB Simulink model. The number of wind turbines in the aggre-
gated model can be chosen by setting the parameter #1y,4,. This parameter increases
the values of power, torque and currents of the equivalent wind turbine. The values
of speed (wind and rotation) and voltages are them unchanged. In consequence, the
values of impedances are decreased by the factor 714 44¢. The values of the control con-
stants are also adapted to stay coherent.

When running simulations, it showed that the model implemented in MATLAB Simulink
performed poorly for a high number of wind turbines (1144,4¢¢ > 200), leading to the de-
cision to model the wind park using multiple smaller, equivalent wind turbines. The
aggregate wind park model is thus composed of 11 equivalent wind turbines each rep-
resenting 150 2 MW turbines resulting in a total of 3.3 GW. In the Princess Elisabeth
project, the wind park was originally planned to have a capacity of 3.5 GW. However,
with ongoing changes to the project due to cost increases, it is uncertain what will ac-
tually be built, thus it is not essential that the modelled park matches the exact capacity.
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3.5 Steady-State Analysis of the Wind Turbine Model

A steady-state analysis at different wind speeds has been conducted on the MATLAB
Simulink 2MW wind turbine model. The power at different points of the wind turbine
has been measured. Fig. 3.14 shows the results and compares them to the theoretical
expected values.

The mechanical power is computed by the aerodynamic model while the stator and
rotor powers are measured at the connection of the grid with respectively the stator
and the grid-side converter. It can be seen that the measured values follow closely
the theoretical values, which is a first step in the validation of the model. The power
delivered to grid P,,+ ~ Ps + P; is not plotted. It follows the mechanical power Py,; =
1Py, with an electromechanical efficiency # ~ 97 — 98%. Note that the delivered power
Pout = 1Py, does not follow a classical wind turbine power curve, but is purely cubic.
This is because our model does not implement pitch control nor cut-in and cut-out.

3.0 A ; i

—— Mechanical Power !

—— Power at Stator !

2.5 —— Power at Rotor !

® Simulink P_m i

2.0{ @ Simulink P_stator !

E ® Simulink P_rotor H

= 15 - Synchronous Speed i

= ]

)] 1
E

O 1.01 1

o 1

!

0.5 A !

1

1

0.0 A1 i

0 2 4 6 8 10 12
Wind Speed [m/s]

Figure 3.14 Steady-state power in function of wind speed (Theoretical + Simulink
results

Induction Machine The induction machine is implemented using a MATLAB Simulink
model. The parameters of the induction machine are shown in Tab. 3.6.
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Parameter Symbol Value
Rated power Prated 2MW
Rated frequency f 50Hz
Rated stator voltage Vs 690V
Number of pair of poles p 2
Stator/rotor turns ratio u 1/3
Stator resistance R 2.6 mQ)
Stator leakage inductance Lys 0.087 mH
Rotor resistance (stator referred) R, 29 mQ)
Rotor leakage inductance (stator referred) L, 0.087 mH
Mutual inductance Ly, 2.5mH
Inertia J 127 kg.m?

Table 3.6 Parameters of the Induction Machine - 2 MW Wind Turbine

3.6 Wind Farm Model Validation

The model has been implemented and tested in MATLAB Simulink software. First, a
single 2MW wind turbine is connected to an ideal source. Then the same test is repro-
duced for the aggregated wind farm model and finally a 10 km undersea cable is added
between the wind farm and the energy island (modeled as an ideal source). The wind
turbine start-up is not modeled properly. Simulation results start from a steady-state.

Voltage

éQg,ref = —0.2 pu E Dip E i idr,ref = 0.2 pu
Wind Speed : =~ Wind Speed : Wind Speed :
8 m/s 9 m/s 5 10 m/s
0s 7s 20s 25s 35s 40s 45s 50s

Figure 3.15 DFIG model test procedure

The test procedure is schematically represented on Fig. 3.15. The simulation starts at
an initial steady-state for a wind speed of 8 m/s with the references for Q. and i,
at 0. Att=7s, wind speed increases to 9 m/s. Att = 20 s, the reference for reactive
power is set to -0.2 pu. The wind turbine generator is asked to absorb reactive power in
order to compensate the reactive power produced in the cable, the latter being mainly
capacitive. Att =25s, wind speed increases to 10 m/s. At t =35 s, the grid voltage
drops to 0.8 pu for 0.3 s. Starting from t = 35.3 s the voltage dip is at 0.9 pu and is finally
restored at t = 40 s. Finally, at t = 45 s, the reference value for i;, is set at 0.2 pu.
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3.6.1 2 MW Wind Turbine

The main electrical and mechanical quantities are plotted on Fig. 3.16.

Power and modes of operation

Fig. 3.16a shows the wind speed which was imposed for this simulation. When a
change in wind speed happens, the active power reaches a new steady-state within
a few seconds. The response speed is limited by the inertia of the wind turbine, as
explained in Sec. 2.6.3. The rotor rotation speed (Fig. 3.16e) always tends towards
the optimal rotation speed, which is computed by the MPPT algorithm within the ro-
torside controller. The Tip-Speed Ratio (Fig. 3.16g) always tends towards its optimal
value Aoy = 7.2. The MPPT computes Ty, opt and imposes Ty = Ty opt- The reference
on electromagnetic torque is expressed into a reference for the quadrature component
of the rotor current (Eq. 2.51). iy, is directly proportional to the torque and is shown on
Fig. 3.16f. Notice how i, ,.r does not instantaneously reach the new steady-state value.
Instead it follows a first-order response, which is due to the chosen MPPT algorithm
i.e. Optimal Torque Control.

Due to the increasing wind speed, the induction machine, which is initially in subsyn-
chronous operation, switches into hypersynchronous operation. Fig. 3.17 zooms on
this instant. According to the relation w, = ws — pwy, (Eq. 2.57), the rotor current has
its frequency changing sign when passing synchronous speed. This can clearly be seen
on Fig. 3.17b.
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Figure 3.17 From subsynchronous to hypersynchronous

Reactive Power Control

The reference of reactive power is set to —0.2 p.u. at t = 20 s. From Fig. 3.16d it can be
seen that the reactive power follows correctly the reference. The reactive power con-
troller works as intended. A reference for reactive power is expressed into a reference
for the quadrature component of the current at the grid-side converter. i, is shown on
Fig. 3.18.

The change in reactive power does not affect the other quantities, clearly showing that
the direct and quadrature component of the currents can be controlled independently.
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I3, Control

The rotorside converter can control the direct current component of the rotor currents.
This is shown on Fig. 3.16f. At time t = 45 s the reference for iy, is changed to 0.2 pu.
The actual value follows swiftly the reference, showing that the controller works as
intended.

V;. Control

The gridside converter controls the DC bus voltage. This is shown on Fig. 3.16h. The
actual value stays close to the nominal value, showing that the controller works as
intended.

Voltage dip

Fig. 3.16b shows the grid voltage that was imposed for this simulation. There is a
voltage dip starting at t = 35 s. The voltage dip impacts many quantities. Due to a
reduced voltage, the power delivered to the grid is reduced. As a consequence the
wind turbine turns faster. The absolute amount of reactive power is also reduced.

300 MW Wind Farm

The same procedure is applied to the aggregated model of 150 2MW wind turbines.
The results are very similar to the case of a single 2MW wind turbine, which validates
the aggregation model. The results are not shown in this thesis.
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3.6.3 300 MW Wind Farm with 10 km AC Cable
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Figure 3.19 10 km AC connection

In a next step to modelling the global Princess Elisabeth Island system, a 10 km long
cable is added to the output of the wind park. This models the connection of the wind
turbines to the energy island, which is done in AC at 66 kV. Depending on the wind
turbine, the real distance varies between 4 and 19 km [5]. For simplicity, the distance is
taken equal to 10 km for all wind parks in the developed model. The cable is modelled
using a pi-section, as explained in Sec. 3.1, with the parameters from Tab. 3.2 in Sec.
3.1.2, which are modified to correspond to an equivalent 300 MW wind turbine using
Eq. 3.1.

Adding a cable in MATLAB Simulink is not so straightforward. Firstly, the addition
of the 66kV/690V transformer causes trouble. The DFIG model is not connected to
an ideal voltage source but to a transformer, which is modelled as an inductance by
MATLAB Simulink. The outputs of the DFIG are the stator windings of the induction
machine, modelled as an inductance in the MATLAB Simulink block, and the grid filter
transformer which is once again equivalent to an inductance. A node where all con-
nectors are inductances creates unsolvability for MATLAB Simulink. To solve this issue,
a snubber shunt, consisting of a high value resistance, is added to the node.

In a similar way, the ideal voltage source cannot be connected directly on the capaci-
tance present in the PI section model. To solve this issue, a small resistance is added
between the source and the cable.

Once again, the same test procedure as described in Sec. 3.6 is applied on this model.
The results are shown on Fig. 3.20. The main difference lies in the voltage at the ma-
chine output, which shows important oscillations (3.20b). The AC voltage generated
by the grid-side converter is not perfectly sinusoidal, but contains lot of harmonics.
Since the DFIG is not connected to an ideal voltage source anymore due to the addi-
tion of the cable, impurities of the grid-side converter affect the DFIG output voltage.
This negatively impacts the overall operation of the DFIG. All electrical quantities
show bigger oscillations compared to Sec. 3.6.1, but more importantly, the active power
output is reduced. The electromechanical efficiency is reduced to approximately 93%,
while the previous measures with ideal source showed an efficiency of # ~ 97 — 98%
(Sec. 3.5). This demonstrates the importance of using filters for the AC/DC converters.
Such filters are however not implemented in our model.
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3.7 Power Dispatch

Since active and reactive power can be controlled at the DC link, it is necessary to im-
plement a power dispatch controller. Its role is to set the references for the DC link
converters in order to efficiently dispatch the power either through the DC link or the
AC link. The active power dispatch controller implemented in this model is the one
designed in [5]. However, no reactive power dispatch controller has yet been imple-
mented.

The goal of the controller is to minimize active power losses during transmission. Us-
ing the loss models of both AC and DC paths, it has been found that the best strategy
is to prioritize the HVDC link up to its rated power. Once the DC capacity is fully
utilized, any additional active power is dispatched through the AC link.
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Figure 3.21 Active power dispatch controller.






Complete Model : Simulations and
Results

3 AC Export Cables

~

|
|
|
Equivalent Wind Turbines |
|
|

|
Equivalent | 220kV - 380kV

Transformer | ¥ __ShuntReactor
114 @ AC 2
66KV - 220kV 220KV - 380kV

Belgian Grid

Figure 4.1 Single line diagram of the complete model

This chapter presents the complete model implemented in MATLAB Simulink along
with its simulation results. Figure 4.1 shows the single-line diagram of the overall sys-
tem. The HVDC link is represented here as a single block, while its detailed model
was already presented in Figure 3.3. The wind farm is modelled by 11 equivalent wind
turbines, each with a rated power of 300 MW. The total rated power of the wind farm
is therefore 3.3 GW.

The presence of 11 DFIG models is not ideal as it adds a lot of complexity to the solv-
ing of the complete model in MATLAB Simulink. This heavy computation would often
lead to MATLAB crashing. In consequence, only short simulations were carried out.
The simulation performed on the complete model consists solely of an increase of the
wind speed, shown on Fig. 4.3d. Initially the wind speed is set to 9 m/s. Att=38s
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the wind speed increases to 11 m/s, which corresponds to the value at which the wind
turbines produce (in theory) their rated power. Note that each equivalent wind turbine
could receive a different input wind speed, however for simplicity the wind speed in-
put is the same for the 11 of them.

The wind turbines’ output active power is maximized by the MPPT algorithm. The
references for reactive power Q. at the grid-side converter and iy, at the rotor-side
converter are both set to zero.

On the HVDC link, the power reference is set by the active power dispatch controller
described in Sec. 3.7. The reactive power reference of the HVDC link at the windfarm
side is set to 0.2 p.u. = 0.4 GW throughout the whole simulation, in order to test the
proper functioning of the implemented controller. This is the only reactive power ref-
erence set to a non-zero value.

The 6 AC export cables are regrouped in two sets of 3 cables each. Each set also con-
tains the shunt reactors described in Sec. 3.1.3. The Belgian grid is simply modelled as
a 380 kV voltage source with a short-circuit power in the tens of GVA. Faults or voltage
dips were not tested out due to the long duration and complexity of the simulations.
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Figure 4.2 Simulation of the complete model : Wind park active power and voltage

The total active power produced by the wind park, measured at the point of common
coupling with the hybrid link, in shown in Fig. 4.2a. For a wind speed of 11 m/s, the
amount of power produced by the wind park oscillates considerably, with an average
at 2.8 GW. This means that from the 3.3 GW mechanical power, only 1 ~ 85% is con-
verted into electricity. The big amount of losses can be explained by the voltage quality
at the PCC on the wind park. Fig. 4.2b shows that it is clearly not smooth and contains
a lot of harmonics, which are caused by the AC/DC converters of the DFIGs and the
HVDC link. Their impact is very noticeable due to the wind park not being connected
to an “ideal” source and the absence of filtering systems as explained in Sec. 3.6.3. The
connection to the 'strong’ Belgian grid is done through 45 km of AC cables at 220 kV, 10
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km of 66 kV AC cables as well as multiple transformers. The series impedance of these
elements decreases the strength of the grid perceived at the wind turbines’ output, as
explained in Sec. 2.4.

Fig. 4.3 shows the active power flowing through the HVDC link and through one set of
3 AC cables. Due to the symmetry, the power in the second set of AC cables is the same
as in the first set and is therefore not represented here. Fig. 4.3a clearly illustrates how
the active power dispatch works: when the wind park’s generated power is smaller
than the HVDC rated capacity (2 GW), all of the power is transmitted through the
HVDC link. Around t = 10's, the power generated by the park reaches 2 GW, at which
point the dispatch controller limits the HVDC link’s reference to 1 p.u. and the excess
power then flows through the AC lines.

It can once again be observed that for 1 p.u. injected at the wind park side, only 0.7
p-u. is retrieved at the Belgian grid side of the HVDC link. When the wind park
produces 2.8 GW (on average), the total active power transferred to the Belgian grid
has an average of 2 GW. This shows a transfer efficiency of ~ 70%. The losses in the
AC export cables are therefore comparable to the losses in the HVDC link.
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The convention used for all reactive (and active) power computations is such that cur-
rent flowing from wind farm to the Belgian grid is positive. The reactive power mea-
sured at the wind farm is -0.5 GVAr (Fig. 4.4a). The HVDC link also injects -0.2 p.u.
= 0.4 GVAr towards the energy island (Fig. 4.4b). The total reactive power in the AC
cables is therefore -0.9 GVAr, -0.45 GVAr for each of the two sets (Fig. 4.4c). The HVDC
link, by its nature, does not transport reactive power. The measured reactive power at
the Belgian grid is -0.9 GVAr (Fig. 4.4d), the same amount that is injected at the wind
farm side. This means that the AC export cables do not generate reactive power and
that the shunt reactors are well designed.

The great amount of reactive power showcases the need of developing a reactive power
dispatch controller in order to reduce the reactive power in the system and to conse-
quently reduce the power losses.

9
15 x10

1

05

0.4

o
«

03

< 3
5 0 g 02
2 S
a -05 £ o041
EE 2
g -1 g 0 " i
8 o I I Wind Park side Q
o 1} mes
15 T 94 ——Wind Park side Q__
Grid Side Q
2 02 e, M
——Grid Side Q
25 : : : : | 03 . I I . )
0 5 10 15 20 25 0 5 10 15 20 25
Time [s] Time [s]
(a) Reactive power produced by the wind (b) Reactive power at both terminals of the
park at PCC with the hybrid link HVDC link
9 x10°
1 x10 1
—< 0
= E -1
s s
@ g
2 g
a o
2 237
z- =
@ ]
: gt
5F
15 ‘ ‘ ‘ ‘ ‘ 6 ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 0 5 10 15 20 25
Time [s] Time [s]
(c) Reactive power in AC 1 (d) Reactive power at PCC with Belgian grid

Figure 4.4 Simulation of the complete model : Reactive power



Conclusions and Outlooks

The main output of this thesis is the production of a model of the global electrical sys-
tem of the Princess Elisabeth Island (initial) project. The system consists of a 3.5 GW
wind power plant connected to the energy island. The connection to the mainland
consists of a hybrid link i.e. HVDC (2 GW) and HVAC (2.1 GW). The model is capable
of simulating the dynamic response of the system to different operating scenarios. It is
however still a preliminary version and should be improved for more accurate results.
The different components are detailed below, accompanied by some improvement pro-
posals.

A functional 2MW DFIG wind turbine model has been developed. Simulations could
attest that it functions correctly. However, in order to be able to simulate the response
of the DFIG on a wider range of wind speeds, the pitch control as well as the cut-in and
cut-out of the turbine should be implemented. The wind turbine parameters should
also be changed to model state-of-the-art offshore wind turbines. The design of filters
is also still required to make the model totally accurate.

A simple wind turbine aggregation method was chosen to represent a wind farm by
an equivalent wind turbine. The proper implementation can however not be validated
as it does not work for aggregating more than 7,5, ~ 200 wind turbines. The model
should be checked to find the reasons behind this.

A functional HVDC bipolar VSC-based link has been developed. Simulation showed
that it can effectively be controlled. However, the amount of conversion losses should
be looked upon, as its value is surprisingly high. The filtering system should also be
studied in greater detail.

The overall computation time can be reduced by for example using Average-Value
Models to represent the VSCs. The enhancement of the wind turbine aggregation
method and the modification of the wind turbine parameters to a higher power rated
wind turbine will reduce the required amount of DFIG models to reach 3.5 GW. This
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will also reduce the complexity of the solving.

A more in-depth analysis should be carried out on the reactive power flows in the
system. An overall reactive power dispatch controller could be designed, as it could
provide services to the grid by enhancing the voltage stability.

Additionally, the model could easily incorporate the planned HVDC connectors to the
UK and Denmark, in order to analyse the power exchange between countries.

Finally, the developed model can be used to analyse the dynamic response of the sys-
tem. Scenarios could consist of the deconnection of some wind turbines, a fault on
one of the AC export cables or DC cable, a voltage dip at the Belgian grid, etc. The
robustness of the grid could hereby be tested out.
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Simulink Screenshots

1.1 Wind Turbine
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A | Simulink Screenshots
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> ul2]+u[3]*Lg*(2*pi*f)
Figure A.6 Gridside Control : Cancellation of Coupling Terms
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Figure A.8 Wind farm

1.3 HVDC Link
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A | Simulink Screenshots
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2.1

2.2

Pl Regulator Gains

DFIG Wind Turbine Controller

From [44], the rotor-side inner loop PI controller gains are expressed

kp,iy = 2wn,i0Ly — Ry = 0.5771 = kp . , kij, = wp Lo = 49159 = k;;,  (B.1)

with ky i, ki, kp,iq/ ki,z'q the proportional and integral gains of the d-axis and g-axis
2
inner controller,c =1 — LLS’fy and w,; = % with 7; = O'IL{—:.

The grid-side inner loop PI gains are

kp,id = 2wn/iLg - Rg =0.2513 =k ki,id = wrzl,iLg = 3947 = ki,iq/ (BZ)

Piq
with w,, ; = 27 f. The outer controller (DC voltage controller) PI gains are

kpo = —1000, ki » = —300000. (B.3)

HVDC Link Controller

The proportional gain (K,) and the integral gain (K;) of the PI controllers were set based
on [43]. First approximations of the gains were made by taking the same gains as in
[43], they were then tuned by trial and error. This process lead to the following gains

* Active power controller: K, = 2p.u., K; = 10 p.u.
* Reactive power controller: K, = 2p.u., K; =4p.u.
* DC voltage controller: K, = 2p.u., K; = 40 p.u.

¢ Inner Controller:
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* d axis controller: K, = 0.6 p.u., K; = 6 p.u.
* qaxis controller: K, = 0.6 p.u., K; = 6 p.u.
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https://www.youtube.com/watch?v=ddHO1D6_FAw%5C&list=PLqepZUuyemmHFf9KTcc4TWzhasTjNgjMc
https://www.youtube.com/watch?v=ddHO1D6_FAw%5C&list=PLqepZUuyemmHFf9KTcc4TWzhasTjNgjMc
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