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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

1.1 Backgroud of HVDC Transmission

At the beginning of the 1970s, once with the first oil crisis, the interest on the renewable
energy sources had emerged. Thus, the wind power industry, one of the most powerful and
successful industry in the last four decades, had appeared. Since then, the development in
this industry is continuous and at a high rate, fact which can be observed from Figure 1.1
which presents the development of the wind turbines during last three decades.
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Figure 1.1: Growth in size of commercial wind turbine designs [1]

The fast growth in everything which means wind power is possible due to several facts,
such as: reticence in using fossil fuels (from both environmental issues and high prices point
of view) and development of power electronics etc. Figure 1.2 and Figure 1.3 are presenting
the annual wind power installation in the European Union during the last fifteen years
and the cumulative wind power installations in the European Union, for the same period,
respectively.




1.1. BACKGROUD OF HVDC TRANSMISSION

12000

10000 ——-—-----——-—-———“—“————————-~———--

8,000

6,000

4,000

2,000

1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009

Figure 1.2: Annual wind power installation in EU (MW) [2]

According to Figure 1.2 the wind energy sector continued its market growth in the EU
at an increased rate of 23% compared to year 2008 installations. From the total 10163
MW installed in EU, 9581 MW was installed onshore (21% more compared to the previous
year), while 582 MW was installed offshore (56% more compared to the previous year) [2].
Furthermore, as it may be observed in Figure 1.2, the annual installations in The European
Union have increased steadily during the last fifteen years from only 472 MW wind power
installed in 1994 to more than 10 GW in 2009.
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Figure 1.3: Cumulative wind power installations in EU (MW) [2]

Figure 1.3 presents the cumulative wind power installations in the European Union in the
last fifteen years, achieving at the end of 2009 a total installed capacity of 74767 MW. The
EU leading country, concerning the installed capacity is Germany, followed by Spain and
Italy.

As it is well known, the offshore wind power is very important to the Europe future, and
so, the present trend in the wind power industry is to develop its offshore sector. According to
the European Wind Energy Association (EWEA), the total offshore wind turbine capacity
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installed until the end of 2009 was 2056 MW. During the year 2009, eight new offshore
wind farms were commissioned, consisting of 199 wind turbines [3]. The expectations for
the year 2010 are even bigger than the achievements of the year 2009 in which concerns the
development of the offshore wind energy sector. Thus, according to [3], EWEA expects the
finalizing of ten offshore wind farms in Europe, during the year 2010, which will increase the
total installed capacity with more than 1000 MW - fact which is synonymous to a market
growth of 75% compared to 2009.

The present distribution of the onshore and offshore wind power production as well as a
prediction, over the next twenty years, concerning the same wind energy sectors is presented
in Figure 1.4.
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Figure 1.4: Power Production from Onshore and Offshore Wind in the EU (2000-2030) [4]

According to [4], from the beginning of 2020, most of the European Union renewable
power will be produced by onshore wind farms, while the next decade will be dedicated to
the large-scale exploitation of the largest energy resource, the offshore wind power.

The offshore wind industry will overtake the onshore wind industry (as may be observed
in Figure 1.4) mainly due to two aspects. Firstly, the "offshore wind” is characterized by
average annual wind speeds bigger than the ”onshore wind” and secondly, the onshore sites
which are available to be used for wind farms will slowly decreasing. Thus, in the next years,
the trend in the wind power industry will be to move from onshore to offshore.

Until now, the offshore sites which were preferred to be used for wind farms were the
ones close to the shore and with relative small water depths. But, there are several aspects
which burden the use of these sites: the near-shore area is often used for maritime traffic,
recreational activities and/or fishing. Moreover the placement of a wind farm close to the
shore will have a bad impact from the noise disturbances and visibility point of view [5]. Based
on these presented facts, one of the trends concerning offshore wind farms is to increase the
distance from the wind farm to the shore.

A consequence of this trend is that the generated power in offshore wind farms has to be
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transported over very long distances to make a connection with the main supply grid. The
solution which overcomes this problem is the use of the High Voltage Direct Current (HVDC)
transmission systems which are more feasible and also more competitive than the traditional
High Voltage Alternative Current (HVAC) transmission systems. One of the most important
advantages of HVDC transmission technology over the HVAC transmission technology is
that the first one is suitable for long distances (even 500 - 600 km) with minimal losses.
The second big advantage concerns the Right-of-Way (RoW); often it is more easy to obtain
RoW permission for submarine DC cables because of the reduced environmental impacts [5],
[6]. Furthermore, in the case of VSC-based HVDC transmission system, the voltage source
converter substations can be used to stabilize the AC networks in their connection points
and also it can be used to provide black start and may support the system recovery in case
of a failure [5], [6].

1.2 Problem Formulation

Nowadays, the energy demand is growing at a high rate and the renewable energy sources
represent a reliable and cost effective alternative to the old-fashioned methods (fossil-fuels,
uranium etc). Among all these renewable energy sources the wind represents one of the best
developed and researched sectors. At the moment the onshore wind power industry is more
developed than the offshore sector but as presented in the previous chapter the trend is
to go offshore. Basically due to the increase of size, noise, visual pollution but also thanks
to higher values of wind speed, the offshore wind applications are winning more and more
terrain over the onshore wind farms. But placing wind farms offshore rises a lot o challenges
related to construction, installation and nevertheless with the energy transmission. The last
case requires a great effort in order to make the offshore wind farm viable, especially for long
distances between the wind farm and the shore.

The solution which can solve the above presented problem is the use of HVDC trans-
mission systems. The main advantages of these transmission systems are related with the
transmission losses as well as with the costs which are lower than in the case of the traditional
HVAC transmission systems.

At the beginning, HVDC transmission systems were based on line commuted converters
(LCC). So, using this configuration (LCC-based HVDC), large amount of power could be
process, but, however full controllability of the system was not achieved and also high har-
monic content was present. Once with the development of power electronics devices, the use
of VSCs in high voltage applications became possible. Thus, the use of VSC-based HVDC
configuration became more suitable for long distances power transmission since it remotes the
drawbacks of the LCC-based HVDC transmission systems. The scheme of such a transmis-
sion system is presented in Figure 1.5 and it consists mainly of two voltage source converters
connected through a DC transmission line; moreover each converter is able to control the
AC voltage in each bus and the DC link voltage as well as the active and reactive power in
the system.
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Figure 1.5: VSC-based HVDC transmission system

The aim of this thesis is to develop good understanding about the behavior and the control
strategies regarding VSC-based HVDC transmission and its applications in the renewable
energy systems.

1.3 Objectives

The objective of the present thesis is to model and analyze the behavior a VSC-based HVDC
transmission system for offshore wind farms, while for verification a small-scale laboratory
setup will be used. The main goals of the thesis are summarized below:

e good understanding of the VSC-based HVDC transmission system concept and of its
behavior;

e modeling of the VSC-based HVDC transmission system using MATLAB/Simulink pack-
age;

e implementation of different control strategies for the VSC-based HVDC transmission
system,;

e analysis of the developed system behavior under different conditions;

e laboratory validation of the developed MATLAB/Simulink model using a small-scale
setup and a dSPACE platform.

1.4 Limitations

The most important limitations encountered during the development of this thesis are sum-
marized and presented below:
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e Due to the unavailability of data for a real VSC-based HVDC transmission system the
simulations (study-cases) are carried out for the data available in the laboratory:

— Nominal power: 2.2 kW,

— Nominal current: 4.3 A;

— Grid voltage: 230 V;

— Dc link voltage: 650 V;

— Filter parameters: Ly = 6.9 mH; Cy = 4.7 uH; Ly ro = 2 mH;

e No model for a wind power plant was developed since its implementation on the labora-
tory setup cannot be achieved; the standard setup is composed of two inverters, which
in this case are emulating the VSC-HVDC transmission, no inverter being available to
emulate the WPP;

e Due to the above discussed limitation, the behavior of the VSC-based HVDC transmis-
sion system could not be analyzed in the laboratory for the second discussed control
strategy (Strategy 2).

1.5 Thesis Outline

This thesis studies the control of voltage source converter based HVDC power transmission
and the present report is strutured in seven chapters.

The first chapter may be seen as an introduction to the studied subject, containing a short
background,the problem formulation and the objectives of the current thesis. The limitation
of this thesis are also presented in this chapter.

The second chapter represents an overview of VSC-based HVDC transmission system.
Firstly, a comparaison between HVAC and HVDC transmission is presented. The applications
and the configuration of HVDC system are also discussed. After that, the advantages, the
applications and the configurations of VSC-based HVDC transmission system are briefly
presented. This chapter ends with an overview about Danish grid code requirements.

The third chapter deals with the modeling of the system. Each component is separately
explained by presenting its role in the system.

The design of the control strategies for the VSC-based HVDC power transmission are
investigated in Chapter 4. The PLL technique used to synchronize the developed system
with the grid voltages is also presented in this section. This chapter also containes the design
of the current controller, the DC voltage controller, the active and reactive power controllers
and the AC voltage controller. The tuning process of these controllers was realized using
SISOtool provided by MATLAB/Simulink.

In the fifth chapter several study cases are carried out in order to analyze and to prove
the behavior of the developed VSC-based HVDC transmission system model.

The sixth chapter presents the laboratory implementation of the developed control strate-
gies, in order to validate the simulation results.

Finally, the conclusions of the thesis and also ideas for the future work are pointed out in

Chapter 7.
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Chapter 2

Overview of VSC-Based HVDC
Transmission System

This chapter contains an overview of the VSC-based HVDC' transmission systems. Firstly,
a comparison between HVDC and HVAC transmission systems is presented. Furthermore,
several basic applications were the HVDC transmission systems are suitable are briefly ex-
posed. The chapter will continue with a presentation of the VSC-based HVDC' transmission
systems. The advantages of such systems, their areas of application and their configurations
are also discussed. In the end of this chapter several grid codes requirements provided by the
Danish TSO are briefly stated.

2.1 Introduction to HVDC Transmission System

The HVDC transmission system is a high power electronics technology used in electric power
systems mainly due to its capability of transmitting large amount of power over long distances
[7], [8]. Overhead lines or underground/submarine cables can be used as transmission path.

The High Voltage Direct Current (HVDC) technology was used for the first time in 1954
in the under-sea cable interconnection between the island of Gotland (Sweden) and Sweden.
For this transmission, thyristors with a rating of 50 kV and 100 A were used.

From its beginnings until the mid 1970s, the HVDC transmissions were based on mercury
arc valves. After that, for the next 25 years, line commutated converters - using thyristors as
based component - were used in the HVDC transmission systems. Once with the development
of the high power switching devices and their availability al low prices, the LCCs were
replaced by the self commutated converters and now the voltage source converters are more
and more used for HVDC transmissions [7].

2.1.1 Comparison of HVAC and HVDC Transmissions

The HVDC transmissions can be compared with the HVAC transmission basically from two
points of view: from the transmission costs point of view and from the technical point of
view respectively.

Analyzing the two systems regarding the transmission costs, the next advantages of HVDC
transmission systems over the HVAC transmission systems can be found [7]:
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e considering similar insulating requirements for peak voltage levels, a DC line/cable will
carry the same amount of power with two conductors as an AC line/cable with three
conductors; thus, for the same power level, an HVDC transmission system will require
smaller Right-of-Way, simpler towers and also the conductor and insulator costs will be
reduced, in comparison with a classical HVAC transmission;

e the power transmission losses (conductor losses) are reduced by about two-thirds when
the DC option is used instead of the AC one;

e furthermore, when a HVDC transmission is used, the absence of the skin effect can be
noticed and also the dielectric and corona losses are kept at low level, thus the efficiency
of the transmission is increased;

e however, the disadvantage of the HVDC transmissions regarding the costs comes from
use of the converters and filters.

As a conclusion it can be said that the HVAC transmissions are more economical than
HVDC transmissions when used for small distances. Once the breakeven distance is reached
the DC alternative becomes more economical fact which may be observed from Figure 2.1
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Costs
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~
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~
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- .
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Figure 2.1: Comparison of AC/DC lines - breakeven distance

In the case of the overhead lines the breakeven distance can vary between 400 to 700 km,
depending on the per unit line costs while, if a cable system is used the breakeven distance
vary between 25 and 50 km [7]. The typical breakeven distance for overhead lines is 500 km
[9].

Analyzing the two transmission systems, from the technical point of view, the HVDC
transmissions overcome some of the problems which are usually associated with the AC
transmissions. Thus, the stability limits are overcome when an HVDC transmission is used
due to the fact that the power carrying ability of DC lines is not affected by the transmis-
sion distance. In the case of the HVAC transmission the power transfer in the AC lines is
dependent on the phase angle which increases with the distance and thus the power transfer
is limited.

The second problem which is solved by using the DC transmission instead of the AC
transmission is the line charging. In the case of an HVAC transmission, line compensation
(using STATCOMSs, SVCs etc) is used in order to solve the line charging issue, while in the
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case of DC lines such compensation is not required [7], [9]. Due to this issue, in the case of
HVAC transmission the breakeven distance is reduced to 50 km.

Moreover, asynchronous interconnection of two AC power systems can be realized using
the HVDC technology.

On the other hand the early use of HVDC transmission systems was limited due to several
factors such as: high cost of converters, generation of harmonics, complexity of controls,
inability to use transformer to alter voltage levels etc [7]. However, over the time many of
these above presented issues were solved except the inability to use transformer to alter
voltage levels.

As a conclusion to this comparison it can be said that the HVDC transmission technol-
ogy is attractive and advantageous for long power transmissions, bulk power delivery, long
submarine power crossing and also asynchronous interconnections [9], [10].

2.1.2 Applications of HVDC Transmissions

The HVDC transmissions are basically used in one of the following four applications:

e underground/submarine cable transmissions

In the case of underground or submarine HVDC cables there is no physical restriction
concerning the distance, the power level and also there are considerable savings in
installed cable costs. Furthermore, in the case of the underground cables, these ones
can be used on shared Right-of-Way with other utilities [9], [10].

Some examples in this type of application are: Gotland project (1954), Sardinia (1967)
and more recent the 180 MW Directlink connection in Australia (2000).

e long distance bulk power transmissions

The HVDC transmission systems provide an economical alternative to AC transmission
systems regarding the bulk power delivery from remote locations such as hydroelectric
developments or large scale wind farms whenever the breakeven distance is exceeded [7],
[10]. As presented above, a higher power transfer is possible over long distances using
fewer lines with HVDC technology than with the AC technology.

e asynchronous connections of AC power systems

The HVDC transmissions systems offer a reliable and economical way of interconnection
between two AC asynchronous networks. Usually, these interconnections are realized
using back-to-back converters with no transmission line [9], [10].

Many examples of asynchronous interconnections can be found in North America, as in
the case of Electric Reliability Council of Texas (ERCOT) and its neighbors [10].
e stabilization of power flows in integrated power systems

According to [7], due to the fast controllability of dc power, strategically placed DC
lines can solve issues like power flow in AC ties which can be uncontrollable and can
lead to overloads and stability problems.

One example of using HVDC transmission systems in such application is the IPP link
in USA [7].
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e offshore transmission

Due to their advantages, such as: self-commutation, black-start capability and dynamic
voltage control, VSC-based HVDC transmissions can be used to serve isolated loads
on islands or offshore platforms over [10]. Moreover, VSC-based HVDC transmission
systems can provide reactive power support to wind farms as well as interconnection
point.

2.2 HVDC System Configuration

Based on the functions and the locations of the converter station, four main HVDC system
configurations are used in power system transmissions. These four HVDC system configura-
tions can be used for both VSCs and CSCs converter topologies [11].

Monopolar HVDC System

In this configuration, two converters separated by a single pole line are used. Positive or
negative DC voltage can be used, but in the case of using negative polarity the corona
effects in the DC line are less [7]. Depending on the application, in the case of the monopolar
configuration, ground or a metallic conductor can be used as return path, as illustrated in
Figure 2.2.

—(0)— A A—(Q— —(—a A—(O—

(a) with ground return (b) with metallic return

Figure 2.2: Monopolar HVDC system

This configuration is usually preferred in the case of cable transmissions with submarine
connections [11].

Bipolar HVDC System

In this case, the configuration uses two conductors, one positive and the other negative. The
connection between the two sets of converter is grounded at one or at both ends [7]. Basically
the bipolar system consists of two monopolar systems. The advantage of this configuration
is given by the fact that one of the poles can continue to transmit power in case the other
one is out of service [7], [11]. Thus, the two poles may be used independently, if both neutral
points are grounded [8]. The bipolar HVDC system configuration is illustrated in Figure 2.3.

10
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Figure 2.3: Bipolar HVDC system

Theoretically the ground current is zero in the case of this configuration since both poles
operate with equal current [7], [11]. Based on the above presented things, this is the most
common configuration for modern HVDC transmission lines [10], [11].

Back-to-back HVDC System

In this configuration, the two converters stations are placed at the same site and there is
no transmission of power with a DC link over a long distance [11]. The block diagram of a
back-to-back system is presented in Figure 2.4.

| |
(0 A \ A tOh
| |

Figure 2.4: Back-to-back HVDC System

Such a back-to-back HVDC system is used two interconnect two AC systems which may
have different frequencies (asynchronous interconnection) [10].

Multi-terminal HVDC System

A multi-terminal HVDC transmission system consists of three or more converter substations,
some of them working as inverters while the other ones as rectifiers [12]. Depending on the
positioning of the converter substations, two basic arrangements of the multi-terminal HVDC
system can be obtained: series multi-terminal HVDC system and parallel multi-terminal
HVDC system. These two arrangements are presented below.

>
(0 A YO (Al Y YO

(a) Series arrangement (b) Parallel arrangement

Figure 2.5: Multi-terminal HVDC system

11
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A combination of series and parallel connections of the converters forms a hybrid multi-
terminal HVDC transmission system.

Due to the high number of converter stations used in such a transmission system, the use
of this configuration is not justified from the economical point o view.

2.3 VSC Based HVDC Transmission System

The HVDC transmission technology can be realized by using current source converters
(CSCs) commutated thyristor switches, known as traditional HVDC or classic HVDC, or by
using voltage source converters (VSC-based HVDC). Due to the rapid development of power
electronic devices with turn-off capability and of DSPs, which are generating the appropriate
firing patterns, the VSC are getting more and more attractive for HVDC transmission [7].
A detailed comparison between CSCs and VSCs may be found in [7].

Usually, the VSCs are using insulated gate bipolar transistor (IGBT) valves and pulse
width modulation (PWM) for creating the desired voltage wave form.

The first HVDC transmission using VSC was installed in 1997 in Gotland (Sweden) [13].

On the market, mainly two manufacture refer to the technology of DC transmission using
VSC; these are: ABB under the name HVDC Light®) [14], with a power rating from tenths
of megawatts up to over 1000 MW, and the second manufacturer is Siemens under the name
HVDC Plus ("Plus” - Power Link Universal Systems) [15].

2.3.1 Advantages and Applications for VSC-based HVDC

By analyzing the operation of both classic HVDC technology and VSC-based HVDC tech-
nology, the main difference between these two technologies can be highlighted: the con-
trollability. Thus, the controllability in the case of VSC-based HVDC technology is higher
compared with the one of the earlier developed technology. Thereby, if VSCs are used instead
of line-commutated CSCs several advantages can be stated, some of them being presented
below:

e VSC converter technology provides rapid and independent control of active and reac-
tive power without needing extra compensating equipment; the reactive power can be
controlled at both terminals independently of the DC transmission voltage level [7], [9],
[10], [11];

e the commutation failures due to disturbances in the AC network can be reduced or even
avoided if VSC-HVDC technology is used [5], [11];

e the VSC-HVDC system can be connected to a "weak” AC network or to a network
where no generation source is available (the VSC can work independently of any AC
source), so the short circuit level is low [5], [11];

e self (forced) commutation with voltage source converters permits black start, which
means that the VSC is used to synthesize a balanced set of three phase voltages as a
virtual synchronous generator [9], [10];

e due to its modular, compact and standardized construction, the converter can be easily
and rapidly installed /commissioned at the desired site [7];
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e in comparison with the classic HVDC transmission, the VSCs don not have any reactive
power demand and moreover, they can control their reactive power to regulate the AC
system voltage like a generator [10].

However, the VSC-based HVDC technology has some drawbacks, which include poten-
tially high power losses and high cost (caused by the converter stations) compared with
traditional HVDC technology.

Because of its advantages, some of them presented above, the VSC-based HVDC transmis-
sion suits very well in certain application. An enumeration of these applications is presented
below:

e Power supply to insular loads

Due to some of its advantages such as: dynamic voltage control, black start capability or
forced-commutation the VSC-HVDC transmission is capable to supply remote locations
(i.e. islands) using submarine cables and without any need of running expensive local
generation [7], [9]. An example of this application is the Gotland Island System.

e Offshore applications

The VSC-based HVDC technology represents a very suitable way of transmitting power
from wind farms to the main AC grid. The ability of controlling reactive power as well
as the AC voltage and its contribution to the grid stability makes the VSC-HVDC
technology very popular for such applications. Moreover, the technology is flexible and
new units can be easily added if the expand of the WF is desired [7].

The VSC-HVDC transmission is a compact transmission and can feed production or
transportation loads on offshore oil or gas platforms from shore [9].

e Underground/underwater cables

The use of HVDC cable systems is not constraint by any distance limitations as in the
case of AC cable systems. Moreover, the losses are reduced when an HVDC cable system

is used. The XLPE (Cross Linked Poly-Ethylene) extruded HVDC cables can overcome
RoW constrains and the power transfer capacity is increased at the same time [7], [9].

e Urban Infeed

Mainly due to RoW constraints and land use constraints, the compact VSC-based
HVDC technology represents a feasible solution to feed the city centers. Thus, the
underground transmission circuits are placed on already existing dual-use RoWs in or-
der to bring in power as well as to provide voltage support [9], [11]. This process is
realized without compromising reliability and it is an economical way of power supply.

Other applications, in which the use of VSC-based HVDC transmission systems is suitable,
such as: asynchronous interconnection, multiterminal systems etc are presented in detail in

[5], (9], [11].
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2.3.2 VSC-based HVDC Transmission System Configurations

The typical configuration of VSC-based HVDC transmission system is presented in Figure
2.6.

Converter

Phase reactor

Transformer — 2Cpc == Transformer
AC Phase reactor AC
System ( i? ) —| — A —| ( §§ ) §ystem
— 2Cpc prmmnd

| Filters | | Filters |
'——I—J DC cable '——I—J

Figure 2.6: Typical VSC-HVDC system [16]

Such a transmission system consists of: two voltage source converters, transformers, phase
reactors, AC filters, DC-link capacitors and DC cables. In the upcoming paragraphs each of
these components will be briefly discussed.

Voltage Source Converter

The two VSCs may be seen as the core of this transmission system topology. One of the
VSCs works as rectifier, while the other one works as an inverter, and both of them are
based on IGBT power semiconductors. The two VSC stations are connected through a DC
transmission line or an overhead line.

Mainly, two basic configurations of VSCs are used on HVDC transmission system. These
are the two-level VSC converter, presented in Figure 2.7(a), and the three-level VSC con-

verter, which is presented in Figure 2.7(b).
o
- 4@ 5 4(}5 A 4(} x 4(}5 5

4@ 4@ 4%}& WFFACE BACE T |
R

Three-level VSC

LA

LT

(a) Two-level VSC

Figure 2.7: The topology of the VSC
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The two-level VSC, also known as the three phase, two level, six-pulses bridge, is the
simplest configuration suitable for HVDC transmission. Such a converter consists of six valves
(each valve consist of an IGBT and an anti-parallel diode) and is capable of generating two
voltage levels —0.5 - Upc, and 40.5 - Upcp,.

In high power applications, the three-level VSC configuration (see Figure 2.7(b)), repre-
sents a reliable alternative to the two-level VSC configuration, because the phase potentials
can be modulated between three levels, —0.5-Up¢,, , 0 and +0.5-Upey,. In this configuration,
one arm of the converter consists of four valves.

Transformer

As it can be observed in Figure 2.6, the transformers are used to interconnect the VSC with
the AC network. The main function of the transformers is to adapt the voltage level of the
AC network to a voltage level suitable to the converter. This voltage level can be controlled
using a tap changer, which will maximize the reactive power flow.

Phase Reactor

The phase reactors, known also as converter reactors, are used to continuously control the
active and reactive power flow. According to [14], the phase reactors have three main func-
tions:

e the first one is to provide low-pass filtering of the PWM pattern in order to provide the
desired fundamental frequency voltage;

e the second function is to provide active and reactive power control; the active and
reactive power flow between the AC and the DC side is defined by the fundamental
frequency voltage across the reactors [14];

e the last function is to limit the short-circuit currents.

Typically, the short-circuit voltage of the phase reactor is 15%.

AC Filter

The main goal of the AC filters is to eliminate the harmonic content - which was created
by using the PWM technique - of the output AC voltage. Otherwise, if these harmonic
components are not eliminated or reduced, malfunctioning in the AC grid will appear.

Typical requirements for AC filters are: individual harmonic distortion level (D), =~ 1%),
total harmonic distortion (THD) level may vary between 1.5% and 2.5% and telephone
influence factor (TIF) between 40 and 50 [14].

Depending on the desired filter performances or requirements, the filter configuration is
varying from application to application. In a typical HVDC Light scheme, the AC filter
consists of two or three grounded /ungrounded tuned filter branches [14].

DC-link Capacitor

As presented in Figure 2.6, on the DC side, there are two capacitor stacks of the same power
rating. The main goal of the DC-link capacitor is to provide a low-inductance path for the
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turned-off current [14]. Moreover, the DC capacitor serves as an energy store and it reduces
the harmonics ripple on the DC voltage.

Depending on the size of the DC side capacitor, DC voltage variations caused by distur-
bances in the system (e.g. AC faults) can be limited [14].

DC Cable

Mainly, three types of DC cables are suitable for HVDC transmission systems. These are:
the self contained fluid filled(oil filled, gas pressurized) cables, the solid cables and XLPE
polymer extruded cables. Lately, the last mentioned type seems to be the the preferred choice
for VSC-based HVDC transmission system, because of their mechanical strength, flexibility
and low weight [17].

2.3.3 HVDC Light Technology - BORWIN (Borkum 2) Offshore Wind Farm

The BORWIN (Borkum 2) offshore wind farm is situated 128 km off the North Sea Cost and
is the largest and most remote offshore wind farm in the world [18]. Furthermore, for the case
of BORWIN it is for the first time when wind power generated at such a distance is connected
to the AC grid through high voltage direct current transmission [19]. The connection with
the grid is realized through a 400 MW HVDC Light transmission system, developed by ABB.

The HVDC Light Cable technology has a series of advantages (over the HVAC technology)
for connecting the offshore wind power plants to the onshore grid, such as: their reduced
weight and dimensions, resulting in a higher power density [18]. Moreover, the HVDC Light
cables operate at higher electric field stress and in comparison with the traditional HVAC
cables, they have to be dimensioned only for their ohmic conductor losses [18] and [19].

In Figure 2.8, the Borkum 2 wind farm and its grid connection through HVDC transmis-
sion is presented.

e-ﬂn ‘ Netz

Figure 2.8: The Borkum 2 wind farm cluster situated 128 km from shore [20]
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The discussed system is a self-commutated HVDC which is based on IGBTs and uses
lightweight eco-friendly polymer cables [19]. Because of the independent control of active
power flow and reactive power flow, with total control of power from zero to rated power
without filter switching, a reliable and smooth operation of the wind power plant is achieved
[20].

The main data of the BORWIN transmission system are presented in the following:

e Power rating: 400 MW;

e AC voltage: 170 kV (offshore) and 380 kV (onshore)
e DC Voltage: £150 kV

e Land cable length: 2 x 75 km;

e Sea cable length: 2 x 128 km;

In conclusion it must be specified that, according to [19], by using the above presented
HVDC system the transmission losses are decreased with 25%.

2.4 Grid Code Requirements

The Danish Transmission System Operator (TSO), Energinet, provides grid code require-
ments for connecting wind turbines and /or wind farms to the national grids. These grid code
requirements are classified in two categories: for voltage levels above 100 kV and below 100
kV. Due to the fact that nowadays more interest is given to the installation on large wind
farms than to the installation of individual wind turbines, in this section only the Danish
grid code requirements for grid voltage levels above 100 kV are considered [21].

Active Power Regulation

In [21], the next regulation techniques have been defined, regarding the active power require-
ments. Furthermore, in order to avoid unintended interferences between these techniques, the
following priority order shall be respected:

e System protection - this is a protective function for downward regulation of the power
generated by the wind power plant to a level that is acceptable to the power system.

e Frequency control - when frequency deviations occur in the power systems, the WPP
must contribute at the restoration of the normal frequency (50 Hz) by controlling ac-
tively the power production. In Figure 2.9 two methods of frequency control are pre-
sented.
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Figure 2.9: Frequency regulation with and without previous downward regulation [21]
In the first case (full-drawn line) the frequency control only regulates downward the power

production, while in the second case (dotted line), the frequency control can also make an
upward regulation because of the previous downward regulation [21].

e Stop regulation - if the wind speed increases, the wind farm must be able to maintain

the current power production (see Figure 2.10)

\ Power

Ppossible

r Pset-poi nt

\

Time

Figure 2.10: Stop regulation

e Balance regulation - this technique must be implemented as a rapid power regulation
which ensures upward and/or downward regulation of the wind farm production when
required [21].

e Power gradient constraint - this method prevents the fast increasing of power generated
by the wind farm when the wind speed increases or when the wind farm is started in
high winds (see Figure 2.11).
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Figure 2.11: Power gradient constraint

e Absolute production constraint - limits the power production at a previously set maxi-
mum reference point (see Figure 2.12).

Power
\ Ppossmle

Pset-p(m/\

Time

Figure 2.12: Absolute production constraint

e Delta production constraint - using this technique power reserves are allocated by limit-
ing the current power production to a value below the actual possible power production.
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Figure 2.13: Delta production constraint

Reactive Power Regulation

According to [21], the wind farms must be equipped with reactive power compensation which
ensures that the mean value of the reactive power over 10 seconds (at the PCC) is kept inside
the control band presented in Figure 2.14.
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Figure 2.14: Control band for the real power control method at PCC

Furthermore, in the Danish grid codes it is stated that the owner of the wind farm must
supply a P-Q diagram which shows the reactive power regulation capability at PCC.

In [21], three type of regulation are mentioned: MVAR regulation, voltage regulation and
reactive regulation according to minimum requirements.

Reactive regulation shall be done for the total wind farm by the farm controller function
[21].

20



CHAPTER 2. OVERVIEW OF VSC-BASED HVDC TRANSMISSION SYSTEM

Voltage Quality

Other important requirements imposed usually by TSOs concern the voltage quality aspects.
In this case, requirements from three main topics have to be fulfilled:

e Rapid voltage changes

A rapid voltage change can be defined as a single rapid change of the RMS value of the
voltage and it may occur in the wind farms due to the breaker switching [21].

e Voltage fluctuations and flicker

According to [21], the flicker contribution, Py and Py, does not have to exceed some well
established limits:

Py <03 (2.1)

P, <0.2 (2.2)

The flicker coefficient P, is determined as a weighted average of the flicker contribution
during ten minutes, while the coefficient P is determined as a weighted average of the flicker
contribution during two hours [21]. Both coefficients are defined in IEC/TR 61000 — 3 — 7
[22].

In [21], two main requirements regarding harmonics are stated. The harmonic disturbance
for each individual harmonic, given by relation (2.3), shall be lower than 1 per cent for
1 <n <51 at PCC. The second requirement concerns the total harmonic distortion (THD)
coefficient, given by (2.4), which must be smaller than 1.5 per cent.

U,
Dy, = 2% % 100% (2.3)
Uy

50
THD = 100, Z(%V % (2.4)
n=2 Ul

Operation during grid disturbances

A description of the situations for which the wind farms shall be disconnected and another
description for the situations in which the wind farms must not trip is presented in [21].

Tests on the wind turbines shall be performed using the voltage profile presented in Figure
2.15.
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Figure 2.15: Voltage profile for simulation of symmetric three phase faults [21]

According to [21], the requirements (concerning operation during grid disturbances) which
must be fulfilled by the wind farm for a proper working are:

e the WF must produce the rated power in the first 10 seconds after the voltage is above
0.9 p.u;

e the reactive power exchange with the grid must meet the requirements in the first 10
seconds after the voltage is above 0.9 p.u.;

e the WF’s regulation of the reactive power must change from normal regulation to max-
imum voltage support during the voltage dip.

2.5 Summary

The purpose of this chapter was to introduce the reader to the various aspects concern-
ing HVDC transmission systems in general and VSC-based HVDC transmission systems in
particular.

Thereby, the first part of this section was dedicated to the introduction to the HVDC
transmission systems. In order to show why the HVDC transmission technology is more and
more used in different applications, a comparison between HVAC transmissions and HVDC
transmissions was presented and the advantages of the first technology were highlighted.
These advantages make the HVDC transmission systems suitable for several applications,
such as: long distance bulk power transmissions, asynchronous connection of AC power sys-
tems etc.

The second topic discussed in this chapter was about basic HVDC system configurations.
The four main configurations: monopolar, bipolar, back-to-back and multi-terminal were
briefly explained.

The VSC-based HVDC transmission system technology was the next topic discussed.
Advantages of this topology over the classic HVDC transmission topology were presented
and also some fields of application of these new power transmission systems were enumerated
(e.g. power supply to insular loads, offshore applications etc). The basic configuration of a
typical VSC-based HVDC system was presented and a short description of each components
was given.

The chapter ends with the presentation of several Danish grid requirements which have
to be fulfilled by wind farms.
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Chapter 3

System Modeling

In this chapter the mathematical modeling of the main components (VSC, filter and grid)
of the VSC-based HVDC' system will be described. The modeling of the components will be
realized in the dq synchronous reference frame since the control will be implemented in the
same reference frame.

3.1 Voltage Source Converter Model

The main circuit of a three-phase AC-DC voltage source converter is shown in Figure 3.1.

Ibc

Figure 3.1: Circuit diagram of a three-phase VSC

The three-phase mathematical model for a VSC similar to the one presented above was
presented in [23] and [24]. If a balanced three-phase system with neutral connection is as-
sumed and neglecting the resistance r of the switches [24], the voltage source converter can
be modeled by using equations (3.1) - (3.3):

dvpc 5 . .
C d = Z dek — ipC (31)
t k=1
di 1
Lﬁ + RZk = € — Upc(dk - = Z dn) (32)
dt 3=
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where,

3 3
k=1

k=1

e k - represents the index for the three-phase;

e d; - represents the duty cycle;

e ¢, - represents the phase voltage;

e i, - represents the phase current;

e upc - represents the DC-link voltage;

e ipc - represents the DC current;

e 1 - represents the resistance of the switch;

e [ - represents the inductance of the phase reactor;

e R - represents the resistance of the phase reactor.

Thus, using equations (3.1) and (3.2), the block diagram of a three-phase VSC can be

obtained:

€1

ds

€2

d

€3

d

£ 1 N C' 1
I_ R + sL T + sC Upc
o
, JXL )
7N | 1 i C +
- R + sL C
| | e
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+ -
) X ) ( a
£ MR S - B %)7
I_ R + sL
I "
X )

Figure 3.2: The block diagram of a three-phase VSC

Based on the three-phase mathematical model of the voltage source converter, the con-
verter’s model in the dq synchronous reference frame can be derived. The model of the VSC
in the dq reference frame will be implemented in Simulink and used for further study-cases
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analysis. In order to achieve the mathematical model of the VSC in the dq synchronous
reference frame, the orientation of the dq system, in the complex plane, in respect to the
three-phase system, is considered as presented in Figure 3.3.

Im
!

dg

-—-*Re

U o8

Figure 3.3: Orientation of the dq and three phase systems in the complex plane

Thus, starting from the three-phase mathematical model of the VSC given by equations
(3.1) - (3.3) and taking into account of the system’s orientation (see Figure 3.3) and of the
Clarke and Park transformations, the dg mathematical model of the VSC was derived:

dv 3. ,
C dic = iRquddq — 1DC (34)
didq . . .
LW + jwligy + Rigg = €4q — vpcdag (3.5)

By separating equations (3.4) and (3.5) into d and ¢ components the desired model of
the converter was obtained and is given by:

dvpc 3. .
C di = §<quq + ded) (36)
di,
L% —wliqg+ Rig = ey — vped, (3.7)
dig . )
L% —wlLi, + Rig = eq — vpeda (3.8)

Using equations (3.6) - (3.8) the block diagram for the VSC, in the synchronous reference
frame, can be obtained and it is shown in Figure 3.4.
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Figure 3.4: The model of a three-phase VSC in dq synchronous reference frame
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3.2 Filter Model

The electrical circuit of a three-phase C filter which is to be modeled in this section is shown
in Figure 3.5.

Lirato ipcct iy L+
o Y . Y
Lirato iPCCZ { iy L¢
oYY . Y'Y g
Lirato ipccs i L+
o Y . Y
Ica ic2 Ic3

Figure 3.5: Circuit diagram of a C filter

The three-phase mathematical model for a C filter similar to the one presented above is
discussed in detail in [25]. If the resistance ry of the capacitor is neglected, the filter can be
modeled by using equations (3.9), (3.10):

0% i, (3.9)
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ley = 1PCCY, — Uk (3.10)
Where,
e k - represents the index for the three-phase;
e ¢, - represents the phase voltage;
e i, - represents the current across filter capacitance;
® ipcc, - represents the phase current at PCC;
e i, - represents the current flowing in the capacitor;

e (' - represents the filter’s capacitor;

e 1y - represents the internal resistance of the capacitor.

Based on the three-phase mathematical model of the filter, the filter’s model in the dgq
synchronous reference frame can be derived. Thus, starting from the three-phase mathe-
matical model of the filter given by (3.9) and (3.10) and taking into account the system’s
orientation (see Figure 3.3), Clarke and Park transformation, respectively, the dq model of
the filter was derived:

dedq .
fdit‘ = chq (311)
e, = 1PCCY — idg (3.12)

By separating equations (3.11) and (3.12) into the d and ¢ components, the desired model
of the filter was obtained and is given by:

d

Of% = waeq + i, (313)
d

Ofﬁ = waed + 1. (314)
dt e
le;, = Lpccy — td (3.15)
icq = iPCCq — g (3.16)

Using equations (3.13) - (3.16) the block diagram for the C filter, developed in the syn-
chronous reference frame, can be obtained and it is illustrated in Figure 3.6.

27



3.3. GRID MODEL

d
ipccd %- : 1 €q

\

@C

Ipccq A 1 €q
/\%_ C sC
i

Figure 3.6: The model of the three-phase C filter in dq synchronous reference frame
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3.3 Grid Model

Usually, a grid model can be developed by using the Thevenin equivalent circuit [26]. The
equivalent circuit per phase for the grid model is presented in Figure 3.7, where by an (R-L)
equivalent impedance the distribution lines are emulated.

lg L Ry
Vece Vy @

«

Figure 3.7: Thevenin equivalent circuit

For each of the three phases, the voltage equation can be written as follows:

i
V, = R,I, + Lgﬁ + Vice (3.17)

where,

e V, - represents the grid voltage;

e Vpco - represents the voltage at the PCC.
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However, for simplicity, the grid can be represented as an ideal symmetrical three-phase

voltage source [27], as shown in Figure 3.8.

Figure 3.8: Symmetrical three-phase system
The three-phase voltages of the symmetrical system are defined as:
Van = V CcOSwt

2
Upn, = V cos(wt — ?ﬂ)

Ve, = V cos(wt + 2;)
where,
e I/ - represents the amplitude of the phase voltage;
e w - represents the angular frequency.

Furthermore, the line-to-line voltages are defined as:
Vap = Van — Ubn
Upe = Ubn — VUen

Vea = Uen — Van

Also, the three phase currents of the symmetrical system can be defined as:

i, = I coswt
2
iy = I cos(wt — % + )

2
i. = I cos(wt + g + )

where,

(3.18)
(3.19)

(3.20)

(3.21)
(3.22)

(3.23)

(3.24)
(3.25)

(3.26)
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e [ - represents the amplitude of the phase currents;

e ¢ - represents the phase shift angle between the voltage and current.

3.4 Summary

In this chapter the mathematical models of the main components of the VSC-based HVDC
transmission system were presented. Due to the fact that the control of the system will
be implemented in the dg synchronous reference frame, the models of the voltage source
converter and of the filter were developed in the same reference frame.

For simplicity, the AC grid was represented as an ideal three-phase voltage source.

30



CHAPTER 4. SYSTEM CONTROL DESIGN

Chapter 4

System Control Design

This chapter presents the design of the control strategies for the VSC-based HVDC' trans-
maission system. Firstly a brief presentation of the control strategies suitable for such an
application will be realized. The chapter will continue with the individual presentation of all
the control loops which will be used for simulating the VSC-HVDC' system. The tuning pro-
cess of these controllers will be also described. The PLL method to synchronize the system
with the grid is going to be also introduced in this chapter.

4.1 Introduction

In the case of VSC-based HVDC transmission systems the transfer of power is controlled in
the same way as in the case of a classical HVDC transmission. The inverter side controls the
active power, while the rectifier side controls the DC voltage [8].

If the power transmission is considered between two AC grids, the power flow can be
bidirectional. But, if the VSC-based HVDC system is used to deliver power from an off-
shore wind power plant (WPP), the active power flow is unidirectional (the offshore side is
delivering active power to the onshore side and not vice-versa).

As presented in Chapter 2, one of the advantages of VSC-HVDC using PWM technology
is that it makes possible to independently control the active power and the reactive power
[22]. Thus, the reactive power may be controlled separately in each converter. The active
power flow can be controlled by means of the DC voltage on the DC side or by variation of
frequency on the AC side [8]. Moreover, the active power flow can be set manually.

In conclusion, when using VSC-based HVDC technology the active and reactive power, as
well as the AC and DC voltage and the frequency can be controlled, fact which is presented
in Figure 4.1.
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Figure 4.1: Overall control system of the VSC-based HVDC (based on [16])

In the case of a VSC-based HVDC transmission between an offshore WPP and an AC
network, the offshore VSC controller maintains the offshore AC voltage and frequency, while
the onshore VSC controller regulates the DC voltage and the reactive power (or AC terminal
voltage) [28].

The control system of the VSC-based HVDC is realized by using a fast inner current
control loop and several outer control loops, depending on the application [8], [29].

The control system of the VSC-HVDC systems has at its base level a fast inner current
control loop controlling the AC currents. The AC current references are provided by the
outer controllers [29]. The slower outer controllers include the DC voltage controller, the
AC voltage controller, the active power controller, the reactive power controller and the
frequency controller. Thus, the reference of the active current can be obtained from the DC
voltage controller, from the active power controller or from the frequency controller. On the
other hand, the reference of the reactive current can be derived from the reactive power
controller or from the AC voltage controller [8].

According to [28], in the case when the VSC-HVDC technology is used for transmitting
power from an offshore terminal to an onshore terminal the reference values for the current
controllers are obtained as follows: on the offshore side, the AC voltage controllers are pro-
viding reference values for both active and reactive current while on the onshore side, the
DC voltage controller provides the reference value for the active current and the reactive
power controller or the AC voltage controller for the reactive current.

As it obviously is, not all the controllers can be used at the same time [8] and [29]. The
choice of the different kinds of outer controllers is made depending on the application.

The overall control structure of the VSC-based HVDC transmission system considered in
this project is shown in Figure 4.2.
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Figure 4.2: Overall control structure of the VSC-HVDC' transmission system

The inner current controller as well as all the outer controllers will be described in detail
on the following.

4.2 Phase Locked Loop

The grid synchronization is a very important and necessary feature of grid side converter
control. The synchronization algorithm is able to detect the phase angle of grid voltage in
order to synchronize the delivered power. Moreover, the phase angle plays an important role
in control, being used in different transformation modules, as Park’s transformation.

There are several methods capable to detect the phase angle: the zero crossing detection,
the filtering of grid voltages and the phase locked loop (PLL) technique [30].

In this project, the last mentioned algorithm is implemented in order to synchronize the
delivered power.

PLL is a phase tracking algorithm, which is able to provide an output synchronized with
its reference input in both frequency and phase [30]. The purposed of this method is to
synchronize the inverter output current with the grid voltage, in order to obtain a unitary
power factor.

The block diagram of the PLL algorithm implemented in the synchronous reference frame
is presented in Figure 4.3.
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Figure 4.3: Block diagram of PLL

The inputs of the PLL model are the three phase voltages measured on the grid side and
the output is the tracked phase angle. The PLL model is implemented in dg synchronous
reference frame, which means that a Park transformation is needed. The phase locking of
this system is realized by controlling the g-axis voltage to zero. Normally, a PI controller
is used for this purpose. By integrating the sum between the PI output and the reference
frequency the phase angle is obtained.

The transfer function of the dg PLL system is given by [30]:

ky- s+t
H(s) = —2~ L (4.1)
s*+k, s+ 7

As it can be observed, this equation is similar to the second order transfer function having
a zero that is shown in the following expression:

2wy, - s+ w?
G(s) = — 5
$2 4+ 2Cwy, - s + w?

By comparing (4.1) and (4.2), the gain of the controller can be obtained. In order to
calculate the parameters of the controller, a settling time T.; of 0.04 s and a damping factor
(= % are chosen.

The PI parameters can be calculated as:

(4.2)

9.2

kp = chn = @ (43)
TS@ 2

T, = 16 (4.4)

2.3

Where the natural frequency, w,, is given by:

4.6
Wy = 4.5
CTset ( )

The grid phase angle obtained with the described PLL algorithm is shown in Figure 4.4.

34



CHAPTER 4. SYSTEM CONTROL DESIGN
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Figure 4.4: Phase angle of the grid voltage

4.3 Current Control Loop

The inner current controller is implemented in the dg synchronous reference frame [29],
[31], [32]. Usually, the dg-control structures are associated with PI controllers due to their
good behavior when regulating DC variables [32]. However, according to [31], the PI current
controllers have no satisfactory tracking performances when they have to regulate coupled
systems like the one described by equations (3.7) and (3.8). Therefore, in order to improve
the performances of the PI current controllers in such systems, cross-coupling terms and
voltage feed forward is usually used [31], [32], [33].

The structure of the inner current controller implemented in the synchronous reference
frame is presented in Figure 4.5.

€q
- x + + *
Iy 4&_ ] — PI 4 Vg
Ig » oL
abc abc
dq /
T Iy » ol
o0
-y -
+
q

i. (= PI %%VZ

Figure 4.5: The structure of the inner current controller implemented in synchronous reference frame
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Tuning of the Current Controller

The inner current control loops for both d and ¢ components of the current have the same
dynamics. Thus, the tuning of the current controllers is realized only for the d-axis, while
the parameters of the ¢-axis current controller are considered the same with the one for the
d-axis.

The current control diagram is presented in Figure 4.6. As it can be observed the de-
coupling between the d-axis and the g-axis as well as the voltage feed forward have been
neglected as they were considered disturbances in the system.

o lvil] ! L |
1+ sT, 1+s0.5T,, R+sL
Current Control Inverter Plant
Controller Delay
1
1+50.5T,
Sampling

Figure 4.6: Block diagram of the current control loop

The blocks presented in Figure 4.6 are described below:

e the current controller block used for regulating the current is a PI controller with the
transfer function given by:

kic
Grie = hpe + = (4.6)

Where, k,. represents the proportional gain and k;. represents the integral gain of the
current controller;

e the control delay block emulates the delay introduced by the digital calculation; its
transfer function is given by (4.7) and it has the form of a first order transfer function
with the time constant T = 1/ fs.

1
1+ 5T,

(4.7)

Gcontral =
Where, f, = 8 kHz represents the sampling frequency;

e the inverter block emulates the delay introduced by the inverter; its transfer function
is given by (4.8) and it has the form of a first order transfer function with the time

constant TPWM = 1/fPWM

1

Ginver er — 4.8
K 1 -+ SO.5TPWM ( )

Where, fpwa = 8 kHz represents the switching frequency;
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e the plant block is a simplified transfer function of the filter which only takes into account
the inductance and the parasitic resistance; the transfer function of the plant is given
in equation (4.9)

1
R+ sL

Where L represents the inductance of the filter and R represents the parasitic resistance;
if the parasitic resistance is neglected, equation (4.9) becomes:

(4.9)

Gplant =

1
sL
e the sampling block emulates the delay introduced for the analog to digital conversion; its

transfer function is given by (4.11) and it has the form of a first order transfer function
with the time constant 0.57}.

Gplant = (4 10)

1
Gsam ng — T . A e
Pling = 1 1+ 0.5T,

In order to obtain a well tuned controller, two stages were followed up. Firstly, an analyt-
ical method was used to tune the current controller, which is the optimal modulus criterion
[34]. Secondly, the SISOtool package from MATLAB/Simulink was used to adjust the ob-
tained values of the parameters of the PI controller. So, the values obtained after applying the
optimal modulus criterion are used as starting values when the discrete analysis is performed
in SISOtool. Thus, a fine tuning of the current controllers is achieved.

In the followings only the final transfer function of the current controller as well as the
step response and the root locus of the current loop will be presented.

The expression of the PI current controller provided by SISOtool is given by:

(4.11)

z—1

Ci(z) = 8.6719

o (4.12)

From equation (4.12), identifying the parameters of the PI current controller, the next
values are obtained: proportional gain k, = 8.6719, integration gain k;; = 32.5977 and
integration time T}; = 0.266 [ms].

In Figure 4.7 and Figure 4.8 the plots provided by SISOtool are presented. Figure 4.7
shows the root locus of the open loop current discrete transfer function. As it can be observed,
the position of the poles and zeros of the system is inside the circle, therefore the system
is stable. After analyzing this graph, the damping ratio of the system (; and the natural
frequency w,; can be found as:

¢ =0.711 (4.13)

wni = 399[H ] (4.14)
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Root Locus Editor for Open Loop 1 (OL1)

263

243 1,663

08 2.8e3

0.6
3.2e3

04t /

/3.63
02

i/
4e3 B
4e3

\

\\{3.663

Imag Axis
o

3.2e3
—0.6-

2.8e3

\\
~—_2.4e3 16e3 —

L ‘ ‘ L 28— ‘

—0.8¢

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6
Real Axis

Figure 4.7: Root locus plot of the current control loop
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Figure 4.8: Current step response in discrete domain

In Figure 4.8 the current step response of the system, in discrete domain, is shown.

Analyzing the above presented plot, the overshoot of the system
and the rise time 7, can be found as:

4.4 DC Voltage Controller

M,; = 4.49%
Toi = 2.47[ms]

7i = 0.85[ms]

M,,;, the settling time 7;

(4.15)
(4.16)

(4.17)

The goal of the DC voltage controller is to regulate the DC-link voltage to its reference value.
The DC voltage controller is used only on the onshore side of the HVDC transmission and
it provides at its output the reference value of the reactive current.

The block diagram of the DC voltage controller is shown in Figure 4.9.

V* + I :; 1 VDC
DC PI > G|(S) - _ L
sC
Ve~
Voltage Current Plant
Controller Control
1 |t
1+ s0.5T,
Sampling

Figure 4.9: Block diagram of the DC voltage control loop
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Tuning of DC Voltage Controller

As for the case of the inner current controller, for the tuning of the DC voltage controller
the same algorithm was used. Firstly an analytical method was used to tune the DC voltage
controller, which is the symmetrical optimum criterion [34], [35]. Once the starting values of
the controller’s parameters have been obtained using the mentioned method, the SISOtool
package was used to improve these obtained values, in order to achieve the imposed design
requirements.

The expression of the PI DC voltage controller provided by SISOtool is given by:

—0.997

Cvper(2) = 0.15118~ — (4.18)

From equation (4.18), identifying the parameters of the PI DC voltage controller, the next
values are obtained: proportional gain kp,q. = 0.15118, integration gain K;,q. = 3.1895 and
integration time Tj,q. = 0.0474 [s].

In Figure 4.10 and Figure 4.11 the plots provided by SISOtool are presented. Figure 4.10
shows the root locus of the open loop DC voltage discrete transfer function. As it can be
observed, the position of the poles and zeros of the system is inside the circle, therefore the
system is stable. After analyzing this graph, the damping ratio of the system (,4. and the
natural frequency w,,q. can be found as:
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Wnode = 228[H Z] (420)
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Figure 4.10: Root locus plot of the DC voltage control loop Figure 4.11: DC voltage step response in discrete domain

In Figure 4.11 the DC voltage step response of the system, in discrete domain, is shown.
Analyzing the above presented plot, the overshoot of the system M4, the settling time
Tevde an1d the rise time 7,,4. can be found:
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Mo = 6.43% (4.21)
Tsvde = 135[m3} (422)
Trode = 146[m5] (423)

One of the requirements which must be fulfilled when tuning the outer controllers is that
in order to ensure stability, the outer controller (in this case, the DC voltage controller) must
be slower than the inner controller (in this case, the current controller) [29]. By comparing
the relations (4.16) and (4.22), it can be observed that this requirement is fulfilled.

4.5 Active Power Control Loop

For simplicity, the active power controller can be modeled as a simple P (proportional) con-
troller. The reference of the active current is obtained using the equations of the instantaneous
active power and reactive power [8], given by:

P = udid + uqiq (424)

Q = ugia — uglq (4.25)

Starting from these equations and decoupling the active and reactive currents, the refer-
ence of the active current is obtained:
Prugs — Q*u
= 6’22 2 (4.26)
ug + ug
Where P* is the reference value of the active power and (* is the reference value of the
reactive power.
If a more accurate control of active power is requested, a PI controller can be used [§],
[36]. For this approach the block diagram of the active power controller is presented in Figure

4.12.
P ——~ PI —X i
P

Figure 4.12: Active power controller with PI (based on [8])
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4.6 Reactive Power Control Loop

The implemented reactive power controller is similar to the active power controller that was
previously presented.
In this case, the reference value of the reactive current is also obtained starting from
equations (4.24) and (4.25), yielding:
_ Pru, + Q*u
=i Q2 c (4.27)
ug + ug
If a more accurate control of reactive power is desired, the structure presented in Figure
4.13 should be implemented [8].

Q) PI — 1
Q

Figure 4.13: Reactive power controller with PI (based on [8])

4.7 AC Voltage Controller

In the VSC-based HVDC transmission systems, another variable which can be subject to
control is the AC voltage. In the literature to main strategies to control the AC voltage are
described. In the first strategy, the AC voltage control is realized by controlling the voltage
drop over the phase reactor of the VSC, as described in [8] and [29].

The second strategy which can be used in order to control the AC voltage is described in
detail in [25], [37]. and [38]. In this strategy, the AC voltage control is realized by controlling
the voltage droop over the filter’s capacitor Cy.

In this project, the control of the AC voltage will be implemented using the second
presented strategy. Like in the case of the inner current control loop (see Section 4.3), the
AC voltage control is developed in the dgq synchronous reference frame.

As explained in [25] and [37], the control of e; and e, is not a straightforward task. The
control scheme presented in Figure 4.14 will be implemented in order to regulate e; and e,.
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Figure 4.14: The structure of the AC voltage controller implemented in synchronous reference frame

Figure 4.14 illustrates that the coupling between e; and e, (see equations (3.13) and
(3.14)) is eliminated by means of a decoupling feed-forward compensation. This feed-forward
compensation mechanism is identical with the one used to decouple the i4 and i, currents
presented in Figure 4.5. Moreover, the control structure presented in Figure 4.14 makes
possible to independently control e; and e, by 4 and 7, respectively [25] and [37].

The outer AC voltage control loops for both d and ¢ components of the voltage have the
same dynamics. Therefore, the tuning of the AC voltage controllers is realized only for the
d-axis while, the parameters of the g-axis voltage controller are considered the same with
the ones for the d-axis.

The AC voltage control diagram is presented in Figure 4.15.

ey + g 1 €
a PI - Gi(s) - = -
€41- f
Voltage Current
Controller Control Plant
1
1+ s0.5T,
Sampling

Figure 4.15: Block diagram of the AC wvoltage control loop

Tuning of AC Voltage Controller

For the tuning of the PI AC voltage controller, the same algorithm which was used for
the tuning of the DC voltage controller was followed. After complying all the previously
presented steps (see Section 4.4), the expression of the PI AC voltage controller provided by
SISOtool was found and is given by:

z — 0.994
-1

Cy.o(2) = 0.15475 (4.28)
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From equation (4.28), identifying the parameters of the PI current controller, the next
values are obtained: proportional gain k... = 0.15475, integration gain ki, = 8.018 and
integration time T}, = 0.0193 [s].

In Figure 4.16 and Figure 4.17 the plots provided by SISOtool are presented. Figure 4.16
shows the root locus of the open loop AC voltage discrete transfer function. As it can be
observed, the position of the poles and zeros of the system is inside the circle, therefore the
system is stable. After analyzing this graph, the damping ratio of the system (,,. and the
natural frequency wy... can be found as:

Coae = 0.712 (4.29)
Wnoae = 226[1-—} Z] (430)
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Figure 4.16: Root locus plot of the AC voltage control Figure 4.17: AC voltage step response in discrete domain

In Figure 4.17 the AC voltage step response of the system, in discrete domain, is shown.
Analyzing the above presented plot, the overshoot of the system M., the settling time
Tevae a01d the rise time 7,4 can be found as:

Moo = 10.4% (4.31)
Tsvac = 228[777/8] (432)
Trvac = 137[7’)18] (433)
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4.8 Summary

In this chapter the overall control structure of a VSC-based HVDC transmission system was
presented.

In the first part of the chapter a brief overview of the control strategies applicable for
such a system was realized. In the following, the inner current control loop was discussed and
the tuning procedure for current controller was presented. Also, all the outer control loops
that can be used in controlling the VSC-based HVDC transmission were discussed and the
tuning of the controllers was realized.

For the inner current control loop and for the outer DC and AC voltage control loops, PI
regulators have been used. The tuning was realized using analytical methods and computa-
tional methods (SISOtool package provided by MATLAB /Simulink).

For controlling the active and reactive power, simple P (proportional) controllers have
been used.

The grid synchronization was realized by means of a PLL.

The controllers that were designed throughout this chapter will be tested in the following
chapter, where the dynamic and steady state behavior of the VSC-based HVDC transmission
system will be analyzed in detail.
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Chapter 5

Simulation and Analysis

In this chapter the behavior of the VSC-based HVDC' transmission system will be analyzed.
Thus, in order to test the controllers which were developed in the previous chapter and to
test the behavior of the system in different conditions, several study cases will be carried out
throughout this chapter.

5.1 Introduction

In the previous chapter, all the controllers that can be implemented in a VSC-based HVDC
transmission system have been discussed and analyzed. In the followings, two controls strate-
gies which will be implemented and simulated in MATLAB/Simulink will be presented.

As it was stated in Chapter 4, the implementation of the outer controllers will depend on
the application and requirements, respectively.

In this project, two different control strategies will be implemented in order to analyze
the performances and the behavior of the VSC-based HVDC transmission system. These two
strategies are presented below:

Strategy 1

e the offshore converter controls the active power and the reactive power;

e the onshore converter controls the DC voltage and the reactive power;

Strategy 2
e the offshore converter controls the AC voltage:;

e the onshore converter controls the DC voltage and the reactive power.

The control structures of the offshore converter when Strategy 1 or Strategy 2 is imple-
mented are illustrated in Figure 5.1 and Figure 5.2 respectively.
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Figure 5.1: Control structure of the offshore converter - Strategy 1
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Figure 5.2: Control structure of the offshore converter - Strategy 2

The control structure of the onshore converter which is similar for both strategies is
illustrated in Figure 5.3.
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Figure 5.3: Control structure of the onshore converter
In order to analyze the designed control system, previously presented, the VSC-based

HVDC system shown in Figure 5.4 is simulated using MATLAB/Simulink.

OFFSHORE HVDC ONSHORE
i Transmission

—
—

Figure 5.4: VSC-based HVDC transmission system

5.2 VSC-based HVDC power transmission between two terminals
operating at 50 Hz - Strategy 1

The first study case aims to investigate the steady-state behavior of the VSC-based HVDC
transmission system. As discussed in the previous chapter, the outer controllers which are
implemented depend on the application. Thus, in this study case the following control loops
are considered:

e the offshore converter (which emulates the WPP) controls the active power and the
reactive power;
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OPERATING AT 50 HZ - STRATEGY 1

e the onshore converter (which emulates the AC grid) controls the DC voltage and the
reactive power.

Before starting the analysis of the behavior of the developed VSC-based HVDC transmis-
sion system (plant and control) a convention of signs should be imposed. Therefore, in all
the upcoming results, for both the onshore and offshore terminals the sign ”-” indicates that
the respective terminal is sending power, while the sign ”"+” indicates that the respective
terminal is receiving power.

In order to analyze the behavior of the developed system, changes in the active and
reactive power flow are produced at the offshore terminal and a change of the reference value
of the DC voltage is also considered:

e At t =1s, a 0.3 p.u. step is applied to the reference active power (increase from —0.2
p.u. to —0.5 p.u.) at the offshore terminal;

e At t =1.5s, a 0.3 p.u. step is applied to the reference reactive power (increase from 0
to —0.3 p.u.) at the offshore terminal;

e Att=2s,a0.05 p.u. step is applied to the reference DC voltage (decrease from 1 p.u.
to 0.95 p.u.) at the onshore terminal.

The reference values of the active power, reactive power and DC voltage are shown in
Figure 5.5.
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Figure 5.5: Reference values

The active power reference which is imposed at the offshore terminal as well as the mea-
sured active power on both onshore and offshore terminals is shown in Figure 5.6.
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Reference and Measured Active Power R.eference and Measured Reactive Power
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Figure 5.6: Reference and measured active power Figure 5.7: Reference and measured reactive power

At the instant t = 1 s the value of the active power flow is changed at the offshore terminal
from —0.2 p.u. to —0.5 p.u. As it can be observed, the measured active power follows its
reference, stabilizing fast after the transient, while the overshoot is less than 1%. At the
instant ¢ = 1.5 s, when a change in the reactive power takes place, a 10% overshoot in the
measured active power may be observed. This overshoot is due to the cross-coupling between
the active current and the reactive current.

Furthermore as it can be observed from Figure 5.6, the waveforms of the measured active
power at both sides are nearly identical; the amount of power which is delivered by the
offshore terminal (WPP) is the same with the amount of active power which is received by
the onshore terminal (AC grid), while the difference of signs is coming from the fact that one
terminal is considered sending terminal and the other one is considered receiving terminal.

The reference reactive powers and the measured reactive powers at both terminals are
presented in Figure 5.7. At the offshore side, a negative step in the reactive power is con-
sidered at t = 1.5 s, while on the onshore side the reference reactive power is kept constant
at zero. As it can be observed, the measured offshore reactive power tracks with accuracy
its reference, stabilizing fast after the transient and having an acceptable overshoot value.
At the same instant of ¢ = 1.5 s, the onshore reactive power remains unchanged due to the
fact that no reactive power exchanged is realized in case of HVDC transmission. From these
presented facts it can be concluded that the onshore and the offshore VSCs are controlling
their reactive power independently.

Due to the fact that the power control is connected to the inner current control, the effect
of the cross-coupling between the active current and reactive current can be easily observed
in both Figure 5.6 and Figure 5.7. Thus, each change in the value of the active current will
be sense by the reactive current and vice-versa and consequently each change in the active
power flow will be sense by the reactive power and vice-versa.

Therefore, the transient in the measured reactive powers which may be observed at the
time instant of 1 s is caused by the boost in the active power flow, while the transient in the
measured active powers which may be observed at the time instant of 1.5 s is caused by the
change of the reactive power reference value.

One of the purposes of the onshore VSC terminal is to keep the DC voltage constant
whatever changes in the active power occur. Figure 5.9 shows the reference and measured
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DC voltages on the onshore side.
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Figure 5.9: Reference and measured DC voltage -
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As it can be observed from this plot, the measured DC voltage tracks accurately its
reference. It can be noticed, at the time instant of 1 s, a transient occurs on the DC voltage
which is due to the increase active power from —0.2 p.u. to —0.5 p.u., but the DC voltage
stabilizes fast at its operating point. The second transient which can be observed (at time,
t = 1.5 s) is due to the increase of the onshore reactive power. This transient is smaller than
the previous one and the operating point is again fast reached. At ¢ = 2 s, the value of the
DC voltage reference is decreased from 1 p.u. to 0.95 p.u. and the measured DC voltage
tracks fast the new imposed value.

In order to improve the performance of the outer DC voltage controller two methods were
tested: decreasing of the control response and adding a reference pre-filter. The first method
offered good results with a simple implementation and it was finally used.

The d and ¢ components of the measured offshore and onshore currents are plotted in
Figure 5.10 and Figure 5.11, respectively. From these plots it can be noticed that the mea-
sured signals are tracking well the reference signals; the overshoot caused by the transients
have an acceptable value, while the measured signals are settling fast after the transient
ends.

Due to the fact that iy determines the active power, it can be observed that its reference
is changing proportionally with the reference of the active power (see Figure 5.5). On the
other hand, because 7, is directly related with the reactive power, its reference is changing
according to the changes in the reactive power flow.

Moreover, because the d and ¢ components of the current are cross-coupled (see equations
(3.8) and (3.7)), each change in the waveform of a component will cause a small transient in
the waveform of other component.
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Figure 5.10: Reference and measured dg-axis currents - Figure 5.11: Reference and measured dq-axis currents -
offshore terminal onshore terminal

The three-phase currents measured at the output of the offshore side VSC and at the
output of the onshore side VSC are presented in Figure 5.12 and Figure 5.13 respectively.
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Figure 5.12: Measured three phase currents - Figure 5.13: Measured three phase currents -

offshore terminal onshore terminal

The operational principles of VSC-based HVDC transmission system were studied in
this test case. The results presented throughout this section had shown a good behavior of
the developed VSC-based HVDC transmission system. The active power flow between the
offshore terminal and the onshore terminal was successfully achieved. Moreover, through this
study case the independent control of reactive power at each terminal was verified. The DC
voltage controller had shown a good behavior, regulating the DC-link voltage to its reference
value, whatever changes in the active power flow were considered.
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5.3. VSC-BASED HVDC POWER TRANSMISSION BETWEEN TWO TERMINALS
OPERATING AT 50 HZ AND 60 HZ - STRATEGY 1

5.3 VSC-based HVDC power transmission between two terminals
operating at 50 Hz and 60 Hz - Strategy 1

The second study case investigates the connection of the offshore WPP, which is delivering
power at 60 Hz through a VSC-based HVDC transmission system to a 50 Hz AC network.

The simulated system (plant and control) is nearly identical with the one used in previ-
ously treated study case.

The first difference is coming from the frequency value of the offshore grid voltage, which
in this case is set at 60 Hz. The second change is made in PLL block, which was modified in
order to successfully synchronize the VSC-HVDC system to the 60 Hz working WPP.

In order to analyze the behavior of the modeled VSC-based HVDC system when the
transmission of power is realized between a 60 Hz terminal and a 50 Hz terminal, the test
conditions presented in Figure 5.5 are considered.

The use of the same test conditions as in the previous study case makes possible the
comparison of the results obtained in these two test cases (i.e. power transmission between
two terminals working at 50 Hz and power transmission between two terminal working at
different frequencies).

The results will be presented in parallel, for the offshore and onshore terminals.

In Figure 5.14 and Figure 5.15 the phase voltages at the two terminals are presented and
as it can be observed their frequency is different.
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Figure 5.14: Measured three phase voltages Figure 5.15: Measured three phase voltages
at the offshore terminal (60Hz) at the onshore terminal (50Hz)

In the following, the same plots as the ones presented in the first study case will be shown
and the same comments are also valid for this study case.

Figure 5.16 and Figure 5.17 present the reference and measured active and reactive powers
at the offshore and onshore terminal respectively.
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Reference and Measured Active Power
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Figure 5.16: Reference and measured active power
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Figure 5.17: Reference and measured reactive power

The reference DC voltage and the measured DC voltage at the onshore terminal are
presented in Figure 5.19 while, the measured DC voltage at the offshore terminal, which is
not subject to control, is shown in Figure 5.18.
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Figure 5.18: Measured DC voltage - offshore terminal
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Figure 5.19: Reference and measured DC wvoltage -
onshore terminal

The 74 and %, currents which are controlled in the inner control loop are shown in Figure
5.20 and Figure 5.21.
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Figure 5.20: Reference and measured dg-azxis currents -

Figure 5.21: Reference and measured dq-azxis currents -
offshore terminal

onshore terminal

The three-phase currents measured at the offshore and onshore terminal respectively are
plotted in Figure 5.22 and Figure 5.23 respectively. As in the case of the phase voltages
presented in Figure 5.14 and Figure 5.15 respectively, the three-phase currents measured at
the offshore terminal have a 60 Hz frequency while the three-phase currents measured at the
onshore terminal have a 50 Hz frequency.
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Figure 5.22: Measured three phase currents -

Figure 5.23: Measured three phase currents -
offshore terminal

onshore terminal

By comparing the plots of the parameters which are measured offshore, when working at
60 Hz, with the plots of the same parameters measured offshore, when working at 50 Hz (see
Section 5.2), no difference in the dynamics of the systems can be observed. Therefore, if the
synchronization with the grid is well realized no differences in sending power between areas
working at different frequencies shall occur.
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5.4 VSC-based HVDC power transmission between two terminals
operating at 50 Hz - Strategy 2

This study case aims to investigate the behavior of the VSC-based HVDC transmission
system when control Strategy 2 is used.

In order to simulate a situation close to the real applications (when the WPP acts like a
current source), a third VSC is added in the configuration. This VSC emulates the grid-side
converter from the back-to-back converter system of each wind turbine. The control of this
new considered VSC is identical with the one considered for the onshore VSC (DC voltage
and reactive power controllers, plus inner current controller).

For this study case the test condition is the following: through the DC-link of the third
converter the power produced by the WPP is injected into the VSC-HVDC system.

At the offshore VSC terminal, the AC voltage control is achieved by applying the desired
reference voltage along the d-axis (in the simulated test case, 325 V), while setting the g-axis
voltage at 0 [28]. At the onshore VSC terminal, the DC voltage should be kept constant at its
reference value (650 V) independently from the changes in the active power flow. Moreover,
the onshore VSC ensures reactive power assistance by consuming or injecting reactive power
from or to the AC grid respectively.

In order to analyze the behavior of the system when Strategy 2 is used, at the input of
the grid-side converter from the back-to-back converter system of the turbine, a change in
the power flow is considered - Figure 5.24.

Reference Active Power
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Figure 5.24: Reference active power from WPP

In Figure 5.25, the measured active power at both terminals and the power delivered by
the WPP are plotted. As it can be observed, the value of the measured active power at the
onshore terminal is equal with the value of the reference power given by the WPP. This is
due to the fact that in the simulated VSC-HVDC system no losses have been considered.
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Figure 5.25: Reference and measured active power

In Figure 5.26 and Figure 5.27 the measured DC voltages at both terminals are shown.

Eef: d M d DC Volt: - Onsh
Meagured DC Voltage - Offshore elenence a.nl easure‘ ° a:ge b ?re
T T T T N N
: 1
1 N
: : : oel 3 : : : ]
08+ : : ; : : R : : : :
< ]
! : : : A 0B g
LB TLR f e o o %
@ : : :
T 1 = 04 1
EIZ—— Dz' Wy teference [
: : : W Measured
: : : 0 ; ; ‘ ; ;
1] . - . ! : 0.4 06 08 1 12 14 16
04 05 0.8 1 12 1.4 16

Time [5] Time [

Figure 5.27: Reference and measured DC voltage -

Figure 5.26: Measured DC voltage - offshore terminal .
onshore terminal

As it is illustrated in Figure 5.27 the DC voltage controller behaves well, tracking the
reference with accuracy, whatever changes in the active power flow are considered.

The reference and measured dg-axis voltages at the offshore terminal, which are subject
to control, are shown in Figure 5.28. At the time instant ¢t = 1 s, when a negative step change
in the value of the transmitted active power is considered, a transient in the measured eg4

and e, can be observed. However, these signals are stabilizing fast once the transient in the
active power is finished.
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Reference and Measured dg-aaxds Voltages - offshore
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Figure 5.28: Reference and measured dg-axis voltages -PCC' offshore
In Figure 5.29 and Figure 5.30 the three-phase currents measured at both terminals are
plotted. Analyzing Figure 5.29, Figure 5.30 and Figure 5.24 it can be observed that the phase

currents are proportional with the active power.
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Figure 5.29: Measured three phase currents - Figure 5.30: Measured three phase currents -
offshore terminal onshore terminal

Figure 5.31 and Figure 5.32 are showing the phase voltages measured at the PCC of each
terminal respectively.
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Figure 5.31: Measured three phase voltages - Figure 5.32: Measured three phase voltages -
offshore terminal onshore terminal

The results obtained in this study case are showing a good behavior of the VSC-based
HVDC transmission system. The results obtained throughout this test case are close to the
results obtained when Strategy 1 (see Section 5.2) was used to control the HVDC system.
Therefore, the control Strategy 1 can be seen as a good alternative to the control Strategy
2 which is more close to the control strategies used in the real wind power applications.

5.5 Summary

The behavior of the VSC-based HVDC transmission system was analyzed in this chapter by
means of simulations. For this analysis the two control strategies that have been introduced
at the beginning of the chapter were considered.

In the first part of the chapter (see Section 5.2 and Section 5.3), the behavior of the
system was analyzed for the case when Strategy 1 (offshore VSC is controlling the active
and reactive power, while the onshore VSC is controlling the DC voltage and the reactive
power) was implemented.

In the second part of the chapter (see Section 5.4), the behavior of the system was analyzed
for the case when Strategy 2 (offshore VSC is controlling the AC voltage, while the onshore
VSC is controlling the DC voltage and the reactive power/AC voltage) was implemented.

In all the considered test cases the developed VSC-based HVDC system had shown a
good behavior, which however should be validated by means of laboratory experiments.

The results obtained in this chapter will be used as reference for the laboratory imple-
mentation of the VSC-based HVDC power transmission system which will be presented in
the next chapter.
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Chapter 6

Laboratory Validation of the System
Using dSPACE Platform

Throught out this chapter the laboratory implementation of the VSC-based HVDC' trans-
mission system s presented. In the beginning, a description of the system configuration is
presented. The control has been implemented on dSPACE platform. Finally, the laboratory
results,that confirm the results obtained from simulation, are presented and discussed.

6.1 Set-up Description

The experimental setup used in the laboratory to carry out the study cases is presented in
Figure 6.1. The circuit of the experimental test setup is shown in Figure 6.2.

Offshore

Inverter

Offshore
Filter

*
System
‘ [ dSPACE
Boa

Graphical
User
Interface

dSPACE
Platform
Onshore Offshore
Transformer. Transformer

Figure 6.1: Ezperimental setup
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The main components of the system setup are:

e 2 Danfoss Inverters FC-302

— Rated power: 2.2 kW
— Rated input voltage: 3 x 380V,.,,,.s — 500Vpe
— Rated input current: 5.0/4.3 A
— Rated input frequency: 50 — 60 Hz

— Rated output voltage: 3 x 0 — V;,
— Rated output current: 5.6/4.8 A

— Rated output frequency: 0 — 1000 Hz
— Rated output current: 4.6/4.8 A

e 2 Danfoss Sine Wave Filter

— Rated power: 3 kW
— Rated voltage: 500 V
— Rated current: 8 A

LEM Box 3-Uac 3-lac

Figure 6.2: Block diagram of the experimental setup
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— Maxim switching frequency: 8 kHz
e 2 series connected Delta Elektronika DC power supplies

— Type: SM300 — 5

— Rated current: 5 A

— Rated voltage: 300 V

— Type: SM400 — AR — 8
— Rated current: 8 A

— Rated voltage: 400 V

e 4 measurement systems including

— 2 LEM box for measurement of DC Voltages and Currents
— 2 LEM box for measurement of AC Voltages and AC Currents

e 2 Three phase transformers
e dSPACE system

e California Instruments 4500 Lx

In order to implement the control, the DC voltage, the DC current, the three phase
currents and voltages of the inverter have been measured. These measurements were done
by means of LEM boxes.

The California Instruments is connected to the presented set-up in order to validate the
study case where the terminals are working at different frequencies. The California Instru-
ments represent in that case the offshore terminal which is going to be set at 60 Hz.

The converter is controlled through the DS1103 PPC digital controller.

6.2 dSPACE Implementation

The control system needs to be tested using a real time application in order to check its
performances. Therefore, the control was implemented in dSPACE platform, in the Green
Power Laboratory of Aalborg University.

The real time interface has been develloped using MATLAB/Simulink and the processes of
compiling and downloading are carried out in the background. Due to the performances of the
Control Desk software a control was developed in MATLAB/Simulink and then automatically
processed and run by the DS1103 PPC card.

A Graphical User Interface (GUI) has been built using the Control Desk software of
dSPACE, in order to facilitate the control of the system. The Control Desk interface is
presented in Figure 6.3.
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Figure 6.3: Control Desk Graphical User Interface

The interface can be used to provide inputs like:

e Active power reference for offshore terminal

e Reactive power reference for both terminals

e DC-link voltage reference

e Set the frequency for offshore terminal

Also, it can be used to vizualize different outputs like:

e Measured DC-link Voltage for offshore terminal

e Reference and measured DC-link Voltage for onshore terminal

e Reference and measured active and reactive power for both terminals

Measured DC current and power for both terminals

Reference and measured dg-axis currents for both terminals

Measured three phase currents and voltages for both terminals

Grid synchronization(theta provided by the PLL)
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6.3 Start-up of VSC-based HVDC Transmission

In this study case the startup of the VSC-based HVDC was analyzed. For this study case no
power transmission has been considered. When the power transmission should start-up both
terminals, the offshore and the onshore terminal respectively, can be energized separately.
The DC busses are energized by DC power suply through the antiparallel diodes in the
bridge. When the gates are charged the converters in both terminals can be connected by
the switches on the DC side. The onshore converter which is deblocked will control the DC
voltage then, the offshore converter will be deblocked and the transmission of the active
power can start.

The result of this study case will be presented in parallel, for the offshore and onshore
terminals respectively.

Figure 6.4 presents the measured DC voltage at the offshore terminal. In Figure 6.5 the
reference and measured DC voltage at the onshore terminal are presented. The DC voltage
rises slowly until 650 V (1 p.u.). In this time, when the DC voltage rises, the DC capacitor
is charging.
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Figure 6.4: Measured offshore DC woltage Figure 6.5: Reference and measured onshore DC voltage
at the start-up of the system at the start-up of the system

The active and the reactive power are shown in Figure 6.6 and Figure 6.7 respectively.

The measured active and reactive powers at the offshore terminal are maintained constant
at zero, as it was expected. The reactive power measured at the onshore terminal is kept
constant, at zero, excepte the transient period.

As it can be observed from Figure 6.6, the active power measured at the onshore terminal
is kept constant arround 0.03 p.u until the transient. The transient which can be observed
(around 0.65 s) is due to the increase of the DC voltage. After transient, the active power is
stabilized at —0.1 p.u.. The active power which is measured at the onshore terminal (even
when no power is transmitted) is caused by the losses of the system.
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The d and ¢ components of the measured offshore and onshore currents are plotted in
Figure 6.8 and Figure 6.9, respectively.
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Figure 6.8: Reference and measured offshore dq-azis Figure 6.9: Reference and measured onshore dq-axis
currents at start-up of the system currents at start-up of the system

As expected, the dg-axis currents measured at the offshore terminal are not affected at
the start-up of the system (see Figure 6.8) while, at the onshore terminal the dg-axis currents
are modified during the transient (see Figure 6.9).

The i4 reference at the onshore terminal is proportionally with the active power at the
onshore terminal, because the active power is determined by 74. The measured ¢, current at
the onshore terminal follows its reference. After the transient, the currents are stabilizing
fast.

The three phase currents measured at the output of the offshore converter and the three
phase currents measured at the output of the onshore converter are shown in Figure 6.10
and Figure 6.11.

64



CHAPTER 6. LABORATORY VALIDATION OF THE SYSTEM USING DSPACE
PLATFORM

Three Phase Currents - Onshore

| Three Phase Currents - Offshore 15
08 s
: : : : : : : : U
? 02__ ': \l‘ﬂ“"WINl\"'l"ll"\\\*-v’"['| \| r 1 i .1“ ”
=y : : : : : : : . = o nn‘n\q nn‘\ m‘ . an ‘ﬂ] T 1”[ f
E ) FHRIEEIE I W CT R R A POy e Faeee e e wee e e ey e i -2 i . |1 rll r M.H‘{l rl‘m rh M‘“
g e L U S P L § . ‘
g : 2 ns5k ]
5 02t : 1 : : o :
& : : : : : : : : 5 : : : : f
0B} : J : ; :
: : ! : : : : : A5k
R i L i i 1 2 1 i i | i L i |
u] 0.z 0.4 0.6 0.8 1.2 1.4 1.6 1.6 2 u] 0.z 0.4 06 08 1 1.2 1.4 1.6 1.8
Time [z] Time [z]

Figure 6.10: Measured three phase offshore currents

at the start-up of the system

at the start-up of the system

Figure 6.11: Measured three phase onshore currents

6.4 VSC-based HVDC power transmission between two terminals

operating at 50 Hz - Strategy 1

The aim of this test case which was implemented on the laboratory setup was to validate

the results which were obtained from the simulations presented in Section 5.2.

The test conditions which were considered in laboratory are the same with the ones used in
simulation: the offshore-side VSC was controlling the active and reactive power flow while,
the onshore-side VSC is controlling the DC voltage and the onshore reactive power flow.
Furthermore, the references given at the input of the controllers, which are shown in Figure
6.12, were the same with the ones used in simulation.
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Through Figure 6.13 and Figure 6.14 the validation of the designed PLL system as well
as the proving of the synchronization with the grid voltages is achieved.
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Figure 6.13: The estimated grid voltage © - Figure 6.14: The estimated grid voltage © -
offshore terminal onshore terminal

The reference and measured active power at both terminals are shown in Figure 6.15.
From this plot, it can be observed that the active power measured at the offshore terminal
tracks with accuracy the reference.

As it can be observed from Figure 6.15, the onshore terminal receives the amount of power
that is delivered by the offshore terminal minus the losses from the system. These losses are
mainly caused by the transmission line and by the filter of the onshore VSC.

The reference and measured reactive power at the offshore and onshore terminal respec-
tively are presented in Figure 6.16. At the offshore terminal, at the time instant ¢ = 1.7 s,
the reactive power reference is changed, while at the onshore terminal the reactive power
reference is kept constant at zero during the entire transmission.

As it can be noticed from Figure 6.16, the two terminals are controlling independently
the reactive power. At the moment when the amount of active power which is transmitted
between the terminals is changed, a small positive transient in the reactive power occurs.
The transient in the reactive power is positive or negative depending if the active power is
absorbed or delivered respectively.
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Figure 6.16: Reference and measured reactive power

The response of the DC voltage controller at the different applied transients is presented in
Figure 6.18. The waveform of the measured DC voltage at the onshore terminal, shows only
minor oscillations when the transient in the active power occurs. Furthermore, the measured
DC voltage tracks with accuracy its reference when the negative step is applied.

Figure 6.17 shows the DC voltage measured at the offshore terminal which is not subject
to control.
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Figure 6.17: Measured DC voltage - offshore terminal
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Figure 6.18: Reference and measured DC voltage -
onshore terminal

The dg components of the currents at both terminals are presented in Figure 6.19 and
Figure 6.20. The dependence between the active power and 74, respectively between the
reactive power and ¢, is very clear suggested by the two figures.
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Figure 6.21 and Figure 6.22 are presenting the three phase currents measured at both
terminals.
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Figure 6.21: Measured three phase currents - Figure 6.22: Measured three phase currents -
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Through this test case which was implemented on the small-scale laboratory setup, the
behavior of the VSC-based HVDC transmission system (when using control Strategy 1) was
validated.

Until now, in this section all the presented results had referred to one of the terminals
being offshore and the other one onshore. In this case the active power flow is unidirectional,
from the offshore terminal to the onshore terminal. However the control structure which
was tested in this study case (Strategy 1) is also applicable for the application when both
terminals are onshore and the active power flow is bidirectional.

In Appendix A, the study case for a VSC-HVDC transmission system between two onshore
terminals is carried out in simulations and validated in laboratory. For this study case, the
active power flow is considered from the onshore terminal to the offshore terminal, since the
case when the active power flow is considered from offshore to onshore has been validated.
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6.5 VSC-based HVDC power transmission between two terminals
operating at 50 Hz and 60 Hz - Strategy 1

In order to validate the second study case case which was analyzed in simulation, the setup
of the laboratory was change.

To emulate a WPP working at 60 Hz, the programmable AC power supply from California
Instruments was connected at the offshore terminal.

The laboratory test conditions are the same with the test conditions used in simulation
(see Section 5.3): the offshore WPP working at 60 Hz is delivering power to a 50 Hz AC
network.

The considered step changes in the references are the same as in the previous study case
implemented in the laboratory. This fact makes possible the comparison between an offshore
terminal working at 50 Hz and an offshore terminal working at 60 Hz.

The results, like in previous study case, are presented in parallel for both terminals.

In Figure 6.23 and Figure 6.24 the phase voltages at the two terminals are presented and
as it can be observed their frequency is different.
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Figure 6.23: Measured three phase voltages
at the offshore terminal (60Hz)

Figure 6.24: Measured three phase voltages
at the onshore terminal (50Hz)
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By comparing the results obtained in the laboratory for the first study case with the
results obtained in the laboratory for the second study case it can be stated that no notable
differences in the power transmission were observed. Therefore, if the synchronization with
the grid is well realized, and the control structure is working well, no difference shall occur
when the power is transmitted between two terminals working at different frequencies.

6.6 Influence of the configuration of the DC cable in a VSC-based
HVDC transmission system

The aim of the third study case which has been tested in the laboratory was to investigate
the influence of the configuration of the DC line (cable) in the case of a VSC-based HVDC
transmission system.

For this study case, four sets of measurements were acquired. In the first case, no line was
considered between the two VSCs (see Figure 6.33(a)). In the second case, the configuration
of the DC line is the one presented in Figure 6.33(b). In the case of the third and fourth
sets of measurements the DC line has the same configuration (see Figure 6.33(c) and Figure
6.33(d)), only the rating of the inductance being different.

L=827H L=831H

(a) Case 1 - no line (b) Case 2 - LCL line
L=18mH L=18mH L=18mH
— v o —— YV Y o
L=18mH L=18mH L=18mH
— YV o — YV vy o
(c) Case 3 - L line, L=1.8 mH (d) Case 4 - L line, L=3.6 mH

Figure 6.33: Configuration of the DC line

The control structure of the HVDC system, for the present study case, is similar with the
control structure which was used in the previous study case, being detailed present in Figure
5.1 and Figure 5.3.

In order to perform this test case and to analyze the response of the VSC-based HVDC
system at power flow changes, a positive change in the active power was considered at the
input of the offshore terminal, as shown in Figure 6.34.
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Figure 6.34: Active power reference at the offshore terminal

For an easier analysis and comparison of the results acquired from the laboratory mea-
surements, the plots for the four study cases will be presented in parallel.

In Figure 6.35, the measured active power (at both terminals) is plotted for all the four
cases respectively.
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Figure 6.35: Reference and measured active power at both terminals
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Analyzing the above presented plots, it can be noticed that the active power responses,
at the step change, have nearly identical dynamics during the transient. While, the worst
response of the system is obtained in the case of the back-to-back connection between the
inverters (Case 1), the best behavior of the system is obtained when the LCL filter emulates
the DC cable (Case 2). The damped response of the system in Case 2 is given by the
presence of the capacitor in the configuration of the line. Furthermore, since the rating of
the inductance used is Case 4 is bigger than in the other cases, the losses in the active
power are more pronounced in this test. However, these losses are no more than 0.01 pu
(approximately 20 W) when comparing the best scenario (Case 1) with the worst (Case 4).

In Figure 6.36, the reference and measured DC voltage at the onshore terminal are pre-
sented for all the four measured cases respectively.
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Figure 6.36: Reference and measured DC Voltage at the onshore terminal

By comparing the results presented in Figure 6.36 , it can be observed that the oscillations
in the measured DC voltage which are caused by the transient in the active power can be
reduced by using DC lines with bigger inductance (Case 4).

The last variables which are analyzed in this study case are the three phase currents
measured after the phase reactor of the onshore VSC.
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Figure 6.37: Measured three-phase currents at the onshore terminal

Analyzing the above presented plots, it can be noticed that the phase currents measured
in the four cases have nearly similar behavior. Moreover, like in the case of the measured
active power, the same losses are to be found in the values of the measured phase currents
when Case 4 is considered.

Summarizing the above presented facts, it can be concluded that the configuration of the
DC cable is a very important topic in the case of the VSC-based HVDC transmission systems.
As it was shown in this study case, the components of the DC cable and their ratings have
influence on the dynamics of the system and also on the system’s losses. Therefore, a trade-
off solution has to be found when the type of the DC cable used for HVDC transmissions is
chosen.

However, for a better analysis of the influence of the DC cable’s configuration in the
VSC-HVDC systems, a test case using data from real applications should be also considered
and it can be subject to a future work.
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6.7 Summary

In this chapter the laboratory implementation of the VSC-based HVDC transmission system
was presented.

In the debut of the chapter a description of the laboratory setup was realized. In order to
test the laboratory VSC-HVDC system the control was implemented on a dSPACE platform.
Thus, the results obtained in the simulations could be validated using a real setup.

Due to the limitations encountered in the laboratory, only the control Strategy 1 could
be verified. For this control strategy several study cases were carried out with success.

As it can be observed from the plots presented throughout Chapter 5 and 6 respectively,
the results obtained in the laboratory are very similar with the ones obtained in simulations.
Therefore, the performance of the VSC-based HVDC transmission system could be validated.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The main topic of this project was to investigate and to analyze the behavior of the VSC-
based HVDC transmission system. The current project was structured into seven chapters
which will be briefly presented in the followings.

The first chapter represents an introduction to the project. This chapter contains a short
background, the problem formulation and also the objectives of this project are stated in
this section. Moreover, the limitations encountered during the development of this project
are also presented in Chapter 1.

The second chapter could be seen as an overview of the VSC-based HVDC transmission
systems. In the first section of this chapter several valuable advantages of the HVDC trans-
missions over the HVAC transmissions are presented. These advantages make the HVDC
transmission systems more suitable for specific applications, such as: long distance power
transmissions, asynchronous connections of AC power systems, offshore transmissions etc.
The second section of this chapter dealt with the presentation of the four basic VSC-HVDC
configurations: monopolar, bipolar, back-to-back and multi-terminal respectively. Further-
more, the advantages of the studied topology (VSC-HVDC) over the classical HVDC topolo-
gies were presented and their areas of application were also enumerated (e.g. power supply
to insular loads, offshore applications etc).

The third chapter of the project dealt with the modeling of a simple VSC-based HVDC
transmission systems. Here, the mathematical models of the main components (VSC, filter
and grid) were presented. Since the control was implemented in the dq synchronous reference
frame, the model of the VSC and filter were also developed in the same reference frame.

The next chapter was focused on the design of the control system of the VSC-based
HVDC transmission system. In the beginning, an overview of the applicable control loops
was realized. As it was shown, all the control strategies have at their bottom level a fast inner
current control loop. The slower outer control loops can regulate various parameters, such as:
DC voltage, AC voltage, active power, reactive power and/or frequency. Depending on the
application and on the imposed requirements, one or more of this control loops can be used
to control the converter. Investigating all this applicable controllers, two control strategies
were developed in order to control the offshore and onshore terminals of the VSC-HVDC
system. In the first control strategy (”Strategy 17) the offshore VSC is controlling the active
power and the reactive power in the outer loops, while the onshore VSC is controlling the DC
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voltage and the reactive power. In the second control strategy (”Strategy 2”), the offshore
VSC is controlling the AC voltage in the outer loop, while the control system of the onshore
VSC is the same with the one used in Strategy 1. The two control strategies were developed
in the dq synchronous reference frame and PI controllers have been used to regulate the
desired parameters. For the tuning of the controllers an analytical method was used and the
obtained results were verified and, if necessary, adjusted using the SISOtool package provided
by MATLAB. Moreover, in this chapter the PLL technique used for synchronization with
the grid was presented.

The fifth chapter was dedicated to the analysis of the steady-state behavior of the VSC-
HVDC system. For this analysis the two developed control strategies were considered. In the
first part of this chapter, the behavior of the VSC-HVDC system was analyzed for the case
when Strategy 1 has been implemented. The analysis was performed by applying positive
and /or negative step changes (of different amplitudes) in the controlled parameters. In the
second part of this chapter the behavior of the system was analyzed for the case when Strat-
egy 2 has been implemented. For both developed control strategies, the VSC-based HVDC
transmission system performed well, being able to realize the active power transmission be-
tween the offshore and onshore terminals. Moreover, the independently control of reactive
at both terminals was proved. The results obtained in this chapter were validated in the
laboratory using a small-scale setup (2.2 kW).

In Chapter 6, the experimental results are presented. Firstly, the laboratory setup was
described and the graphical user interface which was built in Control Desk was presented.
The second part of this chapter is dedicated to the explanation of the tests which were
performed in the laboratory. Due to the encountered limitations, only the control method
Strategy 1 could be validated using the laboratory setup. The tests carried out using the
small-scale laboratory setup are identical with the ones carried out simulations. In order to
obtain a well functional VSC-HVDC transmission system, the laboratory implementation
of the control structure was realized step-by-step. Thus, firstly the inner current controllers
were tested individually for both onshore and offshore converters respectively. Secondly, the
outer controllers (DC voltage, active power and reactive power controllers) were implemented
and tested.

The results obtained in the laboratory had confirmed the ones obtained in the simulations
and thus the developed control strategy was validated.
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7.2 Future Work

In order to improve the current project, other topics related to the project can be also
investigated. The below presented items are suggested as future work for this project:

e simulation of the VSC-HVDC transmission systems using real-life values for the sys-
tem’s parameters; decreasing of the switching frequency in the simulation and in the
laboratory implementation in order to emulate better the real life condition;

e implementation and testing in the laboratory of the developed AC voltage controller;

e testing and analysis of the dynamic performances of the VSC-based HVDC system
during disturbances, balanced and unbalanced grid faults;

e implementation of the developed control strategies in the a3 stationary reference frame
using PI or PR controllers; comparison of the results with the results obtained using dg
synchronous reference frame.
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Acronyms

AC
CSC
DC

EU
EWEA
HVAC
HVDC
IGBT
LCC

PCC
PI
PLL
PWM
RoW
THD
TIF
TSO
VSC
WF
WPP
XLPE
ZOH

Alternating Current
Current Source Converter
Direct Current

European Union

European Wind Energy Association
High Voltage Alternative Current

High Voltage Direct Current

Insulated Gate Bipolar Transistor

Line Commuted Converter
Proportional

Point of Common Coupling
Proportional Integral

Phase Locked Loop

Pulse Width Modulation
Right-of-Way

Total Harmonic Distortion
Telephone Influence Factor
Transmission System Operator
Voltage Source Converter
Wind Farm

Wind Power Plant

Cross Linked Poly-Ethylene
Zero Order Hold
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Nomenclature

c DC capacitance [F]
Cy Filter capacitance [F]
dy, Duty cycles

ek Phase voltages V]
fs Sampling frequency [Hz]
frwam Switching frequency [Hz]
Gplant Transfer function of the plant —
Gpre Transfer function for current control loop

H PLL transfer function -
kp Proportional gain —
k; Integrator gain -
I Amplitude of the phase current [A4]
I, 1,1, Three phase currents [A]
(- Current flowing in the capacitor [A]
id,iq dq-axis currents [A4]
Ipc DC - current [A4]
1, Grid side current [A]
ik Phase currents [A]
ipcc, Phase current at PCC [4]
k Index for the three phase —
L Phase reactor inductance [H]
L, Grid side inductance [H]
M, Overshoot (%]
P Active power (W]
Q Reactive power [Var]
r Resistance of the switches Q]
Tr Internal resistance of the capacitor Q]
R Phase reactor resistance Q]
R, Grid side parasitic resistance Q]
S Continuous operator —
t Time [s]
T; Integrator time [s]
Trwm Period of the switching frequency of the PWM [s]
T, Sampling time [s]
Tset Settling time [s]
1% Amplitude of the phase voltage V]
Vo, Vi, Vo, Three phase voltages V]
Vans Ubn, Ven Inverter leg voltages V]
Vd, Vg dg-axis voltages V]
Vbe DC - voltage V]
Vg Grid voltage V]
Veco Voltage at PCC V]
z Discrete operator -
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PLL output angle
Angular frequency
Natural frequency
Rise time

Settling time
Damping factor
References

L,

ﬂ
S
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Appendix A

VSC-based HVDC transmission
system between two onshore
terminals working at 50 Hz

As it was mentioned in Section 6.4, with the developed VSC-HVDC system (plant + control)
a bidirectional active power flow can be achieved.

From the start it should be stated that this study case is not related with the case of an
HVDC transmission system, which has at one teerminal a wind farm and at the other terminal
the AC grid. This study case refers at the application when the VSC-HVDC transmission is
used to transmit power between onshore substantions.

Section 6.4 had presented the active power flow in one direction (offshore - onshore)
while, in the following ”the power flow from the onshore terminal to the offshore terminal”
is consider.

The upcomming results are obtained from simulations and the validation of this study
case was performed using the laboratory setup.

Simulation Results
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Figure A.1: Reference and measured active power Figure A.2: Reference and measured reactive power
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Laboratory Results
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Appendix B

Contents of CD-ROM

e Articles:
— This folder contains all articles used as references in the project.
¢ Report files:
— This folder contains all source files in the LATEX project file structure.
e MATLAB/Simulink files
— This folder contains the Matlab/Simulink models used for the simulations.
e Laboratory files

— This folder contains the files from the laboratory implementation.
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